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Juan A. González, Leonardo Hinojosa, Marı́a I. Mercado, José-Luis Fernández-Turiel, Didier
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Preface to ”Worldwide Evaluations of
Quinoa—Biodiversity and Food Security under
Climate Change Pressures”

Quinoa (Chenopodium quinoa Willd.) is a herbaceous plant which has been domesticated for

more than 5000 years BP in the Andean region. The crop is characterized by a very high biodiversity,

which allows it to adapt easily considering the very different pedoclimatic conditions it faces, as well

as makes it resistant to abiotic stresses and climate change. Moreover, quinoa is distinguished by

its exceptional nutritional characteristics, such as the content and quality of its proteins, minerals,

lipids, and tocopherols. These features have determined, since the 1990s, the growing interest in

quinoa crop by the scientific community and international organizations. In 2013, the United Nations

Organization for Food and Agriculture (FAO) celebrated the “International Year of Quinoa” to

valorize its biodiversity for fighting against food insecurity. Several experiments around the world

have taken place in order to study the quinoa plant, evaluating the adaptability of different genotypes

in new environments and its response to various laboratory stimuli and cultivation best practices.

This volume collates the most recent developments from studies on quinoa worldwide.

Cataldo Pulvento and Didier Bazile

Editors
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Worldwide Evaluations of Quinoa—Biodiversity and Food Security
under Climate Change Pressures: Advances and Perspectives
Cataldo Pulvento 1,* and Didier Bazile 2,3,*

1 Department of Soil, Plant and Food Science (DISSPA) University of Bari, 70121 Bari, Italy
2 CIRAD, UMR SENS, F-34398 Montpellier, France
3 SENS, Univ Montpellier, CIRAD, F-34398 Montpellier, France
* Correspondence: cataldo.pulvento@uniba.it (C.P.); didier.bazile@cirad.fr (D.B.)

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is an Andean herbaceous crop that has attracted
increasing interest in recent years thanks to its ecophysiological behavior and the nutritional
characteristics of its seeds. The quinoa boom followed the celebration of the International
Year of Quinoa in 2013 by the United Nations (FAO), when numerous initiatives were
implemented to spread the positive characteristics that make quinoa a suitable crop with
which to fight world hunger. In this Special Issue, we wanted to summarize the state of
the art and the main research activities that are currently underway in different parts of
the world.

2. Ecophysiological Traits and Adaptability

A bibliographic analysis of selected papers published from 2000 to 2020 highlighted
that the number of studies on the best agronomic practices for quinoa strongly increased
after 2013, when the FAO celebrated the International Year of Quinoa and disseminated the
importance of quinoa as a high-quality protein crop resistant to unfavorable environments.
Experimentation activity especially increased in countries characterized by a hot, arid
climate and water scarcity (Morocco, Egypt, Burkina Faso, and the UAE), as well as in
countries at risk of water and salt stress due to climate change (Italy, Greece, Turkey,
Pakistan, and the USA), with trials focused on the effect of deficit irrigation and the
use of saline water on quinoa yield and quality [1]. The same theme was also taken up
by the papers published in this Special Issue; quinoa confirmed its adaptability to arid
environments such as the Brazilian Cerrado, where water regimes between 309 and 389 mm
do not reduce grain yield with respect to higher irrigation volumes [2].

In the same way, a field experiment in the southern Atacama Desert in Chile to
investigate the responses to reduced irrigation of nine previously selected coastal lowland
self-pollinated (CLS) lines and the commercial cultivar Regalona showed that several lines
performed best when faced with a 50% reduction in irrigation [3].

Bharami et al. [4] studied the yield response of quinoa cv. Titicaca under field condi-
tions in Iran and showed that the application of 75% of full irrigation requirements led to
NO3-N accumulation in upper soil layers, thus facilitating nitrogen uptake and reduced
nitrate loss to deeper layers of the soil and allowing for a reduction in the optimal nitrogen
fertilization level for the study area.

Quinoa responds positively to fertilization in the Bolivian Altiplano [5], with differ-
ences among irrigated and rainfed conditions; quinoa can produce 1850 kg grains ha−1

with 50 kg N ha−1 under irrigated conditions and 670 kg grains ha−1 with 15 kg N ha−1 in
rainfed conditions.

Rehman et al. [6] demonstrated, in Pakistan, that urea enriched with urease and
nitrification inhibitors simultaneously can be used to improve the N uptake, seed yield,
and grain protein contents in quinoa.

1
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Quinoa was confirmed as maybe being a complementary crop in the marginal lands
of high salinity in Egypt and the Mediterranean region [7]. Delatorre-Herrera et al. [8]
demonstrated that the salinity tolerance of salares ecotypes is due to their ability to control
non-diffusional components, indicating their superior photosynthetic capacity under salt
stress conditions. Quinoa has also been proven to be a promising crop in cases of heat stress,
with increased values of crude protein, ash, phosphorus, calcium, and relative feed [9].

Many papers from the literature are focused on the study of the best time and density
for sowing, which represent the main agronomic practices for the introduction of a crop to
a new environment [1]. In this Special Issue, new field trials evaluated the adaptability of
quinoa to new environments in terms of yield, quality, and physiochemical characteristics
in Belgium [10,11], Morocco [12], Pakistan [13], and Spain [14], in addition to selecting
promising materials for breeding programs under greenhouse conditions [15]. The culti-
vation of quinoa was also reviewed in Pakistan [16] and Ecuador [17]. A large group of
researchers from universities and research institutes from all over the world have proposed
standard methodology guidelines [18] to be used for the phenotypic characterization of
quinoa in order to improve comparability among field trials across the globe and to facilitate
collaborations with the Global Collaborative Network on Quinoa (gcn-quinoa.org). Aspects
related to quinoa diseases were reviewed by Colque-Little et al. [19], who summarized
existing information on symptoms and causal agents. In Central Italy, the presence of
P. variabilis and F. equiseti was monitored on C. quinoa [20]. Seed dormancy and breeding as
well as nonbreeding strategies for enhancing resistance to preharvest sprouting in quinoa
were reviewed by McGynti et al. [21].

Other ecological aspects, such as the geographical distribution of herbivore arthropods
that affect the production of quinoa [22] and the impact of insecticides on insect pests of
quinoa, as well as their side effects on the arthropod community [23], were analyzed in
Chile and Peru.

3. Quinoa Seed Quality and Post-Harvest Activities

Hussain et al. [24] summarized recent findings regarding the nutritional and phyto-
chemical properties of quinoa grains. A spectroscopy analysis of different quinoa cultivars
grown under greenhouse conditions was conducted by García-Parra et al. [25] to evaluate
the structural characterization and antioxidant capacity of quinoa.

The profiles of bioactive compounds in seeds of two quinoa varieties, Regalona-Baer
and Titicaca, grown in Northern Italy, compared to that of seeds of those varieties grown
in Chile and Denmark, were respectively assessed in order to establish the best condi-
tions (genotype/geographical cultivation zone) leading to seed enrichment in functional
compounds [26].

The pearling of quinoa seeds, nutrients, and saponin contents was evaluated to deter-
mine a correct standard for postharvest seed processing [27]; the description of a project
aimed at the development of a potential quinoa value chain in order to improve food and
nutritional security in rural communities in Rehamna, Morocco, was also reported [28].

Author Contributions: Writing—original draft preparation, C.P.; writing—review and editing, C.P.
and D.B. All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Quinoa (Chenopodium quinoa Willd.) is one of the most popular emerging food crops in the
Andean region. It is tolerant to environmental stresses and characterized by interesting nutritional
traits. Thus, it has the potential to contribute to food and nutrition security in marginal environments.
In this study, we conducted a systematic review integrated with a bibliometric analysis of cropping
practices of quinoa under field conditions. The analysis is based on published data from the literature
relating to the period 2000–2020. A total of 33 publications were identified, revealing that scientific
research on the agronomic practices and performances of quinoa under field conditions is still limited.
Africa, Asia, and Europe were the leading research production sites in this field and together provided
over 81% of the total scientific production. There were no papers from the Australian continent. The
number of papers screened dealing with tillage and weed control management was very limited. The
keyword co-occurrence network analyses revealed that the main topics addressed in the scientific
literature related to the effect of “variety” and “deficit irrigation”, followed by “water quality”,
“fertilization”, and “sowing date” on seed yield. Results from this study will permit us to identify
knowledge gaps and limited collaboration among authors and institutions from different countries.
Salinity, sowing density, and sowing date were the agronomic interventions affecting productive
response the most.

Keywords: quinoa; systematic review; bibliometric analysis; concept network analysis; agro-
nomic practices

1. Introduction

In recent years, quinoa (Chenopodium quinoa Willd.) cultivation has expanded to several
countries beyond its area of origin due to increasing interest, market development, research,
and promotion [1]. Thanks to its high-quality protein content, quinoa is considered a
promising candidate for enhancing high-quality plant protein food production in the
world [2]. It is recognized as a crop of great value in terms of tolerance to abiotic stresses
and it is one of the most nutritious food crops currently known [3]. However, there are still
many issues, including a lack of knowledge of best management practices, which need to
be addressed in order to introduce quinoa crop in marginal areas [4].

Till the early 1900s, the cultivation of quinoa remained limited to its countries of origin.
In the following century, quinoa arrived in Africa, Asia, Europe, and North America [1].
Until 1999, few studies were published in peer-review journals concerning agronomic
practices in the open field. Risi and Galewey [5] evaluated the effect of sowing density and
sowing date on different genotypes of quinoa grown in the UK. Jacobsen et al. [6] analyzed
the effects of varying the nitrogen fertilization rate, seed rate, row spacing, harvesting
method, and harvest date on quinoa in Denmark. In 1998, Vacher [7] analyzed the effect of
drought on quinoa in Bolivia. Besides these few examples, most of the studies carried out

5



Plants 2021, 10, 72

before the new millennium on quinoa were reported in the so-called gray literature; many
of the experimental trials were conducted in the countries of origin, but not available in
international databases.

Despite the importance of quinoa in marginal areas, its adaptability to unfavorable
environments, high protein content, and the interesting nutritional properties of the seed,
few studies have been conducted on its yield responses to different strategies of agronomic
management under field conditions; this represents a gap in research in this field.

Therefore, there is a need for a systematic review integrated with a bibliometric
analysis to answer the question: what is the research gap in agronomic management and
performance of quinoa under field conditions?

A systematic review (SR) is defined as a review of the evidence on a formulated
question that uses systematic and explicit methods to identify, select, and critically appraise
relevant primary research; it is used to extract and analyze data from the studies included
in the review [8]. Bibliometric or research impact is the quantitative method of analyzing
citations and content for academic journals, books, and researchers. The quantitative
impact of a given publication is appraised by measuring the number of times a certain
work is cited by other resources [9].

This study aims to apply a systematic review integrated with a bibliometric analysis to
evaluate the research trend of the last twenty years (2000–2020) on the subject of cropping
practices of quinoa production under field conditions.

2. Results
2.1. Screening Process

In total 520 sources of literature were identified within academic databases (after the
removal of 252 duplicates or non-journal papers), of which 33 were selected and analyzed
(Table 1), to provide 513 observations. The screening process is described in Figure 1.

2.2. Evolution Articles over the Years

Figure 2 shows the annual scientific production dealing with the agronomic practices
and performances of quinoa under field conditions in the world. The research on the effect
of agronomic practices on quinoa under field conditions is considered relatively young
and started less than twenty years ago. In fact, the first paper in this research area was
published in 2003. The number of published research papers has fluctuated over the last
two decades, reaching a peak of eight during 2019. This leads us to infer that this rise in
the number of articles over the years represents an increasing interest in this research area.

2.3. Geographical Distribution of Articles

Our screening process reveals that accessible published research on the agronomic
practices and performances of quinoa under field conditions in the world, with high
reporting standard suitable for this systematic review, is concentrated in Europe (13 articles,
39%), followed by Africa (8 articles, 24%), and Asia (6 articles, 18%) (Table 2, Figure 3).
These three continents together represent more than 80% of the research papers published
in the past two decades. Such research is lacking in the Australian continent, a large part of
which is arid.
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Figure 1. Selection of studies for inclusion in the systematic review (n—the number of studies). 

2.2. Evolution Articles over the Years 
Figure 2 shows the annual scientific production dealing with the agronomic practices 

and performances of quinoa under field conditions in the world. The research on the effect 
of agronomic practices on quinoa under field conditions is considered relatively young 
and started less than twenty years ago. In fact, the first paper in this research area was 
published in 2003. The number of published research papers has fluctuated over the last 
two decades, reaching a peak of eight during 2019. This leads us to infer that this rise in 
the number of articles over the years represents an increasing interest in this research area. 

Figure 1. Selection of studies for inclusion in the systematic review (n—the number of studies).
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Our screening process reveals that accessible published research on the agronomic 

practices and performances of quinoa under field conditions in the world, with high re-
porting standard suitable for this systematic review, is concentrated in Europe (13 articles, 
39%), followed by Africa (8 articles, 24%), and Asia (6 articles, 18%) (Table 2, Figure 3). 
These three continents together represent more than 80% of the research papers published 
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of which is arid.
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In the following text, numbers in brackets indicate the number of research articles
published in the categories described. Greece and Morocco (n = 5) were the most frequently
studied countries, followed by Turkey (n = 4) (Figure 3).
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The most commonly studied climatic zones were Csa (n = 13) with a hot-summer
Mediterranean climate (Table 3).

Table 3. Number of observations included in the meta-dataset as per the Köppen–Geiger climate zone.

Main Climate Groups Köppen–Geiger
Climate Zone Name of the Climate Zone No. of

Articles
No. of

Observations

Tropical Climates Aw Aw: tropical wet-dry climate 2 49

Dry Climates

BSh BSh: hot semi-arid climate 6 54
BSk BSk: cold semi-arid climate 3 58

BWh BWh: hot desert climate 4 54
BWk BWk: cold desert climate 1 12

Temperate Climates

Cfa Cfa: humid subtropical 1 3
Cfb Cfb: maritime 3 32
Csa Csa: interior Mediterranean 13 232
Csb Csb: coastal Mediterranean 2 30
Csc Csc: cold-summer Mediterranean climate 1 8

2.4. Management and Duration of Trials

Seven main groups of agronomic management were identified during the screening:
deficit irrigation (n = 10), salinity (n = 6), fertilization (n = 3), sowing density (n = 2), sowing
date (n = 5), weed control (n = 1), and multiple interventions (n = 10). The number of
articles and observations reporting investigations of each group of treatments is shown in
Figures 3 and 4, and Table 3.
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A major proportion of the studies were carried out in temperate zones (59% of the 
total observations), of which 35% were deficit irrigation and 37% multiple interventions 
(e.g., tillage/fertilization; deficit irrigation/salinity). Salinity treatment represented 50% of 
the total observations in the arid zones, while 100% of the total observations in the tropical 
zones were represented by multiple interventions (e.g., deficit irrigation and fertilization) 
(Table 4). 

  

Figure 4. World map showing the number of observations per country. The writing and color in each Doughnut chart
represent the total number of observations for each study area and interventions (deficit irrigation, salinity, fertilizer, sowing
date, sowing density, weed control, and multiple interventions), respectively.

In the continent of Europe we found all types of agronomic management, with salinity,
sowing date, and multiple interventions (e.g., tillage and fertilization) being the most
frequently studied treatments (3, 3, and 5 articles, respectively), while in North America,
only deficit irrigation was found (2 articles) (Figure 5).
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Figure 5. The number of studies undertaken across continents. The numbers are separated by the agronomic management
group investigated in each study. Studies may be present in more than one agronomic management category.

A major proportion of the studies were carried out in temperate zones (59% of the
total observations), of which 35% were deficit irrigation and 37% multiple interventions
(e.g., tillage/fertilization; deficit irrigation/salinity). Salinity treatment represented 50% of
the total observations in the arid zones, while 100% of the total observations in the tropical
zones were represented by multiple interventions (e.g., deficit irrigation and fertilization)
(Table 4).

Table 4. Summary of agronomic managements factors used in the systematic review.

Agronomic
Management Articles Obs. Countries Tropical Obs. Arid Obs. Temperate

Obs.
Yield

(t ha−1)

Overall 33 513 16 49 160 304 2.00 ± 1.35
Sowing Date 5 48 5 0 14 34 2.94 ± 1.63

Sowing Density 2 12 2 0 4 8 2.81 ± 1.15
Salinity 6 86 5 0 80 6 2.32 ± 1.43

Deficit Irrigation 10 145 7 0 40 105 1.97 ± 1.57
Fertilization 3 30 3 0 10 20 1.40 ± 1.12

Weed Control 1 18 1 0 0 18 1.69 ± 0.22
Multiple Interventions 10 174 6 49 12 113 1.67 ± 0.89

Obs.: Observations.

A large number of studies were carried out over one year (21) and less commonly over
two years (12), with only one study carried out over three years (Figure 6). The longest
studies occurred in Europe (three years) with tillage and fertilization treatments in the
Agrinio area, Greece (Table 1).
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2.5. Most Productive Institutions and Analysis of Source Publications

Figure 7 shows the top twenty most productive institutions. According to the bib-
liometric analysis, the most productive institutions were the University of Copenhagen,
Denmark with eight articles, followed by the Agricultural University of Athens, Greece;
Çukurova University, Turkey; University of Agriculture Faisalabad, Pakistan; and the
University of Concepción, Chile, who produced three articles each.
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ties, Washington State University and Brigham Young University, with the National Re-
search Centre in Egypt as well as Durham University in the UK. Another cluster was rep-
resented by the University of Copenhagen, Denmark, which is closely connected to the 
Hassan II Institute of Agronomy and Veterinary Medicine, Morocco, and weakly con-
nected to the Pakistan universities. The fifth cluster is represented by the different Greek 
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Figure 7. The top 20 most productive institutions in terms of publications.

Figure 8 shows the collaboration network among the leading institutions. The network
was drawn from the institution × institution adjacency matrix counting the co-authored
publications. In the open-source R package bibliometrix [43], we considered only the first
20 institutions, with a threshold of at least one co-authored publications. The institutions
were classified into six clusters, with the first cluster formed by the University of Florence,
Italy, and Institut de l’Environnement et de Recherches Agricoles, Burkina Fasso, who
are closely connected to each other. A similar situation was observed in respect of two
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institutions from Turkey, the Alata Horticultural Research Institute and Çukurova Uni-
versity. The third cluster represented a strong connection between two US universities,
Washington State University and Brigham Young University, with the National Research
Centre in Egypt as well as Durham University in the UK. Another cluster was represented
by the University of Copenhagen, Denmark, which is closely connected to the Hassan II
Institute of Agronomy and Veterinary Medicine, Morocco, and weakly connected to the
Pakistan universities. The fifth cluster is represented by the different Greek universities
connected to the Pontifical Catholic University of Chile. Finally, the Agrotecnio Centre for
Research in Agrotechnology and the University of Barcelona in Spain were connected with
the International Center for Biosaline Agriculture in the UAE.

This analysis is useful for identifying potential partners and cooperative organizations
and opening up prospects for research cooperation in this field.
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2.6. Concept Network Analysis 
2.6.1. Terms Analysis 

A concept network analysis was performed to extract the terms most used in the title 
and abstract fields of the publications selected for final review in this research. Our bibli-
ometric analysis revealed the presence of 1206 terms used in the 33 articles. The minimum 
number of occurrences of a term used in VOSviewer software [44] was set to 6. Accord-
ingly, of the 1206 terms, 17 met the threshold. Figure 10 shows the concept network map 
for the titles of the 33 articles included in the systematic review and the corresponding 

Figure 8. Institution collaboration network. The total number of papers related to each institution proportionally sizing the
corresponding label. The thicker the line, the closer the connection between the two institutions.

The bibliometric analysis showed that between 2000 and 2020, the 33 papers included
in the systematic review were published in 20 journals. Figure 9 shows the top 10 journals
that published articles related to the agronomic practices and performances of quinoa
under field conditions. According to the analysis, the journals mostly selected by authors
were the Journal of Agronomy and Crop Science followed by Irrigation and Drainage.
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conditions.

2.6. Concept Network Analysis
2.6.1. Terms Analysis

A concept network analysis was performed to extract the terms most used in the
title and abstract fields of the publications selected for final review in this research. Our
bibliometric analysis revealed the presence of 1206 terms used in the 33 articles. The
minimum number of occurrences of a term used in VOSviewer software [44] was set to 6.
Accordingly, of the 1206 terms, 17 met the threshold. Figure 10 shows the concept network
map for the titles of the 33 articles included in the systematic review and the corresponding
abstracts. The 17 terms are classified into three different clusters, in which these terms
are based on the same topics (co-occurrence). The higher the number of co-occurrences of
two terms, the closer will they be located on the map. The mapped data revealed that the
quinoa research fields are related to the effect of the agronomic management (water quality,
deficit irrigation, fertilization, sowing date), variety, and soil on seed yield of quinoa. The
terms with the highest occurrences are seed yield, variety, deficit irrigation, full irrigation,
and fertilization, with a number of occurrences of 23, 19, 25, 20, and 18, respectively.
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2.6.2. Authors Keywords Analysis

Figure 11a shows the author’s keywords map. This analysis was performed by
VOSviewer. The minimum number of occurrences of a keyword was set to two. Con-
sequently, of the 110 identified keywords, 17 met the threshold. This analysis identified
four clusters: quinoa (modeling), seed yield, crop (Chenopodium quinoa) and abiotic stress
(Figure 11a).

Figure 11b shows the thematic evolution of the author’s keywords based on the
average times they appeared in our collection of articles. We find that the keywords related
to water use efficiency, harvest index, and drought stress appeared early while those related
to deficit irrigation, abiotic stress, and growth analysis appeared later.
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2.7. Overall Yield Across Factors of Variation

Figure 12 shows that the variation of yield due to environment, agronomic manage-
ment, and soil factors was quite large. Yield response varied across the ten climatic zones
with the lowest value of 0 t ha−1 obtained in the tropical climates zone (Aw) and the
highest value of 7.80 t ha−1 observed in the cold desert climate zone (BWk). It can be seen
from Figure 12a that the highest seeds yield was recorded in the arid climate zone and
the lowest in the tropical climate zone. The humid subtropical zone (Cfa) was the most
homogeneous class, followed by the Aw zone. The hot desert climate zone (BWh) and the
coastal Mediterranean zone (Csb) were the least homogeneous classes. The yield values for
zones Aw, BSk, and Cfa were clearly behind those of BWh, BWk, and Csb.
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Figure 12. Box plots of patterns of yield (t ha−1) for all articles (n = 33) across: (a) different groups of climatic zones, Aw:
tropical wet-dry climate; BSh: hot semi-arid climate; BSk: cold semi-arid climate; BWh: hot desert climate; BWk: cold
desert climate; Cfa: humid subtropical; Cfb: maritime; Csa: interior Mediterranean; Csb: coastal Mediterranean; and
Csc: cold-summer Mediterranean climate, (b) different groups of agronomic management, A: deficit irrigation; AB: deficit
irrigation and salinity; AD: deficit irrigation and fertilizer; B: salinity; C: tillage; CD: tillage and fertilizer; D: fertilizer; E:
sowing density; EF: sowing density and sowing date; F: sowing date; and G: weed control, (c) different groups of soil
texture, C: coarse soil; M: medium soil; F: fine soil, and (d) different groups of the continent. Box edges represent the upper
and lower quantile with the median value shown in the middle of the box. The small circles on the box plot relate to outliers.

Table 4 and Figure 12b show the yield variation between different agronomic man-
agements. The highest value of 6.35 t ha−1 was obtained in the salinity and sowing date
treatment. Salinity, sowing density, and sowing date treatments were the agronomic
interventions most influential to productive response; fertilization and multiple interven-
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tions were less impactful, with average yield values ranging from 1.40 and 1.67 t ha−1,
respectively.

The variation of yield between soil texture showed that medium soil (M) and fine soil
(F) were the most productive, with average yield values ranging from 2.36 to 1.83 t ha−1,
respectively. The highest value of 7.80 t ha−1 was obtained in the coarse soil (C), with fine
soil (F) being the most homogeneous class (Figure 12c).

Studies conducted in South America and Asia showed the highest yields, ranging
from 0.55 to 7.80 t ha−1, and 0.01 to 6.35 t ha−1, respectively (Figure 12d). In contrast, the
yield values of the North American continent were clearly behind other continents. The
European continent was the most homogeneous class, with yield values ranging from 0.52
to 3.93 t ha−1.

3. Discussion

The systematic review integrated with bibliometric analysis allows the identification
of a research gap in the cropping practices of quinoa production under field conditions,
highlighting the necessity to develop research and to establish global research networks in
order to include different scientists worldwide, especially from arid regions.

The analysis of co-occurrence terms and the author’s keywords identified the main
topics of actual research. Over the last 20 years, of the top 17 terms in the 1206 used
in 33 articles, five (seed yield, variety, deficit irrigation, full irrigation, and fertilization)
registered the highest co-occurrence frequency, indicating that from 2000 to 2020, research
was primarily focused on these topics. The high occurrence of the terms seed yield and
deficit irrigation in the titles and abstracts of the analyzed papers may indicate the focus
of most of the papers on the effects of deficit irrigation on seed yield. According to
Radhakrishnan et al. [45], the keyword co-occurrence network analyses can be performed
quickly to explore a wide range of literature and can provide a knowledge map and insights
before conducting a rigorous conventional systematic review. In the early stages of research
on the cropping practices of quinoa production under field conditions, the studies focused
on topics related to water use efficiency, harvest index, and drought stress. Later on, the
focus was on more recent topics related to deficit irrigation and abiotic stress. In the last
twenty years, drought signals in the field have been confirmed by a large number of field
studies [46]. The major agricultural use of water is for irrigation, which is thus affected by
decreased supply. In recent years, significant effort was made to increase the efficiency of
water use through the use of deficit irrigation strategies [47].

The bibliographic analysis of the selected studies highlighted the beginning of the
study of best agronomic practices for quinoa production in 2003, probably due to the
impact of specific research projects conducted from 1990 to 2000 [48]. The number of
studies strongly increased after 2013, when the FAO celebrated the International Year
of Quinoa; this activity of disseminating the importance of quinoa as a crop resistant to
unfavorable environments and a high-quality protein source focused world attention on
it [49].

The highlighting of the resistance of quinoa to abiotic stresses and its adaptability to
different environments led to an increase in studies, especially in countries characterized
by a hot, arid climate and water scarcity (Morocco, Egypt, Burkina Faso, and the UAE)
and countries at risk of water and salt stress due to climate change (Italy, Greece, Turkey,
Pakistan, and the US). Many of the studies in these countries were related to the evaluation
of the effect of deficit irrigation and the use of saline water on quinoa. Much importance
has also been bestowed on the study of the best time and sowing density, which represent
the main agronomic practices for the introduction of a crop in a new environment.

The analyzed papers showed that quinoa is able to guarantee seed yields in line with
those of the countries of origin even in different climatic conditions and different soils
texture; in fact, even if quinoa prefers well-drained soils and warm beds [50], it has been
shown to adapt well and guarantee high yields even in clayey and less-drained soils.
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The geographical distribution of the studies confirmed that quinoa adapts to different
pedo-climatic regions.

The papers analyzed have also shown that agronomic practices such as sowing date
and sowing density are very important parameters that affect seed yield; the evaluation of
the best sowing date is fundamental in the case of quinoa introduction in new environments.

Studies on the effect of irrigation management, such as deficit irrigation or use of saline
water, have confirmed that these are sustainable practices conducive to the optimization
of production by reducing the use of water resources; moreover, quinoa can be grown in
marginal environments [51] characterized by scarcity and poor-quality of water.

The total number of papers found in peer-reviewed journals appears still limited
compared to the potential of quinoa to adapt to different environments and the great
genetic diversity that distinguishes this crop. Today, it is estimated that there are over
6000 varieties cultivated by farmers [52], each of these accessions with distinctive genetic
characteristics requiring specific study.

4. Materials and Methods
4.1. Literature Research

A systematic review (SR) was conducted across two bibliographic databases (ISI
Web of Science™ and Scopus™), to identify studies related to the agronomic practices of
quinoa (Chenopodium quinoa) production in the World. The studies were published between
2000 and 2020 in peer-reviewed journals written in English. The searches of academic
databases were performed on 5 October 2020. In bibliographic databases the following
search strings were used to search “topic words” combined with Boolean operators: ((field
OR cultivar* OR genotyp* OR crop* OR farm* OR cultivat* OR accessions) AND (yield
OR grain OR product* OR seed*) AND (quinoa or (Chenopodium and quinoa))). The
wildcards * represent any number of characters.

4.2. Inclusion and Exclusion Criteria

We used a highly robust and rational systematic review methodology to synthesize
the evidence from a wide range of sources. In this study, we constrained the SR by defining
boundaries to include: (I) studies conducted only under field conditions, but not under
glasshouse conditions and pots; and (II) studies that focused on crop productivity, omitting
forestry, fisheries, livestock, and other non-food crop agricultural sectors. Following the
SR convention, the search terms were based on the four PICO components (population,
intervention, comparator, and outcome) (Table 5). A list of references included in the SR
meta-database is provided in Table 1.

Table 5. Defining the PICO terms for the research “question” used in this study.

PICO Description

Population
Agriculture: food crops under field conditions

World: study included all the countries in all the continents

Intervention Management included sowing date, sowing density, fertilizer, tillage, salinity, deficit irrigation,
and weed control

Comparator Impacts and/or benefits

Outcomes Yield, yield gap, potential yield, farmer yield, and attainable yield

4.3. Screening

Following the removal of duplicates, in order to extract yield information data from
accepted papers were entered into Endnote (online bibliographic management software)
(version basic; Clarivate Analytics, https://access.clarivate.com/#/login?app=endnote);
all the references were retrieved and screened for relevance using the following inclusion
criteria: every selected study was screened through three stages: title, abstract, and full text.
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At each level, records containing or likely to contain relevant information were identified
and taken to the next stage.

4.4. Coding and Data Extraction

Meta-data (descriptive categorical information regarding citations, study setting,
design, and methods) were extracted from included studies following full-text assessment.

The investigated treatments (agronomic management) were recorded for each study
as categorical variables where possible; in this case, a complete disjunctive coding of
our variables (treatments investigated) was carried out. This means that variables are
dichotomous, assuming the value “1” should the keyword be associated with the paper, and
“0” if not. This coding was done according to methods described by Cuccurullo et al. [53].

Data for different years or experimental conditions (i.e., cultivars or other experimental
factors) within each publication were treated as independent observations. Data were
obtained directly from tables and if data were provided in graphical form, means were
extracted using WebPlotDigitizer [54].

4.5. Bibliometric Analysis and Concept Network Analysis

The meta-data from SR was analyzed for the year of publication, the journal, and the
frequency of terms and keywords used by authors. This analysis was carried out with the
aid of a software package of comprehensive science mapping analysis, bibliometrix [43] in
R studio software [55]. The package is available through the Comprehensive R Archive
Network (CRAN, https://cran.r-project.org). We used the VOSviewer software developed
by scientometricians [44] (http://www.vosviewer.com) for concept network mapping to
generate keywords and term maps.

5. Conclusions

This study analyzed the scientific production in the last 20 years on the adoption
of agronomic practices for the cultivation of quinoa under field conditions. The results
showed that since 2003 there has been a fair amount of scientific production; however, only
after 2013, the International Year of Quinoa celebrated by FAO, was there a significant
increase in the number of papers.

In many cases, the results of previous experiments mostly carried out in South America
have been published in journals and/or volumes not indexed.

The analysis revealed a greater interest in studying the date and density of sowing,
and irrigation (deficit irrigation and with saline waters) as sustainable practices to ensure
good yields in different environments. The studies analyzed have emphasized that the
best agronomic practices can guarantee good production of quinoa even in marginal
environments or those characterized by abiotic stress (drought and salinity). Studies have
shown that quinoa can also be grown on fine, less-drained soils.

Data reported in the screened paper need to be analyzed more deeply; a useful ap-
proach to this could be a meta-analysis using the relative yield as an effect-size estimator.
The meta-analysis would allow investigation of the interaction between different continen-
tal regions, environmental and agronomic management, and the effect of these factors on
yield response.

Scientific production still appears limited and no publications relating to experiments
were found for the Australian continent, which is characterized by large arid areas and
marginal environments.

Several agronomic practices should be explored such as weed control (only one article
has been detected), use of wastewater, soil processing, etc.

This systematic review can be used by researchers to identify deficiencies and best
practices in research methodology, fostering collaboration, especially between arid country
researchers, increase the field research, and exploit research results at the maximum extent. It
would make a significant contribution to the expansion of quinoa in different environments.
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Abstract: Sustainable field crop management has been considered to reach the food security issue
due to global warming and water scarcity. The effect of deficit irrigation and nitrogen rates on quinoa
yield is a challenging issue in those areas. In this regard, the interaction effects of different N rates
(0, 125, 250, and 375 kg N ha−1) and irrigation regimes [full irrigation (FI) and deficit irrigation at
0.75 FI and 0.5 FI] on quinoa yield and water and nitrogen efficiencies were evaluated with a two-year
field experiment. Increasing nitrogen fertilizer application levels from 250 to 375 kg N ha−1 under
FI and deficit irrigation did not cause a significant difference in seed yield and the total dry matter
of quinoa. Furthermore, 20% and 34% reductions were observed for nitrogen use efficiency (NUE)
and nitrogen yield efficiency with the application of 375 kg N ha−1 compared with that obtained in
250 kg N ha−1 nitrogen fertilizer, respectively. Therefore, a Nitrogen application rate of 250 kg ha−1

and applying 0.75 FI is suggested as the optimum rate to reach the highest seed water use efficiency
(0.7 kg m−3) and NUE (0.28 kg m−3) to gain 4.12 Mg ha−1 quinoa seed yield. Under non–limited
water resource conditions, an FI and N application rate of 375 kg ha−1 could be used for higher seed
yield; however, under water-deficit regimes, an N application rate of 250 kg ha−1 could be adequate.
However, questions about which environmental factors impressively restricted the quinoa growth for
optimizing the potential yield need further investigation.

Keywords: Chenopodium quinoa Willd.; deficit irrigation; nitrogen fertilizer rate; water use efficiency;
nitrogen uptake; residual soil NO3-N

1. Introduction

Recent studies revealed that crop production must be increased by around 25–70% to
meet the worldwide food demands in 2050 [1,2] due to rapid population growth. Therefore,
it is expected to use sustainable field management [3] and use resilient crops to increase
crop products and reach the food security mission; whereas environmental changes [4]
such as global climate change [5] and scarce water availability have put negative pressure
on agricultural production [6–8].

Quinoa crop (Chenopodium quinoa Willd.) is an alternative option for farmers due to its
adaptability to various agroecosystems [6,9,10], which has been considered widely in the
last decades [7,9–11]. The adaptation of quinoa to some environmental changes such as
drought or water stress [12,13], salinity [14–16], and frost [17] has made it favorable amongst
scientists for securing food production [18–21]. A systematic review showed that the mean
value of quinoa seed yield amongst the Asian countries (Iran, Israel, Pakistan, Turkey,
United Arab Emirates) was about 2.55 Mg ha−1 (in the range of 0.01–6.35 Mg ha−1) while
it was about 2.65 Mg ha−1 in South America (ranging from 0.55 to 7.8 Mg ha−1). Africa,
Europe, and North America (with the lowest mean seed yield, 0.65 Mg ha−1), respectively,
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were placed after them [16]. Quinoa seed is rich in proteins, fats, fiber, minerals, vitamins,
and essential amino acids [22–24], which extensively enhanced quinoa’s popularity.

Deficit irrigation has been introduced as a proper irrigation regime to increase water
use efficiency in quinoa production [14,25], which has been an acceptable strategy, especially
in arid and semi-arid areas that suffer from water scarcity [9,26]. Therefore, it could be a
valuable option to reach the optimum quinoa seed yield in areas with water scarcity [27–30].
In this regard, findings by Geerts et al. [25] based on some field experiments in Bolivia
and crop modeling, indicated that a deficit in irrigation to 55% of full irrigation had no
significant effect on dry matter, while it enhanced seed yield and water use efficiency [25].
Nevertheless, another study in Bolivia reported the flowering and seed filling stages as
the most sensitive stages to the water stress conditions [31]. It is correlated with exposure
to high temperatures at this stage that have cumulative effects [6,32,33]. Therefore, deficit
irrigation and high temperatures at the flowering and seed filling stages play an important
role in quinoa seed yield.

Furthermore, nitrogen plays a vital role in increasing crop productivity as it increases
crop yield for the unit of applied water [34,35] and seed quality [32,33]. Geren [33] in-
vestigated the effects of different N rates (0, 50, 75, 100, 125, 150, and 175 kg N ha−1) on
quinoa seed yield and its components, which indicated a positive increase in seed yield by
increasing N rates. This investigation indicated that for the Mediterranean conditions, a rate
of 150 kg N ha−1 was appropriate to earn a 2.95 Mg ha−1 seed yield with a 16% protein con-
centration. However, Oelke et al. [36] suggested the possibility of a 4.5 Mg ha−1 seed yield
in Colorado by increasing the N rate to 170 and 200 kg N ha−1 [36]. Likewise, Kaul et al.
reported a 94% rise in quinoa seed yield by increasing the N rate to 120 kg N ha−1 [37].

Despite the influence of the increasing N rate on quinoa seed yield and its components
in different soil types [38], the interaction effects between the N rates and other field
practices such as irrigation could be important in different climate conditions [39,40].
Limited research on nitrogen fertilizer and irrigation water management is available in
European humid weather conditions [38] or arid weather conditions in quinoa native
regions [32]. For example, the results of Alandia et al. [35] showed that N might confer
a certain degree of drought tolerance to quinoa as seed quality and yield of N-fertilized
plants were not affected by drought stress. Their results under controlled conditions serve
as a basis to elucidate drought tolerance mechanisms activated with N fertilization.

Soil organic matter content is lower in soil with high temperatures in arid and semi-
arid weather conditions. Moreover, microbial activity is affected by soil water content [41].
Therefore, the nitrogen fertilizer application rate in arid climates is higher than those in
humid climates. However, documented research on quinoa nitrogen fertilizer management
in arid and semi-arid weather conditions in non-native regions (out of the Andes area) is not
well documented. The complex cycle of nitrogen in the environment under different soil
and weather conditions associated with nitrogen degradation and assimilation mechanism
is an essential aspect of nitrogen fertilizer application [42]. Quinoa cultivation is becoming
popular in non-native arid and semi-arid regions; however, there is still a gap in its yield
response to different field management practices, especially in these climate conditions.
Moreover, the rate of the optimum nitrogen fertilizer is still unknown under field conditions
in non-native quinoa cultivation areas with water scarcity. Therefore, investigating the
effect of different irrigation regimes and different nitrogen rates on quinoa yield, irrigation
water use efficiency, and N use efficiency was the objective of this study.

2. Results
2.1. Water Use

Figure 1 illustrates the irrigation depth in three irrigation regimes along with reference
evapotranspiration, mm, during the two growing seasons. Irrigation depths before apply-
ing irrigation regimes treatments were 326 mm and 256 mm with a 6-day interval in the first
and second year, respectively. Irrigation treatments were initiated at the vegetative with
bud formation stage. The highest value of irrigation depth belonged to full irrigation in
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both years (850 mm and 714 mm in the first and second years, respectively). Data showed
that irrigation depths in 0.75 FI were 719 mm and 600 mm in both years, with a similar
reduction of 15% and 15.7% compared to full irrigation. Likely, in 0.5 FI, irrigation depths
were 588 mm and 485 mm, which decreased by 30% and 31.5% in the first and second years,
respectively, compared to full irrigation (Figure 1).

Plants 2022, 11, x FOR PEER REVIEW 3 of 20 
 

 

2. Results 
2.1. Water Use 

Figure 1 illustrates the irrigation depth in three irrigation regimes along with refer-
ence evapotranspiration, mm, during the two growing seasons. Irrigation depths before 
applying irrigation regimes treatments were 326 mm and 256 mm with a 6-day interval in 
the first and second year, respectively. Irrigation treatments were initiated at the vegeta-
tive with bud formation stage. The highest value of irrigation depth belonged to full irri-
gation in both years (850 mm and 714 mm in the first and second years, respectively). Data 
showed that irrigation depths in 0.75 FI were 719 mm and 600 mm in both years, with a 
similar reduction of 15% and 15.7% compared to full irrigation. Likely, in 0.5 FI, irrigation 
depths were 588 mm and 485 mm, which decreased by 30% and 31.5% in the first and 
second years, respectively, compared to full irrigation (Figure 1). 

 
Figure 1. Irrigation depth, ETo, and rainfall during the quinoa growing season; (a) first year; (b) 
second year. DAP: days after planting. 

There was no significant interaction between the effect of irrigation regimes and ni-
trogen application rate on the soil water contents before irrigation, according to the anal-
ysis of variance (p < 0.05). Furthermore, there was no significant difference in soil water 
contents between 0.75 FI and 0.5 FI, while they decreased by 8.2% compared to FI (Table 
1). Furthermore, the mean soil water content in the control N treatment (0 kg N ha−1) was 
statistically higher than that in the 250 kg N ha−1. Nitrogen application at the rate of 250 
kg N ha−1 noticeably decreased soil water contents before irrigation events by 4.5% com-
pared to non-fertilized treatment due to higher crop growth and higher water uptake. 

Figure 1. Irrigation depth, ETo, and rainfall during the quinoa growing season; (a) first year; (b) sec-
ond year. DAP: days after planting.

There was no significant interaction between the effect of irrigation regimes and
nitrogen application rate on the soil water contents before irrigation, according to the
analysis of variance (p < 0.05). Furthermore, there was no significant difference in soil
water contents between 0.75 FI and 0.5 FI, while they decreased by 8.2% compared to FI
(Table 1). Furthermore, the mean soil water content in the control N treatment (0 kg N ha−1)
was statistically higher than that in the 250 kg N ha−1. Nitrogen application at the rate of
250 kg N ha−1 noticeably decreased soil water contents before irrigation events by 4.5%
compared to non-fertilized treatment due to higher crop growth and higher water uptake.
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Table 1. Seasonal mean soil water content, seasonal evapotranspiration, evaporation, transpiration,
seed, and total dry matter water use efficiencies (SWUE, DWUE) for two nitrogen application rates
and irrigation regimes averaged in two growing seasons.

Parameters Irrigation Treatment
Nitrogen Application Rate

(kg N ha−1)
0 250

Mean volumetric soil water
content before irrigation, %

FI 23.8 a * 22.5 ab
0.75 FI 22.2 ab 21.0 b
0.5 FI 21.2 b 20.8 b

Seasonal evapotranspiration,
mm

FI 802.50 a 782.1 a
0.75 FI 676.5 b 655.9 b
0.5 FI 542.2 c 528.0 c

Seasonal transpiration, mm
FI 377.4 b 479.3 a

0.75 FI 295.7 c 396.2 b
0.5 FI 236.2 c 363.8 b

Seasonal evaporation, mm
FI 425.1 a 302.8 b

0.75 FI 380.9 a 259.7 b
0.5 FI 306.0 b 164.2 c

SWUE, kg m−3
FI 0.43 c 0.61 b

0.75 FI 0.42 c 0.70 a
0.5 FI 0.29 d 0.77 a

DWUE, kg m−3
FI 1.04 c 1.48 b

0.75 FI 1.08 c 1.54 b
0.5 FI 0.93 d 1.80 a

* Means followed by the same letter in each trait are not significantly different at a 5% level of probability.

2.2. Seasonal Evapotranspiration

Actual crop evapotranspiration was estimated using water balance and averaged in
two growing seasons, which is presented in Table 1. Overall, in the first year, reference
potential evapotranspiration was higher than that in the second year due to higher temper-
ature during the growing season (Figure 2); however, the difference was not statistically
significant according to the analysis of variance (p < 0.05). The results indicated a significant
difference amongst the irrigation strategies, in which FI had the highest ET (802.5 mm)
followed by 0.5 FI with the lowest ET (528.0 mm) (Table 1). In non-fertilized treatment, ET
decreased by 15% and 32% in 0.75 FI and 0.5 FI, respectively, compared to FI. Likewise, there
was a reduction of 19% and 48% of ET in 0.75 FI and 0.5 FI in 250 kg N ha−1, respectively,
compared to FI. Furthermore, nitrogen application did not show a significant impact on ET
in both full and deficit irrigation regimes (Table 1).

2.3. Seasonal Evaporation and Transpiration

The mean value of soil surface seasonal evaporation over two growing seasons (Table 1)
indicated that there was a significant difference in evaporation between the two nitrogen
treatments (0 and 250 kg N ha−1) at all irrigation regimes. The nitrogen application rate
of 250 kg N ha−1 remarkably decreased soil evaporation by 4.5%, on average, compared
to non-fertilized treatment. Therefore, nitrogen application statistically reduced the soil
evaporation during the growing season due to higher crop canopy development and
higher coverage of the soil surface so that about 53–56.4% and 32–39% of ET was related to
evaporation in non-fertilized and fertilized treatments, respectively. On the other hand, the
evaporation did not significantly differ between FI and 0.75 FI (Table 1) in two nitrogen
application rates, though both were different from the 0.5 FI. On average, deficit irrigation
regimes decreased evaporation by 12% and 35% in 0.75 FI and 0.5 FI, respectively, compared
to FI (Table 1). The two-year average of seasonal crop transpiration over the growing
seasons is presented in Table 1. The highest value (479.3 mm) of crop transpiration was
observed in the FI and 250 kg N ha−1, which was significantly higher than the other
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treatments. The application of 250 kg N ha−1 enhanced crop transpiration by 27, 34, and 54%
compared to non-fertilized treatment in FI, 0.75, and 0.5 FI treatment, respectively (Table 1).
Therefore, nitrogen application increased crop transpiration due to improving crop canopy
growth, especially in treatments with water stress conditions. Additionally, deficit irrigation
regimes as 0.75 FI and 0.5 FI remarkably decreased seasonal crop transpiration compared
to FI, though they were not statistically different (Table 1). Generally, quinoa transpiration
dropped by 19% and 30% in 0.75 FI and 0.5 FI, respectively, in comparison with that
obtained in FI (Table 1).
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Figure 2. Daily maximum and minimum air temperature (Tmax, Tmin), relative humidity (RHavg),
and rainfall during both growing periods. (a) 2017; (b) 2018.

2.4. Yield and Yield Components

There was a significant interaction between the effect of irrigation regimes and nitro-
gen application rate on quinoa seed yield, total dry matter, and harvest index (p < 0.05).
Therefore, the interactive effects are presented in Table 2.
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Table 2. Seed yield (Mg ha−1), the two-year mean of total dry matter (Mg ha−1), harvest index
and estimated seed yield in the first year’, hypothetically discarding the pest and unfavorable air
temperature (Mg ha−1), total N uptake, (kg N ha−1), and residual soil NO3-N, (kg N ha−1) in different
N application rates and irrigation regimes.

Parameters Irrigation
Treatment

Nitrogen Application Rate (kg N ha−1)
0 125 250 375

Seed yield, Mg ha−1

(2017)

FI 0.77 cde * 0.84 bc 0.89 ab 0.96 a
0.75 FI 0.55 gh 0.68 ef 0.85 bc 0.8 bcd
0.5 FI 0.47 h 0.54 h 0.73 def 0.64 fg

Seed yield, Mg ha−1

(2018)

FI 2.96 gf 3.91 bcd 4.27 b 4.71 a
0.75 FI 2.63 g 3.41 def 4.12 bc 3.76 cd
0.5 FI 1.39 h 2.63 g 3.58 de 3.17 ef

Total dry matter,
Mg ha−1

FI 6.37 bc 7.43 abc 8.86 a 9.03 a
0.75 FI 5.79 c 6.81 bc 7.87 ab 7.40 abc
0.5 FI 4.23 d 6.31 bc 7.19 bc 6.91 bc

Harvest index
FI 0.40 bc 0.45 a 0.42 ab 0.45 a

0.75 FI 0.40 bc 0.44 ab 0.45 a 0.44 ab
0.5 FI 0.31 d 0.37 c 0.43 ab 0.40 bc

Estimated seed yield
in the first year (2017),

Mg ha−1

FI 2.10 gh 2.83 cd 3.13 b 3.44 a
0.75 FI 1.98 h 2.51 ef 3.08 bc 2.68 de
0.5 FI 1.22 i 2.01 h 2.59 def 2.35 fg

Total N uptake,
kg N ha−1

FI 96.56 de 129.61 c 159.15 b 186.49 a
0.75 FI 83.53 e 117.85 c 147.68 b 148.57 b
0.5 FI 50.49 f 98.90 d 130.82 c 129.71 c

Residual soil NO3-N,
kg N ha−1

FI 49.98 h 92.59 f 135.61 d 155.59 c
0.75 FI 81.01 g 96.81 f 127.05 d 150.56 c
0.5 FI 111.94 e 117.22 e 202.96 b 216.26 a

* Means followed by the same letter in each trait are not significantly different at the 5% level of probability.

2.4.1. Seed Yield

Quinoa seed yield was significantly different between the two years (2017–2018)
according to the analysis of variance (p < 0.05); therefore, the measured data were separately
presented and discussed (Table 2). In the first year, seed yield dramatically decreased by
80% compared to that obtained in the second year. The highest seed yield was 0.96 Mg ha−1

in the first year, which was 80% lower than that obtained in the second year. This dramatic
decrease in the first year occurred due to facing air temperatures higher than 35 ◦C in the
flowering stage (Figure 2).

In the first year, the effects of different irrigation regimes and nitrogen rates on quinoa
seed yield were significant (Table 2). Nitrogen application increased seed yield in FI, and
the highest value was obtained in 375 kg N ha−1 while there was no significant difference in
seed yield between 375 kg N ha−1 and 250 kg N ha−1 in the first year with pest damage and
unfavorable air temperature. However, in the second year with favorable air temperature,
the highest yield with a significant increase was obtained in 375 kg N ha−1 and FI regime.
In the deficit irrigations, on the other hand, the highest value of seed yield was achieved
at 250 kg N ha−1, and adding more N declined the quinoa seed yield (Table 2). Deficit
irrigation as 0.75 FI and 0.5 FI reduced seed yield by 15% and 30%, respectively, compared to
FI. In comparison with FI, applying the 0.5 FI regime decreased quinoa seed yield by 38.9%,
35.7%, 17.9%, and 33% in the nitrogen application rates at 0, 125, 250, and 375 kg N ha−1,
respectively. Even though seed yield was much higher in the second year than that in the
first year, the same trend in the results was obtained in the second year, which indicated
the significant effect of different N application rates and irrigation strategies on quinoa
seed yield (Table 2). Despite the first year, the interaction effect of N application rate and
irrigation regimes was significant in the second year (p < 0.05). In FI, the highest seed yield
was obtained in 375 kg N ha−1 (4.71 Mg ha−1), followed by 250 kg N ha−1 (4.27 Mg ha−1),
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whereas the maximum seed yield was obtained in 250 kg N ha−1 in 0.75 FI and 0.5 FI as
4.12 Mg ha−1 and 3.58 Mg ha−1, respectively. Although various irrigation regimes showed
a significant difference in seed yield, N application rates of 250 and 375 kg N ha−1 did show
any significant difference in seed yield. The application of 125 kg N ha−1 enhanced quinoa
seed yield by 42.5% compared to non-fertilized treatment, whereas applying 375 kg N ha−1

increased seed yield by 69%. A reduction of 53% and 16% in seed yield was observed in
0.5 FI with 0 kg N ha−1 and 250 kg N ha−1 application rates compared to 375 kg N ha−1,
respectively. Likely, 0.5 FI with 125 kg N ha−1 and 375 kg N ha−1 decreased seed yield
by 32.7% compared to FI (Table 2). Generally, increasing N fertilizer to 250 kg N ha−1

noticeably enhanced the quinoa seed yield; therefore, statistically, it could be the proper
rate of N application in rising seed yield for deficit irrigation regimes. However, under
non–limited water resource conditions, an FI and N application rate of 375 kg ha−1 could
be used for higher seed yield.

2.4.2. Total Dry Matter

Quinoa total dry matter (TDM) was not significantly different in the two years
(p < 0.05). Therefore, the mean values of TDM over two years are presented in Table 2.
The interaction effect between N application rates and irrigation regimes was significant
(p < 0.05). The highest value of TDM was obtained in FI at the rate of 375 kg N ha−1

(9.03 Mg ha−1), while in deficit irrigation regimes, 250 kg N ha−1 had the highest TDM
values (Table 2). However, there was no significant difference between 250 kg N ha−1 and
375 kg N ha−1 in TDM in FI for all irrigation regimes. When the N application rate exceeded
250 kg N ha−1, it caused a rise of 40.5% in TDM compared to non-fertilized treatment. In
deficit irrigations (0.75 FI and 0.5 FI), TDM matter did not show a significant difference
when the N rate exceeded 125 kg N ha−1. However, considering the seed yield increase,
the N rate higher than 250 kg N ha−1 did not show a significant effect on seed production.
Furthermore, a linear relationship between quinoa TDM and total transpiration during the
growing season, indicated that increasing transpiration directly increased total dry matter
(TDM = 0.0188 T, R2 = 0.92, p < 0.001, SE = 0.45, n = 18). This relationship can be used for
comparing quinoa transpiration efficiency with other cereals.

2.4.3. Harvest Index

A reduction of 80% in quinoa seed yield occurred in the first year as compared with
the second year. This was due to high air temperature in the flowering stage and pests
damage in the first year compared to the second year. Therefore, the harvest index was
determined only for the second year (Table 2). The results indicated that the interaction
effect between N application rate and irrigation regimes was significant, as well as the main
effects (p < 0.05). The harvest index varied between 0.31 and 0.45 for quinoa in the second
year. Although 0.75 FI in all fertilized treatments did not show a significant difference in
harvest index with those in FI, harvest index significantly decreased in 0.5 FI and N rates
by 25.5%, 17.8%, and 11% in non-fertilized, 125 kg N ha−1, and 375 kg N ha−1, respectively,
compared to FI. However, the harvest index in 0.5 FI and 250 kg N ha−1 were statistically
the same as that in FI (Table 2). Overall, the N application effectively increased harvest
index in comparison with that obtained in non-fertilized treatment, especially in 0.5 FI. In
0.75 FI, N application of 250 kg N ha−1 and 375 kg N ha−1 raised harvest index by 12.5%
and 10%, respectively, compared to non-fertilized treatment. Likewise, 0.5 FI increased
the harvest index by 19.4%, 38.7, and 29% in N application rates of 125, 250, and 375,
respectively. Taking the second-year harvest index into account, quinoa seed yield for the
first year was estimated by multiplying HI and first-year dry matter (Table 2). Therefore,
seed yield was estimated by omitting pest and heat damage to seed yield in the first year.
According to this result, the highest seed yield (3.44 Mg ha−1) was obtained in FI with
375 kg N ha−1 and the lowest value (1.22 Mg ha−1) in 0.5 FI with non-fertilized treatment
(Table 2).
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2.5. Total Nitrogen Uptake

The total N uptake is estimated by seed N uptake plus straw N uptake (Table 2). The
analysis of variance showed that the interaction effects between irrigation regimes and
N application rates on total N uptake were significant (p < 0.05). Generally, a high-water
deficit (0.5 FI) resulted in a high reduction in total N uptake (Table 2). In FI, increasing
the N rate from 250 to 375 kg N ha−1 significantly raised total N uptake by 17%, whereas
this increase was not significant in 0.75 FI and 0.5 FI. In non-fertilized treatment, irrigation
application of 0.75 FI and 0.5 FI dropped total N uptake by 13.5% and 48% compared to FI.
Likewise, in 375 kg N ha−1, the application of 0.75 FI and 0.5 FI decreased total N uptake
compared to FI by 20.3% and 30.5%, respectively. Furthermore, increasing N application
rates significantly increased total N uptake (Table 2). For example, the application of
125 kg N ha−1 compared to non-fertilized treatment significantly enhanced total N uptake
by 34%, 41%, and 95.9% in FI, 0.75 FI, and 0.5 FI, respectively. Therefore, the highest value of
total N uptake was obtained in 375 kg N ha−1 and FI, while the lowest value was obtained
in non-fertilized treatment and 0.5 FI.

2.6. Residual Soil NO3-N

The residual soil NO3-N in three different depths, including, 0–30 cm, 30–60 cm, and
60–90 cm, was measured before sowing and after harvest in both years, and the total
residual NO3-N, in the soil profile is presented in Table 2. The results indicated that
the interaction effect of irrigation regimes and N application rates on soil NO3-N was
statistically significant (p < 0.05). In non-fertilized conditions, an irrigation regime of 0.75 FI
noticeably enhanced the residual soil NO3-N by 62% compared to FI, while, in fertilized
treatments, there was no significant difference between 0.75 FI and FI in residual soil
NO3-N (Table 2). By contrast, 0.5 FI significantly increased residual soil NO3-N in all N
rates compared to FI and 0.75 FI. In this study, the highest residual soil NO3-N was obtained
in 0.5 FI and 375 kg N ha−1 when the FI and non-fertilized treatment had the lowest value
(Table 2). Furthermore, measured residual soil NO3-N at different soil depths after harvest
averaged in both years is presented in Figure 2. This figure illustrates the variation of soil
NO3-N in all treatments after harvest compared to that before planting. In FI, residual soil
NO3-N in all N application rates at the topsoil layer (0–30 cm) decreased at the end of the
growing season (Figure 3). Although, it increased at deep layers (60–90 cm), especially at
higher N rates (250 kg N ha−1 and 375 kg N ha−1) due to N leaching to the lower soil layers.
Application of 0.75 FI led to NO3-N accumulation at upper soil layers compared to that in
FI. A dramatic increase was observed at the 30–60 cm soil layer by applying 375 kg N ha−1.
When the irrigation water decreased to a lower level as 0.5 FI, NO3-N accumulation in
the middle of the soil profile (30–60 cm) increased, which remarkably exceeded the initial
soil NO3-N at topsoil (0–30 cm) and 60–90 cm in two application N rates of 250 kg N ha−1

and 375 kg N ha−1. Therefore, a higher reduction in irrigation water led to a much higher
increase in residual soil NO3-N, almost the same as increasing N application rate effects on
residual soil NO3-N.

2.7. The Relationship between Total N Uptake and Transpiration

Due to the influential role of seasonal transpiration (T) in N uptake (TNU), the rela-
tionship between these parameters was obtained for two application N rates of 0 kg N ha−1

and 250 kg N ha−1 as follows:

TNU = 0.195 T for 0 N ha−1 nitrogen rate
R2 = 0.76, p < 0.001, SE = 0.35, n = 9

(1)

TNU = 0.16 T + 41.4 for 250 N ha−1 nitrogen rate
R2 = 0.75, p < 0.001, SE = 0.40, n = 9

(2)

where TNU and T are total nitrogen uptake (kg ha−1) and seasonal transpiration (mm),
respectively. It is indicated that passive absorption of N in the plant is regulated by
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transpiration. Therefore, transpiration is an effective force in N uptake in two N application
rates of 0 kg N ha−1 and 250 kg N ha−1. However, the slope of T in the regression is higher
in the N application rate of 0 kg N ha−1. According to Equation (2), at an N application
rate of 250 kg ha−1 about 41.4 kg N ha−1 [intercept of Equation (2)] is absorbed by active
absorption from the root zone. It is indicated that at high N application rates, both N
absorption mechanism is effective [Equation (2)].
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2.8. The Relationship between Soil Total Available N and Yield

Due to the influential role of soil total available N in producing crop yield and N
uptake, the relationships between these parameters were obtained (Figure 3). Soil total
available N (STAN) included soil N, applied N by fertilizer, and N applied by irrigation
water. Soil N was considered to be residual N at planting plus the N mineralization that was
determined considering 3% of the soil organic N mineralized to inorganic N [43].The rela-
tionship between seed yield and soil total available N indicated that in all irrigation regimes,
seed yield increased gradually by increasing the soil total available N and reached a maxi-
mum value at a specific value of soil total available N, after which it dropped (Figure 4a).
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A similar trend was found for the total dry matter and crop N uptake (Figure 4b,c). The
maximum value of the soil total available N was different in various irrigation regimes.
Therefore, the maximum values to reach the highest seed yield were obtained by numerical
differentiation of the equation for each irrigation regime. These values are 822, 639, and
634 kg N ha−1 in FI, 0.75 FI, and 0.5 FI, respectively. By subtracting applied N by irrigation
water, mineralized N, and soil N before planting, the optimum amount of N fertilizer
was individually estimated for different irrigation strategies. In FI, 0.75 FI, and 0.5 FI, the
maximum N fertilizer rate in the study area is estimated as 467, 287, and 285 kg N ha−1,
respectively. Overall, seed yield, total dry matter, and N uptake decreased when applied
water dropped from full irrigation to 0.5 FI. Considering the total available soil N and
irrigation water depth, a relationship was found to predict quinoa seed yield as follows:

SY = −1.758 × 10−5 N2 − 1.143 × 10−5 I2 + 23.22 × 10−3 N + 0.0192 I − 10.96
R2 = 0.88, p < 0.001, SE = 0.22, n = 9

(3)

where SY, N, and I are the seed yield (Mg ha−1), soil total available N (kg ha−1), and
irrigation water depth (mm), respectively. This relationship could be used in modeling
to predict seed yield based on soil total available N and applied water. Further, contour
(iso-quant) plots were developed in (Figure 5) to show the combined effect of soil total
available N and irrigation water depth on seed yield for practical use by farm managers.
The quadratic equation implied that the optimum N application rate would be different in
various irrigation regimes to reach the maximum seed yield.

2.9. Water Use Efficiency

The analysis of variance showed a significant effect of the interaction between
irrigation regimes and the N application rates on the seed water use efficiency (SWUE)
(p < 0.05). Table 1 presents the comparison between means of SWUE for two N applica-
tion rates at different irrigation regimes. Crop evapotranspiration was calculated from
Equation (4) to determine WUE. As the soil water content was measured by neutron
probe tubes located at two N application rates (0 and 250 Kg N ha−1), WUE is presented
for these two treatments. Generally, the N application significantly raised SWUE and
DWUE. Adding 250 kg N ha−1 noticeably increased SWUE by 42%, 67%, and 165.5% in
FI, 0.75 FI, and 0.5 FI, respectively. There was a significant difference between FI and
deficit irrigation regimes in SWUE when the 250 kg N ha−1 rate was applied, whereas
no significant difference was observed between 0.75 FI and 0.5 FI. By contrast, non-
fertilized treatment and 0.5 FI significantly decreased SWUE by 31% compared to 0.75 FI
(Table 1). Furthermore, total dry matter water use efficiency (DWUE) was determined at
different irrigation regimes and two N application rates (Table 1). The highest DWUE
of 1.8 kg m−3 was obtained in 0.5 FI with the application of 250 kg N ha−1, whereas it
was 19% higher than those obtained in FI and 0.75 FI. In non-fertilized treatment, DWUE
decreased by 12% in 0.5 FI compared to those obtained in FI and 0.75 FI. Accordingly,
increasing the N application rate to 250 kg N ha−1 enhanced DWUE by 42%, 43%, and
94% in FI, 0.75 FI, and 0.5 FI, respectively. Generally, deficit irrigation could not increase
SWUE and DWUE in non-fertilized treatment.
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Figure 4. The relationship between soil total available N and quinoa seed yield, dry matter, and crop
N uptake.
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2.10. Nitrogen Efficiencies

The results of the estimated nitrogen use efficiency (NUE) and nitrogen yield efficiency
(NYE) at different irrigation regimes and N application rates in the second year are pre-
sented in Table 3. There is no significant interaction between the effect of irrigation regimes
and nitrogen application rate on nitrogen use efficiencies (p < 0.05). However, the main
effects of the irrigation regimes and nitrogen rates had a significant effect on both NUE
and NYE (p < 0.05). In general, the increasing N application rate decreased NUE though
there was no significant difference between 125 kg N ha−1 and 250 kg N ha−1. Increasing
the N application rate from 125 kg N ha−1 and 250 kg N ha−1 to 375 kg N ha−1 noticeably
decreased NUE by 29% and 21%, respectively (Table 3). Reducing water application to
half (0.50 FI) significantly increased NUE, whereas 0.5 FI increased NUE by 19% and 29%
compared to FI and 0.75 FI, respectively. Same as the NUE, the increasing N rate decreased
NYE with no significant difference between 125 kg N ha−1 and 250 kg N ha−1. The ni-
trogen application rate of 375 kg N ha−1 dropped NYE by 44.3% and 34% compared to
125 kg N ha−1 and 250 kg N ha−1, respectively (Table 3). In addition, no significant differ-
ence was found between 0.75 FI and FI in NYE, while the application of 0.5 FI increased
NYE by 54% compared to FI. Table 3 presented the mean physiological N efficiency (NPE)
at different irrigation regimes and N application rates. Analysis of variance showed that
the effect of irrigation regimes was the only significant factor in NPE (p < 0.05). Compared
to FI, deficit irrigation of 0.75 FI significantly increased NPE by 26.7%, whereas 0.5 FI raised
NPE by 17%, which was not statistically different from FI.
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Table 3. Nitrogen use efficiency (NUE) and nitrogen yield efficiency (NYE) and physiological N
efficiency (NPE) at different irrigation regimes and N application rates in the second year.

NUE, kg m−3 NYE, kg kg−1 NPE, kg kg−1

Irrigation treatment
FI 0.26 b * 5.94 b 26.98 b

0.75 FI 0.24 b 5.12 b 34.19 a
0.5 FI 0.31 a 7.87 a 31.55 ab

Nitrogen rate (kg N ha−1)
125 0.31 a 7.90 a 29.77 a
250 0.28 a 6.64 a 34.08 a
375 o.22 b 4.40 b 28.87 a

* Means followed by the same letter in each trait are not significantly different at the 5% level of probability.

3. Discussion
3.1. Quinoa Yield Is Affected by N Application Rate and Irrigation Regimes

Comparing the results of quinoa seed yield in two growing seasons, apart from the
irrigation and N application rates, showed an unexpected drop in seed yield (0.96 Mg ha−1)
in the first year. However, TDM was not different in the two growing seasons. Therefore,
the results from these experiments could be generalized for field management decisions in
arid and semi-arid weather conditions. The dramatic decrease in the first year occurred
due to the late planting dates in the first year and air temperatures higher than 35 ◦C in
the flowering stage (Figure 2). The value of 35 ◦C for air temperature is considered the
threshold value for quinoa in Algeria, Lebanon, Yemen, and Iraq during the flowering
stage [6,44–47]. This could be due to the strong dependence of pollen moisture on-air vapor
pressure deficit [48]. Therefore, a slight temperature increase higher than 35 ◦C would
greatly reduce seed yield [49]. The increasing N application rate remarkably raised seed
yield, and the highest seed yield in the second year was 4.7 Mg ha−1 in 375 kg N ha−1 with
FI (Table 2), which is inconsistent with findings by Shams [50], and Kakabouki et al. [2]
who reported the rise of quinoa seed yield with increasing N application rate to 120, 200,
and 360 kg N ha−1. Additionally, in the weather conditions of Turkey, the highest seed
yield, ranged between 4.1 Mg ha−1 and 8.7 Mg ha−1 [39], whereas it was 3.3 Mg ha−1 in
the south of Morocco [51]. Deficit irrigation (0.5 FI) significantly reduced quinoa seed yield,
while there was no significant difference between FI and 0.75 FI. Therefore, an irrigation
regime of 0.75 FI is suggested in the case of scarce water. Similar findings were reported by
Yazar et al. [52]. According to our findings, in water scarcity conditions, 0.75 an FI and N
application rate of 250 kg N ha−1 is recommended.

Considering the total dry matter, increasing the N application rate higher than 125 kg N ha−1

did not show a significant increase in the dry matter; however, the highest value of DM
(9.03 Mg ha−1) was obtained in 375 kg N ha−1 (Table 2). Similarly, Kakabouki et al. [2]
reported no significant difference in the dry matter between two N application rates of
200 kg N ha−1 and 345 kg N ha−1. In the Mediterranean conditions, the highest average
DM was reported as 8.5 kg ha−1 [51]. The linear relationship between quinoa TDM and total
transpiration during the growing season indicated that increasing transpiration directly
increased total dry matter (TDM = 0.0188 T). The comparison between the slope of the linear
relationship between quinoa total dry matter and seasonal transpiration with that reported
by Azizian and Sepaskhah [53] for maize as a C4 crop (0.028 Mg ha−1) and Bahari-Sadi
for saffron as a C3 crop (0.010 Mg ha−1) indicated that maize could produce higher TDM
in given seasonal transpiration as compared with quinoa as a C3 crop. However, quinoa
can produce higher TDM in given seasonal transpiration as compared with saffron in
similar weather conditions. In general, based on our findings, it is recommended to use
375 kg N ha−1 for reaching the optimum quinoa yield in full irrigation (no water scarcity)
with an average of 24% soil water content before irrigation, and 250 kg N ha−1 is required
for 0.75 FI and 0.5 FI (scare water conditions) with an average of 21.0 and 20.8% soil water
content before irrigation, respectively.
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3.2. Water and N Efficiencies as Influenced by N Application Rate

In the current study, the highest water use efficiency obtained in 0.5 FI with 250 kg N ha−1

was 0.77 kg m−3, which was lower than 1.2 kg m−3 obtained in Italy [54]. Increasing N
rates resulted in higher water use efficiency; however, the inverse impact of exceeding the
N application rate from 250 kg N ha−1 was observed (Table 1). Similarly, increasing the N
application rate reduced all the N efficiencies (NUE, NYE, and NPE), which is in agreement
with the findings of Kakabouki et al. [2] for quinoa and Mehrabi and Sepaskhah [55] for
winter wheat. Therefore, N application at a rate of 250 kg N ha−1 could be suggested as
the optimum rate, reaching the highest water use efficiency and N use efficiencies in the
study region. Although an increase was found in the water and N use efficiencies in the
application of 0.5 FI with 250 kg N ha−1, it is not recommended to produce quinoa crops
because it might not be economic, as it remarkably decreases seed yield.

3.3. Nitrogen Uptake Mechanism and N Application Rate

Nutrient ion’s movement from the soil solution to the vascular center of the root cell
membrane may be passive or active. Passive absorption is the movement across a mem-
brane from higher to lower concentrations. A similar gradient leads to crop transpiration.
Active absorption requires metabolical energy. As with the uptake of other nutrients, N up-
take activities are both strongly regulated by a high plant N status [56]. A different nitrogen
uptake mechanism is discussed by [57–59] in the physiological and molecular mechanism.
According to our findings, passive absorption is an effective force in N uptake in two N
application rates of 0 kg N ha−1 and 250 kg N ha−1. However, at high N application rates,
both passive and active N absorption mechanism is effective.

4. Materials and Methods
4.1. Experimental Site and Design

The experimental research was conducted in the Experimental Research Station of
the Agricultural College, Shiraz University, Shiraz, Iran, during two growing seasons
(2017 and 2018). The station is located at 29◦56′ N, 52◦02′ E and is 1810 m above sea
level, with a semi-arid climate. Maximum and minimum temperatures (Tmax, Tmin),
average relative humidity, and rainfall during both growing seasons are presented in
Figure 6. Tmax and Tmin during the first growing season were, on average, 32.4 ◦C and
12 ◦C, respectively. In contrast, the mean daily Tmax and Tmin during the second growing
season were 27 ◦C and 7 ◦C, respectively. The rainfall depths during the two growing
seasons were 29 and 64 mm, respectively.

The experimental design was a factorial arrangement with randomized complete
blocks in three replications. The treatments consisted of four nitrogen application rates
of 0, 125, 250, and 375 kg N ha−1 (N1, N2, N3, and N4, respectively) and three levels
of irrigation water regimes. The irrigation regimes included full irrigation (FI), 75%
of full irrigation (0.75 FI), and 50% of full irrigation (0.5 FI). Therefore, 36 plots were
constructed with the dimensions of 2 m × 2 m and placed at a distance of 1.5 m from
each other (Figure 6a). The physical and chemical properties of soil adapted from Yarami
and Sepaskhah (2015) are presented in Table 4 [60].
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micro-lysimeter (c) for soil water evaporation measurement.

Table 4. Soil and water properties.

Physical and Chemical Properties
Soil Depth (cm) Irrigation Water

0–30 30–60 60–90

Field capacity (cm cm−3) 0.32 0.32 0.32
Permanent wilting point (cm cm−3) 0.17 0.19 0.19

Bulk density (g cm−3) 1.4 1.47 1.51
Sand% 11 10 16
Silt% 56 51 50

Clay% 33 39 34
Texture SCL * SCL SCL

EC (dS m−1) 0.74 0.51 0.49 0.58
Cl− (meq L−1) 5.31 3.05 2.90 0.50
Na+ (meq L−1) 3.29 1.97 1.91 0.48
Ca2+ (meq L−1) 5.43 4.16 4.07 1.80
Mg2+ (meq L−1) 3.50 2.88 2.84 2.0

* Silty clay loam.

After a deep plowing (30 cm) during the land preparation, triple superphosphate
(CaH2PO4, including 46% P2O5) at a rate of 30 kg ha−1 was mixed with the soil surface layer.
The quinoa seeds (Titicaca cultivar, developed by University of Copenhagen, Denmark)
were planted in 6 rows with 0.33 m spacing. The seeds were placed in 0.01–0.02 m depth
with a 0.15 m distance on the row. The sowing dates were 6 April and 3 March in the first
and second growing seasons, respectively, with the average air temperature of 10 to 12 ◦C.
Two weeks after germination, the crops were hand-thinned to obtain a uniform density of
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20 plants per plot. Physical weed control was also conducted every two weeks during the
growing seasons. Nitrogen as urea (46% N) was added to the soil surface at the vegetative
and seed filling stages (Figure 6b), which were 60, and 80 days after sowing, respectively.

4.2. Irrigation Requirement

The irrigation water depth was determined using the daily potential evapotranspi-
ration and crop coefficient for quinoa. The potential evapotranspiration was estimated
using the modified FAO-Penman–Monteith method [61]. The crop coefficients at initial,
mid-season, and late season growth stages for quinoa were also determined by Talebnejad
and Sepaskhah as 0.58, 1.2, and 0.8, respectively [14]. Therefore, irrigation depth as crop
evapotranspiration (ETc) was determined by multiplying crop coefficient and potential
evapotranspiration during the irrigation intervals. The irrigation treatments were initi-
ated at the vegetative with bud formation stage with a 7-day interval as surface basin
irrigation. The total irrigation water depths were 850 and 714 mm for the two growing
seasons, respectively.

4.3. Crop Actual Evapotranspiration

Crop actual evapotranspiration (ET) during each growing season is estimated by
following the soil water balance equation considering negligible deep percolation:

ET = I + P± ∆S (4)

where I and P are the irrigation and precipitation depth (cm), respectively. ∆S implies soil
water variations (cm) in each interval.

The soil water content was measured by a neutron probe three times during the
growing season at four soil depths (0–30 cm, 30–60 cm, 60–90 cm, and 90–120 cm) for
two nitration application rates (0 and 250 kg N ha−1). Soil evaporation was measured
using micro-lysimeters [55], which were installed in the plots with different irrigation
regimes and two N treatments (N1 and N3) with three replications. Micro-lysimeters were
made of a small cylinder with 10 cm diameter and 30 cm height filled up with the same
field soil (Figure 6c). The micro-lysimeters were weighted between irrigation intervals.
Then, decreasing in micro-lysimeter weight was divided per the micro-lysimeter area to
determine the evaporation from the soil surface.

4.4. Field Measurements

Characterizing the plants in the fields needs to be managed with attention considering
the last international consensus on quinoa phenotyping methodologies [62]. Ten to fourteen
days after the last irrigation event, four rows in the middle of each plot were harvested
[134 and 122 days after planting (17 August and 3 July) in the first and second year,
respectively]. The panicles were separated, and the seeds and shoots were oven-dried at
72 ◦C for about 48–72 h to determine seed yield, shoot dry weight, and total dry matter.
The harvest index was calculated as seed yield divided by the total top dry matter. The seed
and shoot nitrogen concentrations were measured by the Kjeldahl method then nitrogen
uptake was determined by multiplying seed and shoot N concentrations by their relevant
dry weight. Before N application and after harvesting, soil samples were taken from three
depths, 0–30 cm, 30–60 cm, and 60–90 cm, and air-dried to determine the residual soil
nitrate spectrophotometrically.

4.5. Water and Nitrogen Use Efficiencies

Seed water use efficiency (SWUE) and dry matter water use efficiency (DWUE) are
determined as the ratio between seed yield (SY) or total dry matter (TDM) and crop water
use (ET). Furthermore, nitrogen use efficiency as a vital component in obtaining net yield
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with high quality has different descriptions such as nitrogen use efficiency (NUE), nitrogen
yield efficiency (NYE), and physiological N efficiency (NPE) [63] as follows:

NUE =
NUa − NUc

NRa − NRc
(5)

NYE =
Ya −Yc

NRa − NRc
(6)

NPE =
Ya −Yc

NUa − NUc
(7)

where NUa, Ya, and NRa are the quinoa N uptake, quinoa seed yield, and nitrogen appli-
cation rate, kg ha−1, respectively, in different treatments. While NUc, Yc, and NRc are the
quinoa N uptake, seed yield, and nitrogen application rate, kg ha−1, respectively, in the
control treatment (N application rate of 0 kg ha−1).

4.6. Statistical Analysis

Statistical analysis was carried out using software SAS 9.4 software (SAS Institute Inc.,
Carry, NC, USA). The interaction effects between irrigation regimes and N application rates
were evaluated using the analysis of variance (ANOVA), and the year was incorporated
into the model. The means were compared at a 5% level of probability using Duncan’s
multiple range tests.

5. Conclusions

The nitrogen fertilizer application rate in arid and semi-arid areas is higher due
to warmer climates. However, deficit irrigation improves NUE. Therefore, the effect of
different irrigation regimes and nitrogen rates on quinoa yield is a challenging issue in
those areas. Increasing nitrogen fertilizer application levels from 250 to 375 kg N ha−1

under FI and deficit irrigation (0.75 FI and 0.5 FI) did not cause a significant difference in
grain yield and the total dry matter of quinoa. Furthermore, the application of 0.75 FI led to
NO3-N accumulation in upper soil layers compared to that in FI, which facilitated nitrogen
uptake and reduced nitrate loss to deeper layers of the soil. Therefore, an appropriate
nitrogen application rate of 250 kg N ha−1 and deficit irrigation of 0.75 FI is suggested
as the optimum management in the study area, with challenging water scarcity based
on SWUE, NUE, and total nitrogen uptake. However, in the area with ample water
resources, FI with 375 kg, N ha−1 could be recommended based on seed yield and total
nitrogen uptake. These factors should be considered as struggling with the potential quinoa
seed yield and considering fertilizer application environmental impacts. Questions about
which environmental factors impressively restricted the quinoa growth for optimizing the
potential yield need further investigations.
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Abstract: Quinoa is known as a super food due to its extraordinary nutritional qualities and has the
potential to ensure future global food and nutritional security. As a model plant with halophytic
behavior, quinoa has potential to meet the challenges of climate change and salinization due to
its capabilities for survival in harsh climatic conditions. The quinoa crop has received worldwide
attention due to its adoption and production expanded in countries out of the native Andean
region. Quinoa was introduced to Pakistan in 2009 and it is still a new crop in Pakistan. The first
quinoa variety was registered in 2019, then afterward, its cultivation started on a larger scale. Weed
pressure, terminal heat stress, stem lodging, bold grain size, and an unstructured market are the
major challenges in the production and promotion of the crop. The potential of superior features of
quinoa has not been fully explored and utilized. Hence, there is a need to acquire more diverse quinoa
germplasm and to establish a strong breeding program to develop new lines with higher productivity
and improved crop features for the Pakistan market. Mechanized production, processing practices,
and a structured market are needed for further scaling of quinoa production in Pakistan. To achieve
these objectives, there is a dire need to create an enabling environment for quinoa production and
promotion through the involvement of policymakers, research institutions, farmers associations, and
the private sector.

Keywords: Andean regions; abiotic stresses; nutrition profile; value chain; developing countries;
germplasm diversity

1. Introduction

Climate change, water shortage, and increasing salinization including malnourishment
and chronic dietary problems are the major challenges for sustainable agriculture as well
as for food and nutritional security of the burgeoning population. It is the right time to
diversify cropping systems by introducing new crops to achieve sustainable development
goals [1]. Quinoa is an ideal candidate crop which may contribute to environmental and
food sustainability owing to its high adaptability to a wide range of growing conditions [2].
Quinoa is gaining popularity due to its functional and nutritional characteristics [3]. It can
achieve higher productivity and maintain nutritional quality in different environments
where conventional crops cannot perform well. Moreover, quinoa has potential for climate
resistance to different stresses such as salinity, drought, and frostlike conditions [4–6]. It
is an annual, mainly self-pollinated, dicotyledonous, and C3 crop for CO2 fixation during
photosynthesis [4].

Quinoa has a high nutritional profile with 10–18% seed proteins [7,8] and 4.1–8.8%
fats [9]. It is ideal for celiac patients because it is gluten free. The whole plant can be used as
feed for both humans and animals. Its leaves are also used as a salad because they have the
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same nutritional value as spinach and mustard [10]. Quinoa grain is rich in all amino-acids,
vitamins (A, E, B2), carbohydrates, minerals (K, Fe, Ca, Mn), and healthy supportive fatty
acids (Omega-3) [9]. Its grains are ground into flour as wheat and used for further purposes
such as bread formation, beer formation, and fermented drinks [11].

Quinoa has been cultivated in more than 120 countries worldwide with major produc-
ers including Peru, Bolivia, Ecuador, USA, Columbia, Chile, and Brazil [12].

The quinoa plant life cycle is divided into vegetative and reproductive stages. Each
phase is dependent on day length and temperature [13] due to which it has wide adaptabil-
ity [9]. Quinoa plants take about 40–89 days for bud appearance, 7–50 days for the anthesis
stage, and 66–135 days for maturity after anthesis [14]. However, the crop reaches maturity
within 109–182 days in Europe [15,16].

In Pakistan, quinoa was introduced for the first time in central Punjab by the Univer-
sity of Agriculture, Faisalabad (UAF), to increase diversity in the cropping system and
environmental sustainability [17,18]. Now it is well adapted and grown in all provinces
of Pakistan.

Over 7 million hectares in Pakistan are affected by soil salinity. Research indicates
that quinoa can be grown on salt affected soils with electrical conductivity (ECe) 10 to
15 dS cm−1 in South Punjab [19,20]. It can even tolerate salinity and arsenic stress due to less
uptake of toxic ions and higher activities of antioxidant enzymes [21]. Therefore, quinoa
crop has potential for salt affected soils. Despite huge potential and wide adaptability, lack
of awareness about nutritional and health benefits and unstructured markets are major
challenges in upscaling quinoa crop in Pakistan. This review highlights the current trends
in quinoa research, its cultivation and future challenges in quinoa production, and value
chain development in Pakistan.

2. Germplasm Collection and Evaluation

Only a few quinoa varieties have been commercialized out of more than 3000 lan-
draces identified in the Andean countries [22]. Cultivated quinoa has plentiful seed colors
(>10), but the marketable grain is usually white, red, and black. During 2009, quinoa
was introduced successfully in Pakistan based on a collection of 170 accessions from the
USDA, USA, and Denmark [17]. Out of 170 quinoa lines tested, only four accessions were
found to be widely adapted to the local climatic conditions of Pakistan and valuable for
domestic production. Basic farming practices have been developed by optimizing sowing
time; sowing method; and nitrogen, phosphorus, and potassium (75:60:50 kg ha−1) require-
ments under Faisalabad conditions. The preliminary trials have shown that quinoa is also
well acclimatized to the different agro-ecological conditions of Punjab. Yields obtained
(3.2 tonnes/ha) and nutritional profiles investigated in these environments are equivalent
to native regions of quinoa production [16]. Likely, adaptability trials across different parts
of the country including KPK and Sindh are in progress.

The University of Agriculture, Faisalabad, has conducted trials on genetic variability
for a wide range of quinoa types under agro-climatic conditions of Faisalabad, Punjab-
Pakistan, in collaboration with King Abdullah University of Science and Technology, Saudi
Arabia. About 370 accessions have been phenotyped for morphological, phenological, and
yield traits under field and for postharvest management of quinoa seed during the years
2019–2021 [unpublished data].

The UAF-Q7 is the first approved variety of quinoa in Pakistan [23]. The basic produc-
tion practices for this variety have been optimized [17]. The UAF-Q7 variety has a hollow
stem with a tap root system, and its leaf shape resembles the goose foot type. Its plant
height ranges from 110 to 150 cm. The panicle shape is an intermediate type with a green
color at flowering that turns brown at maturity. It matures in 130–140 days and has an
average yield potential of 3.2 t ha−1.
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3. Developments in Quinoa Research

Due to high grain yield, biomass, and nutritional quality, quinoa is regarded as a
dual-purpose crop both for grain production and livestock feed [24]. After seed harvesting,
there is potential for quinoa growers to market straw a forage crop [24–26]. Generally,
genotypes with thick stems, more branches, and moderate plant height producing higher
biomass are ideal for fodder and genotypes with compact inflorescence are ideal for grain
purpose [27]. Presently, some quinoa lines with high nutritional profile, biomass, and
low saponin contents have been evaluated for fodder purposes [unpublished data]. The
assessment of the digestibility and palatability potential of these quinoa lines for ruminants
is in progress.

3.1. Germplasm Diversity

Quinoa is cultivated from sea level to 4000 m with a broad agroecological adaptation
to different types of soils [28]. It is an Andean crop that originated around Lake Titicaca in
Peru and Bolivia, the area with greatest diversity and genetic variation. Currently, quinoa
is grown in countries spanning five continents, including North America, Europe, Asia,
Africa, and Oceania. The center of quinoa diversity is the southern Andean highlands
viz. Bolivia and Peru have huge variability and Bolivia’s gene bank center has more than
5000 accessions [29]. Quinoa varieties are genetically grouped into two main groups:
lowland and highland. Fuentes et al. [30] mapped quinoa’s genetic structure by matching
it with natural geographical edaphic climatic constraints and the social linguistic context of
ancient people inhabiting the Andes region [30].

Huge diversity also exists in the quinoa germplasm based on morphological and phys-
iological adaptability to various climatic conditions [31]. Yield mainly depends upon the
phenological and seed related attributes of a crop and duration between each stage. Under
local conditions of Faisalabad, Pakistan, exotic accessions with medium crop duration and
more plant biomass produced higher grain yield as compared to long duration genotypes.
The number of lateral branches in quinoa plants vary according to the genotypes and
the crop condition. Accessions with more branches and inflorescence express more plant
biomass and yields as compared to accessions with a single panicle per plant [16].

According to Sosa-Zuniga et al. [32], 15 panicle colors and 3 types of panicle shapes
(Glomerulate, intermediate, and amaranthiform) are reported in quinoa at physiological
maturity. The large grain size in quinoa is preferred [3]. Apart from phenological and
grain characteristics, quinoa genotypes also diversified in terms of nutritional quality as
protein contents ranged from 11 to 16% in selected genotypes adapted in Pakistan [33].
Fewer studies have reported on the role of phytates in quinoa as it is known as an anti-
nutritional factor.

3.2. Production Practices

Quinoa can grow in a range of soils from clayey to sandy including marginal soils
with a pH of 4.5–9.5 [13]. For quinoa cultivation in a new environment, sandy loam soils
with good drainage, appreciable organic matter, and nutrients should be preferred. In
Pakistan, quinoa crop has been preliminarily tested on sandy loam and clay loam soils
with a pH range of 7.4–8.8, medium in fertility and low in organic matter contents (0.77%)
under semi-arid regions of Punjab (elevation 184 m above sea level 31.4187◦ N, 73.0791◦ E;
elevation 190 m above sea level 31.8950◦ N, 73.2706◦ E) [17,34,35] and Sindh (20 m above sea
level) [36]. Quinoa is grown during rabi season as a spring crop in most parts of the country
except for northern areas. The window of plasticity for planting ranges from 15 October
to 15 December and favorable time for its growth and yield potential is during November
under irrigated conditions [17,34,36]. A delay in planting the crop usually prolongs growth,
reduces grain filling, and delays crop maturity with a substantial reduction in seed yield [37]
and response may be genotype specific [38–41].
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The crop sowing requires fine textured, well drained, and levelled seedbed with
optimal moisture for its germination; but it is important to know that quinoa is sensitive to
high moisture due to its small seed [4]. The planting method and geometry are critical in
crop establishment of quinoa because of slow growth rate until the bud formation stage,
otherwise weed-crop competition becomes greater to affect yield. Timely sowing of quinoa
can provide a head start over weeds as crop may obtain good growth during this period.

Experimentally, quinoa has been cultivated on ridges manually or by hand drill on
normal and salt affected soils to sowing depth of 2–3 cm at field capacity level [17,34]. Ridge
cultivation is usually practiced by many growers with plant distance of 15 cm on 75 cm
spaced ridges [17]. Weeds are cumbersome to control; hence optimum plant density is
important to reduce weed competition. Experimentation is in progress by planting quinoa
at 30 cm inter-row distance and a plant distance of 11 cm using the drill method. Seed rate
in quinoa depends on the method of sowing viz. 5–7 kg ha−1 for the drill method and
4–5 kg ha−1 for ridge cultivation. Nonetheless, high biomass, growth, and yield have also
been reported in quinoa sown on beds with 75 cm width and 15 cm plant distance of a
furrow on both sides for water flow under irrigated conditions [35]. This method has an
advantage of planting quinoa on both sides of the beds compared to ridge planting with
a single row [35]. Though, further studies on resource use efficiency in terms of water,
fertilizer, and radiation including stem breaking under high wind and thunderstorms
are required.

Quinoa is produced in marginal lands of its native regions. Although, the crop is
very fertilized and irrigation input is responsive under irrigated conditions. In Pakistan,
a recommendation for nitrogen (N), phosphorus (P), and potassium (K) (N:P:K) using
75:60:50 kg ha−1 for quinoa cultivation is being followed. A full dose of the phosphorus and
potassium and 1/2 dose of nitrogen are applied as basal and the remaining at the flowering
stage [17,34]. Usually, high N application has been reported to delay maturity, increase plant
height, and the crop may be susceptible to lodging [17]. Alandia et al. [42] discovered that
increase in N rate 80–160 kg ha−1 resulted in a 10–15% rise in seed yield, while enhancing N
rate up to 240 kg ha−1 resulted in negligible seed output. Furthermore, extensive research
concerning nutrition in relation to soil type should be conducted before recommending
farming practices for any specific location. As Pakistan soils are of alkaline nature and low
in organic matter and micronutrients (Z, Fe, Mn, B), these essential micronutrients should
be included in the basic fertility plan to harvest high quality quinoa grains.

Quinoa is a drought-tolerant crop and has a low water requirement, though yield is
significantly affected by irrigation [2]. Between three and four irrigations are required by a
quinoa crop during its growing cycle; however, crop stages critical for its irrigation during
the vegetative and grain formation period remain to define for its successful adaptation
to semi-arid condition of country. Heavy watering throughout the panicle development
phases has been reported to extend crop maturity and increase plant height, suggesting
that the crop might be prone to lodging [Personal observation].

Various narrow and broad leaf weeds occur in quinoa fields and are mainly influenced
by the type of sowing method, planting geometry, and plant density. Quinoa plants resem-
ble its wild relatives C. album and C. murale, during the early growth period. Therefore,
quinoa seedlings must be differentiated for proper identification of weeds and their control.
As there is no chemical weed control yet established due to sensitivity of Chenopodium
to herbicides, weeds are controlled manually. In research trials, weeds are controlled
usually at 2–4 true leaf and bud formation stages to achieve optimum plant density [17,35].
Studies are much needed to establish the critical crop weed competition period in quinoa
and combined application of different pre- and post-emergence herbicide formulations
without detrimental effects on soil and plant foliage including their residual effects on
the environment. Nonetheless, an integrated approach which involves mechanical, cul-
tural, chemical, and biological control is called sustainable weed management in quinoa
organic production.
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3.3. Abiotic Stresses

Abiotic stresses are becoming the most devastating threat that limits agricultural
productivity for most of the crops [43]. One of the possible solutions to cope with
abiotic stresses is the cultivation of stress resistant crops to abridge the food require-
ment [44]. Quinoa is cultivated due to its abiotic stress tolerance behavior [45]. Due
to this potential and unique nutritional profile, FAO termed quinoa as “Future Smart
Food” and advocated for its promotion, especially in salt affected and drought prone
areas [22,44].

Quinoa genotypes well adapted to local conditions had been evaluated for salt toler-
ance, heat, and phytoremediation potential [34,46].

Quinoa has been identified as a facultative halophyte with better salt tolerance [47]
and a high variability in salinity tolerance among quinoa genotypes has been re-
ported [48–50]. Saleem et al. [51] investigated the salt tolerance behavior of various
quinoa lines grown hydroponically at 100 mM NaCl salinity level and found that Q7
and Q9 lines had better chlorophyll content index, free proline, ascorbic acid, and
carotenoids contents but gaseous exchange traits decreased in Q7 plants under saline
environment. In another study, Iqbal et al. [34] found an improvement in water relations,
leaf photosynthetic rate, K+ contents in leaf, proline, phenolics, morphological and yield
related attributes and ultimately increased grain yield at 10 dS m−1. Quinoa perfor-
mance decreased drastically at 30 dS m−1. Iqbal et al. [19] also found that under natural
salt affected conditions (9.8 and 13.9 dS m−1), leaf antioxidants, K+, total phenolics,
and proline contents increased compared to control conditions while 1000-seed weight,
grain protein, Cu+2, Ca+2, and Zn+2 contents were not affected [19]. However, seed and
biological yields diminished under high salinity (>13.9 dS m−1) might be ascribed to
poor seedling emergence caused by dispersion effects in sodic soil [52]. Yet, seed yield
reported by Iqbal et al. [19] was higher (≈1 t ha−1) than world average yield under salt
affected conditions [3]. Abbas et al. [20] reported that quinoa significantly improved
plant biomass, grain number and weight, antioxidants, total chlorophyll, and relative
water contents at 10.5 dS m−1.

High temperature is one of the limitations to widespread cultivation of quinoa. Under
the climate change scenario, the high temperature causes drastic effects on plant func-
tions [53]. Rashid et al. [54] reported that quinoa plants under terminal heat stress induced
76 days after sowing produced less chlorophyll contents and decreased gaseous exchange
parameters, seed yield and its nutrients. Contrastingly, plant height, antioxidants, seed
Mg+2, K+, and Na+ contents were increased in heated plants as compared to controlled
conditions. In another study, Rashid et al. [55] observed lower gaseous exchange, pani-
cle length, 1000 seed weight, seed yield, seed Ca+2, K+, and chlorophyll content during
anthesis when exposed to terminal heat stress. Control quinoa seeds, on the other hand,
showed more antioxidant enzymes activity [54,55]. Quinoa performance was negatively
affected when it was planted late in Pakistan conditions. At temperatures above 35 ◦C,
quinoa performance suffers due to phenological changes which promote more vegetative
growth than reproductive growth [3,17]. Quinoa is a cool season crop and sensitive to high
temperature stress for grain production.

Heavy metal toxicity hinders the physiological, biochemical, and morpholog-
ical responses which ultimately limits the yield of crops [56]. On the other hand,
tolerance and plasticity in quinoa against heavy metals have been reported [57–59].
Parvez et al. [21] reported that at 150 µM arsenic (As) stress, seedling biomass, and
chlorophyll contents were decreased while antioxidant enzymes increased. Under lead
(Pb) 100 mg kg−1 and 60 mg kg−1 cadmium (Cd) stress, quinoa seedling biomass, and
membrane stability index decreased, while tissue Pb, Cd, and antioxidant enzymes
were increased [60].
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Recently, Naeem et al. [61] found a decrease in seedling vigor and membrane stability
index and a concomitant increase in root/shoot growth, SOD, POD and CAT activity
including grain Cd contents at 75 mg kg−1 cadmium (Cd) stress. Haseeb et al. [46] found a
decrease in morphological, yield related attributes and final grain yield and an increase in
soluble phenolics, root, stem, leaf, and seed Pb contents at 100 mg kg−1 Pb stress. More
importantly, Pb contents in quinoa grain were within the permissible limits (0.3 mg kg−1

DW) as per FAO/WHO guidelines [61]. This depicts the phyto-extraction capacity of
quinoa against industrial effluents, mainly heavy metals.

3.4. Phenotyping Approaches

Phenotyping is a foundation of plant breeding and grain yield is the most reliable
phenotypic trait in the breeding programs [62]. Secondary traits also contribute to crop
improvement depending upon genotype by environment interaction under various
environmental conditions [63]. Three main classes of phenotyping are identified in the
literature: handy, high-throughput, and precision phenotyping traits to tackle current
bottlenecks to yield improvement [64]. Many useful phenotypes were established with
the publication of Descriptors for Quinoa and Wild Relatives [64] and the guidelines for dis-
tinctness, uniformity, and stability testing of quinoa under CPVO system [65]. However,
a detailed explanation of the important traits was lacking and needs further investiga-
tion. Regarding precision and high-throughput phenotyping through remote sensing, no
work has been reported on quinoa in Pakistan. Studies for a consensus on phenotyping
methods for 400 quinoa accessions in the field with the international collaboration are
in progress, during which the phenotyping protocols at different phenological stages,
maturity time, harvest and postharvest phases throughout the growing season have
been established.

Quinoa genotypes show different behavior in phenological stages and duration to
complete their lifecycle according to the latitude, altitude, and environmental conditions es-
pecially photoperiod and temperature of a region [65]. Sosa-Zuniga et al. [32] presented the
most recent and comprehensive description of phenological stages of quinoa in accordance
with the BBCH criteria. For reliable and stable phenotyping, defined phenological phases
are critical. Researchers defined eight major phases of quinoa crop development. However,
stage five, inflorescence, is the crucial bordering phase between vegetative and reproductive
growth stages. Additionally, stage six, flowering, is highly associated with yield related
traits. Moreover, sowing and harvest dates are also important to record according to the
local conditions.

The duration of each quinoa stage is highly dependent upon temperature and pho-
toperiod which is different for each quinoa variety [13]. In Pakistani conditions, exotic
quinoa accessions along with UAF-Q7 reached the inflorescence emergence stage within
45–71 days after sowing and completed anthesis at 70–108 days after sowing. The acces-
sions having emergence with UAF-Q7 completed the physiological maturity stage within
101–144 days after sowing (unpublished data; Table 1). In South America, days to flowering
varies from 71 to 101, days to maturity varies from 117 to 157 days after emergence and
seed yield (t/ha) varies from 0.32 to 9.33 [66]. In European region conditions, the total
growth duration of quinoa crop varies from 109 to 182 days. In England, the appearance of
true leaves to the visible floral bud initiation stage varies from 41 to 89 days, the visible
floral bud stage to anthesis stage ranges from 7 to 53 days and maturity is reached from 65
to 135 days after anthesis [67].
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Table 1. Description of phenological stages of quinoa accession under agro-climatic conditions of
Faisalabad-Pakistan during 2020–2021.

Sr # Description of Stage Days after Sowing Image

1 Emergence of Cotyledons 4–5
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3.5. Grain Nutritional Profile

Pakistan has the world’s sixth highest population by human index, which has a drastic
impact on the world food program. A decrease in food security and safety has led to a
child stunting rate of 45% in Pakistan, ranking 8th among 132 nations [68]. Such condi-
tions increase the healthcare costs of this lower-middle-income country. Quinoa’s diverse
nutritional profile can offset prevalent nutrient deficiencies related to the lack of nutrient-
dense or biofortified crops. Nasir et al. [33] investigated the nutritional profiles of grains
obtained from Pakistan’s well adapted quinoa genotypes (Q1, Q2, Q7, and Q9). Genotypes
of quinoa were evaluated with special emphasis on functional properties and digestibility
of its proteins. Proteins of all genotypes had good functional properties, i.e., water ab-
sorption capacity (2.81–3.82%), oil absorption capacity (2.72–3.03%), and foaming capacity
(9.09–10.05%). Proteins also exhibited outstanding in vitro digestibility (75.95–78.11%),
protein efficiency ratio (3.5–3.78%), net protein ratio (3.9–4.69%), net protein utilization
(70.75–73.78%), biological value (79.15–81.74%), and true digestibility (87.66–90.57%). Fats
were also studied, and various fatty acids were found including oleic acid (26.28–31.62%),
palmitic acid (11.39–13.25%), α-Linoleic acid (4.45–7.71%), and Linoleic acid (47.73–52.02%).

Iqbal et al. [19] estimated the nutritional profile of quinoa grains obtained from crops
grown on fertile and salt affected soils. Highly significant results showed the resilient
nutritional profile of quinoa grains via depicting no change in the quality of grain protein
contents. Astonishingly, seeds harvested from salt-affected soils were rich in potassium,
magnesium, and manganese. Mineral profiles of quinoa grains adapted to Pakistani soils
are given in Tables 2 and 3.

Table 2. Comparative proximate analysis of UAF-Q7 quinoa cultivar based on published re-
ports [7,33,69–71].

% [33] [7] [69] [70] [71]

Ash 2.44 3.80 3.20 3.00 3.70
Protein 13.47 16.50 16.70 15.60 12.50

Fat 5.59 6.30 5.50 7.40 8.50
Fiber 2.71 3.80 10.50 2.90 1.90

Note: [33] values are average of four genotypes.

Table 3. Comparative mineral analysis of quinoa grains based on published reports [7,8,33,72].

Minerals (mg/kg) [33] [8] [7] [72]

Ca 691.00 940.00 1487.00 1020.00
Copper 4.49 37.00 51.00 ND
Iron 64.47 168.00 132.00 105.00
Potassium 8877.98 ND 9267.00 8225.00
Magnesium 2115.70 2700.00 2496.00 ND
Manganese 32.72 ND ND ND
Sodium 48.14 ND ND ND
Phosphorous 4523.55 1400.00 3837.00 1400.00
Sulphur 1549.06 ND ND ND
Zinc 28.67 48.00 44.00 ND

Ref. [33] values are average of four genotypes; ND = Not detected.

Vega-Gálvez et al. [73] studied detailed characterization of the nutritional composition
of six quinoa varieties grown in Southern Europe. High contents of potassium, phosphorus,
and magnesium along with low saponin contents were reported in these quinoa varieties.
Nonetheless, further studies are required to explore amino acid profile, antioxidants, and
identification of bioactive compounds such as kaempferol and quercetin.
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3.6. Seed Storage

Quinoa seed quality depends on environmental conditions at the time of harvesting
and storage [74]. Proper handling and safe storage ensure seed quality at the time of
sowing. Temperature, moisture contents, and oxygen are important factors that influence
seed longevity [75] but elevated seed moisture is the most critical factor responsible for
loss of seed quality during storage [76,77]. Poor storage enhances the attack of storage
insect pests, which promotes deterioration, and eventually death of seeds [78]. Due
to inadequate storage, both natural and economic resources are spoiled if poor quality
seeds are sown in the field [79]. So, the quality of seed should be maintained during
production, harvesting and storage to ensure the availability of highly viable seed at the
time of planting.

Quinoa seed is spherical and consists of a peripherally curved embryo surrounded
by a large central perisperm, a two-layered pericarp, and a seed coat. A micropylar
endosperm in the form of a cone surrounds the radicle tip [80]. Quinoa seeds lose
viability more rapidly than cereals because of the porosity in the integument, which
allows a seed to easily gain or lose moisture and may initiate germination in the pani-
cle [74]. Initial quality of seed, temperature, and humidity during storage and rate of
aging process influence seed longevity [81]. This aging process varies among quinoa
accessions [82]. Quinoa seed deteriorates with an inadequate storage environment,
particularly at high relative humidity and temperature [74]. Recently, Kibar et al. [83]
reported loss in viability of quinoa seed packed in traditional bags during storage at
ambient conditions. Conversely, if a seed is dried properly and packed in hermetically
sealed storage bags, the quality of quinoa seed could be maintained as reported in other
cereals [76]. If seed loses its viability under ambient storage conditions, then it would
be very difficult to obtain optimum plant population in the field as quinoa seed is very
sensitive at the seedling development stage. Furthermore, environmental factors such
as high temperature and moisture during production can also influence seed quality
of quinoa.

During storage, seed moisture contents, relative humidity, and storage tempera-
ture are the main factors that determine the viability of quinoa and rate of deteriora-
tion [84,85]. Dry storage of seed for a short-term period preserves its biological value.
For long-term and reliable storage, specific cold storage conditions have been used [86].
Despite that, seeds still deteriorate at a reduced rate in the dry state due to very low
levels of metabolism [87,88]. Decline in seed quality is initially seen as a decrease in
rapidity and synchronicity of germination. An increasing delay to germination is also
accompanied by an increased frequency of abnormal seedlings in quinoa seeds and
eventually demonstrates a loss of viability. Quinoa seed is orthodox and hygroscopic in
nature so it can gain moisture from atmosphere and become susceptible in storage. Seed
moisture determines the total life span of vigorous seed so drying is performed after
harvesting for reducing moisture contents and to increase storage duration. For quinoa,
approximately 10% moisture contents are best for prolonged storage [89]. At 18–20%
moisture content and 70–80% RH, the respiration rate increases, and metabolic reactions
start. Temperature increases the rate of deterioration in the presence of moisture contents
and humidity. High temperature along with high moisture content promotes dormancy
as well as ageing in quinoa.

4. Quinoa Consumption and Product Development

The grain composition of quinoa shows health benefits concerning contents of fatty
acids, minerals, good quality protein, and bioactive compounds. For these reasons, its
consumption is adopted by health-conscious citizens. Quinoa is consumed as a signifi-
cant ingredient in meatballs and salads and is used to prepare cookies as gluten-free
products. Several other products that include quinoa ingredients are multigrain flour
such as Maxgrain product to supplement nutrition for people consuming monotonous
single grain flour especially for diabetic and celiac patients. A recent development
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is the launch of CERELAC with oat and quinoa by Nestle-Pakistan for nourishing
infants and children. Several other local quinoa-based recipes are being branded to
increase quinoa consumption as “Kheer”, milkshakes, fruit salads, chapati, kebabs, and
vegetable salads. Quinoa may be added to bread flour after evaluating the functional
properties and digestibility of protein of available quinoa genotypes [33]. In another
study, Mahmood et al. [90] evaluated the rheological properties of quinoa, buckwheat,
and wheat doughs and sensory properties of cookies made from their flours. They
found good nutritional benefits and high sensory acceptability from composite flour
having 10% quinoa and 10% buckwheat. It is proven that quinoa genotypes grown
in Pakistan have a strong nutritional profile, especially better protein quality [33,90].
Thus, it can be utilized in cereal-based products for achieving higher quality and value
addition. Almost 21 food companies have introduced quinoa products in the country
and most of these companies are also involved in the export of quinoa in UAE and
European countries (Table 4).

Table 4. Companies marketing quinoa products in Pakistan. (Website accessed date is 8 June 2022).

Sr # Company Name Product Price
(USD/kg) Website

1 Khalis Things Whole grain
washed quinoa 8.33 https://khalisthings.com

2 The Soul Food
Company Prewashed quinoa 9.61 https://getsoulfood.com

3 Amna’s Organic quinoa 7.77 https://amnasorganics.com

4 Virsa agri farms Quinoa grain,
multigrain flour 5.50 https://virsaproducts.com.pk

5 Shazday White quinoa flour 8.88 https://freshbasket.com.pk

6 Farm Fresh White quinoa,
multigrain flour 6.00 https://farmfresh.com.pk

7 Syed Flour Mills Quinoa ka Dalya 10.00 www.tradekey.com.pk
8 Gold Tree Millers White quinoa 5.50 https://goldtreemillers.com
9 Hunter Foods White and tri-color quinoa 13.30 https://www.hunterfoods.com
10 Family Foods Organic White Quinoa 4.44 info@familyfoodproducts.com.pk
11 One Organics Whole grain quinoa 4.22 https://www.daraz.pk
12 Natures Hug Tri-color quinoa 20.20 https://www.alfatah.pk

13 Morganic White quinoa grain,
multigrain flour 9.40 https://www.morganic.com.

14
Quill
(Bin Hashim
Pharmacy)

Quinoa grain 9.08 https://binhashimonline.pk

15 Nutricles Multigrain flour 8.05 https://nutricles.com
16 Healthhut Quinoa grain 8.80 https://www.healthhut.pk
17 Daali Earth Foods Quinoa grain 8.50 https://www.daaliearthfoods.com.pk
18 Ashley Foods Quinoa grain 8.05 https://www.ashleyfoodsinc.com
19 Natural Foods Quinoa grain 9.30 https://naturals.pk
20 Meadows Organic Organic white quinoa 9.00 http://meadows-glutenfree.com
21 Sarang Herbs and Food Quinoa grain and flour 8.33 https://sarang.com.pk

5. Challenges in Quinoa Production and Promotion

Quinoa expansion and production started across the globe after its recognition by the
United Nations in 2013 [22,91]. During the year 2007–2008, it was agreed in West France to
grow quinoa “d’Anjou” in the Loire area. Trials in Italy indicated that quinoa can be grown
in southern regions, and it thrives even in harsh natural conditions. Positive studies have
also been performed in Morocco, Greece, and the Indian Subcontinent (India and Pakistan).
India is particularly interested in establishing its own quinoa markets [3].
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A common issue in these countries is a system with a small or non-existent market,
farmers who are risk averse and severe lack of information and technical diffusion. Finally,
there is a growing trend to test this crop under local conditions to expand national markets.
As a result of the rise in demand, price hikes were observed which have tripled between
2006 and 2013 [3]. Carimentrand et al. [92] concentrated on the various approaches of
selling mixed quinoa grain in local markets by responding to international and domestic
demand for standardized quinoa products. Agro-industrial enterprises and exporters
have encouraged farmers in Peru and Bolivia to plant improved quinoa varieties to meet
market demand for uniform and large grains. Community resilience and socio-economic
challenges of the quinoa market must be taken into account concerning environmental
challenges in quinoa value chain [93]. It is emphasized that rising worldwide market prices
have resulted in a drop in consumption, specifically in quinoa growing regions [94].

Despite the growing worldwide recognition of the health benefits of quinoa, the
barriers to its widespread adoption remain significant. Institutions and farmers are facing
a lack of knack in terms of planting, harvesting, distribution, and overall management.
Furthermore, rural residents are unaware of the crop’s nutritional benefits; they are not
used to the taste and lack recipes to incorporate this product into traditional dishes for
consumption [95]. Lack of factors such as information, training change in agronomic, and
plant protection practices are the constraints in adoption of quinoa cultivation [96].

5.1. Mechanization

For sustainable cultivation of quinoa crop, proper management of chemical fertilizers
and farm machinery are the key factors [97]. Additional characteristics include modifying
land use and mechanization of agricultural practices [92]. When compared to a manual
production system under rain fed, using mechanized production and processing practices
combined with irrigation and organic amendment can reduce processing costs from 2.8 to
1.2 USD kg−1 [98].

Sowing methods have a great influence on growth, morphology, yield, and biomass
accumulation. The raised bed planting technique is superior for obtaining high grain
yield under the irrigated conditions of Pakistan [35]. Quinoa seed sowing by hand
is being practiced in developing countries such as Pakistan which is labor intensive
and high seed rate demanding. Similarly, harvesting is also performed by hands so
mechanization at sowing and harvesting times is a big challenge for the quinoa growers
in the developing countries.

The industrial processing of quinoa is crucial to ensure the consumer or supplier
is provided with clean quinoa, free of impurities and saponins. Since 2009, quinoa was
introduced in Pakistan, but its cultivation is limited because of bitterness in approved
varieties which is attributed to its high saponin contents. Farmers are practicing a traditional
method of washing and drying for its removal which is a labor-intensive process. The
timely introduction of mechanized system at harvest and postharvest stages has various
advantages over traditional practices. In Morocco, mechanical pearling, on the other hand
decreased saponin content by 68%, compared to 57% using both conventional abrasion and
cleaning [98].

5.2. Weed Control

Weed control is an important crop husbandry practice since quinoa grows in a season
when its wild relatives, such as Chenopodium album and Chenopodium murale, compete for
light, water, nutrients, and space. It is difficult for common farmers to distinguish among
all these at early growth stages. The only alternatives for weed management are cultural
methods such as uprooting or interculture between rows, which raises production costs.
No chemical control for broadleaf weeds is currently available, although chemical control
for narrow leaf weeds is available in the form of selective weedicides.
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5.3. Photoperiod Sensitivity and Heat Tolerance

The quinoa is cultivated as spring crop during November and harvested in April
and May. Early crop growth stages usually enjoy low temperature (12–22 ◦C) which later
increases during the reproductive period. The delayed sown quinoa often experiences
high temperature (>30 ◦C) during flowering and anthesis termed as “Terminal Heat
Stress” [99]. High temperature above 35 ◦C during flowering and seed filling stages
causes significant reductions in seed yields of quinoa [53] associated with reduced
pollen viability and empty inflorescence. The delayed cultivation of quinoa has been
shown to reduce shoot and root growth traits, seed and biological yields including
harvest index [18,56]. In addition, late sowing crop takes more days to complete the
true leaf, four leaves, multiple leaves, and bud formation stages [18]. Under open door
plexiglass fitted canopies, with a light transmission index of about 0.8, quinoa plants
exposed to terminal heat (±7 ◦C) during the anthesis stage reduced the panicle length
and weight, 100-seed weight and seed yield per plant including above ground dry matter
in quinoa genotype UAF-Q7 [53,54]. These reduced yields were attributed to a decrease
in gas exchange attributes, photosynthetic pigments, and decline in enzyme activities
of antioxidants’ defense system under terminal heat [55]. Delayed sowing of quinoa
with terminal heat had also reduced seed nutritional quality [55]. Nonetheless, high
temperature stress during flowering has been found to produce longer panicles and more
branches with delayed maturity showing quinoa adapt avoidance mechanisms to heat
(Personal observation). As quinoa is a photoperiod sensitive crop, its cultivation in new
regions is influenced by day length [36]. This crop is also genotype specific, which may
affect crop growth duration [13,14]. Therefore, to reduce the negative impact of terminal
heat, good yielding cultivars with early to medium duration should be identified in
Pakistan’s irrigated conditions.

5.4. Control of Plant Height and Lodging Resistance

The crop has been ignored for decades and only rudimentary genetic changes have
been made until now. To achieve maximum potential of quinoa as a fully domesticated
crop, attempts to develop the plant by breeding have been limited [100]. Cereal crops
lodging resistance is mostly determined by plant height [101]. Quinoa plants can grow up
to 3 m tall in South America, posing a threat for lodging [102]. Additionally, environmental
conditions influence plant height in quinoa and several experiments have found a negative
link between plant height and seed yields for certain cultivars [102]. Under Faisalabad,
Punjab, Pakistan condition, quinoa gain undesirable height (more than 120 cm) when day
length and temperature start increasing after mid-February [17]. This result might be due to
the amaranth form nature of adaptable genotypes that leads to lodging and stem breakage
if a storm prevails. It may also be due to the hollow nature of the stem in quinoa [3]. Studies
are in progress to use gibberellic acid inhibitor to control height and to avoid lodging
and stem breakage issue in quinoa cultivars. Besides that, phenotyping studies are in
progress to identify short stature genotypes from germplasm collection obtained from
various countries.

To avoid lodging without detrimental effects on quinoa yields, efforts should focus
on genes that influence plant height. The quinoa genome includes two homologues of
wheat Rht-B1/Rht-D1 (AUR62039523 and AUR62014191), which are both homologues
of Arabidopsis RGA1 and encode a transcription factor involved in gibberellin signal
transduction [103]. In comparison, no direct homologue of the GA20ox2 gene has been
discovered [100].

5.5. Grain Number/Size and Yield Stability

Grain size is a desirable trait of crop improvement and consumer preference. Quinoa
grains from southern highlands of Bolivia are of larger size than other ecotypes and affected
by temperature during grain filling in this region due to photoperiod sensitivity of these
ecotypes [104]. However, it should be noted that grain weight is more strongly affected by
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the grain filling rate [105,106] than by the duration of grain filling [107]. On the other hand,
grain growth rate is negatively affected by high temperature and longer photoperiods;
therefore, it is possible to select larger grains through breeding without affecting the
duration of the grain growth under the irrigated conditions of Pakistan for genotypes of
early to medium duration.

Similarly, selection for seed yield and seed sizes can be achieved simultaneously as
both traits are independent of genetics and environment (G × E) interaction among quinoa
cultivars [104]. As yield from a farm scale is rarely reported, yield data obtained across
different environments of approved cultivar can be used to establish a reference point or
baseline to begin improvement for yield. The average yield potential (1500–2000 kg ha−1)
of recently introduced quinoa cultivar UAF-Q7 in Pakistan can be utilized as a baseline for
further quinoa genotype selection and yield enhancement under irrigated conditions. Even
so, gains in quinoa yield should not be achieved at the expense of decreased nutritional
and end-use quality.

Several other traits such as leaf area, total chlorophyll, number of branches, dry weight,
and inflorescence per plant including harvest index have a positive association with seed
yield. Hence, they can also be used as indirect selection traits in the yield improvement of
quinoa crop [67,106].

5.6. Molecular Breeding and Genetic Approaches for Traits Improvement

Several breeding methods such as hybridization, interspecific crosses including simple,
and reciprocal and passive crossing are carried out in quinoa to recombine desirable traits
found in different species to next generation and for significant variation under abiotic
conditions [108]. Individual and mass selection are applied for seed multiplication of
quinoa cultivars developed from landraces to preserve their identity and composition of
established cultivars while mutagenesis has been employed for improvement in plant
type for vigor, yield potential, and decrease in saponin contents in quinoa [108,109]. In
Pakistan, currently, information on quinoa breeding is scanty.; However, the selection of
genotypes based on their adaptability, yield performance and low saponin contents is in
progress. Conversely, considering the challenges of early vigor, seed size, yield stability,
lodging resistance, heat tolerance, and low saponin grain contents, individual and mass
selection and mutagenesis breeding techniques can be of potential application to develop a
sustainable breeding program in Pakistan.

Recently, Jarvis et al. [110] published high-quality genome data for quinoa which has
opened new avenues for using targeted genome editing for evaluating adoption of this
crop into new geographical areas different from its origin such as Pakistan and improving
its agronomic performance.

As an allotetraploid species, novel genome-editing technologies, such as CRISPR can
be used efficiently to develop new varieties with reduced plant height to improve lodging
resistance and knock out genes of saponin contents to produce sweet quinoa. However, this
would require regulation through GM legislation before commercialization. Alternatively,
technologies such as high-end TILLING as molecular breeding tool can be applied to speed
up the varietal development program [100].

Marker assisted selection (MAS) following the identification of quantitative traits
loci (QTLs) for increasing seed size and grain number and combining them in cultivar
with similar genetic background can be a potential target for improving seed yield in
quinoa. For this, two close homologues AtCKX5 and another two of AtCKX3 have been
mapped in quinoa genome [100,110]. Likely, a two-gene sequence associated with saponin
production has been identified that needs to be repressed in advanced generations to
produce saponin free quinoa varieties. This will reduce 30% of the costs associated with
quinoa production [98,110].
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5.7. Socio-Economic Constraints and Adaptability in Existing Cropping Patterns

Quinoa adapts easily to existing technology practices followed in a region and re-
sponds by expressing all traits for better agronomic performance of a highly productive
crop. Since the declaration of International Year of Quinoa in 2013 by the United Nations,
with increasing demand, crop cultivation has been expanded in more than 120 countries
and commercially produced outside Andean regions including US, Canada, India and
China [22,111,112]. Even in the Middle East and North Africa Region (MENA) and the
European Mediterranean regions, the crop has been successfully cultivated in marginal
environments on salt affected soils and when using salt water for irrigation [22,113–116].
Furthermore, its adaptation to these environments is based on experimental results and
several genotypes have been in the process of selection and approval [113,117–119].

In Pakistan, since the release of the first quinoa cultivar UAF-Q7 in 2019 for commercial
cultivation, the crop has been cultivated on more than 200 ha. Several progressive growers,
food companies, and retailers are involved in selling to local and international markets as
quinoa grain and value-added products.

If quinoa cultivation sees a further expansion in Pakistan, it will become a major
crop. On the other hand, it may also stagnate if market demand decreases, or consumer
demand fluctuates. Pakistan needs to adjust its quinoa production to market-driven
demand of both local and international markets and has to meet internationally agreed
quality standards to be able to compete with other stakeholders in the region including
MENA, China, and India. The ball of contention between small to medium quinoa
growers is the market access and quality maintenance for sustaining a profitable business.
Now it is not merely a nutritional concern, as daily requirement can be fulfilled via
quinoa’s replacement to wheat and rice. However, studies on quantitative comparisons
are missing. Additionally, information on phytoremediation potential is missing in case
of this notorious halophyte. There is still a considerable lack of research concerning
biomass production of quinoa and its value as forage. Further, growing quinoa in
existing cropping systems will compete with major crops for cultivated areas such as
wheat or oilseeds or we have to cultivate the crop in small areas in rotation with other
crops, such as rice–wheat or cotton–wheat. On other hand, we are also facing challenges
of urbanization by bringing more cultivated areas under housing schemes. Pakistan
spends millions of USD on oilseed import to meet vegetable oil requirements. It is still a
burning question whether producing quinoa will reduce the burden of imports or not.
Furthermore, growing quinoa on cultivated land under irrigated conditions as a low
input crop with less fertilizers may degrade the soil even more. Nonetheless, increased
quinoa production in Pakistan will raise concerns about its long-term sustainability as
compared to the Andean area, where average yields of 600 kg ha−1 may lag if prices
increase or decrease in the long run [22].

6. Conclusions and Future Prospects

Quinoa is famous due to its extraordinary nutritional profile, climate resilience, and
extreme adaptability to adverse climates. Thus, it is the most potential crop that can ensure
future global food and nutritional security in the developing countries. Despite quinoa
expansion in more than 120 countries worldwide, the quinoa cultivation in Pakistan is still
in experimentation since its introduction in 2009. The first commercial variety UAF-Q7
was released in 2019, and it is being cultivated throughout the country. There is lack of
a breeding program for germplasm improvement regarding superior features of quinoa
such as high yield and adaptability in different agro-ecological conditions. Access to more
quinoa germplasm for maximizing genetic diversity is needed. There is lack of awareness
about the nutritional and health benefits of quinoa among consumers and the unstructured
market for farmers are major challenges in the promotion of crop. The relatively low
productivity of existing quinoa variety, lack of quality seed, undesirable traits, and high
market prices compared to other crops restricts its further scaling in Pakistan.

58



Plants 2022, 11, 1603

Quinoa requires continued promotion until it becomes a part of the main food chain of
common people. The role of policy makers, research institutions, farmers, and supply chain
are important for its production and consumption. It is very important to vitalize the market
and promote its consumption which in turn will trigger the increasing demand for quinoa
production among smallholder farmers. Unfortunately, there is limited development in
quinoa related products. In addition to the local market, the international market should
be explored for export of high-quality quinoa grains matching the consumer demand with
good branding.

Candidate lines with low saponin content and grains of bold size could be helpful for
marketing purposes and reducing production costs [95]. The high yielding quinoa varieties
with wide adaptability under various agroecological zones are required. Pakistan needs
to develop organic certification bodies for achieving maximum returns from this crop in
the global market. Postharvest operations for saponin removal are complicated and need
investment in mechanization to reduce the procedure. Mechanization in quinoa cultivation
due to troublesome weed pressure need identification of cultivars with herbicide tolerance
and of early vigor to reduce crop-weed competition. For this purpose, it is desired to
introduce low-cost machinery for production and processing of quinoa among the growers
and industrialists. As a spring crop, heat stress during the reproductive period due to
increasing temperature is challenging to reduce detrimental effects on yield. Given the
high protein content in the vegetative parts of quinoa, varieties with high biomass and
productivity can be of particular interest as a nutritious fodder for livestock. Germplasm
enhancement efforts through pre-breeding, quantitative and participatory breeding, as
well as marker assisted selection for potential traits such as grain yield, high biomass, less
saponin, and pollen viability need to be explored in adaptable quinoa germplasm. The
successful development of quinoa value chains in Morocco offers a perspective to improve
food and nutritional diversity of quinoa in Pakistan in a similar way [98].
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Abstract: Quinoa’s germplasm evaluation is the first step towards determining its suitability under
new environmental conditions. The aim of this study was to introduce suitable germplasm to the
lowland areas of the Faisalabad Plain that could then be used to introduce quinoa more effectively to
that region. A set of 117 quinoa genotypes belonging to the USDA quinoa collection was evaluated
for 11 phenotypic quantitative traits (grain yield (Y), its biological and numerical components plus
phenological variables) in a RCBD during two consecutive growing seasons at the University of
Agriculture, Faisalabad, Pakistan under mid-autumn sowings. Genotypic performance changed
across the years, however most phenotypic traits showed high heritability, from 0.75 for Harvest
Index (HI) to 0.97 for aerial biomass (B) and Y. Ordination and cluster analyses differentiated four
groups dominated by genotypes from: Peru and the Bolivian Highlands (G1); the Bolivian Highlands
(G2); the Ballón collection (regarded as a cross between Bolivian and Sea Level (Chilean) genotypes)
plus Bolivian Highlands (G3); and Ballón plus Sea Level (G4), this latter group being the most
differentiated one. This genetic structure shared similarities with previous groups identified using
SSR markers and G×E data from an international quinoa test. G4 genotypes showed the highest Y
associated with higher B and seed numbers (SN), while HI made a significant contribution to yield
determination in G2 and seed weight (SW) in G3. G1 and G2 showed the lowest Y associated with a
lower B and SN. Moreover, SW showed a strongly negative association with SN in G2. Accordingly,
G4 followed by G3 are better suited to the lowland areas of Faisalabad plain and the physiological
traits underlying yield determination among genotypic groups should be considered in future
breeding programs.

Keywords: breeding; Chenopodium quinoa Willd.; genetic structure; germplasm; heritability; effects of
genotype by environment interaction
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1. Introduction

The growing popularity of quinoa in the recent years made the crop require little
introduction [1,2]. This is the consequence of sustained demand for its seed in the interna-
tional market, particularly in the Health Food sector in developed countries [3]. Quinoa
prices increased in a sustained way in the last few decades with a peak in 2014, reaching
~7000 US$ per ton [4]. This was accompanied by a parallel increased interest in quinoa
evaluation and production in many countries outside the Andes, its traditional growing
region [5,6]. It was not only its good nutritional balance and high prices, but also the capac-
ity of the crop to face many limitations like water deficits, salinity, frost or poor soils that
contributed to this interest [7,8]. Quinoa is currently being evaluated in all continents and
commercial production is underway in a significant number of them [5,9,10]. Germplasm
from different countries were evaluated and new breeding programs started in the US,
Canada, the E.U., Australia, Israel, China, India and the Middle East, among others.

Germplasm evaluation, ideally involving contrasting origins when performed for the
first time, is central to guide breeding and agronomic management [11,12]. For quinoa,
the biggest undertaking was that organized by the FAO two decades ago [13] in which
24 genotypes with origins ranging from Colombia to Chile plus Europe were evaluated in
locations in South America, Europe, Africa and Asia. This evaluation used pattern analysis
and identified four genetic and four environmental groups based on yield performance. A
strong degree of genotype by environment (G × E) interaction was detected demanding
a clear characterization of the target environment and the identification of genotypes
specifically suited to them. A similar analysis, this time including a more detailed analysis of
the numerical (seed number and seed weight) and physiological (crop biomass and harvest
index) components of yield was performed for local germplasm in N.W. Argentina by [14].
In addition to these analyses, where genotypic, environmental and G × E components of
variation were identified, many more evaluations were performed with varying degree
of detail in the analysis, such as in India [15], the Middle East and North Africa [16–18],
Central Africa [19,20] and China [9]. More detailed descriptions of quinoa evaluation at
national levels can be found in [2], in their report on the State of the Art of Quinoa in the
World in 2013.

Besides these agronomic evaluations, quinoa genetic studies were approached using
molecular markers. The first researcher to complete this work, [21], using allozyme markers,
identified two distinct groups, from Central and Southern Chile and from the Central Andes,
with a less clear distinction between germplasm from the Northern Andes (Colombia to
Peru) and Southern Andes (Peru to Northwest Argentina and Northern Chile). A more
recent evaluation [22] used microsatellite markers to characterize the USDA’s (United States
Department of Agriculture) quinoa collection and was able to distinguish between Sea
Level (quinoa originating or selected from accessions from low altitude environments in
Central and Southern Chile [21]) and Andean types, plus a third group, named the Ballón
collection according to the name of the germplasm donor to the USDA quinoa collection,
which overlapped with both groups. This latter group originated in spontaneous crosses
between Andean and Central Chile germplasm when multiplied at high field temperatures
in New Mexico (E. Ballón pers. comm.). Using SNPs, Mizuno et al. [23] confirmed the
structure of these three sub-groups (Northern and Southern Highlands plus Lowlands
(central and southern Chile)).

Given the current legal restrictions to access germplasm from the Andean Region [24],
the USDA germplasm collection (including more than 140 accessions) has been the basis
of several adaptation and breeding programs internationally [15–18,20]. This collection
includes accessions from most countries of traditional cultivation and provided sources
of traits like male sterility [25] adaptations to hot environments [17,26,27], resistance to
pre-harvest sprouting [28,29] or prolonged seed viability [30]. Based on this information, a
better understanding of its agronomic performance is central and there are no published
reports of it for this collection. Furthermore, as the Middle East is an area of recent
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fast expansion of quinoa cultivation, understanding quinoa agronomic behavior in these
Mediterranean climates is also central in its own right.

The aim of this study was to screen a collection of quinoa genotypes for adaptation
to yield under the low altitude environments of the Faisalabad region, Northern Pakistan.
Specifically, we measured yield, its biological determinants and components plus phenology
in 117 quinoa genotypes from the USDA germplasm collection to determine: (i) the relative
contribution of genotype, environment and genotype-by-environment interaction effect to
the phenotypic variation of those traits; (ii) the role of these traits in capturing the patterns
of genotypic adaptation; (iii) the association between these patterns and the origin of
materials; and (iv) the physiological trait combinations underlying yield-formation among
genetic groups. Our working hypothesis is that the structure of phenotypic variation
expressed in the patterns of performance of quinoa in Pakistan reflects the geographical
origin of the materials.

2. Material and Methods
2.1. Plant Genetic Materials and Field Experiments

One hundred-seventeen quinoa genotypes belonging to the USDA-NPGS (United
States Department of Agriculture) collection were utilized in this study (Table S1). A two-
years field study was conducted through a randomized complete block design (RCBD)
with three replications per genotype and year in order to evaluate the performance of
this collection. The crop was sown on 21 November and 20 November in 2016 and 2017,
respectively, at the Agronomy Farm (73.88◦ E, 31.88◦ N; elevation 184 masl) of the University
of Agriculture of Faisalabad (UAF), Pakistan. Daily recorded values of air temperature and
rainfall events at the experimental site were obtained from the Agricultural Meteorology
Cell, UAF. For each experiment, the site soil was ploughed to 30 cm depth and subsequently
harrowed. Ridges, 30 cm in height, were prepared at 75 cm spacing. Seeds were sown
on the top of each ridge at 15 cm spacing with a hand dibble method. Each experimental
plot comprised two ridges with a length of 3 m. Two terminal quinoa plants at each end
of the ridge were used as guard plants, giving a net plot size of two ridges of 2.75 m in
length. For fertilization, nitrogen (N), phosphorus (P) and potassium (K) were applied
at 75, 60, and 60 kg ha−1, respectively, during both years. Fertilizers used were urea
(46% N), diammonium phosphate (18% N, 46% P2O5) and sulfate of potassium (50% K2O).
A half dose of N and a full dose of P and K were applied as a basal dose at sowing and
the remaining N was added 75 days after sowing. During the entire crop period, four
irrigations of 330 mm total were applied including the pre-sowing irrigation, recommended
as optimal for the cultivation of quinoa, for the conditions of Pakistan [31]. The field was
kept free from weeds by hand hoeing, whereas no insecticide/pesticide and herbicide were
used throughout both experimental years.

2.2. Measurements

A set of 11 phenotypic traits encompassing grain yield-related attributes and crop
phenological stages were obtained for each plot. Grain yield (Y, g m−2) and its biological
determinants aerial biomass (B, g m−2), harvest index (HI) plus terminal panicle grain
yield (Pan Y, g m−2), and the numerical components seed number (SN, # m−2) and weight
(SW, mg) were obtained from five uniform tagged plants from the middle of each row,
avoiding border plants. Plants were harvested with a sickle, sundried for three to five days
and later on threshed manually to measure yield attributes using a digital scale. HI was
estimated as the Y/B ratio. SN was estimated considering the final harvest data as the ratio
of Y to the average individual SW. Individual SW was estimated by manually counting and
weighing 1000 grains in each replicate plot. In addition, for the five plants tagged in each
plot, the plant height (Ht, cm) and terminal panicle length (Pan Ht, cm) were measured
with a ruler. Ht was measured from the soil to the top of the terminal panicle, whereas the
Pan Ht was measured between the basal and the last node below the main panicle.
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Crop development stages (recorded when at least 50% of the plants in each plot had
reached the stage) were determined as emergence, first anthesis (extrusion of anthers
completed), and physiological maturity (when grain could not be nail dented). Thus, we
defined the main phenological phases as the emergence–anthesis (E–Ant) and anthesis-
physiological maturity (Ant–PM) periods. Besides that, the crop duration (Cycle) period
was recorded as the time between emergence and harvest.

2.3. Data Analysis

Linear mixed models were set up to examine the relative contribution of genotype and
genotype-by-environment interaction effects to the phenotypic variation of all phenotypic
traits across experiments. The phenotypic observation yijk on genotype i in block k of
environment j was modelled following the expression:

yijk = µ + Gi + Ej + (GE)ij + Bk(j) + εijk

with µ designating the general intercept, Gi~N (0, σ2
g) is the random main effect of the i-th

genotype, Ej is the fixed main effect of the j-th environment (years), GEij~N (0, σ2
ge) is the

random interaction effect of the i-th genotype and the j-th environment, Bk(j)~N (0, σ2
b)> is the

random effect of the k-th block nested within the environment j-th, and εijk is the residual
plot error associated with the observation yijk. All linear mixed models were fitted with the
function gamen_met of the R package metan (multi-environment trial analysis) [32]. This
function estimates the variance components of random effects by Restricted Maximum
Likelihood (REML), whereas their significance by a likelihood ratio (LRT) test, comparing
a full model with all random terms with each other, without one of the random terms
(reduced model). In addition, broad-sense heritability (H) was computed for all traits.

To determine the role of phenotypic traits in capturing similarities in genotypic re-
sponse, Pattern Analysis (PA), defined as the combined application of ordination and
classification multivariate analyses (principal component analysis (PCA) and Cluster Anal-
ysis (CA)), was used. This set of analyses was based on predictions computed from random
terms obtained from REML analyses (see above). First, we computed the Best Linear Un-
biased Predictors (BLUPs) for genotype, and genotype-by environment interaction terms,
and then the predictions adjusted by the BLUPs’ effects were used to build an array of 117
genotypes × 11 traits. Previous to PA, the array was trait-standardized by removing the
traits’ grand mean and dividing the remainder by the within-trait standard deviation. For
classification (CA), the hierarchical agglomerative method, with the incremental sum of
squares as fusion criteria [33], was chosen, using the Euclidean distance. A dendrogram of
genotypes was produced in order to investigate the grouping of genotypes according to
the evaluated phenotypic traits. The optimal number of clusters was defined according to
30 indices computed from the NbClust package [34]. Then, the results of the dendrogram
obtained were compared with the genetic diversity study of [22], to investigate the related-
ness between the patterns of genotypic responses and the origin of materials. In addition,
we tested the differences among groups for all agronomic traits by means of analyses of
variance. Mean comparisons were based on Tukey’s HSD test.

For ordination, a PCA was performed using the singular value decomposition algo-
rithm on the Euclidean standardized distance of the two-way array of genotypes × traits,
using the FactoMineR package [35]. In order to investigate the interrelations between
genotypes and traits, a Biplot of the first and second axis was obtained. In the Biplot the
symbols (genotypes) were depicted according to the dendrogram results obtained from
CA. To study the physiological traits combinations underlying the yield-formation among
genetic groups, we approximated the correlations between grain yield components by
inspecting the angles formed between vectors (traits) in the Biplot. Rules of interpretation
according to Biplot properties are: angles below 90◦ approximate a positive association
between vectors; angles above 90◦ approximate a negative association; and angles at 90◦
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indicate no association. All statistical analyses were performed within the R environment
version 4.0.5 (2021).

3. Results
3.1. Effects of Growing Conditions on Phenotypic Variation

Growing conditions in Faisalabad, Pakistan were similar among the experimental
years, but with a lower minimum temperature and rainfall during the second season
(Table 1). Climatic conditions of these two particular years matched the general climate
patterns for the same locality as corroborated by comparison with weather data from the
years 1981–2015 in the NASA website (https://power.larc.nasa.gov/data-access-viewer/,
accessed on 15 October 2021). The seasonal photoperiod varied from 10.4 to 12.9 h day−1

for the crop cycle, with most genotypes flowering during spring and maturing in summer
(i.e., under high photo-thermal conditions). The environmental means for phenotypic traits,
i.e., the average across genotypes, differed between growing seasons for Pan Ht, B, Pan Y,
SW, E–Ant and Cycle, with a trend towards higher values in the second growing season
(Table 1).

Table 1. Growing conditions in Faisalabad and their effect on measured phenotypic traits. Maximum,
minimum and mean temperature are ranges of monthly values whereas rainfall are totals for the
growing season (November–April). For phenotypic traits the values are shown as means ± SE.

Season

2016 2017

Max. temp. (◦C) 17.6–37.7 21.5–36.8 (27.3–35.4) a

Min. temp. (◦C) 8.2–20.9 5.5–20.8 (2.2–13.0) a

Mean temp. (◦C) 12.9–29.3 13.5–28.8 (12.5–27.7) a

Rainfall (mm) 60 36 (24.4) a

Ht (cm) b 94.3 ± 1.6 97.6 ± 1.8 **
Pan Ht (cm) 29.3 ± 0.5 29.4 ± 0.4

B (g m−2) 67.9 ± 3.2 71.0 ± 3.1 *
HI 35.4 ± 0.6 35.7 ± 0.6

Pan Y (g m−2) 17.0 ± 0.9 18.3 ± 0.9 **
Y (g m−2) 24.6 ± 1.3 25.6 ± 1.3

SN (# m−2) 7.7 × 106 ± 4 × 105 7.9 × 106 ± 3.9 × 105

SW (mg) 3.1 × 10−3 ± 3.6 × 10−5 3.2 × 10−3 ± 4 × 10−5 **
E—Ant (days) 64.7 ± 0.3 67.9 ± 0.3 **
Ant–PM (days) 51.3 ± 0.5 50.6 ± 0.5

Cycle (days) 129.6 ± 0.5 134.9 ± 0.4 **
** significant at p < 0.01, * significant at p < 0.05. a Range values correspond to the historical weather records
during the last 35 years (from 1981 to 2015) downloaded from the NASA website (https://power.larc.nasa.gov/
data-access-viewer/, accessed on 15 October 2021); b Abbreviations: Ht: plant height, Pan Ht: terminal panicle
length, B: aerial biomass, HI: harvest index, Pan Y: terminal panicle grain yield: Y: yield, SN: seed number,
SW: seed weight, E–Ant: emergence-anthesis period: Ant–PM: anthesis–physiological maturity period, and
Cycle: crop duration.

3.2. Variance Components and Heritability

Estimated components of variance and their relative contribution to phenotypic varia-
tion are shown in Table 2. The G effect contributed significantly to phenotypic variation in
all traits, whereas the G × E effect also contributed significantly to phenotypic variation
save for Pan Ht, B, Pan Y and Y (Table 2). The G term accounted for a larger proportion of
variation than the G × E term for phenotypic traits, in which both sources of variation were
significant (with G/G × E ranges from 5.1 (SW) to 25.3 (SN)). Consequently, high estimates
of broad-sense heritability were observed (ranging from 0.82 for SW to 0.97 for B and Y,
respectively; Table 2).
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Table 2. Relative contribution of estimated variance components and broad-sense heritability (H) for
11 phenotypic traits measured in 117 genotypes of quinoa across two years in Faisalabad.

Trait σ2
g σ2

ge σ2
g/σ2

ge H

Ht 942.0 ** 46.9 ** 20.1 0.90
Pan Ht 60.1 ** 0.15 ns 0.87

B 3364.0 ** 7.8 ns 0.97
HI 89.5 ** 11.0 ** 8.1 0.75

Pan Y 17.7 * 15.9 ns 0.96
Y 57.3 ** 32.2 ns 0.97

SN 5.2 × 1013 ** 2.0 ×1012 ** 25.3 0.93
SW 4.3 × 10−7 ** 8.4 × 10−8 ** 5.1 0.82

E–Ant 35.1 ** 4.0 ** 8.8 0.87
Ant–PM 78.8 ** 7.2 ** 10.9 0.90

Cycle 63.8 ** 5.2 ** 12.3 0.92
** significant at p < 0.01, * significant at p < 0.05, ns non-significant.

3.3. Phenotypic Variation Patterns in the USDA Germplasm Collection

The 117 quinoa genotypes clustered into four clearly distinct groups (Figure 1).
Group 1 (G1) consisted of 35 entries dominated by genotypes from the Bolivian (17) and
Peruvian (12) Highlands plus one accession from the Peruvian Inter-Andean Valleys (Rosa
de Junín, genotype 68), three from the Ballón collection (genotypes 12, 19 and 44), one
from Sea Level (genotype 108), and one from an unknown origin (genotype 110) (Figure 1
and Table S1). Most of these genotypes belong to the Andean group according to [22]
and were classified in the northern highland subgroup based on microsatellite’s markers
(Table S1). Genotypes from this group showed the lowest values for Y, B, HI, SN and
SW, but the highest values for traits such as Ant–PM and Cycle (Table 3). Group 2 (G2)
consisted of 22 entries with most genotypes from the Bolivian Highlands (16) plus three
accessions from Sea Level (genotypes 74, 104 and 107), two from Peru (genotypes 54 and
61) and one from the Ballón collection (genotype 40) (Figure 1 and Table S1). Most of
these genotypes belong to the Andean group and were classified in the southern highland
subgroup based on microsatellites’ markers (Table S1). Genotypes from this group showed
the lowest values for most phenotypic traits, but higher values for Y, B, HI, SN and SW
compared with G1 (Table 3). Group 3 (G3) consisted of 31 entries dominated by genotypes
from the Ballón collection (21) and the Bolivian Highlands (5) plus three accessions from
Northwest Argentina (genotypes 67, 71 and 72) and two from Sea Level (genotypes 73
and 109) (Figure 1 and Table S1). Most of these genotypes were classified in the lowland
and southern highland subgroup based on microsatellite’s markers (Table S1). Genotypes
from this group showed higher values for most phenotypic traits compared with G1–G2
and the highest SW within the evaluated collection (Table 3). Group 4 (G4) was composed
of 29 entries dominated by genotypes from the Ballón collection (17) and Sea Level (9)
plus the Isluga (genotype 23), Cochabamba (genotype 69) and Plant Virus (genotype 43)
(Figure 1 and Table S1). Most of these genotypes were classified in the lowland group
based on microsatellites’ markers (Table S1). This group showed the highest values for
most phenotypic traits, except for traits such as SW, Ant–PM and Cycle (Table 3).
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Figure 1. Dendrogram showing 117 genotypes of quinoa grouped according to Ward cluster analysis
using 11 phenotypic traits. To the left of the dendrogram the groups are named according to the
ecotype classification based on microsatellite markers by [22]. To the right of the dendrogram the
groups are named according to the classification obtained in the present study; G1: genotypes from
Peruvian and Bolivian highlands, G2: genotypes from Bolivian highlands, G3: genotypes from Ballón
collection and Bolivian highlands and G4: genotypes from Ballón collection and Sea Level. See
Table S1 for more information about genotypes codes and both classifications.

Table 3. Agronomic traits of the four genotype groups resulting from a hierarchical agglomerative
clustering method.

Group Ht a

(cm)
Pan Ht

(cm) B (g m−2) HI Pan Y
(g m−2) Y (g m−2) SN (# m−2) SW (mg) E–Ant

(days)
Ant–PM

(days)
Cycle
(days)

G1 79.7 a 29.8 b 26.2 a 0.31 a 5.0 a 6.6 a 2.8 × 106 a 2.6 a 63 a 60 b 138 a
G2 67.9 a 25.0 a 26.0 a 0.37 bc 7.7 a 9.9 a 3.2 ×106 a 3.3 b 63 a 45 a 123 c
G3 110.5 b 29.3 b 73.4 b 0.35 b 17.0 b 23.8 b 6.6 × 106 b 3.6 b 69 b 46 a 131 b
G4 121.4 b 32.3 b 150.5 c 0.40 c 41.2 c 60.4 c 1.9 × 107 c 3.3 b 69 b 49 a 133 b

a Abbreviations: Ht: plant height; Pan Ht: terminal panicle length; B: aerial biomass; HI: harvest index (%);
Pan Y: terminal panicle grain yield; Y: yield; SN: seed number; SW: seed weight; E–Ant: emergence–anthesis
period; Ant–PM: anthesis–physiological maturity period; Cycle: crop duration. Different letters following
agronomic values indicate significant differences based on Tukey’s HSD test.
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Results of the ordination analyses are displayed in the Biplot of the 1st and 2nd
principal components, which, when combined, accounted for ~65% of total variation
(Figure 2). The trait vectors covered a wide range of Euclidean space suggesting a strong
contrast among the phenotypic traits evaluated. The angle between grain yield (Y) and its
biological determinants and components (B, SN, Pan Y, HI and SW) plus E–Ant, is smaller
than 90◦ (Figure 2), which suggests that most of these traits are positively associated within
the collection evaluated. Traits such as HI and SW are positively correlated, but both lack
association with Ht as their angles are close to 90◦ (Figure 2); whereas strong and negative
associations (angles larger than 90◦) were found between Y plus its related traits (B, SN,
Pan Y, HI and SW) and Ant–PM plus Cycle (Figure 2). In turn, the E–Ant phase lacks
association with Ant–PM duration as their angles are close to 90◦ (Figure 2).
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Figure 2. Biplot of the 1st and 2nd principal components for 117 accessions of quinoa described
by 11 phenotypic traits. Genotypes are represented by symbols and traits by vectors. Same color
symbols indicate genotype groups with members of a similar response pattern. G1: Peruvian and
Bolivian Highlands; G2: Bolivian highlands; G3: Ballón collection and Bolivian highlands; and G4:
Ballón collection and Sea Level.

The 1st principal component (PC1) explained 44.5% of the total variation and ordered
the genotypes according to Y, its related traits (B, SN, Pan Y, HI, and SW) and time to
anthesis. As indicated by Figure 2, genotypes with higher Y, B, HI, SN, Pan Y, Ht, and E–Ant
duration were placed to the right of the Biplot. Most of these genotypes are from G4 (Ballón
collection plus Sea Level) and represent the most differentiated group (Figures 1 and 2).
Genotypes to the left side of the PC1 showed lower values for Y and its related traits plus
time to anthesis (Table 3 and Figure 2). Most of them are from G1 and G2 (Peru and Bolivian
Highlands) (Figure 2 and Table S1). Genotypes from G3 (Ballón collection plus Bolivian
Highlands) are located in an intermediate place on PC1 (Figure 2). They are characterized
by the most Y and its related traits, similar to those from G4 and to some extent to G2
(mainly by HI, SW, and Cycle), but by Pan Ht (terminal panicle length) to those from G1
(Table 3 and Figure 2).
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The second principal component (PC2) explained 20.1% of the total variation and
accounted for the effects of the contrasting traits Ant–PM, Pan Ht, Cycle, and HI plus SW,
emphasizing the differences between groups G1 and G2 (Figure 2). G1 tended to be at
the top left-hand quadrant of the Biplot, which indicated that it had high values for Pan
Ht, Ant–PM, and Cycle, but low values for HI plus SW and included the genotypes with
the longest duration within the collection (Figure 2 and Table 3). The genotypes from G2
showed contrasting values for most of those phenotypic traits and are placed toward the
bottom left-hand quadrant of the Biplot (Figure 2), showing high values for HI and SW, but
lower values for Pan Ht, Ant–PM, and Cycle, and could be considered as the genotypic set
that was the most precocious within the collection (Table 3).

4. Discussion

The results of this study show the first phenotyping assessment carried out on a
comprehensive set of quinoa accessions from the USDA germplasm collection accounting
for yield and its components. This collection was the basis of several adaptations and
breeding programs internationally and, as such, made a highly significant contribution
to the global expansion of this crop [17,36–42]. According to our results, the environment
contributed to phenotypic variation in most traits (Table 1); however, their magnitude was
relatively low compared with contributions of G and G × E effects. This is surprising
as usually the E component accounts for the highest proportion of variation, also for
quinoa [13–15] and is explained by its similarity between both evaluation years (which
reflected general climate patterns for the region as mentioned). Consequently, the G effects,
accounting for a large proportion of variation and its contribution, was relatively high
compared to G × E effects for most traits (Table 2). These results match those found under
Tropical and Mediterranean conditions involving subsets of genotypes originating from
the USDA collection [15,41]. Accordingly, the overall picture arising from this comparison
highlights the major role of G effects in determining phenotypic values in a large set of
representative genotypes from that collection.

The high heritability observed for all traits implies that phenotypic variation reflects
the patterns of genotypic adaptation. The genotypic groups found in the present study
clearly showed differences in their performance (Table 3). Phenotypic trait combinations
observed in genotypes from G3 and G4 determined their higher suitability for cultivation
under the Mediterranean conditions of Faisalabad. This set of genotypes with the highest
values for yield and its related traits showed intermediate crop cycle durations (Table 3).
Conversely, genotypes from G1 and G2 with the lowest values for most traits showed either
a longer (G1) or shorter (G2) crop cycle, respectively (Table 3). This pattern of response was
observed in other evaluations conducted at high latitudes or under tropical and Mediter-
ranean conditions [15,43,44]. Early or late-maturing genotypes, in general, have been
shown to perform better within a narrow range of environments, whereas genotypes with
an intermediate crop cycle are better adapted to a broader range of conditions [13,14,45,46].
Genotypic variations in sensitivity to temperature and photoperiod conditions are the
main factors controlling phenology and explains this contrast in genotypic adaptation in
quinoa [47,48].

The hierarchical agglomerative groupings identified four genotypic groups associated
with the genotype’s environments of origin (Figure 1). This grouping shows a close corre-
spondence with the proposed quinoa genetic groups based on molecular studies [22,23],
which distinguished three groups of accessions, namely Lowland, Northern Highlands
and Southern Highlands, corresponding to G4, G1 and G2–G3 of this study, respectively
(Table S1). Moreover, the four genotypic groups found here partially resemble those found
in early evaluations conducted using a large set of quinoa cultivars representing all environ-
ments of origin of the crop [13] or on a local basis with germplasm from N.W. Argentina [14].
The difference between this classification and those obtained on the basis of yield perfor-
mance was observed regarding the genotypic composition among groups. Within G1, ac-
cessions from the northern highlands dominated, however southern highlands’ accessions
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were also represented (Table S1). Besides, while accessions from the southern highlands
were distributed among G2 and G3, they clearly dominated in G2 (Table S1). These results
contrast with the clear distinction between northern- and southern highlands’ types found
by [13]. The highland accessions from the N.W Argentina germplasm were grouped with
accessions belonging to the Ballón collection in G3 (Table S1), while it was expected that
they would be grouped with accessions from G2. On the other hand, a correspondence was
observed between accessions included in G4 and the sea-level type as in [13,47].

The genotypes originating from the Ballón collection have been little evaluated in other
studies [2,15,17,49], and were represented with at least one accession in all groups, and
clearly dominated in G3 and G4 (Figure 1 and Table S1). This grouping pattern reinforces
the notion of an inter-regional origin for the Ballón genotypes arising from spontaneous
crosses between genotypes from southern Andean Highlands (G3) and Sea Level (G4)
groups (E. Ballón pers. com.) [22]. Genotypic adaptation in quinoa has largely been related
to the environment of the origin of the materials. Thus, several early and recent introduction
programs outside the Andean region were frequently based on accessions originating from
Sea Level environments or from genotypes of that origin [43,44,46]. The results presented
here are in line with the above statements, as genotypes originating from Sea Level were the
best performers in the Faisalabad environments (Table 3 and Figure 2). However, genotypes
from the Ballón collection also showed phenotypic traits’ combinations that were desirable
for cultivation in those sites and deserve further exploration in future studies. An example
of this is accession AMES 13,737 (2 Want) which exhibited good performance in Central
Argentina [50,51] and the heat-stressed conditions of UAE [17].

The physiological traits’ combinations underlying yield-formation differed among the
four genetic groups and resembled results from other studies [13,14]. High aerial biomass
and a long time to anthesis were suitable traits’ combinations for determining higher grain
yield associated with a higher seed number (Figure 2). This set of phenotypic traits was
observed in genotypes from G4 and to lesser extent from G3 (Figure 2). In addition, both
genetic groups showed medium crop cycle duration (Table 3). A longer or shorter time for
seed-filling duration determines poor performance as the genotypes with the longest time
(G1) or the earliest (G2) showed a lower grain yield (Figure 2 and Table 3). However, early-
maturing genotypes from G2 and G3 improved grain yield and seed weight associated
with increases in harvest index (Figure 2). These different combinations of underlying
physiological traits determining cultivars with similar grain yield performance have been
observed in several major crops [52–55], and also in quinoa [14]. In addition, the lack of
association found between the developmental phases of E–Ant and Ant–PM (Figure 2),
implies that there is scope for manipulating the plant’s developmental duration through
breeding targeted to obtain genotypes with different duration combinations by crossing
accessions from groups showing contrasting developmental phase durations as proposed
by [56], and also observed in crops like soybean [57]. In this sense, future breeding programs
aimed to increase grain yield in quinoa under Faisalabad cultivation conditions and similar
environments under Mediterranean Climates could be targeted by combining phenotypic
traits found in genotypes from groups G3 and G4, or by exploiting indirect selection for
phenotypic traits determining yield across both groups, respectively. Finally, more testing
sites are needed across countries from North Africa and East Asia, which share similarities
in the Mediterranean conditions with Faisalabad, to evaluate the degree of repeatability in
the genotypic response patterns observed in the present study.

5. Conclusions

The performance (average yields) of quinoa under Pakistan’s Mediterranean conditions
was poorer than evaluations carried out in locations with similar climate regimes [17,27,58,59],
with only G4 reaching agronomic significance. However, the patterns of genotypic adaptation
were reflected by the strong genotype effect found in all yields and its related traits, whereas
the patterns of variation matched the environments of origin of materials. Furthermore, the
physiological traits combinations underlying yield-formation varied among the genotypic
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groups, determining differences in adaptation to yield. The genotypes originating from Sea
Level, the Ballón collection and the Bolivian Highlands (G3 and G4) show a suitable set of
phenotypic traits able to expand quinoa cultivation under the low altitude environments of
the Faisalabad region. In addition, seminal breeding programs established with the prospect
to advance the adaptation of quinoa to these conditions could benefit from exploiting indirect
selection for traits contributing to yield generation among genotypes from those groups.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11060738/s1, Table S1: Passport data on quinoa germplasm
evaluated under Faisalabad environmental conditions.
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Abstract: Quinoa is a climate resilience potential crop for food security due to high nutritive value.
However, crop variable response to nitrogen (N) use efficiency may lead to affect grain quality
and yield. This study compared the performance of contrasting quinoa genotypes (UAF Q-7, EMS-
line and JQH1) to fertilizer urea enriched with urease and nitrification inhibitors (NIs; 1% (w/w)
thiourea + boric acid + sodium thiosulphate), ordinary urea and with no N as control. Application
of NIs-enriched urea improved plant growth, N uptake and chlorophyll values in quinoa genotype
UAF-Q7 and JHQ1, however, highest nitrate reductase (NR) activity was observed in EMS-line.
Quinoa plants supplied with NIs-enriched urea also completed true and multiple leaf stage, bud
formation, flowering, and maturity stages earlier than ordinary urea and control, nevertheless, all
quinoa genotypes reached true and multiple leaf stage, flowering and maturity stages at same
time. Among photosynthetic efficiency traits, application of NIs-enriched urea expressed highest
photosynthetic active radiations (PAR), electron transport rate (ETR), current fluorescence (Ft) and
reduced quantum yield (Y) in EMS line. Nitrogen treatments had no significant difference for panicle
length, however, among genotypes, UAF-Q7 showed highest length of panicle followed by others.
Among yield attributes, NIs-enriched urea expressed maximum 1000-seed weight and seed yield
per plant in JQH-1 hybrid and EMS-line. Likely, an increase in quinoa grain protein contents was
observed in JQH-1 hybrid for NIs-enriched urea. In conclusion, NIs-enriched urea with urease and
nitrification inhibitors simultaneously can be used to improve the N uptake, seed yield and grain
protein contents in quinoa, however, better crop response was attributed to enhanced plant growth
and photosynthetic efficiency.

Keywords: nitrogen use efficiency; inhibitors; chlorophyll fluorescence; grain protein

1. Introduction

Quinoa has exceptional nutritional grain value containing high protein contents
and balanced amino acids while its enduring potential for abiotic stress tolerance
makes it future potential crop both for nutritional and food security [1–3]. Since
last decade, quinoa cultivation has spread into non-native geographical areas of
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world due to wide diversity of its ecotypes especially photoperiod response adap-
tation to specific agro-climatic conditions [1,2]. Nonetheless, quinoa growth and
development are affected by environmental and genetic variations. For example,
among environmental factors, nutrients especially nitrogen (N) improve vegetative
growth in quinoa by affecting crop leaf area and growth rate, photosynthesis and N
metabolism enzymes thereby increasing grain weight and yield [4–6]. These growth
and yield responses in quinoa are variable to N supply and genotypic specific. The ni-
trogen use efficiency (NUE) is tightly linked to N uptake and its utilization efficiency
(NUtE) that varies among genotypes, application method and time including rate in
quinoa [6–10]. For instance, high total plant N uptake, its apparent recovery efficiency
and harvest index including biomass and seed N contents was observed for 200 kg N
ha−1 , however, N utilization efficiency (NUtE) and remobilization from vegetative
tissues to seed was found low in quinoa [9]. Improved growth and seed yield has also
been reported in response to N application [10]. Likely, delayed flowering, extended
seed filling period and improved photosynthetic pigments including seed yield was
observed for 150 kg N ha−1 applied in two splits at 6–8 leaves and anthesis stages, re-
spectively, compared to three splits and control with no N [11]. Nonetheless, variable
response to N fertilization for growth including relative and crop growth rates, and
seed yield was observed at low N rate in two quinoa cultivars [7]. Bascuñán-Godoy
et al. [6] compared three quinoa cultivars similar in phenology for NUE traits un-
der low and high N conditions. Photosynthetic rate, protein contents and leaf dry
mass correlated positively with seed yield while proline contents, NH4

+ assimilation
and glutamine synthetase activity were correlated negatively under both N regimes.
Nonetheless, high yields were correlated positively with seed weight under low N
condition. Total N uptake in quinoa also vary with duration of crop growth cycle.
Quinoa genotypes with shorter (NL-6) and longer growth duration (2-Want) accumu-
lated similar total N before anthesis while differed after anthesis. Genotype 2-Want
of longer growth duration accumulated 250 kg N ha−1 compared to NL-6 genotype
with shorter growth behavior had reduced total uptake of 164 kg N ha−1 [8,12]. This
variable response to N uptake after anthesis was associated with its remobilization
towards reproductive structures [8].

Quinoa take up N as nitrates and application of N fertilizers had been found
to improve its yield, water and NUE [13,14]. Among different sources, urea is
mostly commonly used N source, most of which volatilizes as NH3 , lost as NO2 into
atmosphere and leaches as NO3 into the soil with low NUE which rarely exceeds
33% [15].

Among several strategies, application of urea enriched with urease and nitri-
fication inhibitors can reduce N losses and improve crop productivity, hence NUE.
Urease inhibitors reduce urea hydrolysis into NH3 by slowing down the urease en-
zyme activity [16,17]. This inhibited activity of urease decreases pH around urea
molecules and NH3 concentration in soil, thus reducing its volatilization and in-
creases the retention of applied N in soil to improve its plant availability for longer
period [18]. On other hand, enhanced retention of NH4 ions into soil for longer
time induces nitrification and dentification losses associated with NO3 leaching and
N2O emission [19]. These leaching and denitrification losses can be minimized by
nitrification inhibitors which limit oxidation of NH4

+ to NO3
− by reducing the ac-

tivity of nitrifying bacteria [20,21], however, retention of NH4
+ by application of

these inhibitors may further increase risk of volatilization [22,23]. Likely, boric acid
has the potential to inhibit urease activity in soil [24]. While ammonium thiosul-
phate (ATS) as a good source of N and sulphur (S) for plants has the potential to
inhibit both hydrolysis and nitrification without harming the soil microbial pool [25].
Therefore, rather than individual application, effective approach is to utilize these
inhibitors in combination. The combined application of NIs reduces multiple losses
associated with volatilization and denitrification [26,27] had been found to improve
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yield 5.7 and 8.0% of N uptake in rice [28], 22–36% increase in biomass and 23–32%
of N uptake in pasture [29]. The combined application of different inhibitors, for
instance, boric acid and 3, 4-Dimethylpyrazole phosphate (DMPP), urease and nitri-
fication have also the potential to inhibit the N transformation synergistically [24],
increase yield by 7.5% and NUE by 12.9% especially at low N dose [30,31], respec-
tively. Nonetheless, these increases in N uptake and yield were associated with
reduced losses of N and environmental footprints [24,28–31].

As uptake of N by quinoa varies with crop stage, response may be genotype specific
and N application level, and no information is available for application of urea enriched
with urease and nitrification inhibitors on growth, plant N uptake, photosynthetic efficiency,
and yield response. Genotypes used in present study have contrasting behavior for growth
including a cultivated variety, a hybrid and EMS line. Present study hypothesized that urea
enriched with N inhibitors (NIs; boric acid, thiourea and sodium thiosulphate) improves
its availability to quinoa plant at reduced N dose, thereby affecting crop performance
and NUE.

2. Results
2.1. Plant Growth and Photosynthetic Pigments

Urea enriched with nitrogen inhibitors (35 kg N ha−1 + NI’s) improved the growth,
chlorophyll values and plant N uptake in quinoa genotypes compared to control (0 kg N ha−1)
and ordinary urea (70 kg N ha−1) (Table 1). There was an increase in shoot, root fresh
and their dry weights, shoot and root lengths of quinoa genotypes UAF-Q7 and JHQ1
compared to control. Nonetheless, these increases in shoot dry weight, root fresh and
dry weights were significantly similar to ordinary urea. Maximum and similar SPAD-
chlorophyll values was found for enriched and ordinary urea application compared to
control, while among genotypes, highest and significantly similar chlorophyll values were
found between EMS-line and UAF-Q7 (Table 1).

2.2. Plant N Uptake and Nitrate Reductase Activity (NR)

Application of NIs-enriched urea significantly improved the plant N uptake and NR
activity in quinoa genotypes compared to control and vice versa response was observed for
nitrogen utilization efficiency (NUtE). Urea enriched with NI’s showed highest plant N
uptake in quinoa genotypes UAF-Q7 and EMS-line compared to control with minimum
uptake. NIs-enriched urea application also expressed highest nitrate reductase (NR) ac-
tivity in quinoa plants as compared to control and ordinary urea showing similar NR
activity (Figure 1b). Among genotypes, EMS-line exhibited highest NR activity that was
significantly similar to JQH-1 hybrid (Figure 1a).

2.3. Crop Phenology

Quinoa plants applied with NIs-enriched urea completed true and multiple leaf
stage, bud formation, flowering, and maturity stages earlier than ordinary urea and
control treatments. However, quinoa plants applied with enriched and ordinary urea
attained panicle emergence, flowering and maturity at similar time compared to con-
trol with delayed in these attributes. Among genotypes, UAF-Q7 observed delayed
bud formation and panicle emergence compared to other genotypes while all quinoa
genotypes exhibited true and multiple leaf stage, flowering, and maturity at same time
(Table 2).
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2.2. Plant N Uptake and Nitrate Reductase Activity (NR) 
Application of NIs-enriched urea significantly improved the plant N uptake and NR 

activity in quinoa genotypes compared to control and vice versa response was observed 
for nitrogen utilization efficiency (NUtE). Urea enriched with NI’s showed highest plant 
N uptake in quinoa genotypes UAF-Q7 and EMS-line compared to control with minimum 
uptake. NIs-enriched urea application also expressed highest nitrate reductase (NR) ac-
tivity in quinoa plants as compared to control and ordinary urea showing similar NR ac-
tivity (Figure 1b). Among genotypes, EMS-line exhibited highest NR activity that was sig-
nificantly similar to JQH-1 hybrid (Figure 1a). 
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Figure 1. Nitrate reductase activities in three quinoa genotypes (a) and three fertilizer treatments
(b) at bud formation stage Columns show mean of three replicates, whereas bar shows standard error.
Means sharing same alphabets are not significantly different at p ≤ 0.5.
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Table 1. NIs-enriched urea effects on growth, plant N uptake, nitrogen utilization efficiency (NUtE)
and SPAD-chlorophyll in three quinoa genotypes at bud formation stage.

Quinoa
Genotypes Shoot Fresh Weight (g) Root Fresh Weight (g)

CK (0 kg N ha−1) 70 kg N ha−1 35 kg N ha−1

+ 1% NI
Means

Genotypes CK (0 kg N ha−1) 70 kg N ha−1 35 kg N ha−1

+ 1% NI
Means

Genotypes

UAF-Q7 6.10 d 12.35 b 18.10 a 12.18 A 0.30 bc 0.40 ab 0.53 a 0.41 A
EMS line 9.27 c 4.73 d 11.50 bc 8.50 B 0.33 bc 0.10 d 0.40 ab 0.28 B

JQH-1 4.20 d 12.77 b 16.20 a 11.06 A 0.17 cd 0.33 bc 0.33 bc 0.28 B
Means N 6.52 A 9.95 B 15.27 A 0.27 B 0.28 B 0.42 A

HSD G = 1.36, N = 1.36, G × N = 2.36 G = 0.10, N = 0.10, G × N = 0.18

Quinoa
Genotypes Shoot Dry Weight (g) Root Dry Weight (g)

CK (0 kg N ha−1) 70 kg N ha−1 35 kg N ha−1

+ 1% NI
Means

Genotypes CK (0 kg N ha−1) 70 kg N ha−1 35 kg N ha−1

+ 1%NI
Means

Genotypes

UAF-Q7 0.82 cde 1.17 abc 1.48 a 1.15 0.06 b 0.08 ab 0.11 a 0.08 A
EMS line 0.10 bcd 0.49 e 1.24 ab 0.90 0.06 b 0.02 c 0.07 b 0.05 B

JQH-1 0.60 de 1.33 ab 1.51 a 1.15 0.02 b 0.06 b 0.08 ab 0.06 B
Means 0.80 B 0.10 B 1.41 A 0.05 B 0.05 B 0.09 A

HSD G = n.s., N = 0.24, G × N = 0.42 G = 0.02, N = 0.02, G × N = 0.03

Quinoa
Genotypes Shoot Length (cm) Root Length (cm)

CK (0 kg N ha−1) 70 kg N ha−1 35 kg N ha−1

+ 1% NI
Means

Genotypes CK (0 kg N ha−1) 70 kg N ha−1 35 kg N ha−1

+ 1% NI
Means

Genotypes

UAF-Q7 16.00 e 23.80 b 24.15 b 21.31 B 5.50 e 6.80 de 11.50 a 7.93
EMS line 21.77 bc 6.67 de 23.50 b 20.64 B 8.30 c 7.05 cd 7.40 cd 7.58

JQH-1 19.60 cd 28.00 a 29.00 a 25.53 A 9.80 b 7.85 cd 8.10 cd 8.58
Means 19.12 c 22.8 B 25.55 A 7.88 B 7.23 B 9.00 A

HSD G = 1.81, N = 1.80, G × N = 3.12 G = n.s., N = 0.86, G ×N = 1.49

Quinoa
Genotypes SPAD-Chlorophyll Values Plant N Uptake (mg N Plant−1)

CK (0 kg N ha−1) 70 kg N ha−1 35 kg N ha−1

+ 1% NI
Means

Genotypes CK (0 kg N ha−1) 70 kg N ha−1 35 kg N ha−1

+1%NI
Means

Genotypes

UAF-Q7 40.60 44.40 45.10 43.37 AB 1.71 d 3.31 c 6.84 a 3.95
EMS line 46.00 44.55 45.73 45.43 A 3.00 c 1.67 d 4.99 b 3.22

JQH-1 35.90 44.03 43.47 41.13 B 1.12 d 3.58 c 5.92 ab 3.53
Means 40.83 B 44.33 A 44.77 A 1.94 C 2.82 B 5.92 A

HSD G = 2.96, N = 2.96, G × N = n.s. G = n.s., N = 0.66, G × N = 1.15

Quinoa
Genotypes NUtE (g DW per mg N)

CK (0 kg N ha−1) 70 kg N ha−1 35 kg N ha−1

+ 1% NI
Means

Genotypes

UAF-Q7 0.51 a 0.38 bc 0.26 e 0.42 A
EMS line 0.35 c 0.31 d 0.26 e 0.36 B

JQH-1 0.39 b 0.39 bc 0.27 de 0.26 C
Means 0.39 A 0.31 C 0.35 B

HSD G = 0.02, N = 0.02, G × N = 0.04

Letters among and within columns denote significant differences in means for nitrogen and between cultivars
at p ≤ 0.05.

2.4. Photochemical Efficiency Traits and SPAD-Chlorophyll Values

The photochemical efficiency traits and chlorophyll were affected significantly by
application of NIs-enriched urea in quinoa genotypes. Quinoa plants applied with NIs-
enriched urea showed highest photosynthetic active radiations (PAR), electron transport
rate (ETR), current fluorescence (Ft) and reduced quantum yield (Y) in EMS line followed
by two other genotypes. Lowes values for these attributes were observed in ordi nary
urea compared to control. The Ft values and SPAD-chlorophyll values were similar when
ordinary and NIs-enriched urea applied in UAF-Q7 and JQH-1 genotypes, respectively
(Table 3).
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Table 2. Influence of NIs-enriched urea on phenological development in three quinoa genotypes.

Quinoa
Genotypes Days to True Leaf Days to Multiple Leaf

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

UAF-Q7 19.67 a 13.33 c 14.00 c 15.67 28.33 ab 26.33 cde 25.33e 26.67
EMS line 18.33 ab 19.00 a 15.67 bc 17.67 29.33 a 28.00 abc 26.00 de 27.78

JQH-1 18.33 ab 18.00 ab 13.33 c 16.56 26.67 bcde 27.00 bcde 27.67 abcd 27.11
Means N 18.78 A 16.78 B 14.33 C 28.11 A 27.11 AB 26.33 C

HSD G = n.s., N = 1.59, G × N = 2.75 G = n.s., N = 1.08, G × N = 1.87

Quinoa
Genotypes Days to Bud Formation Days to Panicle Emergence

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 +
1%NI

Means
Genotypes

UAF-Q7 40.33 40.00 40.33 40.22 A 59.67 59.00 56.67 58.44 A
EMS line 40.00 39.67 36.67 38.78 B 55.67 57.33 55.33 55.44 B

JQH-1 37.33 38.67 36.33 37.44 C 59.00 54.67 53.33 55.66 B
Means 39.22 A 39.44 A 37.78 B 58.11 A 55.44 B 55.67 B

HSD G = 1.15, N = 1.15, G × N = n.s. G = 1.82, N = 1.82, G ×N = n.s.

Quinoa
Genotypes Days to Flowering Days to Maturity

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

UAF-Q7 79.33 77.67 77.00 78.00 127.67 125.33 121.67 124.89
EMS line 79.33 78.00 76.00 77.78 128.00 124.00 122.67 124.89

JQH-1 78.00 77.00 75.33 76.78 125.33 126.00 122.67 124.67
Means 78.88 A 77.56 AB 76.11 B 127.00 A 125.11 AB 122.33 B

HSD G = n.s., N = 1.97, G × N = n.s. G = n.s., N = 3.55, G × N = n.s.

Letters among and within columns denote significant differences in means for nitrogen and between cultivars
at p ≤ 0.05.

2.5. Seed Yield and Its Attributes

Application of NIs-enriched urea produced tallest plants in genotype UAF-Q7 that
was significantly similar to ordinary urea in same genotype. Minimum plant height was
found in control plants with no supplemental N. There was no difference observed for
panicle length in N treatments compared to control, however, among genotypes, UAF-Q7
expressed maximum panicle length followed by JQH1 hybrid.

Application of NIs-enriched urea showed maximum 1000-seed weight in quinoa
genotypes UAF-Q7 and EMS-line. However, this increase was similar to ordinary urea in
JQH-1 and EMS-line. Likely, highest seed yield per plant was found for NIs-enriched urea
compared to ordinary urea while minimum seed yield per plant in control plants without
supplemental N. Among genotypes, highest seed yield was expressed by JQH-1 hybrid
followed by EMS-line while minimum in UAF-Q7 genotype.

2.6. Seed Protein Contents

Application of NIs-enriched urea showed highest seed protein contents in harvested
grains of JHQ-1 hybrid that was similar to ordinary urea in same genotype. However,
minimum seed protein contents were found in UAF-Q7 genotype in control treatment
(Table 4).
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Table 3. Effects of NI-enriched urea on photochemical efficiency and SPAD-chlorophyll values in
three quinoa genotypes at panicle emergence stage.

Quinoa
Genotypes SPAD-Chlorophyll Photosynthetic Active Radiation (PAR)

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

UAF-Q7 43.77 bc 46.93 ab 48.07 a 46.26 A 887.00 d 584.70 ef 1268.70 b 913.44 A
EMS line 42.33 c 34.90 d 48.30 a 41.84 B 486.00 f 584.70 ef 1445.70 a 838.78 B

JQH-1 35.65 d 47.97 a 47.80 ab 43.81 B 657.00 e 649.70 e 1074.30 c 793.67 B
Means N 40.58 C 43.27 B 48.06 A 676.70 B 606.30 C 1262.90 A

HSD G = 2.42, N = 2.42, G × N = 4.19 G = 67.743, N = 67.743, G × N = 117.33

Quinoa
Genotypes Electron Transport Rate (ETR) Current Fluorescence Value (Ft)

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 +
1%NI

Means
Genotypes

UAF-Q7 214.07 b 169.07 bc 176.97 bc 186.70 AB 471.67 bc 607.33 a 450.00 bc 509.67
EMS line 164.47 bc 139.83 294.43 a 199.58 A 422.00 c 423.33 c 635.00 a 493.44

JQH-1 126.87 c 148.23 c 184.13 bc 153.08 B 467.00 bc 386.00 c 556.33 ab 469.78
Means 168.47 B 152.38 B 218.51 A 453.56 B 472.22 B 547.11 A

HSD G = 36.703, N = 36.703, G × N = 63.57 G = n.s., N = 71.709, G × N = 124.20

Quinoa
Genotypes Quantum Yield (Y)

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

UAF-Q7 0.62 a 0.57 ab 0.42 c 0.54
EMS line 0.57 ab 0.63 a 0.50 bc 0.57

JQH-1 0.47 c 0.60 a 0.44 c 0.51
Means 0.55 A 0.6 A 0.46 B

HSD G = n.s., N = 0.0470, G × N = 0.0814

Letters among and within columns denote significant differences for nitrogen and between cultivars at p ≤ 0.05.

Table 4. Effects of NI-enriched urea on yield components and seed protein contents in three quinoa
genotypes at maturity.

Quinoa
Genotypes Plant Height (cm) Panicle Length (cm)

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

UAF-Q7 70 b 81 a 88 a 80 A 27 23 26 25 A
EMS line 41 c 49 c 43 c 44 B 15 15 13 14 C

JQH-1 51 c 49 c 49 c 50 B 18 19 20 19 B
Means N 54 60 60 20 19 19

HSD G = 5.61, N = n.s., G × N = 9.72 G = 2.59, N = n.s., G × N = n.s.
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Table 4. Cont.

Quinoa
Genotypes 1000 Seed Yield (g) Seed Yield Per Plant (g)

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 +
1%NI

Means
Genotypes

UAF-Q7 0.28 d 0.44 bc 0.53 a 0.42 B 1.16 2.32 2.92 2.13 C
EMS line 0.42 c 0.47 abc 0.54 a 0.48 A 2.46 3.17 3.93 3.19 B

JQH-1 0.48 abc 0.52 ab 0.52 ab 0.51 A 3.40 3.54 5.33 4.09 A
Means 0.39 C 0.48 B 0.53 A 2.34 C 3.01 B 4.06 A

HSD G = 0.05, N = 0.05, G × N = 0.08 G = 0.60, N = 0.59, G × N = n.s.

Quinoa
Genotypes Seed Protein Contents (%)

CK (0 kg N
ha−1)

70 kg N
ha−1

35 kg N
ha−1 + 1%

NI

Means
Genotypes

UAF-Q7 10.16 d 13.22 c 15.66 b 13.01 B
EMS line 14.66 bc 14.83 bc 15.66 bc 15.05 A

JQH-1 14.32 bc 16.44 ab 18.8 a 16.53 A
Means 13.05 A 14.83 B 16.7 A

HSD G = 1.5758, N = 1.5758, G × N = 2.72

Letters among and within columns denote significant differences in means for nitrogen and between cultivars
at p ≤ 0.05.

3. Discussion

Urea fertilizers are often used as nitrogen (N) source worldwide due to high N contents.
However, it is rapidly hydrolyzed to ammonia (NH3) and carbon dioxide (CO2) in soils.
Nonetheless, application of urea enriched with urease and nitrification inhibitors are well
known to synchronize N supply with crop demand to increase N use efficiency [32,33].
The present study evaluated the potential of urea enriched with N inhibitors (NI’s; 1%
boric acid, thiourea and sodium thiosulphate + 35 kg N ha−1) to improve crop growth,
photochemical efficiency, N uptake, seed yield and protein contents in contrasting quinoa
genotypes compared to ordinary urea (70 kg N ha−1) and no N as control (0 kg N ha−1).
The NIs enriched urea improved the growth, chlorophyll values and N uptake in quinoa
genotypes [Table 1] are associated with its increased soil availability and is also an important
component of chlorophyll structure [34]. Urea enriched with N-(n-butyl) thiophosphoric
triamide (NBPT) inhibitor had been reported to improve photosynthetic pigments, plant
growth and seed yield in cotton owing to increased N uptake. Likely, positive relationship
of leaf N with chlorophyll contents has also been reported [34,35]. Increased N uptake and
dry matter with application of urea enriched with NBPT in cotton [36] also reflected in plant
fresh and dry biomass of quinoa when NIs-enriched urea was applied in this study [Table 1].
Increased NR activity in quinoa of present study [Table 1] was associated with beneficial
effects of thiourea in enhancing N metabolism [36]. Thiourea application is reported to
improve chlorophyll contents, photosynthetic activity, starch, and soluble protein levels in
plants [37] confirms diverse functions of SH group in thiourea molecule. However, variable
response of quinoa genotypes to NIs-enriched urea for total N uptake seems effect of NI’s
to inhibit urease and nitrification [38]. Curti et al. [8] and Gomez et al. [12] reported that
quinoa genotypes had no difference in total N content before anthesis independent of their
growth duration which is also evident in present study where JHQ-1 hybrid showed low
N uptake [Table 1] because of dilution effect associated with higher crop growth rate of
quinoa hybrid not matching with N uptake [8,12]. Usually, application of N delays the crop
phenological development, however, application of NIs-enriched urea helped quinoa plants
to complete different stages of crop development earlier than ordinary urea and control
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treatments [Table 2]. There are no evidence showing the effects of NIs-enriched urea with
NI’s on crop maturity, nevertheless, delay in development stages for N applied in splits had
been reported in quinoa validated in present study findings [11]. Plant height and panicle
length are genetic and stable characters, however, strongly affected by environmental
factors including N. No significant difference observed between these traits for enriched
and ordinary urea could be attributed to similar gains in photosynthetic efficiency of these
genotypes [Table 4]. Nonetheless, increase in 1000-seed weight and seed yield of quinoa
plant could be attributed to total N uptake which consistently contributed to enhance
photosynthetic carbon fixation by affecting sink capacity [36,39]. The combined use of
urease and nitrification inhibitors in NIs-enriched urea increased plant N uptake improving
its efficiency associated with reduced losses, thereby increased yield and seed proteins
contents [40]. The increase in seed protein contents in quinoa of present study by application
of NIs-enriched urea [Table 4] were associated with slow-release effect to enhance retention
and bioavailability of NH4-N for direct uptake and its remobilization to affect protein
contents in grains [41,42]. Increase in protein contents with application of NH4-N [43]
and inhibitors was associated with improved plant N uptake and its remobilization had
also been reported in wheat and some other crops [44–46]. Gupta et al. [47] suggested
that plants remobilize and constitute mechanism of re-uptake of resources such as NH4

+

under N limited condition to ameliorate the increased NH4
+ levels derived from different

physiological process after anthesis. Nonetheless, present study results are in consistent
with Bascuñán-Godoy et al. [48] where positive relationship between seed N% and seed
amino acid was reported under low N supply and support the hypothesis to remobilize
resources under limited vs. sufficient conditions [49].

4. Materials and Methods
4.1. Experimental Details

The seed of three quinoa genotypes, EMS-line and were collected from alternative
crops lab, Department of Agronomy, University of Agriculture Faisalabad, Pakistan. These
three genotypes varied in growth behavior and include a cultivated variety (UAF Q-7), a
hybrid (JQH-1) and EMS line. The experiment was comprised of two factors as quinoa
genotypes and fertilizer treatments including no N (0 kg N ha−1) (control), 75 kg N ha−1

(recommended) [50] and 35 kg N ha−1 enriched with 1% NI (Thiourea + Boric acid +
Sodium thiosulphate). Experimental design used was completely randomized with two
factors factorial. The tenth seed of each genotype were sown in earthen pots each filled with
5 kg soil at field capacity level under the wire house condition with exposure to natural
growing condition. After seedling establishment, three plants per experimental unit were
maintained for further growth and assays. The experimental treatments were randomized
completely with factorial arrangement in three replications. Other fertilizers including
phosphorus and potassium were thoroughly mixed in soil before sowing using 50 kg ha−1

of single super phosphate and 120 kg ha−1 of sulphate of potash, respectively. While half
of nitrogen (N) was applied at sowing and other half at flowering stage. The pots were
irrigated 10 and 15 days after sowing (DAS) for optimum growth of quinoa crop and later
when required.

4.2. Determination of Plant Growth, Nitrogen Uptake, Utilization Efficiency and Seed
Protein Contents

After 30–40 days of sowing at bud formation stage, only one plant was randomly up-
rooted for measuring plant growth traits including shoot and root lengths with measuring
scale. The quinoa plant shoots fresh and root fresh weights was determined and oven-dried
at 98 ◦C for 48 h for dry weights. The SPAD chlorophyll value of upper most leaf of quinoa
plants was measured at the growth stage of BBCH 18 with the help of SPAD-501, Minolta
Japan. For the determination of seedling N and grain protein, 0.5 g of plant and grain sam-
ple separately was taken into the Pyrex tube and added with 10 mL of concentrated H2SO4
for digestion and allowed to stand for overnight. After which, distillation was performed
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by Kjeldahl apparatus and then titrated against 0.1% H2SO4 [51]. Flasks were placed on the
hot plate and heated at the temperature ranging between 100–150 ◦C for 30 min, then 2 mL
of 30% H2O2 was added upon cooling, and heated again at increasing temperature of up
to 300 ◦C. The processes were repeated till the solution became transparent and the final
volume kept 50 mLby addition of distilled water. Distillation was performed by extracting
10 mLof the digested sample and 10 mLof 40% NaOH solution was added in the tube.
The 5 mLboric acid solution (4%) was added to the receiver flask with 2–3 drops of mixed
indicator and 40 mLof total solution was obtained by distillation and titrated against 0.01 N
H2SO4 until the original color of methyl red appeared and the values were noted. For
protein contents, nitrogen values were multiplied with a factor 5.95. Plant N uptake (mg N
plant−1) and its utilization efficiency (NUtE; g DW per mg N) were measured as suggested
by Merigout et al. [52] and Wang et al. [53], respectively.

4.3. Measurement of Nitrate Reductase Activity

At bud formation stage, leaf samples harvested at bud formation stage were shifted
to icebox and stored at −30 ◦C until use [54]. For enzyme assay, leaf harvest (0.25 g) after
grinding was extracted with 1 mL digestion buffer (1 mM EDTA + 10 mM cysteine) using ice-
cold pestle mortar. The leaf extract was filtered through cheese cloth and homogenates was
transferred to 2 mL falcon tubes, centrifuged at 10,000 rpm for 10 min to collect supernatant.
Enzyme extract (1 mL) was added with 0.25 mL phosphate buffer (pH 7.5), 0.1 mL KNO3,
2 mM NADH and 0.35 mL distilled water to initiate reaction. After incubation at 30 ◦C for
15 min, reaction was terminated by the addition of 1% sulphanilamide and 0.02% naphthyl
ethylenediamine reagent of 0.5 mL of each and kept it for 30 min to settle down. The
absorbance of extract was measured on 540 nm using spectrophotometer (UV 4000, ORI
Germany). The NR activity was calculated following Kaiser and Lewis [55].

4.4. Determination of Phenological Traits

All the crop growth stage of quinoa were recorded at regular intervals according to
the BBCH scale [56]. The first true leaves (BBCH stage 11) developed 14–15 days after
sowing and multiple leaf stage (BBCH 18) was recorded 25–26 days after sowing. The
bud formation stage after 35–40 days of sowing was coded as BBCH 50. The panicle
emergence (BBCH 59) started after the 50–55 days of sowing and flowering (BBCH 67) in
the inflorescence of quinoa plant after the 70–75 days after sowing. After flowering, the
grains of quinoa start to ripened and milky stage recorded after 90–95 after sowing was
coded as BBCH 81 and the maturity stage after 120–130 days after sowing as BBCH 90.

4.5. Measurement of Photosynthetic Efficiency and SPAD-Chlorophyll Value

Photochemical efficiency traits were measured at 12:00–1:00 pm in a bright sunny-
day using photosynthetic efficiency analyzer (MINI-PAM-II) and chlorophyll values by
SPAD-chlorophyll meter (SPAD-501, Minolta, Osaka, Japan) at panicle emergence stage
(BBCH 59–60) from the upper most leaf. The data regarding current fluorescence value
(Ft), electron transport rate (ETR), photosynthetically active radiations (PAR) and effective
photochemical yield (Fv/Fm) was measured.

4.6. Seed Yield and Its Related Traits

At physiological maturity, height of plant and main panicle length was measured
with a measuring scale. At harvesting, grains number per plant and 1000-grain yield
were recorded. The grains number per plant was counted by threshing the panicles and
1000 grain weight was measured by using seed counter.

4.7. Statistical Analysis

Analysis of variance technique was performed to analyze the data statistically using
Statistix 8.1 software (Hamburg, Germany) and differences among treatment means were
computed by least significance difference (LSD) test at 5% probability.
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5. Conclusions

The present study showed that enriching urea with urease and nitrification inhibitors
(1% boric acid, thiourea and sodium thiosulphate) simultaneously have potential to reduce
crop N requirements and its application can improve the N use efficiency, seed yield
and grain protein contents in quinoa irrespective of genotypes. Nonetheless, better crop
response at (NI; 1% boric acid, thiourea and sodium thiosulphate + 35 kg N ha−1) was
attributed to photosynthetic efficiency and increased N uptake in quinoa.
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Abstract: Quinoa (Chenopodium quinoa Willd.) is a genetically diverse crop that has gained popularity
in recent years due to its high nutritional content and ability to tolerate abiotic stresses such as
salinity and drought. Varieties from the coastal lowland ecotype are of particular interest due to their
insensitivity to photoperiod and their potential to be cultivated in higher latitudes. We performed
a field experiment in the southern Atacama Desert in Chile to investigate the responses to reduced
irrigation of nine previously selected coastal lowland self-pollinated (CLS) lines and the commercial
cultivar Regalona. We found that several lines exhibited a yield and seed size superior to Regalona,
also under reduced irrigation. Plant productivity data were analyzed together with morphological
and physiological traits measured at the visible inflorescence stage to estimate the contribution of
these traits to differences between the CLS lines and Regalona under full and reduced irrigation.
We applied proximal sensing methods and found that thermal imaging provided a promising means
to estimate variation in plant water use relating to yield, whereas hyperspectral imaging separated
lines in a different way, potentially related to photosynthesis as well as water use.

Keywords: Chenopodium quinoa Willd.; field trial; hyperspectral imaging; phenotyping; quinoa;
reduced irrigation; thermal imaging; yield

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is a highly nutritious member of the Amaran-
thaceae, originating from the Andean region of Central and South America. Originally
cultivated by the Incas during pre-Colombian times [1], quinoa became a staple food of
the Incan Empire and is now considered an important food crop in many South American
countries [2]. Quinoa grains are gluten free and highly nutritious, containing high-quality
protein and all essential amino acids, vitamins, minerals and antioxidants (flavonoids
and polyphenols) that contribute to the health-promoting effects of this food crop [3–9].
Additionally, the seeds exhibit a high content of unsaturated fatty acids (oleic, linoleic, and
α-linolenic acids) and a close to optimal omega-6/omega-3 ratio, which support the oil
quality of this crop [10]. On the other hand, the seeds accumulate saponins, commonly
considered anti-nutritional factors due to their hemolytic, membranolytic, and fungitoxic
activities [11]. In recent decades, quinoa has become a target of research worldwide
due to its potential contribution to food security [2,12]. Quinoa is a genetically diverse
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crop that thrives in the heterogeneous environments of the Andean region from which
it originated [13]. Quinoa genotypes, landraces and cultivars can be classified into five
ecotypes, which exhibit wide ranges of adaptations to elevation, annual rainfall, soil fertility,
temperature and photoperiod [2].

Quinoa is also known for its ability to grow in marginal environments and toler-
ate a range of adverse growth conditions, such as high salinity [14–17], heat [18] and
drought [15,19,20]. Detailed studies of quinoa subjected to drought stress have been con-
ducted, both in the field and in greenhouse experiments, providing insight into the key
physiological adaptations of quinoa. Increased water use efficiency associated with abscisic
acid (ABA)-induced stomatal closure [21–24] is a common strategy implemented by quinoa
in response to drought stress. Leaf ABA concentration has been observed to accumulate
in response to increased stress in the field, suggesting it is an important mechanism for
drought tolerance in quinoa [21]. In addition to ABA signaling, hydraulic regulation
through changes in turgor may play an equally important role in stomatal closure for
certain quinoa varieties subject to water stress [25]. Another strategy is the induction of
metabolic adaptations that improve tolerance to osmotic or water stress, and which involve
an increased synthesis of osmoprotectants such as free amino acids, proline, and soluble
sugars (glucose, trehalose), to enhance scavenging of reactive oxygen species and to protect
plants from destructive oxidative reactions [26,27]. Reductions in photosynthetic rates
and the efficiency of photosystem II have also been observed in quinoa plants in response
to water deficit [24,28]. Strategies used to mitigate water deficit stress have been shown
to differ between quinoa varieties depending on their geographical origin. In a study
involving two quinoa varieties, Sun et al. [23] observed that the relatively slower growth
rates and smaller leaf areas of varieties originating from adverse environments were more
effective at tolerating drought stress compared to fast-growing varieties originating from
nutrient-rich environments, due to reduced overall transpiration and water loss [23].

To date, most drought stress studies involving quinoa have focused on only a few bred
varieties and seldom compare ecotypes or ecotype-derived self-pollinated progenies. The
diversity of quinoa and the establishment of new breeding and improvement programs
to develop new varieties better adapted to different environmental conditions remain
largely unexplored [13,29–31]. To this end, unique germplasm collections representing
local and regional biodiversity are of particular interest as a source of variation. One major
consideration when selecting quinoa material for this study was the sensitivity of quinoa
to photoperiod, as this trait can significantly limit quinoa adaptation and breeding efforts
in high-latitude regions, such as Europe [29,32]. Disruption to seed filling and maturation,
resulting in continued vegetative growth and flowering, has been observed in photoperiod-
sensitive lines grown in photoperiods of longer than 12 h [29,32]. Quinoa cultivars from
the coastal lowland ecotype show an insensitivity to photoperiod, as they are adapted
to the coastal conditions of southern Chile (latitudes up to ~40◦ S) and have already
been used for European-bred cultivars from Denmark and the Netherlands [29,33,34].
Therefore, we focused on the coastal lowland ecotype and selected lines from the INIA
SeedBank collection (Chile), based on morphology and yield observed in the field and
further developed in a breeding program run by INIA Chile.

The physiological characterization and classification of lines according to their toler-
ance to drought stress customarily involves destructive or laborious measurements of traits
such as leaf water potential or photosynthesis and stomatal conductance. These methods
are often time-consuming and difficult to apply on a large scale. Screening of genotypes for
pre-breeding can be facilitated by using more high-throughput phenotyping methods to
measure photosynthetic status, spectral reflectance and canopy temperature [35,36]. These
methods, in particular vegetation indices based on spectral reflectance measurements, have
recently begun to be applied in quinoa research on drought stress [37,38].

In this study, we implemented a combination of standard and more recent approaches
to measure productivity and underlying morphological and physiological traits of nine
novel Chilean coastal lowland (CLS) lines and one commercial cultivar, Regalona Baer
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(hereafter referred to as cv Regalona), grown in a field experiment subject to a full and
reduced irrigation regime starting from the branching stage (extended BBCH 20 [39]). Stan-
dard approaches included the non-invasive measurement of chlorophyll fluorescence and
destructive measurements of water potential, relative water content, and shoot morphology.
These were tested alongside recent approaches which can be scaled to high throughput,
including hyperspectral and thermal imaging. All measurements were taken at the visible
inflorescence stage of development (extended BBCH 59 [39]) and compared to seed yield
and seed size determined at physiological maturity, as well as plant development over the
course of the trial. We aimed to determine differences in yield and seed size among the
selected CLS lines compared to cv Regalona, and to detect the underlying morphological
and physiological traits that may contribute to yield and seed size determination under full
and reduced irrigation. A better understanding of how well-established and more recently
developed phenotyping methods can be deployed to determine traits contributing to yield
under adverse conditions will help improve the effectiveness of future quinoa breeding
programs and crop management.

2. Results
2.1. Agronomical Traits at Harvest

A significant treatment effect was observed for plant yield (p < 0.01), with plants
receiving reduced irrigation (RI) yielding less than fully irrigated (FI) plants (Figure 1).
There was no significant genotype or genotype by treatment interaction effect. However,
lines CLS-1 and CLS-2 sustained a comparable yield despite a reduced water supply, which
was similar to the response observed for the commercial cv Regalona. In the other CLS
lines, the yield was decreased by water deficit (Figure 1). When considering seed weight
per plant, treatment was again the only significant factor (p < 0.01), with average seed
weights of 2.42 g and 1.92 g for FI and RI plants, respectively. Interestingly, lines CLS-1 and
CLS-2 increased their average seed weight per plant in response to RI (1.88 g vs. 2.01 g for
CLS-1 FI vs. RI samples, and 2.45 g vs. 2.94 g for CLS-2 FI vs. RI samples) (Figure 1).

Figure 1. Productivity of nine coastal lowland self-pollinated lines (CLS) and commercial cv Regalona
in a field experiment under full irrigation (FI, purple) and reduced irrigation (RI, green). Productivity
is presented as yield expressed in t ha−1 (top panel) and the seed weight per plant (bottom panel)
collected in 1 m of two central rows per plot. Data are presented as the mean (dot) and the standard
deviation around the mean (vertical bar).
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For the 1000 seed weight, both the treatment (p < 0.0001) and genotype effects (p < 0.0001)
were significant, but not the genotype by treatment interaction effect. The average 1000 seed
weight was 3.08 g for FI plants and 2.86 g for RI plants (Table 1). The highest weights
corresponded to lines CLS-3 and CLS-7, whereas the lowest weights were recorded in lines
CLS-8, CLS-6 and cv Regalona. It is noteworthy that among the highest 1000 seed weights,
CLS-7 was not affected by the RI treatment (Figure S1).

Table 1. One-thousand seed weight and proportional weight of 1.7 mm caliber seeds measured for
nine coastal lowland self-pollinated lines (CLS) and commercial cv Regalona in a field experiment
under full irrigation (FI) and reduced irrigation (RI). Values are means across treatment ± standard
deviation.

Genotype 1000 Seed Weight (g) 1.7 mm Caliber Seed Weight (g) 1

CLS-1 3.22 ± 0.25 ab 5.93 ± 1.10 a

CLS-2 3.22 ± 0.19 ab 4.35 ± 0.92 b

CLS-3 3.28 ± 0.17 a 5.83 ± 0.51 a

CLS-4 3.02 ± 0.08 bc 4.23 ± 0.54 bde

CLS-5 2.82 ± 0.26 cde 4.80 ± 1.13 bc

CLS-6 2.68 ± 0.19 de 3.78 ± 0.66 def

CLS-7 3.25 ± 0.10 a 5.67 ± 0.55 ac

CLS-8 2.60 ± 0.26 e 3.35 ± 0.72 ef

CLS-9 2.90 ± 0.40 cd 3.05 ± 1.59 fg

Regalona 2.73 ± 0.16 de 2.35 ± 0.86 g
1 Out of a 10 g sample of seeds, the total weight of seeds that are larger than 1.7 mm. n = 6. Letters indicate
significant differences between lines (p < 0.05).

Significant differences at both the treatment (p < 0.05) and genotype (p < 0.0001) level
were found for the 1.7 mm-caliber seed weight. The average weight for the FI treatment was
4.82 g, whereas the RI average was significantly lower (3.85 g). The highest 1.7 mm-caliber
seed size weight was observed for line CLS-1, followed by CLS-3 and CLS-7 (Table 1).
Interestingly, these three lines did not show similar decreases in the RI treatment, but
for CLS-3 and CLS-7 the average difference between treatments was comparatively small
(Figure S1). When also considering lower caliber seeds (1.4 mm and 1.18 mm), seed size
displayed an inverse effect. A decrease in the proportion of higher caliber seeds occurred
simultaneously with an increase in the proportion of lower caliber seeds (Figure S1).

For panicle length, we found a significant effect of genotype (p < 0.0001) and genotype
by treatment interaction (p < 0.0001). Within the FI treatment, CLS-2 and cv Regalona had
the shortest panicles, followed by CLS-7 and CLS-9, whereas lines CLS-1, CLS-5, CLS-6
and CLS-8 had the longest panicles. In the RI treatment, CLS-5 still had the largest panicle
length, followed by CLS-1, CLS-6 and CLS-8. The other CLS lines and cv Regalona all
had shorter panicles. Panicle width showed a significant treatment (p < 0.01), genotype
(p < 0.0001) and genotype by treatment interaction effect (p < 0.0001). The panicle width
was reduced in the RI treatment for lines CLS-2, CLS-3, CLS-4 and CLS-9 (Figure S2b).
Within the FI treatment, panicles were smallest in width in CLS-7 and largest in CLS-6,
CLS-8 and CLS-9. The widest panicles in the RI treatment were found for lines CLS-6,
CLS-8 and CLS-5. The lines CLS-6 and CLS-8 had the overall largest panicles, together with
CLS-5 whose panicles even increased in size under RI.

The plant height at harvest ranged from 99 to 127 cm (with an average height of
115 cm) in the FI treatment, and from 87 to 108 cm (with an average height of 97 cm) in
the RI treatment (Figure S3a). For all genotypes except CLS-5 and CLS-8, plant height was
significantly (p < 0.01) reduced under RI conditions (Figure S3b). The largest effect of RI on
plant height was observed for CLS-2 and CLS-6, whereas the effect was small for CLS-8
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and CLS-5 (Figure 2). Plant height recorded for line CLS-8 was relatively short in both
treatments, while CLS-5 plants were considered medium height when compared to the
other lines (Figure S3). The tallest lines at harvest were CLS-1, CLS-3, CLS-4, CLS-6 and
CLS-7, whereas plants of CLS-9 and cv Regalona were the shortest in both treatments.

Figure 2. Plant height at harvest under reduced irrigation (RI) expressed as a percentage of plant
height under full irrigation (FI) for nine coastal lowland self-pollinated lines (CLS) and commercial
cv Regalona. The mean plant height under RI as a % of FI is indicated by a horizontal line.

Yield responses to reduced water availability in a genotype panel can also be assessed
by means of drought and yield tolerance indices. These are based on the overall effect
on yield or by comparing genotypes of interest to the yield reduction in a set of reference
genotypes [40]. The drought tolerance index (DTI) was 0.76 in our field trial involving nine
CLS lines and the commercial cv Regalona as a reference. Therefore, an overall 24% yield
loss occurred under RI conditions. The DTI of CLS-1 and CLS-2 was the highest (1.41 and
1.32, respectively), as no yield loss was recorded under RI, while cv Regalona had a DTI of
1.23 and was also relatively unaffected by drought (Table 2). Among the other lines, CLS-5
was the most affected by drought with a DTI of 0.60. In this field experiment, all CLS lines,
except CLS-1 and CLS-2, performed worse than cv Regalona. As recommended by Ober
et al. and del Pozo et al. [40,41], we also calculated the yield tolerance index (YTI) because
it may differentiate between genotypes that perform better under drought stress due to an
inherently high yield potential, and those that intrinsically have greater drought tolerance.
This difference was observed in our field trial for CLS-1 and CLS-2, which had YTI’s of
0.66 and 1.29, respectively (Table 2). CLS-2 was therefore a high yielding line despite the
applied treatment, whereas CLS-1 was in itself more drought tolerant. The line CLS-8
was also found to be drought tolerant per se, most likely due to its overall smaller size,
which resulted in reduced total transpiration. CLS-9 had higher yields under drought due
to its inherently higher yield potential, albeit this effect was still less pronounced when
compared to CLS-2. Finally, CLS-6 performed better than cv Regalona, despite being more
sensitive to drought (Table 2).
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Table 2. Drought and yield tolerance indices according to Ober et al. [40] and del Pozo et al. [41]
calculated for nine coastal lowland self-pollinated lines (CLS) and commercial cv Regalona grown in
a field experiment under full irrigation and reduced irrigation. The drought tolerance index (DTI)
is based on the drought intensity index across all genotypes in the experiment (DII, 0.76), whereas
the DTI-R is based on the DII of Regalona (0.93) as a reference. The yield tolerance index (YIT) is
calculated across all genotypes in the experiment.

Genotype DTI DTI-R YTI

CLS-1 1.41 1.15 0.66

CLS-2 1.32 1.08 1.29

CLS-3 0.96 0.78 0.69

CLS-4 0.78 0.63 0.67

CLS-5 0.60 0.49 0.36

CLS-6 0.88 0.71 1.01

CLS-7 0.90 0.74 0.55

CLS-8 1.02 0.83 0.66

CLS-9 0.98 0.80 1.07

Regalona 1.23 1 0.72

2.2. Thermal Index for Plant Responses to Drought and Irrigation

Thermal index 1 (TI1, ◦C) was obtained at 46 and 47 days after sowing (DAS), i.e., at
the visible inflorescence stage for all plots in both treatments. A TI1 close to zero means
cool leaves corresponding to high transpiration, whereas more negative values indicate
warmer leaves, suggesting stomatal closure. We found a significant effect of treatment
and measurement day, as well as their interaction (p < 0.001), but no significant effect of
genotype. The measurement day effect originated from the timing of irrigation. At 46 DAS,
plants had not been irrigated for almost three days and loss of turgor in leaves was observed
in both the FI and RI treatments. All plots were irrigated at noon of 46 DAS, but in the
afternoon, TI1 was still very negative in both treatments, indicating that the leaves had not
fully recovered and transpiration was still low (Table 3). At 47 DAS, 24 h after irrigation,
all values became less negative, suggesting recovery from acute drought, although the
treatment effect was noticeable with values closer to zero for FI plants. This was most
pronounced for CLS-2, CLS-9 and cv Regalona, and may indicate higher transpiration
rates and/or reduced stomatal closure under FI conditions compared to the other lines.
For CLS-4 and CLS-8, TI1 values under FI conditions were still more negative, potentially
indicating faster stomatal closure and reduced transpiration under high vapor pressure
deficit conditions in the afternoon. On the other hand, lines CLS-3 and CLS-4 had the least
negative TI1 under RI conditions at 47 DAS, suggesting that transpiration was reduced less,
compared to the other lines and cv Regalona.

2.3. Hyperspectral Indices as Proxies for Plant Trait Measurements

Hyperspectral imaging data acquired at the visible inflorescence stage were pro-
cessed to obtain vegetation indices. These included published vegetation indices (VIs,
Table S1, [42–64]), calculated based on wavelengths selected for other species and mostly
obtained by remote sensing. In addition, we compared the relative reflectance of quinoa
across the complete spectral region (File S1).
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Table 3. The thermal index 1 (TI1, ◦C) calculated based on thermal infrared data for nine coastal
lowland self-pollinated lines (CLS) and commercial cv Regalona in a field experiment under full
irrigation (FI) and reduced irrigation (RI) conditions. Images were acquired at the visible inflorescence
stage on two consecutive measurement days, expressed in days after sowing (DAS). Values are
means ± standard deviation.

Genotype 46 DAS 47 DAS
FI RI FI RI

CLS-1 −5.55 ± 0.65 −5.39 ± 0.38 −1.10 ± 0.85 † −2.72 ± 0.61 †

CLS-2 −5.00 ± 1.72 −4.17 ± 0.79 −0.02 ± 1.23 † −2.68 ± 1.04 *

CLS-3 −5.21 ± 0.74 −3.85 ± 0.78 −0.37 ± 1.20 † −1.69 ± 0.65 †

CLS-4 −6.13 ± 1.62 −4.38 ± 0.20 −1.70 ± 0.27 † −1.87 ± 0.88 †

CLS-5 −5.07 ± 1.38 −5.96 ± 1.37 −1.10 ± 1.28 † −2.27 ± 0.79 †

CLS-6 −5.03 ± 1.42 −4.91 ± 1.96 −0.81 ± 1.12 † −2.38 ± 1.24

CLS-7 −5.48 ± 0.60 −5.29 ± 0.67 −1.30 ± 1.09 † −2.57 ± 1.33 †

CLS-8 −5.22 ± 0.88 −5.19 ± 0.54 −2.29 ± 1.06 † −3.23 ± 0.77 †

CLS-9 −4.24 ± 1.22 −5.06 ± 0.81 −0.12 ± 0.90 † −3.37 ± 0.64 †*

Regalona −4.36 ± 1.23 −4.55 ± 1.90 −0.17 ± 0.48 † −2.75 ± 0.11 *
n = 3. * indicates significant differences between treatments per genotype and measurement day (p < 0.05).
† indicates significant differences between measurement days 46 DAS and 47 DAS within genotype and treatment
(p < 0.05).

We performed a three-way ANOVA to find out whether VIs could detect differences
between genotypes and treatments across repetitions. All main effects (genotype, treatment
and repetition) were significant, as well as all interactions. We therefore investigated the
effect sizes of the main effects and their interactions (Figure S4). Effect sizes were the
smallest for treatment in all VIs, which was further confirmed by the results of the two-way
ANOVA per repetition. Either genotype or repetition, and their interaction, had the largest
effect size depending on the VI. All NDVI-related VIs had very small effect sizes, whereas
the RGRI and MCARI2 of the same group of structure-related VIs showed the overall
largest effect sizes, together with the RGI and G. Both calculations include wavelengths
in the red and green region of the spectrum. RGI and G were followed in effect size by
the WCI (red, green, NIR), CRI2 (blue-green, red-edge) and BRI (blue, green). We further
analyzed the effect sizes for pairwise contrasts between genotypes within each treatment.
Figure 3 shows the VIs for which an effect size larger than one standard deviation across
the three repetitions was found. The VIs MCARI2, RGI, RGRI and G showed the largest
effect sizes and were associated with a larger number of contrasts between genotypes in
both treatments. CLS-7 differed from six other genotypes in the FI treatment, followed
by CLS-3 and cv Regalona (five genotypes), CLS-5 (four genotypes), and CLS-9 (three
genotypes). In the RI treatment, CLS-2 and CLS-4 appeared at the forefront, with large
effect size differences with five and four other genotypes, respectively. CLS-7 and CLS-3
still differed from each other and three other genotypes, whereas cv Regalona only differed
from two genotypes.

The WBI, which represents the extent of water-sensitive depression between 900 nm
and 970 nm, showed consistent differences in mean values across repetitions between FI
and RI treatments for CLS-1, CLS-6 and CLS-7. The effect sizes, on the other hand, were
small. The WBI was not different between treatments for CLS-2, CLS-5 and CLS-8. For the
remaining lines, no consistent treatment effects were detected. For the other water content-
related index WCI, consistent differences in mean values between FI and RI were found for
CLS-3, CLS-7, CLS-8 and CLS-9, with effect sizes close to two and three standard deviations
for CLS-3 and CLS-9 respectively, and one standard deviation for CLS-7 and CLS-8.
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Figure 3. Quinoa genotype pairwise contrasts for the full irrigation (FI) and reduced irrigation (RI)
treatments and vegetation indices (VIs) with consistently high effect sizes (larger than one standard
deviation) across the three repetitions. The size of the nodes’ rectangle is proportional to the number
of connected VIs per genotype contrast (left) or the number of genotype contrasts per VI (right). The
online figure is interactive and highlights interactions when pointing the cursor to genotype contrasts
and VIs.

2.4. Relationship between Agronomical Traits at Harvest, Plant Phenology, and Morphological and
Physiological Traits at the Onset of Flowering

Observations on the progress of phenological stages were made throughout the grow-
ing season, but differences between CLS lines and cv Regalona were only found in the
duration of the seed maturation stages (File S3). At the visible inflorescence stage (ex-
tended BBCH 59 [39]), we measured plant morphological and physiological traits by
well-established methods, details of which and measurement results are provided in File S4.
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Traits included plant height, stem diameter, stem and leaf biomass, stem and leaf water
potential, leaf relative water content, and the quantum efficiency of photosystem II.

Morphological traits measured at the visible inflorescence stage showed a significant
positive correlation with yield and yield components (Figure 4). Plant height measured
at harvest correlated positively with seed size. Among the physiological traits measured
at the visible inflorescence stage, the leaf relative water content and stem water potential
showed a positive correlation with yield (Figure 4).

Figure 4. Correlation of phenological, morphological, physiological, and agronomical traits measured
across development, at the visible inflorescence stage (traits preceded by ‘I-’), or at harvest (traits
preceded by ‘H-’) in nine coastal lowland self-pollinated lines and commercial cv Regalona grown
in a field experiment under full irrigation (FI) and reduced irrigation (RI). The color of the ellipses
represents the correlation coefficient (R) which can be positive (blue) or negative (red). The slimness
of the ellipses represents the coefficient of determination (R2). Only significant correlations (p < 0.05)
are shown.

A principal component analysis (PCA) across treatments explained 59.3% of the
variability and separated the treatments along principal component 1 (PC1, 34.1%), with
the exception of CLS-3 (Figure 5a). The traits that most contributed to PC1 consisted of
morphological traits measured at the visible inflorescence stage, including stem and leaf
biomass, stem diameter and plant height (Figure 5b). The latter observation explains why
CLS-3-RI did not separate well from CLS-3-FI, because for this line, we did not detect a
reduction in shoot biomass under RI conditions at the visible inflorescence stage (File S4).
Stem water potential, leaf water content and thermal index 1, measured at the visible
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inflorescence stage, also contributed to PC1. Treatments were further separated by yield,
the 1000 seed weight and plant height at harvest. Principle component 2 (PC2), which
explained a further 25.2% of the variability, distinguished CLS lines from cv Regalona, with
CLS-1 and CLS-5 being the most distant from cv Regalona as well as the other CLS lines
under FI conditions (Figure 5a). Under RI conditions, CLS-5 remained the most distant,
whereas CLS-9 was similar to cv Regalona. The traits that most contributed to PC2 were
the timing of the milky and doughy grain stages, physiological maturity of the grains,
seed size, panicle length, seed weight per plant and the efficiency of PSII under high-light
conditions (Figure 5b). According to the PCA, plant height, stem biomass, stem water
potential and thermal index 1, all measured at the visible inflorescence stage, were most
closely related to yield, whereas panicle length and efficiency of PSII were associated with
seed maturation stages. Plant height at harvest was related to seed size (Figure 5b). We did
not find any similarity between the classification of the lines according to the DTI and YTI
and the position of the lines in the PCA plot.

In a PCA of vegetation indices in combination with agronomical, morphological and
physiological traits, PC1, PC2 and PC3 explained 88% of variability (Figure S5). A majority
of traits contributing the most to the PC1-3 consisted of VIs developed as proxies for
chlorophyll content. Only one water-related VI was in the top ten traits of PC1. The
top-scoring VIs corresponded to the VIs for which a consistently large effect size across
the three repetitions was found as well as a large number of contrasts between genotypes
(Figure 3). For CLS-3 and CLS-7, treatments were most separated along PC1 and PC2
(Figure S5), whereas CLS-4 and CLS-5 (FI and RI), and CLS-6, CLS-9 and CLS-3 (RI)
grouped together along PC1. For lines CLS-1 and CLS-4 and cv Regalona, treatments
did not separate along PC1 or PC2. No consistent correspondence between DTI and YTI
and clustering of lines was detected based on VIs. Also, no significant correlation with
yield was found for any of the VIs, and only NPCI and SIPI showed a weakly significant
correlation with 1000 seed weight (Table S2). The WBI correlated weakly but significantly
with the 1.7 mm and 1.18 mm caliber seed weights. A majority of significant correlations
were observed for morphological and physiological traits, with VIs including blue and
red wavelengths correlating with morphological traits and stem and leaf water potential,
and those calculated using green wavelengths correlating with leaf relative water content
(Table S2). The strongest correlations overall were detected for MCARI and PSII efficiency,
and PRI and stem and leaf water potential.
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Figure 5. Principal component analysis of agronomical, morphological and physiological traits
measured in nine coastal lowland self-pollinated lines (CLS) and commercial cv Regalona grown in a
field experiment under full irrigation (FI) and reduced irrigation (RI). (a) Distribution of CLS lines and
cv Regalona under FI and RI along principal components 1 and 2 (PC1 and PC2); (b) Contributions of
traits to PC1 and PC2. Phenological traits included in the analysis were: days to milky grain stage
(MG), days to doughy grain stage (DG), and days to physiological maturity (PM). Traits measured at
the visible inflorescence stage included in the analysis were plant height (I-PH), stem diameter (I-SD),
stem biomass (I-SB), leaf biomass (I-LB), leaf relative water content (I-RWC), stem water potential
(I-SWP), thermal index 1 (I-TI1), and quantum efficiency of photosystem II in low-light (I-PhiPSII-low)
and high-light (I-PhiPSII-high) conditions. Traits measured at harvest included in the analysis were
plant height (H-PH), yield (H-Y), seed weight per plant (H-SWplant), 1000 seed weight (H-1kSW),
1.7 mm caliber seed weight (H-SW 1.7 mm), 1.4 mm caliber seed weight (H-SW 1.4 mm), 1.18 mm
caliber seed weight (H-SW 1.18 mm), panicle length (H-PL) and panicle width (H-PW).
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3. Discussion

Tolerance of quinoa to abiotic stresses such drought, salinity, low soil fertility and frost
has been well documented, making it a target crop for addressing future food security
in the context of a climate crisis [13,19,20,31,65]. Studies have recorded significant yield
deficits, especially under low soil water availability and high vapor pressure deficit, high
temperatures and nitrogen deficiency [15,66–70]. Inability to attain the full yield potential
has been attributed to sink limitations, while higher yields could be obtained in quinoa
if reproductive partitioning is increased [71]. Chilean quinoa varieties from the coastal
lowland ecotype have become the basis of most breeding programs aimed at production
in temperate environments such as northern Europe, due to their photoperiod insensitiv-
ity [32,34]. A high-quality reference genome assembly [72] based on the sequencing of
the Chilean coastal quinoa accession PI 614886 (also known as NSL 106399 and QQ74)
will contribute significantly to deeper understanding of the genetic attributes of quinoa
and to further improvement of future breeding programs. The CLS lines grown in this
study all belonged to the coastal lowland ecotype and were selected based on their yield
potential across different geographical locations and seasons, architectural traits, and broad
adaptability to adverse environmental conditions.

In quinoa, the flowering and grain-filling stages are considered the most critical
for yield determination and the most sensitive to stress, including drought and high
temperatures [18,68,70,73,74]. Indeterminate grain development in a complex panicle
structure coupled with uneven grain filling lies at the basis of this sensitivity [67]. Stress
induced by reduced irrigation was well established at the flowering and seed filling stages
in our field trial and resulted in significant reductions in yield for the majority of CLS
lines, but not in cv Regalona. Lower individual seed weight and a shift in seed size
distribution from larger to smaller seeds were also observed. Individual seed weight and
seed size were consistently among the smallest in cv Regalona, but total seed number
may have compensated for this, as yield in cv Regalona was, on average, similar to the
CLS lines. Grain number was the major component in grain yield determination, while
grain weight showed a weak to strongly negative association with grain number across
a multi-environmental evaluation for grain yield and its physiological determinants [75].
Nevertheless, seed size is an important commercial trait in quinoa [76] and breeding
potential is considered to exist for both seed number and seed size [29,30,77,78]. The CLS
lines showed potential in field performance for both yield and seed size, even though
coastal lowland lines are characterized by a seed caliber under 2 mm. Indeed, fully
irrigated (FI) plants yielded 3.24 t ha−1 on average, which decreased to 2.45 t ha−1 in
reduced irrigation (RI) conditions. Nevertheless, in southern Mediterranean conditions the
total seed yield ranged from 0.70 t ha−1 to 3.25 t ha−1, even across seasons [79]. Considering
recent reports from arid regions, quinoa Q26 produced the highest seed yield in Bastam,
Iran (1.29 t ha−1 on average), which was not significantly different from Q29 (1.24 t ha−1),
while in Damghan, the highest seed yield was achieved in Q26 (1.19 t ha−1) [80]. Another
report from an arid growing site in China recorded the 1000 seed weight differences for
two seasons (2.12–2.03 g) when soil matric potential decreased (−55 kPa SMP), which was
significantly lower than under −15 kPa SMP (2.28–2.21 g), well below the averages of
1000 seed weight determined in this study [81].

Yield was maintained under RI in CLS-1 and CLS-2 as well as in cv Regalona, and
was relatively sustained in CLS-9 despite the reduced water supply. Higher yields were
recorded for both CLS-2 and CLS-9 compared to cv Regalona, which was similar in yield
to CLS-1. High yields were achieved using different strategies for leaf relative water
content, stem water potential, biomass and seed number and size. This response was
similar to observations in the cvs Illpa and Rainbow, which used different strategies in the
face of water deficit stress to prevent decreases in grain yield and quality under drought
conditions [25]. At the visible inflorescence stage, CLS-2 had one of the largest recorded
leaf biomasses, but also suffered the largest reduction in shoot biomass in response to the
reduced water supply. High yields in CLS-2 were achieved with medium to large seeds
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on a short, compact panicle. In cv Regalona, a larger proportion of smaller caliber seeds
was produced on a relatively short panicle. CLS-1 produced a higher proportion of large
seeds on a long panicle, but overall seed size was lessened by reduced irrigation. Notably,
CLS-1 seeds took a longer time to reach the doughy stage of seed maturation, whereas
the overall shortest seed maturation time was recorded for the relatively small seeds of cv
Regalona. Variation in grain weight was found to be strongly correlated with the rate of
grain filling, and weakly or not associated with grain-filling duration [67,73], but this was
not observed in our trial. CLS-9 was high yielding, mainly in terms of seed number, as it
had a larger proportion of small seeds on a short panicle, like the phenotypic observations
of cv Regalona. Notably, the TI1 suggested higher rates of transpiration under FI conditions
for CLS-2, CLS-9 and cv Regalona.

CLS-7 had one of the highest proportions of large seeds recorded for both FI and
RI treatments, although these were less numerous overall and were produced on a small
panicle. Yield was, on average, severely reduced in CLS-5. Plants were short compared
to other lines at the visible inflorescence stage, which was partially compensated for by a
large panicle at harvest, although a lower proportion of small seeds compared to other lines
was observed. CLS-8 already showed reduced stem and leaf biomasses under conditions
of RI at the visible inflorescence stage. These effects were more pronounced compared
to corresponding observation in cv Regalona. At harvest, CLS-8 plant height was low
compared to other CLS lines, despite having a large panicle in both FI and RI treatments.
On average, the lowest 1000 seed weight was recorded for CLS-8 and CLS-6, but overall
seed yield was not consistently reduced in plots compared to FI. CLS-6 produced a fair
yield in terms of seed numbers, but with a higher proportion of small (less than 1.7 mm
caliber) seeds. CLS-8 was considered drought tolerant per se, which, according to the TI1,
may have been related to very sensitive stomatal closure. Finally, CLS-3 exhibited tall
plants both at the visible inflorescence stage and at harvest. While vegetative biomass was
not reduced, inflorescences were smaller under RI and yield was reduced mainly due to a
reduction in seed number, as CLS-3 produced the overall highest proportion of large seeds
and had the heaviest 1000 seed weight. For the CLS lines, plant height at harvest was not
correlated with yield, whereas lines with the tallest plants under RI, CLS-3, CLS-7, and
CLS-1 and CLS-5 produced the highest proportion of large seeds under both FI and RI
conditions (R2 of 39%). Lines that showed the highest average yields, CLS-6 and CLS-9,
generally had a higher proportion of smaller seeds, with the exception of CLS-2, which
produced medium to large seeds.

Correlations between traits measured at the visible inflorescence stage and those mea-
sured at harvest were weak overall, most likely due to the small number of measurements
per line taken at the visible inflorescence stage and the environmental conditions between
flowering and harvest that affect plant physiology and, consequently, seed maturation.
Nevertheless, these correlations may give indications about the influence of reduced irriga-
tion from the branching to the visible inflorescence stage on the final yield and seed weight,
and about the potential to predict agronomical traits from morphological and physiological
traits measured earlier in the growing season. Between 15 and 35% of the variation in plant
height at harvest and 5 to 16% of the variation in yield could be explained by shoot biomass
measured at the visible inflorescence stage. The PCA analysis also confirmed a relationship
between shoot morphology traits at the onset of flowering and yield. Among the physiolog-
ical traits, leaf relative water content, stem water potential and the TI1 showed significant
positive correlations with yield, indicating that these traits contribute to effects of reduced
irrigation on yield. Moreover, a significant correlation was found between the TI1 and stem
and leaf water potential (R2 of 0.49 and 0.39 respectively), supporting the value of thermal
infrared imaging for detecting differences in water use behavior among genotypes.

Plant drought response mechanisms have been reported in quinoa and include re-
duced growth [23,69], stomatal closure associated with abscisic acid and hydraulic sig-
naling [22,25,82–84], peroxisome abundance as a cellular sensor [68], the accumulation
of osmoprotectants, antioxidant defense and membrane stabilization [19,20,26,27], and
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elevated recovery capacities of PSII and PSI photochemical activities after re-watering [85].
Understanding how the physiological mechanisms employed by quinoa in response to
drought as well as specific strategies implemented by different genotypes influence the
final yield is crucial for both crop management and breeding. Better comprehension of
genotype by environment (G × E) interactions and the optimization of irrigation for a
specific crop’s needs or to address an irrigation deficit [19,25,29,67] will lead to improved
crop management (M) and higher-yielding harvests, improving G × E ×M interactions.
Nevertheless, we were unable to make clear distinctions between quinoa lines employing
profligate or conservative water-use strategies [86] using the data collected in this trial via
more traditional methods, as the frequency and number of measurements were relatively
low. Canopy temperature and vegetation indices collected using handheld, ground-based
or remote sensors could distinguish irrigated from non-irrigated treatments in a study
by Sankaran et al. [38]. A significant relationship between water availability and canopy
temperature was also detected for a selection of quinoa genotypes grown under different
water regimes in the Brazilian Cerrado region [70]. We therefore included thermal infrared
and hyperspectral imaging to determine whether these systems could deliver proxies for
water use, photosynthetic activity or yield, or otherwise reveal differences between lines
that may or may not have been observed using standard methods [36,87–92].

Both imaging techniques were fast and delivered data with a high temporal resolution
and an increased frequency for a potentially better comparison of physiological responses
between genotypes and treatments. The Huasco experimental center located in the southern
Atacama Desert provided the ideal environmental conditions for this field trial. This was
especially apparent for the measuring period at the visible inflorescence stage, where stable
conditions coupled with high light intensity and clear skies throughout the day were ideal
for applying imaging techniques. In addition, all measuring days had similar diurnal
temperature and vapor pressure deficit profiles. The main factor that influenced plants
differently was included in the trial itself as the treatment, namely soil water content. The
observed responses to acute water deficit and irrigation (re-watering) in the measurement
of stem and leaf water potential were also seen in the thermal and vegetation indices as the
measurement day had a significant effect.

Further valuable information on the sensitivity of physiological processes to soil water
content in the different CLS lines could have been obtained by means of diurnal imaging.
With regard to the methodology to obtain the thermal indices, we were fortunate to observe
wet leaves (dew) until quite late in the morning, when other environmental conditions
(air temperature, radiation, VPD) were already at or close to the maximum values for the
day. Covering leaves with petroleum jelly to obtain dry reference temperatures is not ideal,
albeit a commonly used method. A more pragmatic approach would be to image a black
reference target that adapts quickly to the prevailing environmental conditions, such as a
thin sheet of aluminum [93]. An even, black reference surface can be reliably selected with
automated image processing procedures. Data obtained from diurnal measurements before
and after irrigation, as well as visible loss of turgor, may also help in setting thresholds
on indices similar to the upper and lower baselines used in thermal imaging for irrigation
scheduling [94].

In both the vegetation indices and the analysis of selected wavelengths, differences
between lines were larger than treatment effects. The latter may have been influenced by
the measurement days, as these included times of acute water deficit stress and recovery
from stress after irrigation. Overall, the mean reflection in the green wavelengths was
substantially decreased in RI conditions for most lines, except CLS-2, CLS-4 and CLS-7.
Lower green reflection has been previously described in maize under conditions of drought
stress [55]. This means that leaves appear darker green, which may be related to a higher
concentration of chlorophyll in reduced mesophyll cell volumes and an accumulation of
protective pigments [58]. Higher mean NIR reflection has been attributed to a decreased
leaf water content and leaf thickness [55,95], and was observed in CLS-5, CLS-6 and CLS-7
in the RI treatment. The blue and green regions of the spectrum contributed the most in
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distinguishing genotypes, whereas the effect of the measurement day was most clearly
observed in the red, red-edge and NIR region of the spectrum (File S1). The time interval
since the last irrigation event may therefore have influenced these wavelength regions.
Vegetation indices that consist of these wavelengths were the most effective in showing the
measurement day effect or distinguishing lines. They included MCARI2, RGI, RGRI and G,
consisting of green and red wavelengths, followed by WCI (green, red and NIR), CRI2 (blue,
green and red-edge) and BRI (blue and green). CLS-7 and CLS-3 differed from many of the
other lines in the FI treatment, whereas they were preceded by CLS-2 and CLS-4 in the RI
treatment. The reasons that CLS-3 and CLS-7 strongly differ from each other, the other CLS
lines and cv Regalona, based on spectral reflectance, are currently unknown. Nevertheless,
both produced the highest proportion of large seeds and the highest 1000 seed weight.

The two water-related VIs could consistently detect differences between FI and RI
plots. For the WBI, this was the case in CLS-1, CLS-6 and CLS-7, and for WCI in CLS-3,
CLS-7, CLS-8 and CLS-9. No treatment effect was found for the WBI in CLS-2, CLS-5 and
CLS-8. The WBI is based on the extent of the water-sensitive depression between 900 nm
and 970 nm in the NIR [59], whereas the WCI includes wavelengths in the green, red
and NIR regions [55]. In a study by Hinojosa et al. [37] using a handheld multispectral
radiometer, the NDVI was suggested as a proxy for yield in quinoa. We could not confirm
this result because no consistent relationship was found between the highest yielding
CLS lines and their respective NDVI values. We did observe the highest gNDVI under
FI conditions for CLS-4, which is known for its dark green leaves and red pigmentation.
A similar observation was noted in Hinojosa et al. [37] for a genotype with red shoot
coloration. Here, the gNDVI for CLS-4 was high because of a particularly low reflectance
in green compared to the other CLS lines and cv Regalona.

No correspondence was found between the classification of lines according to the
DTI and YTI and the clustering of lines in the PCA of VIs. In addition, no significant
correlation with yield was found for any of the VIs. The majority of significant correlations
were observed for morphological and physiological traits, with VIs including blue and
red wavelengths correlating with morphological traits and stem and leaf water potential,
and those calculated using green wavelengths correlating with leaf relative water content.
The PCs mainly consisted of VIs that were originally developed to detect differences in
chlorophyll fluorescence and photosynthesis. Potentially, lines CLS-3 and CLS-7 differ
from the other lines in these traits. On the other hand, these VIs are also correlated with
stem and leaf water potential as the latter has been associated with wavelengths in the
red region [55]. We can conclude from this study that hyperspectral imaging has a great
potential in estimating traits contributing to yield and in distinguishing genotypes along
these traits, rather than providing proxies for yield itself or distinguishing genotypes based
on yield.

Summary and Future Directions

• Significant correlations were detected between morphological and physiological traits
measured at the onset of flowering and at harvest.

• Lines CLS-1, CLS-2 and CLS-9 performed best when faced with a 50% reduction
in irrigation and performed well in terms of seed traits and plasticity for hyper-
arid regions.

• Imaging techniques show good potential for high-throughput phenotyping of quinoa
in future studies. Additional data from larger field trials will be needed to improve
the quantitative evaluation of quinoa genotypic responses and their relationship to
specific traits of interest, including productivity and physiological traits.

4. Materials and Methods
4.1. Field Trial Setup

Nine novel quinoa genotypes (CLS-1 to CLS-9) and one commercial cultivar (Regalona
Baer, referred to in this text as cv Regalona), were grown in the field to investigate responses
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to full and reduced irrigation. The CLS genotypes were initially selected from the INIA
SeedBank Collection based on morphological (i.e., branching type and panicle shape) and
yield traits (i.e., total seed weight and seed diameter) observed in the field, and further
developed in a breeding program by INIA Chile through a combination of mass selection,
self-pollination of individual lines (over the course of at least two seasons) and panicle-
furrow selection. The field trial took place at the INIA-Huasco experimental center located
in the southern Atacama Desert (Vallenar, Chile, 28◦34′ S, 70◦47′ W and 469 m.a.s.l.) during
the 2019/2020 growing season (sowing on 26 September 2019, harvest on 21 February 2020).
This location was particularly well-suited for this trial as the Atacama Desert is known for
being one of the driest regions in the world, ensuring that rainfall would not hinder the
planned irrigation protocol. The soil corresponded to La Compañía series, a sandy loam
textural class of soil composed of sand (75.5%), silt (10.9%) and clay (13.7%), with a low
organic matter content (2.0%), an alkaline pH (8.1), slight salinity (2.4 dS m−1), and with a
basic content of N-P-K (45-21-311 mg kg−1 respectively).

The experimental design was split-plot with irrigation treatment as the main plot
(between factor, two levels), genotype as the split-plot (within factor, 10 levels) and a
blocking factor with six levels (Figure S6). Each plot of 2 by 4 m contained four rows of
quinoa with an inter-row spacing of 0.5 m [76]. Seeds were sown at a density of 15 kg ha−1

with >85% germination. Two irrigation treatments were tested, with full irrigation (FI)
considering the reposition of ET0 and the lack of a crop coefficient (Kc) for quinoa growing
in the region. For the reduced irrigation (RI) treatment, we defined a severe reduction
of irrigation time (50%) and kept the same schedule as for the full irrigation treatment
(every second or third day) by means of pressurized drip lines. The RI treatment started
at growth stage 20 (branching, extended BBCH [39]). Fertilizer was provided at sowing
(75-120-60 N-P-K) and an additional 75 N was provided at growth stage 12 (second pair
of leaves visible, extended BBCH [39]). Plots were regularly inspected for weeds and
pests, which were controlled manually, and disease was managed with the application
of chlorothalonil (2 L ha−1 BRAVO 720, Syngenta) from growth stage 16 (six pairs of
leaves visible, extended BBCH [39]). A meteorological station located at the INIA-Huasco
experimental station, approximately 300 m from the experimental setup, collected weather
data, and soil sensors that monitored volumetric water content and temperature were set
up in both treatments (Figure 6). Total monthly precipitation recorded for the field site
over the course of the trial was as follows: 0.0 mm from 26 to 30 September, 1.3 mm for
the month of October, 0.3 mm for the month of November and 0.2 mm for the month of
December. No precipitation was recorded for the months of January and February.

Over the course of the entire growing season, plots were regularly inspected and phenol-
ogy was determined visually according to the extended BBCH scale by Sosa-Zúñiga et al. [39].
When plants were in the visible inflorescence stage of development (extended BBCH
59 [39]), morphological and physiological traits were measured (described in detail in
File S4). The timing corresponded to 46–50 days after sowing (DAS). Morphological traits
and leaf relative water content were measured on one day only for all plots of both treat-
ments (47 DAS). Because of practical constraints related to time and the labor-intensive
nature of some of the methods, the measurements of the other physiological traits were
grouped per block and treatment at 48, 49 and 50 DAS.
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Figure 6. Weather data over the course of the field experiment from 26 September 2019 to 28 February
2020 collected by a meteorological station at the INIA-Huasco experimental center in the southern
Atacama Desert (Vallenar, Chile, 28◦34′ S, 70◦47′ W and 469 m.a.s.l.) 300 m from the field trial and by
soil sensors in the field trial; (a) daily maximum and night mean temperature; (b) daily maximum
vapor pressure deficit (VPD); (c) daily total radiation; (d) daily mean volumetric soil water content
(VSWC). The full irrigation and reduced irrigation treatments started at branching (35 days after
sowing), but the sensor data were only available from 40 days after sowing. The colors in the figure
represent the respective quinoa developmental stages.

4.2. Data Collected at Harvest

Plots were harvested during the senescence period once genotypes reached physiolog-
ical maturity, i.e., when seeds from the main panicle became hard and resistant to pressure,
which corresponds to a seed moisture content of about 20%. A 1 m2 area consisting of two
central rows was manually harvested in each plot. The plant number and height for the
harvested area was recorded. Plant yield was determined as the total seed weight in one
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linear meter of two central rows per plot. Yield data are shown as the productivity in t ha−1

at a standard seed moisture content of 20%. Additionally, the total seed weight was divided
by the number of plants sampled to obtain the seed weight per plant. The final height was
measured for the same plants. Seed metrics included the 1000 seed weight, determined
using a seed counting machine (S-JR, DATA Technologies, Kibbutz Tzora, Israel), and the
proportional weight of a 10 g seed sample retained in sieves of different mesh openings
(1.7, 1.4 and 1.18 mm) after 3 min of agitation at 65 rpm. Finally, panicle metrics were
determined for 50 panicles of the central plot rows by imaging complete, intact panicles
with a digital RGB camera (Nikon D3100, 16–55 mm lens), and measuring the panicle
length and maximum width in the images using ImageJ [96]. A ruler was included in each
image for calibration purposes. The drought tolerance index (DTI) and yield tolerance
index (YTI) were calculated for each CLS genotype and cv Regalona as described in Ober
et al. and del Pozo et al. [40,41].

4.3. Thermal Infrared Imaging

Thermal infrared imaging data were acquired using a CAT S60 smartphone equipped
with a FLIR Lepton longwave infrared micro thermal camera module (https://www.catphones.
com/ (accessed on 5 November 2019)). Images had a resolution of 320 × 480 pixels. Two
images per plot were taken to cover the complete plot surface. Images overlapped at the
center of the plot, where a fastened piece of crumpled aluminum foil (40 cm2) and a leaf
covered with petroleum jelly used as a dry reference could be included in both images.
Images were acquired at the visible inflorescence stage of development for all plots in both
the FI and RI treatments in the afternoon of 46 and 47DAS, whereas they were acquired
in the afternoons of 48, 49 and 50 DAS for all plots of blocks 2 and 5, 1 and 4, and 3 and 6,
respectively. Moreover, at 47 DAS, all plots were also imaged in the late morning when
the leaves were still wet with morning dew. The derived temperature data were used as a
wet reference. Images were processed in R using the ‘Thermimage’ package [97]. Settings
for air temperature and relative humidity at the time of imaging were obtained from the
collected environment data. Emissivity was set to 1 in the conversion of image data for
measuring the mean temperature of the crumpled aluminum foil, which represented the
reflected temperature. This was then applied together with an emissivity value of 0.96
to obtain the leaf temperature data. An ImageJ macro was used to semi-automatically
determine regions of interest (ROIs) in the images and corresponding temperature data for
the piece of aluminum foil, the dry reference leaf and patches of sunlit, exposed soil. The
temperature data of these ROIs were then excluded from the image to obtain the mean leaf
temperature data. Thermal index 1 (TI1) was calculated as follows:

TI1 = dTwet.m − dTm (1)

The dTwet.m is the mean of the difference between the temperature of the wet leaves
per plot at 47 DAS and the ambient air temperature at the time of imaging. The dTm is the
difference between the mean leaf temperature per plot and the ambient air temperature at
the time of imaging [88,89].

4.4. Hyperspectral Imaging

Hyperspectral image data were acquired using a Specim IQ (Specim Ltd., Oulu,
Finland), a handheld push broom camera system with integrated operating system and
controls [98]. The Specim IQ measures reflectance in the visible and near-infrared, i.e., from
400 to 1000 nm, with a spectral resolution (FWHM) of 7 nm, 204 spectral bands, and a
spatial resolution of 512 × 512 pixels2. The camera was mounted on a tripod at a height
that allowed a complete individual plot to be captured in the image. The plots of blocks 1
and 4, and 2 and 5 were imaged at 49 and 48 DAS, respectively, between 15:00 and 16:00.
The plots of blocks 3 and 6 were imaged at 49 DAS between 16:00 and 17:00. As blocks
represented differences in the date and time of imaging, they were referred to as repetitions
with blocks 1 and 4 assigned to repetition 1, blocks 2 and 5 to repetition 2, and blocks 3
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and 6 to repetition 3. Plots were always captured in treatment pairs (RI after FI or vice
versa). Each dataset contained a white reference tile, which was imaged simultaneously for
data calibration. A dark reference, representing sensor noise without incoming light, was
recorded automatically before each capture.

Upon image data acquisition, the Specim IQ integrated software allows for the selec-
tion of the white reference tile in the image based on its high reflectance values, in addition
to automated calibration to obtain relative reflectance data. However, we noted that the
white reference tile itself was not selected alone in some images, as other elements with
high reflectance were present, such as pieces of crumpled aluminum foil (used for the
measurement of stem water potential and thermal imaging). The calibration procedure
was therefore redone in R after threshold-based selection of the white reference tile pixels
using an ImageJ macro. All other hyperspectral data processing and analysis steps were
also executed in R.

Plant pixels were segmented from the background using the Normalized Difference
Vegetation Index (NDVI, Table S1) and a threshold level, which also excluded inflorescences
and specular reflection. Shaded background and shaded plant parts with low reflectance
were removed using a threshold in near-infrared (838 nm) and green (554 nm) wavelengths,
respectively. Spectra were smoothed on the pixel level using the Savitzky–Golay smoothing
filter [99] with a third order polynomial and a window size of 11 using the R package
‘prospectr’ [100].

A total of 41 published vegetation indices (VIs, Table S1) were calculated. By means of
a cluster analysis, genotypes were grouped based on the similarity of VI data within the FI
and RI treatment. Agglomerative hierarchical clustering was applied on the scaled VI mean
observations for repetitions 1 to 3 using the ‘agnes’ function of the R package ‘cluster’ [101].
The trees were cut at five clusters. Pearson correlation coefficients were calculated to
describe the linear relationships between traits measured at the visible inflorescence stage,
plant morphology and performance traits measured at harvest, and VIs. In addition,
differences in relative reflectance between genotypes and treatments, independent of VIs,
were analyzed for a selection of wavelengths and wavelength bands. A selection was
used because of the high degree of correlation or collinearity in the relative reflectance of
mostly adjacent wavelengths. A Pearson correlation coefficient was calculated between the
relative reflectance of all wavelengths. A threshold of 0.8 was then applied to split up the
wavelength range in groups of high correlation. One wavelength was selected for further
analysis per group. This yielded five wavelengths, 476 nm, 554 nm, 616 nm, 679 nm and
724 nm, in the blue, green, orange, red and red-edge regions of the spectrum, respectively.
Furthermore, reflectance in the near-infrared region (NIR) was averaged and included in
the selection.

4.5. Statistics

Statistics were performed in R (R version 4.0.3 [102]). Outliers were identified by
applying the interquartile range method (R package ‘rstatix’ [103]). Data were checked
for normality via visual inspection of the QQplot of the residuals of the model and by the
Shapiro-Wilk test. Homogeneity of variances was determined by visually inspecting the
residuals plot and by Levene’s test.

The model ‘trait ~ treatment × genotype + (1|block)’ was run for harvest data using
the ‘lmer’ function in the R package ‘lmerTest’ [104]. Post-hoc pairwise comparisons were
performed using estimated marginal means with a 95% confidence interval (R package
‘emmeans’ [105]). For thermal infrared imaging, a three-way ANOVA (TI1 ~ genotype
× treatment × measurement day) was run. Significant main effects of treatment and
measurement day, and their interaction, were followed by a one-way ANOVA to test the
main effect of treatment at all levels of the measurement day, and vice versa.

For hyperspectral imaging, the VIs PSSRa, PSSRb, PSSRc, SR, SRChl, SRChlb and
SRChltot, and relative reflectance data at 554 nm were log-transformed, a square root
transformation was applied on data at 616 nm, 724 nm and the VI MCARI, and the reciprocal
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of the data of the VI WCI was used to improve normality before statistical testing could
be performed. For VIs and each selected wavelength or wavelength band, a three-way
ANOVA (vegetation index or wavelength ~ genotype × treatment × repetition) was run.
Assumptions were checked based on the normal QQ plot and the residual plot. Statistical
tests for normality or homogeneous variance could not be used because of the large sample
size. The latter also affected the outcome of the ANOVA as all main and interaction
effects were highly significant, and only very few non-significant contrasts (genotype
and treatment) were detected. Effect sizes are therefore reported here. The three-way
ANOVA was followed by a two-way ANOVA (vegetation index or wavelength ~ genotype
× treatment or repetition). Effect sizes for the independent variable in the ANOVA models
were the generalized eta squared, whereas they were calculated as pairwise differences
of estimated marginal means, divided by the standard deviation of the population, for
pairwise comparisons between genotypes and treatments.

Pearson or Spearman correlation coefficients, depending on the distribution of the trait
data, were calculated to describe linear relationships between traits and indices measured
at the visible inflorescence stage and agronomical traits measured at harvest (R packages
‘Hmisc’ [106] and ‘corrplot’ [107]). The mean values of traits per plot were used. A principal
component analysis (PCA) was performed on the mean values of traits and indices per
genotype and treatment using the ‘prcomp’ function in the ‘stats’ package [102]. The
‘factoextra’ package was used for the visualization of the PCA [108].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants11030323/s1, Figure S1: Seed metrics.pdf, Figure S2: Panicle metrics.pdf, Figure S3:
Plant height at harvest.pdf, Figure S4: Vegetation indices-effect size.pdf, Figure S5: PCA of vegetation
indices.pdf, Figure S6: Field trial plot layout and experimental design.pdf, Table S1: Vegetation
indices.pdf, Table S2: Correlations between traits and vegetation indices.pdf, File S1: Analysis of
selected wavelengths.pdf, File S2: Selected wavelengths-effect size-pairwise comparisons.xlsx, File S3:
Phenology.xlsx, File S4: Morphological and physiological traits at the inflorescence visible stage.pdf.
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Abstract: Quinoa cultivation has gained increasing interest in Europe but more research on the charac-
teristics of European varieties is required to help determine their end use applications. A comparative
study was performed on 13 quinoa varieties cultivated under North-West European field conditions
during three consecutive growing seasons (2017–2019). The seeds were milled to wholemeal flour
(WMF) to evaluate the physicochemical properties. The WMFs of 2019 were characterized by the
highest water absorption capacity (1.46–2.06 g/g), while the water absorption index (WAI) between
55 ◦C (2.04–3.80 g/g) and 85 ◦C (4.04–7.82 g/g) increased over the years. The WMFs of 2018 had the
highest WAI at 95 ◦C (6.48–9.48 g/g). The pasting profiles were characterized by a high viscosity peak
(1696–2560 mPa.s) and strong breakdown (−78–643 mPa.s) in 2017. The peak viscosity decreased in
2018 and 2019 (823–2492 mPa.s), while breakdown (−364–555 mPa.s) and setback (19–1037 mPa.s)
increased. Jessie, Summer Red, Rouge Marie, Vikinga, and Zwarte WMFs were characterized by
low WAIs and high shear resistance. Bastille WMF developed high viscosities and, along with Faro
WMF, showed a high breakdown. The wide variation in physicochemical properties suggests that the
potential food applications of WMFs depend on the variety and growing conditions.

Keywords: Chenopodium quinoa Willd.; North-West Europe; wholemeal flour; water holding capacity;
water absorption index; pasting behavior

1. Introduction

The pseudocereal quinoa (Chenopodium quinoa Willd.) belongs to the Amaranthaceae
family. Quinoa was traditionally cultivated by pre-Hispanic civilizations in the Andean
region [1]. The plant produces edible seeds that are small, flat, and round [2]. The seed
color of most commercial varieties are white to grey or black but varieties with yellow or
red–violet seeds exist as well [3,4]. After the recognition of its excellent nutritional value,
quinoa gained increasing interest worldwide [1]. Quinoa is a promising crop for further
expansion in many parts of the world [2]. Quinoa is mainly grown in South America (e.g.,
Peru, Bolivia, Ecuador), although it has been introduced worldwide in the last decades [5].

Quinoa is known for its excellent balance between carbohydrates, proteins, and
lipids [6,7]. Quinoa’s carbohydrate fraction mainly consists of starch (32–69 g/100 g),
with a significant amount of resistant starch and dietary fiber (7.0–11.7 g/100 g) [5,6]. Albu-
mins and globulins make up the main fraction of the total protein content (7–23 g/100 g).
Quinoa is gluten-free, making it a suitable food source for people with celiac disease or
other digestive disorders, such as gluten intolerance [6]. Quinoa proteins have a balanced
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composition of essential amino acids [7]. The protein fraction shows a high content of
lysine, methionine, and threonine, the limiting amino acids in common cereals, such as
wheat and maize [5]. All essential amino acids are present, meeting the requirements for
adults suggested by FAO and WHO [5]. The protein digestibility is usually high, but may
be affected by hydrolase inhibitors or enzyme inhibitory effects of endogenous phenolic
compounds [6]. Besides its nutritional interesting protein content, quinoa has an interesting
lipid content of approximately 5.5 to 7.4 g/100 g, which is higher than that of wheat, maize,
and rice [5]. Quinoa seeds have a higher content of potassium, calcium, magnesium, iron,
copper, and zinc than those found in common cereals [5]. Quinoa is a good source of vita-
mins with higher levels of α-tocopherol (vitamin E), riboflavin (B2), pyridoxine (B6), and
folic acid than those of wheat [5]. Quinoa contains several antioxidants and phytochemicals
with positive effects on human health and nutrition [5,8].

As starch is the major component in quinoa seed, it is expected that the properties
of quinoa wholemeal flour (WMF) depend, to a large extent, on the composition and
properties of starch [9]. Quinoa starch is present in the form of small polygonal granules
of 1 to 3 µm in diameter [7,9,10]. The starch granules are present as single units or as
spherical aggregates packed in the quinoa perisperm [7,11]. Quinoa starch has a low
amylose content, which provides different physicochemical properties compared to cereal
starches [12]. There is a considerable variability in the amylose content of quinoa [13].
The amylose content reported for quinoa starch ranges between 9 and 11%, although
wider ranges of 3 to 20% have also been found [12,13]. It is unclear whether the reported
variation in amylose content is truly a reflection of genetic variability, due to variations in
agricultural practices or environment, the result of both, or attributable to differences in the
quantification methods [13]. Quinoa amylopectin contains a large number of short chains
from 8 to 12 units and a small number of longer chains from 13 to 20 units, as compared to
the endosperm starches of cereals [13,14]. The low amylose content and unique amylopectin
structure contribute to the unique physicochemical characteristics of quinoa starch [2,11].
It gelatinizes at relatively low temperatures, similar to the gelatinization temperature of
wheat and potato starch. However, its pasting behavior is considerably different from that
of wheat and potato starches [7,13]. Quinoa starch shows a higher water-binding capacity
and swelling power compared to wheat, barley, or corn starch. Furthermore, it has excellent
freeze–thaw stability [7,11–13]. Other main seed components, such as proteins and lipids,
likely affect the physicochemical properties of the quinoa WMF as well [9]. Proteins can
affect the water-binding capacity, pasting properties, and digestibility of the WMF [9].
Polar lipids could form V-type inclusion complexes with amylose, which influences starch
gelatinization, retrogradation, and susceptibility to enzymatic breakdown [9]. Non-starch
polysaccharides, such as dietary fiber, could increase gel viscosity or form a matrix with
phenolic compounds, which may retard starch retrogradation and digestion [9].

The wide applicability of quinoa derives from its versatility as a food ingredient [1].
Quinoa is mostly consumed as a whole grain or milled as WMF [1]. As a whole grain,
quinoa seeds are toasted, puffed, or boiled, and used in salads, cooked meals, breakfast,
or soups [1,15]. The seeds can also be processed into dairy milk, fermented to make beer,
or used as an ingredient in the traditional chicha drink [15,16]. Quinoa WMF, whether
or not combined with wheat flour or corn meal, is mainly used for the production of
baked (biscuits, cookies, bread, and gluten-free bakery products) or cooked (pasta, noodles)
products [2,17]. However, end-product quality will greatly depend on the characteristics of
the flour used [1]. According to previous studies, different varieties of quinoa have shown
different results in similar food products [2]. Therefore, studying the physicochemical
properties is important in determining the end uses of quinoa varieties, as these properties
determine the changes that occur during processing [2].

The significant increase in demand for quinoa has stimulated efforts in Europe to
develop new varieties that are suited to European growing conditions [2,18]. The charac-
teristics of Andean quinoa varieties are relatively well studied, but far little information
is available about European quinoa [1]. A better understanding of the individual variety
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characteristics will facilitate the selection of a variety for specific markets or products and
will stimulate the utilization of European quinoa in the food industry [2]. To fill the gap
in the current literature on European varieties and to assess their potential usefulness for
farmers and end users, a comparative variety testing with ten European bred varieties and
three Farm Original varieties (USA) was performed under field conditions in North-West
Europe during three consecutive growing seasons (2017–2019). In a previous work [19],
the agronomic performances of these varieties were evaluated, and the quinoa seeds were
qualitatively characterized based on physical and nutritional properties. The present work
focuses on the characterization of the physicochemical properties of WMFs obtained from
these seeds. These properties were evaluated over the three growing seasons to estimate
the impact of varying seed composition. In addition, principal components analysis (PCA)
and hierarchical cluster analysis (HCA) were applied to group the WMFs into clusters with
similar physicochemical properties.

2. Results and Discussion
2.1. Chemical Composition

The chemical composition of the quinoa varieties is summarized in Table 1 and
visualized in Supplementary Materials (Figure S1). These data have been discussed in
detail in Part I of this study [19]. In brief, the protein content of the quinoa seeds varied
between 12.1 and 18.8 g/100 g dry matter (dm). All varieties obtained the highest protein
concentration in 2019 due to favorable weather conditions. Among varieties, Atlas and
Pasto were characterized by the highest protein content in combination with lower yields.
Quinoa seeds contained a considerable amount of fat (5.42–8.54 g/100 g dm), with the
highest levels measured in 2018. The seeds of Pasto, Puno, and Zwarte usually had lower
fat levels than other varieties, while the highest amounts of fat were found in Rouge Marie,
Summer Red, and Vikinga seeds. The main component of the quinoa seeds was starch (50.5
to 72.5 g/100 g dm). Jessie, Pasto, Titicaca, Vikinga and Zwarte obtained the lowest starch
content in 2017, other varieties in 2019. Among varieties, Puno and Titicaca contained the
highest amounts of starch, Faro the lowest. The quinoa seeds contained between 2.37 and
3.60 g minerals per 100 g dm. The seeds of 2019 usually had a lower ash content compared
to corresponding seeds from 2017 or 2018. Puno and Titicaca contained low amounts of
minerals, while Pasto seeds were characterized by the highest ash content.

2.2. Physicochemical Properties
2.2.1. Water Absorption Capacity

The water absorption capacity (WAC) is the ability of the WMF to physically hold water
while exposed to a centrifugal force, a process in which macromolecules (e.g., carbohydrates
and proteins) increase the water absorption by offering hydrophilic side chains [17,20].
Overall, the WAC ranged between 1.08 and 2.06 g/g (Figure 1), which corresponded with
the findings of Ghumman et al. (1.22–2.17 g/g, [17]) and De Bock et al. (1.52–2.05 g/g, [20]).
Vázquez-Luna et al. [21] reported a higher WAC for quinoa flour (2.11–2.55 g/g), while the
WAC was lower according to Aluwi et al. (0.89–1.22 g/g, [2]). The growing season of the
quinoa seeds had a significant impact on the WAC of the WMFs. The WAC of Faro, Oro
de Valle, and Zwarte WMF improved every growing season, while other WMFs, except
for Atlas, Jessie, Pasto, and Vikinga, obtained the lowest WAC in 2018. Jessie, Pasto, and
Vikinga WMF showed a stable WAC during the first two seasons (i.e., 2017 and 2018). The
WMFs of 2019 showed the highest ability to absorb and retain water, as the WAC varied
between 1.46 and 2.06 g/g. The high protein levels in 2019 positively affected the WAC
of the WMFs (r = 0.563, p = 0.001), as high protein contents lead to an improved potential
in binding capacity [22,23]. However, the maximum WACs in 2019 were not linked to
the WMFs with the highest protein content. Despite the high protein content, Atlas and
Dutchess WMF were characterized by the lowest WAC in 2019. Vikinga, Jessie, Titicaca,
and Puno, all WMFs rich in starch and low in minerals, showed the highest WAC for WMFs
in 2019. The WAC might also be affected by the protein composition or the presence of
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fiber [23]. Moreover, differences in particle size and damaged starch content could also
have an impact on the WAC [1,24]. Differences in WAC between varieties varied among
growing seasons (variety × year: p < 0.001, Table S4). For example, Atlas was considered a
WMF with low WAC in 2017 and 2019 whereas it had the highest WAC among WMFs in
2018. However, certain trends were observed over the different years. Jessie and Titicaca
WMFs were generally characterized by a high WAC, while Bastille WMF showed a low
capacity to absorb and retain water. WMFs from Pasto or dark colored seeds (i.e., Rouge
Marie, Summer Red, and Zwarte) could be considered WMFs with medium–high WAC.

Table 1. Chemical composition (g/100 g dm) of 13 quinoa varieties grown under North-West
European field conditions in 2017, 2018, and 2019.

Year Variety Protein
(g/100 g dm) 1

Fat
(g/100 g dm) 1

Starch
(g/100 g dm) 1

Ash
(g/100 g dm) 1

2017 Atlas 16.6 ± 0.2 fA 6.41 ± 0.04 cA 58.1 ± 0.6 dB 3.46 ± 0.02 gC

Bastille - - - -
Dutchess 13.8 ± 0.0 cA 7.03 ± 0.07 eA 59.6 ± 0.5 eB 3.35 ± 0.01 fB

Faro 14.9 ± 0.3 dB 7.33 ± 0.09 fA 53.4 ± 0.7 aB 3.32 ± 0.02 efB

Jessie 16.0 ± 0.2 eB 6.70 ± 0.04 dA 54.9 ± 0.7 bA 3.12 ± 0.02 dC

Oro de Valle 12.1 ± 0.2 aA 6.18 ± 0.03 cA 67.2 ± 1.2 gC 2.86 ± 0.03 bA

Pasto 15.5 ± 0.3 eA 5.42 ± 0.05 aA 56.5 ± 0.5 cA 3.47 ± 0.02 gA

Puno 13.9 ± 0.2 cB 5.65 ± 0.02 abA 61.7 ± 0.4 fB 2.37 ± 0.02 aA

Rouge Marie - - - -
Summer Red 13.9 ± 0.2 cB 8.54 ± 0.08 iC 58.0 ± 0.2 dC 3.29 ± 0.01 eB

Titicaca 14.8 ± 0.1 dB 7.61 ± 0.08 gB 60.7 ± 0.8 fA 2.84 ± 0.01 bAB

Vikinga 14.9 ± 0.4 dB 8.04 ± 0.08 hB 57.8 ± 0.7 dA 3.02 ± 0.03 cB

Zwarte 13.0 ± 0.3 bA 5.70 ± 0.03 bA 55.2 ± 0.7 bA 3.16 ± 0.03 dA

2018 Atlas 16.4 ± 0.1 fA 7.78 ± 0.03 eC 57.5 ± 0.5 aB 3.30 ± 0.02 cB

Bastille 13.1 ± 0.2 bA 7.34 ± 0.01 dA 64.0 ± 0.3 eB 3.09 ± 0.03 bB

Dutchess 14.4 ± 0.2 eB 7.75 ± 0.04 eB 61.4 ± 0.4 cC 3.32 ± 0.02 cB

Faro 13.2 ± 0.2 bA 8.09 ± 0.08 fC 58.2 ± 0.4 abC 3.07 ± 0.01 bA

Jessie 13.7 ± 0.1 cdA 7.93 ± 0.05 efB 59.1 ± 0.4 bC 3.08 ± 0.01 bB

Oro de Valle 12.2 ± 0.1 aA 7.73 ± 0.06 eC 62.5 ± 0.6 dB 3.08 ± 0.01 bC

Pasto 16.0 ± 0.2 fB 6.37 ± 0.04 aB 59.0 ± 0.6 bB 3.60 ± 0.02 dB

Puno 12.5 ± 0.2 aA 6.67 ± 0.03 bC 63.7 ± 0.3 eC 2.90 ± 0.02 aC

Rouge Marie - - - -
Summer Red 13.3 ± 0.1 bcA 8.18 ± 0.01 fB 57.3 ± 0.3 aB 3.27 ± 0.03 cB

Titicaca 13.2 ± 0.1 bA 7.08 ± 0.03 cA 63.9 ± 0.7 eB 2.88 ± 0.01 aB

Vikinga 13.8 ± 0.4 dA 8.50 ± 0.09 gC 63.6 ± 0.2 eC 3.08 ± 0.03 bC

Zwarte - - - -
2019 Atlas 18.5 ± 0.0 fgB 7.20 ± 0.14 dB 54.5 ± 0.4 cA 3.03 ± 0.02 cdA

Bastille 16.6 ± 0.0 bcB 7.36 ± 0.19 deA 52.3 ± 0.5 bA 3.01 ± 0.03 cdA

Dutchess 18.4 ± 0.1 fgC 7.17 ± 0.04 dA 54.8 ± 0.2 cdA 3.21 ± 0.01 fA

Faro 17.6 ± 0.1 dC 7.61 ± 0.12 efB 50.5 ± 0.4 aA 3.09 ± 0.01 deA

Jessie 18.8 ± 0.0 gC 6.70 ± 0.24 cA 55.6 ± 1.3 deB 2.84 ± 0.03 aC

Oro de Valle 16.2 ± 0.0 abB 7.22 ± 0.07 dB 54.7 ± 0.8 cdA 2.91 ± 0.02 bB

Pasto - - - -
Puno 17.0 ± 0.1 cC 5.88 ± 0.24 aB 59.4 ± 1.1 fA 2.83 ± 0.01 aB

Rouge Marie 17.8 ± 0.1 deA 7.65 ± 0.08 fA 53.9 ± 0.2 cA 3.10 ± 0.02 eA

Summer Red 18.1 ± 0.2 efC 7.75 ± 0.09 fA 54.5 ± 0.4 cA 3.20 ± 0.01 fA

Titicaca 16.0 ± 0.1 aC 7.25 ± 0.03 dA 72.5 ± 0.9 hC 2.83 ± 0.02 aA

Vikinga 17.0 ± 0.1 cC 7.71 ± 0.04 fA 60.8 ± 0.5 gB 2.82 ± 0.02 aA

Zwarte 16.0 ± 0.1 aB 6.36 ± 0.08 bB 56.2 ± 0.2 eB 3.29 ± 0.04 gB

1 Within years, average values followed by the same lowercase letter are not significantly different (p > 0.05).
Capital letters compare the three years for the same variety; average values followed by the same letter are not
significantly different (p > 0.05).
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Figure 1. Water absorption capacity (WAC, g/g) of 13 quinoa wholemeal flours obtained from seeds
cultivated under North-West European field conditions in 2017, 2018 and 2019 (n = 3). Within years,
average values followed by the same lowercase letter are not significantly different (p > 0.05). Capital
letters compare the three years for the same variety, average values followed by the same letter are
not significantly different (p > 0.05).

2.2.2. Water Absorption Index

The water absorption index (WAI) measures a WMF’s ability to absorb water and
swell, and is a function of the gel-forming capacity of the WMF. It is in fact a property
related to the characteristics of a thickening agent, as a high WAI characterizes a good
binder [2,23]. The WAI was evaluated over a temperature range between 55 and 95 ◦C
(Figure 2) and was significantly affected by a variety × year interaction (p < 0.001, Table S4).
The increase in temperature had a positive impact on the WAI of the WMFs, as it promoted
starch gelatinization and protein denaturation [1,23,25]. A steady increase in swelling
behavior with rising temperature has been observed before [9,20]. Furthermore, more
differentiation between the WMFs was observed at higher temperatures.

The WMFs of 2017 were arranged into three groups based on their swelling behavior
(Figure 2). The first group consisted of WMFs with a high ability to swell, namely Faro, Oro
de Valle, Puno, and Titicaca. At 65 ◦C, these WMFs already showed the strongest swelling
behavior among all WMFs. The WAI only slightly increased at 75 ◦C but was still higher
for Faro, Puno, and Oro de Valle compared to that of other WMFs. The largest increase in
WAI was observed between 75 and 95 ◦C, where Titicaca WMF usually had the lowest WAI
among these four WMFs. The WAI at 95 ◦C ranged between 7.25 and 7.76 g/g for Faro, Oro
de Valle, and Puno (Table S1) and was higher compared to the WAI of other WMFs, except
for Pasto WMF. Jessie and Vikinga WMF formed a second group among the WMFs of 2017.
These WMFs had a higher WAI at 55 ◦C than most other WMFs. The WAI of Jessie and
Vikinga WMF showed a continuous increase with temperature, eventually reaching the
lowest WAI at 95 ◦C among all samples. The remaining WMFs, i.e., Atlas, Dutchess, Pasto,
Summer Red, and Zwarte, were characterized by the lowest WAI at 85 ◦C, as the WAI
increased only slightly between 65 and 85 ◦C. The strong improvement at 95 ◦C eventually
led to a medium-high WAI for Atlas, Dutchess, and Zwarte WMF (6.68–6.94 g/g) and a
high WAI for Pasto WMF (7.25 g/g, Table S1). Summer Red WMF showed a low WAI over
the whole temperature range, but its WAI also showed a strong increase at 95 ◦C (6.00 g/g,
Table S1).
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Figure 2. Water absorption index at 55, 65, 75, 85, and 95 ◦C (WAI, g/g) of 13 quinoa wholemeal
flours obtained from seeds grown under North-West European field conditions in 2017 (a), 2018 (b),
and 2019 (c) (n = 3).

Similar observations were found for the 2018 samples, although the first group was
separated into two subgroups (Figure 2). The WAI of Puno and Titicaca WMF showed a
continuous increase over the whole temperature range. At temperatures above 55 ◦C, the
WAI of these WMFs was higher compared to that of the corresponding WMFs of 2017. Puno
and Titicaca WMF were characterized by the highest WAI at 65 and 75 ◦C and also showed
a high swelling behavior at higher temperatures. The WAI of Bastille, Faro, and Oro de
Valle increased at a higher rate between 75 and 95 ◦C, when compared to the increase
between 55 and 75 ◦C. The swelling behavior of Faro and Oro de Valle WMF was generally
higher compared to that of the corresponding WMFs of 2017. However, Faro and Oro
de Valle were considered WMFs with a high swelling behavior between 65 and 95 ◦C in
2017. In 2018, the WAI of Faro and Oro de Valle was only high compared to that of other
WMFs at 85 and 95 ◦C. Between 55 and 65 ◦C, Jessie and Vikinga WMF showed a similar
swelling behavior, but the WAI of Jessie was higher at 75 and 85 ◦C. However, the WAI
of Jessie WMF deflected at 95 ◦C, resulting in a lower WAI than Vikinga. Nevertheless,
both WMFs showed a low swelling behavior at 95 ◦C (6.48–7.14 g/g, Table S1) compared to
most other WMFs (7.47–9.48 g/g, Table S1). Moreover, other studies reported a higher WAI
at 95 ◦C for quinoa flour (8.11–9.75 g/g, [19]; 7.89–9.46 g/g, [9]). The swelling behavior of
Jessie and Vikinga followed the same trend as observed in 2017, although the WAIs at 75
to 95 ◦C were higher in 2018. The WAI of Atlas, Dutchess, Pasto, and Summer Red WMF
showed a continuous increase between 55 and 85 ◦C and was generally low compared
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to the WAI of other WMFs. A strong increase of the WAI, similar to what was observed
in 2017, occurred at 95 ◦C. This resulted in medium-high WAIs for Atlas, Dutchess, and
Pasto WMF (7.47–7.98 g/g, Table S1) but Summer Red WMF still had a low WAI at 95 ◦C
(7.14 g/g, Table S1). Compared to the previous growing season (i.e., 2017), Atlas, Dutchess,
Pasto, and Summer Red WMF of 2018 generally had higher WAIs between 75 and 95 ◦C.

The WMFs of 2019 showed a higher swelling behavior between 55 and 85 ◦C compared
to the corresponding WMFs of previous years. Only at 95 ◦C were the WMFs of 2018
characterized by the highest WAIs (Table S1). In 2019, the group of Bastille, Faro, Oro de
Valle, Titicaca, and Puno WMF was separated into three subgroups (Figure 2). Puno and
Titicaca WMF no longer showed a continuous increase of WAI but the rate of increase
decreased at 75 ◦C, resulting in medium-high WAI at 95 ◦C (7.31–7.66 g/g, Table S1). Puno
and Titicaca WMF started off with a similar WAI at 55 ◦C but Titicaca had a higher WAI at
65 and 75 ◦C, and Puno at 85 and 95 ◦C. In contrast to previous years, the WAI of Oro de
Valle WMF followed a different trend than the WAI of Bastille and Faro WMF. The WAI
of Oro de Valle continuously increased between 55 and 85 ◦C but showed a deflection at
95 ◦C. This WMF was characterized by the highest WAI measured at 85 and 95 ◦C. Bastille
and Faro WMF showed a low to medium-high swelling behavior between 55 and 85 ◦C,
and up to 75 ◦C, the WAI of Bastille WMF was always lower compared to that of Faro. At
95 ◦C, both WMFs showed a similar and high WAI of 8.32 to 8.38 g/g (Table S1). While
Jessie and Vikinga WMF showed a medium-high to high swelling behavior between 55
and 75 ◦C, its WAI was among the lowest at 85 and 95 ◦C. A deflection of the WAI at
95 ◦C was already observed for Jessie WMF in 2018, but was present for both WMFs in
2019. Furthermore, the WAI was improved less by increasing the temperature from 55 to
95 ◦C in 2019. In 2019, the strong increase in WAI between 85 and 95 ◦C was no longer
observed for Atlas, Dutchess, Summer Red, and Zwarte WMF. In fact, the WAI of these
WMFs followed a different trend compared to previous years, which separated the group
into two subgroups. Atlas and Dutchess WMF showed a continuous increase in the WAI,
with remarkably higher differences in WAI between both WMFs at 65 and 85 ◦C. The WAI
of Rouge Marie, Summer Red, and Zwarte WMF showed a step-by-step increase, with the
strongest improvements observed between 55 and 65 ◦C and between 75 and 85 ◦C. Rouge
Marie and Summer Red WMF had a very similar swelling behavior between 75 and 95 ◦C
and were considered WMF with a low WAI at these temperatures. Zwarte WMF had a
higher WAI than Rouge Marie and Summer Red over the whole temperature.

As discussed above, quinoa WMFs showed a great diversity in their swelling behavior.
Previous studies confirm that the swelling behavior of quinoa flour or starch is diverse
and related this diversity to the variations in amylose content [9,13,26]. Lindeboom et al.
compared quinoa lines with varying amylose content (3–20%) and noted a negative impact
of the amylose content on the swelling power. Amylose is known for acting as a restraint
to swelling, as it reinforces the internal structure of the starch granules [26]. The WMFs of
Bastille, Faro, Oro de Valle, Puno, and Titicaca generally showed a strong improvement in
the WAI as the temperature increased from 55 to 95 ◦C. Thus, this suggests a lower amylose
content compared to WMFs, such as Jessie or Vikinga, which had a low WAI at 95 ◦C. The
impact of the growing season suggests that the amylose content was also affected by the
growing conditions. Nevertheless, Li et al. [9] noted that the swelling power of quinoa
flour was considerably lower compared to that of its isolated starch. This indicates that
other components, such as proteins and fat, could restrict the granule swelling as well.

2.2.3. Pasting Properties

The pasting profile of a WMF enables the relation of the functionality of starch to its
structural characteristics. It determines potential industrial applications in products, as
these depend on the viscosity and thickening behavior of the WMF [1]. The pasting profiles
(Figure 3) showed that the WMFs differed in pasting and viscosity characteristics, and were
affected by a significant interaction between variety and year (p < 0.001, Table S4). The
pasting profile was defined by the pasting temperature, peak viscosity and temperature,
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breakdown, second peak viscosity, final viscosity, and total setback. These parameters are
summarized in Table S2 in Supplementary Materials.

Figure 3. Cont.
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Figure 3. Pasting profile of 13 quinoa wholemeal flours ((a): Atlas, (b): Bastille, (c): Dutchess, (d):
Faro, (e): Jessie, (f): Oro de Valle, (g): Pasto, (h): Puno, (i): Rouge Marie, (j): Summer Red, (k):
Titicaca, (l): Vikinga, (m): Zwarte) obtained from seeds grown under North-West European field
conditions in 2017 (—), 2018 (- - -) and 2019 (· · ·) (temperature: — — —, n = 3).

A certain temperature is required to launch the swelling process of the starch granules.
This is the so-called pasting temperature, and is in fact the minimum temperature for
starch gelatinization [1,27]. Over the years, the pasting temperature of the WMFs ranged
between 57.70 and 67.11 ◦C (Table S2). Higher pasting temperatures have been reported for
quinoa WMF (69.2 ◦C, [27]; 61.6–74.8 ◦C, [2]). The pasting temperature of Atlas, Bastille,
Puno, and Vikinga WMF varied with the growing season. These WMFs generally had
the highest pasting temperature in 2018, except for Puno. In 2018, a negative correlation
between the pasting temperature and starch content (r = −0.640, p = 0.034) was observed.
Tafadzwa et al. [23] confirmed that flours with a higher starch content had a lower pasting
temperature. Oro de Valle and Titicaca were the only WMFs with a constant pasting
temperature over the different years of cultivation. However, Dutchess, Jessie, Pasto, and
Summer Red WMF showed a stable pasting temperature in 2017 and 2018, Faro and Zwarte
WMF in 2017 and 2019. Pasting temperature correlated negatively with the WAI at 55 ◦C
(r = –0.546, p = 0.001) and 65 ◦C (r = –0.650, p < 0.001). Thus, a high WAI indicates that the
WMF is able to swell more freely, which results in a lower pasting temperature [20].

Peak viscosity occurs at an equilibrium point between granule swelling and polymer
leaching. It is related to the water-binding capacity and the degree of swelling of the starch
granules [9,27]. The peak viscosity can be indicative of end-product quality as well as
the viscosity which is likely to be encountered by processes, such as mixing [2]. The peak
viscosity showed a decreasing trend over the years of cultivation, and was affected by a
significant variety × year interaction (p < 0.001, Table S4). The WMFs of 2017 had a peak
viscosity between 1696 and 2560 mPa.s (Table S2) but higher values have been reported
by Solaesa et al. (2690 mPa.s, [1]) and De Bock et al. (1418–2606 mPa.s, [20]). The high
peak viscosities suggest a high degree of swelling of the starch granules during heating
in 2017 [28]. However, WMFs of 2017 were characterized by low WAIs at 75 to 95 ◦C
(Table S1), suggesting a low swelling behavior of these WMFs. This discrepancy might be
related to the differences in measuring conditions (shear vs. no shear). Jessie, Summer Red,
Vikinga, and Zwarte WMF developed the lowest peak viscosity that year, Pasto WMF the
highest. Oro de Valle WMF showed a similar peak viscosity in 2017 and 2018, while the
peak viscosity of other WMFs decreased (1030–2085 mPa.s, Table S2). Viscosity is directly
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related with the starch content, but the high starch levels did not result in the highest peak
viscosity in 2018 [29]. The higher fat levels probably restricted the starch granule swelling
due to complex formation with amylose upon heating, which reduced the viscosity of
the WMFs of 2018 [29,30]. Jessie, Summer Red and Vikinga remained the WMFs with the
lowest peak viscosity, while Bastille WMF reached the highest peak viscosity (2492 mPa.s)
in 2018. Most WMFs had their lowest peak viscosity in 2019 (823–1959 mPa.s, Table S2),
although the peak viscosity of Atlas (1871 mPa.s) and Bastille (2453 mPa.s) did not continue
to decrease. Barak et al. [31] reported that flours with higher protein content reached lower
peak viscosity. This might explain why the peak viscosities were generally lower compared
to previous growing seasons in 2019 (r = −0.350, p = 0.042). Bastille remained the WMF
with the highest peak viscosity, while the lowest viscosities were measured for Jessie, Rouge
Marie, Summer Red, Titicaca, Vikinga, and Zwarte WMF.

The WMFs were characterized by a high peak temperature, which ranged between
93.69 and 95.22 ◦C (Table S2). The impact of growing season depended on the variety,
indicating a significant variety × year interaction (p < 0.001, Table S4). The peak temperature
of Faro and Puno WMF varied over the different growing seasons. Faro WMF obtained its
lowest peak temperature in 2018, and differed significantly from all other WMFs of 2018.
The growing season of 2019 resulted in the lowest peak temperature for Jessie, Oro de Valle,
and Puno WMF. Jessie and Oro de Valle WMF were both characterized by a stable peak
temperature in 2017 and 2018. The peak temperature of all other WMFs was not affected by
the growing season. Peak temperature usually did not differ among varieties, except when
the peak temperature was below 95 ◦C. Therefore, more variation in peak temperature
was observed in 2019. The WMFs showed a high peak time, as peak viscosity was reached
shortly before or during the 95 ◦C holding phase. Tiga et al. [27] attributed the high peak
time of quinoa WMF to its high protein content, delaying the water absorption and swelling
of the starch granules.

The breakdown measures the difference between the viscosity peak and the holding
strength and is an indication of the stability against heat and shear [27]. The breakdown
characterized the pasting profile of the WMF strongly, and was affected by a significant
interaction between variety and year (p < 0.001, Table S4). All WMFs of 2017 were charac-
terized by a positive breakdown (124–643 mPa.s, Table S2), except for Summer Red WMF.
The high peak viscosities of these WMFs already suggested a high degree of starch granule
swelling. The susceptibility to shear disruption increases as starch granules swell, which
explains the high breakdown values in 2017 [13,28,32]. Puno and Oro de Valle WMF had the
highest breakdown and showed the lowest stability against heat and shear. The lowest vis-
cosity decreases were observed for Jessie, Dutchess, and Zwarte WMF. Summer Red WMF
had a breakdown of −78 mPa.s, indicating that the viscosity continued to increase during
the holding phase. This high stability against heat and shear is probably related to the low
swelling behavior of Summer Red WMF (Table S1), as starch granules become increasingly
susceptible to shear disruption as they swell [13]. The formation of amylose-lipid complexes
may also play a role in the high shear stability, as Summer Red WMF contained high levels
of fat [9]. The stability against heat and shear improved in 2018, except for Summer Red
and Pasto WMF. The latter had a stable breakdown during the first two growing seasons.
Jessie (−251 mPa.s) and Vikinga WMF (−187 mPa.s) also showed a negative breakdown in
2018 but the viscosity increase was much higher than the one observed for Summer Red
WMF. The breakdown of other WMFs ranged between 65 and 410 mPa.s (Table S2), with
the highest breakdown values measured for Pasto, Bastille and Faro WMF. The breakdown
of Bastille, Faro, Jessie, Summer Red, and Vikinga WMF increased in 2019, but did not reach
the same levels as in 2017. Bastille and Faro WMF were still characterized by the lowest
stability against heat and shear. The breakdown of Atlas, Oro de Valle, Puno and Titicaca
WMF continued to decrease in 2019, which resulted in negative breakdown values for Puno
and Titicaca WMF. The latter showed the strongest viscosity increase among all WMFs with
a negative breakdown. Puno and Titicaca WMF showed a medium-high swelling behavior
in 2019, while their WAIs were relatively high compared to those of other WMFs in 2017
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and 2018 (Table S1). The reduced swelling behavior in 2019 possibly promoted the shear
and heat resistance during the holding phase [13]. The strong viscosity increase during
the holding phase resulted in a unique pasting profile for Puno WMF of 2019 (Figure 3h),
which significantly differed from that of previous growing seasons or other varieties. It is
an indication that the water took longer to reach the starch granules and start the swelling
process, and could be related to the increased protein content in 2019 [1]. However, Puno
seeds were considerably smaller than the seeds of other varieties [19] and might show a
different milling behavior due to the small seed size. Dziki et al. [33] concluded that small
seeds were more difficult to reduce in size, resulting in a flour with a higher fraction of
large particles. Solaesa et al. [1] concluded that the coarse fraction of quinoa flour showed
no peak or valley in the pasting curve but a continuous increasing viscosity. Therefore, an
increased share of large particles could possibly explain the unique pasting profile of Puno
WMF in 2019. The breakdown value of Zwarte WMF was close to zero, indicating that the
viscosity remained stable during the 95 ◦C holding phase. Aluwi et al. [2] also reported that
the viscosity of Black WMF (possible origin for Zwarte [19]) remained relatively constant
during the holding phase and increased shortly after.

The viscosity of the WMFs increased shortly after the holding phase. Due to the
temperature decrease, starch chains associated and formed a more ordered structure, which
increased the viscosity of the paste [34]. During this cooling phase, a second viscosity
maximum, higher than the first peak, was observed in the pasting profile of all WMFs
(Figure 3). The occurrence of a second peak has previously been described in other stud-
ies [1,2,20]. Over the years, this second peak viscosity ranged between 1183 and 3198 mPa.s
(Table S2) and was closely related to the peak (r = 0.856, p < 0.001, Table S3) and final
viscosity (r = 0.902, p < 0.001, Table S3). After the second peak, viscosity decreased and
eventually reached final viscosity. This decrease might be attributed to the high protein
levels in quinoa WMF, as the presence of proteins is known to reduce the resistance of
gels to breakage [1]. The final viscosity indicates the ability of a WMF to form a viscous
paste after cooking and cooling [27]. The final viscosity showed a wide variation over the
different growing seasons and varieties, and varied between 1027 and 3047 mPa.s (Table S2).
De Bock et al. [20] reported higher overall viscosities for WMFs from commercial quinoa
seeds (1756–3274 mPa.s). The impact of the growing season strongly depended on the
quinoa variety (variety × year: p < 0.001, Table S4). Most WMFs obtained the highest final
viscosity in 2018. However, Pasto, Summer Red, and Zwarte WMF reached a higher final
viscosity in 2017, Atlas and Puno WMF in 2019. The final viscosity of Dutchess, Faro, Oro
de Valle, and Vikinga WMF did not vary every year, but showed a two-year stability over
the experimental period from 2017 to 2019. Over the years, Jessie, Rouge Marie, Summer
Red, and Zwarte were characterized as the WMFs with the lowest final viscosity. Puno and
Bastille WMFs usually reached the highest final viscosities among all WMFs.

The total setback indicates the recovery of viscosity during cooling of the heated
WMF suspension. It represents the tendency of the paste to retrograde and amylose to
re-associate [11,27]. Atlas, Dutchess, Jessie, Summer Red, Vikinga, and Zwarte WMF were
characterized by a negative setback in 2017, which ranged between −43 and −350 mPa.s
(Table S2). Negative setback values for quinoa WMF have been reported before [35]. The
negative values were related to a strong viscosity decrease after the second peak viscosity,
which eventually resulted in a final viscosity lower than the holding strength. The setback
of the other WMFs ranged between 108 and 654 mPa.s (Table S2), with the highest setback
measured for Puno WMF. In 2018, the total setback ranged between 19 and 1037 mPa.s
(Table S2), and had significantly increased compared to the previous growing season. This
increase could be related to the reduced protein levels in the WMFs of 2018 [31]. Faro and
Puno WMF showed a high setback, while the setback was low for Atlas and Summer Red
WMF. The total setback of Atlas, Vikinga, and Zwarte WMF continued to increase in 2019,
while it remained stable for Dutchess, Jessie, Puno, and Summer Red WMF. Summer Red
WMF had the lowest setback (46 mPa.s), Puno WMF the highest (1030 mPa.s).
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2.3. Principal Components Analysis and Hierarchical Cluster Analysis

For a more comprehensive understanding of the variation among WMFs, a PCA was
performed on the macronutrient composition (starch, protein, fat, ash), WAIs (55, 75 and
95 ◦C) and pasting properties (first peak viscosity, breakdown, second peak viscosity, final
viscosity and total setback). The variables plot of the first two PCs is visualized in Figure 4.
The first and second PC accounted for 39.5 and 22.4% of the variance, respectively. Together,
the first two PCs represented 61.9% of the total variance in the data. The first PC was
mainly defined by the first and second peak viscosity, holding strength and final viscosity.
These were all properties related to viscosity and closely inter-correlated (Table S3), as
also concluded by Li et al. [9]. The second PC was defined by the WAI at 55 and 75 ◦C. A
positive correlation between these parameters was observed (r = 0.627, p < 0.001, Table S3).
A higher WAI at 55 ◦C indicated a higher water uptake by the WMF. A better hydration of
the WMF possibly improved the starch gelatinization and, therefore, resulted in a higher
WAI at 75 ◦C.

Figure 4. Principal components analysis (PCA; (a): variables plot, (b): score plot) of physicochemical
properties of 13 quinoa wholemeal flours (A: Atlas, B: Bastille, D: Dutchess, F: Faro, J: Jessie, O: Oro
de Valle, Pa: Pasto, Pu: Puno, R: Rouge Marie, S: Summer Red, T: Titicaca, V: Vikinga, Z: Zwarte)
obtained from seeds grown under North-West European field conditions in 2017 (•), 2018 (N) and
2019 (�). WAC: water absorption capacity, WAI: water absorption index, PV1: first peak viscosity, HS:
holding strength, BD: breakdown, PV2: second peak viscosity, FV: final viscosity, TSB: total setback.

The score plot (Figure 4) showed that the grouping of the WMFs was generally
consistent over different growing seasons. Within a given growing season, the WMFs were
closely grouped with exception of some varieties. In 2017, Oro de Valle and Puno were
separated from the other WMFs due to the low ash content and high WAI at 75 ◦C. The
same WMFs, together with Bastille, Faro, and Titicaca WMF, showed a higher score on
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PC1 compared to other WMFs of 2018. These high scores on PC1 were attributed to the
high WAI at 95 ◦C, high second peak and final viscosity of these WMFs. The high swelling
behavior at 75 ◦C separated Puno and Titicaca WMF from the other WMFs of 2019. The
growing season caused a distinct shift in the scores of the WMFs. The WMFs of 2017 and
2018 were located on the upper side from the central axis of PC2, while most WMFs of 2019
were grouped in the lower right quadrant of the score plot. The WMFs of 2019 showed
higher swelling behavior at 55 and 75 ◦C but developed lower pasting viscosities, which
explains the positive scores on PC2 and the negative scores on PC1.

The macronutrient composition (starch, protein, fat, ash), WAIs (55, 75 and 95 ◦C), and
pasting properties (first peak viscosity, breakdown, second peak viscosity, final viscosity
and total setback) were further analyzed by HCA and the corresponding results were
in good agreement with the PCA results. A total of four clusters were identified based
on these parameters and the dendrogram of the hierarchical clustering is illustrated in
Figure 5. The clusters (C1-C4) consisted of n = 9 WMFs, n = 7 WMFs, n = 8 WMFs and
n = 10 WMFs, respectively. The first cluster grouped the WMFs which were mainly located
in the lower right quadrant of the score plot of the PCA (Figure 4). This means that the
cluster included all WMFs of 2019, except for Bastille, Puno, and Titicaca WMF. These
WMFs were characterized by the highest WAI at 55 and 75 ◦C and generally showed
lower peak viscosity and holding strength than the corresponding WMFs of 2017 and 2018.
The second cluster grouped the WMFs with the lowest viscosity parameters in 2017 and
2018. This cluster included Summer Red and Vikinga WMF of 2017 and Atlas, Dutchess,
Jessie, Summer Red, and Vikinga WMF of 2018. These WMFs were all characterized by a
high score on PC1 (Figure 4). The third cluster mainly consisted of WMFs of 2017, Atlas,
Dutchess, Faro, Jessie, Pasto, and Zwarte WMF, respectively. Overall, WMFs of 2017 were
characterized by the highest first peak viscosity, the least stability against heat and shear
and a low tendency to retrograde. Furthermore, Pasto WMF of 2018 and Bastille WMF of
2019 were included in cluster 3. The WMFs of the third cluster were generally located in the
upper left quadrant of the score plot (Figure 4). The score plot showed that certain WMFs
differentiated more from others despite the fact that the seeds were cultivated under the
same growing conditions (Figure 4). These WMFs were grouped in the fourth cluster. This
cluster included Oro de Valle, Puno, and Titicaca WMF of 2017, Bastille, Faro, Oro de Valle,
Puno, and Titicaca WMF of 2018 and Puno and Titicaca WMF of 2019. The fact that all Puno
and Titicaca WMFs were grouped within the same cluster indicates that the variety had a
larger impact on the physicochemical properties of these WMFs than the growing season.
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Figure 5. Dendrogram of the four clusters (C1–C4) based on hierarchical clustering.

3. Material and Methods
3.1. Quinoa Wholemeal Flours

Ten quinoa (Chenopodium quinoa Willd.) varieties were purchased at commercial com-
panies (Gilbel sprl, Saint-Georges-Sur-Meuse, Belgium (previously a sublicensee of Radicle
Crops, Wageningen, The Netherlands) and Quinoa Quality ApS, (Regstrup, Denmark) and
three Farm Original varieties were obtained from De Nieuwe Tuin (De Klinge, Belgium).
These 13 quinoa varieties were used for a comparative variety testing under Belgium field
conditions during three consecutive growing seasons (2017–2019). Information on the
variety origins and crop cultivation is described in detail in a previous work [19]. For
chemical and physicochemical analyses, seeds were milled to WMF by a Hammertec mill
(mesh size: 0.8 mm) (Foss, Hilleroed, Denmark).
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3.2. Chemical Composition

Moisture (g/100 g) and ash (g/100 g dm) content were determined according to ICC
methods no. 110 and 104/1, respectively. Total starch content (g/100 g dm) was analyzed
as described by Englyst et al. [36]. The nitrogen content was determined by the use of a
VarioMax C/N (Elementar Analysesystemen, Langenselbold, Germany) and converted to
protein content (g/100 g dm) using a conversion factor of 6.25 [37]. Fat content (g/100 g dm)
was determined by Soxhlet extraction with prior acid hydrolysis (ISO 6491). Lastly, crude
fiber was calculated by the difference.

3.3. Physicochemical Properties

WAC and WAI of the WMFs were determined as described by De Bock et al. [20].
In brief, an aqueous suspension of 0.075 g WMF in 1.5 mL distilled water was shaken
for 30 min at 1000 rpm in a ThermoMixer C (Eppendorf, Hamburg, Germany). For the
determination of the WAC, the shaking temperature was 21 ◦C. The WAI was determined
at a shaking temperature of 55, 65, 75, 85, and 95 ◦C. Subsequently, the suspension was
centrifuged for 20 min at 8000× g and 21 ◦C. The supernatant was decanted and the
sediment was weighed. WAC (g/g) was expressed as the amount of water absorbed by the
WMF. WAI (g/g) was calculated as the weight of sediment per gram of WMF used.

Pasting properties of the WMFs were determined using a Rheometer MCR 102 (Anton
Paar GmbH, Graz, Austria). Measurement was performed using 2.8 g WMF (based on 14%
moisture) dispersed in 20 mL of distilled water. During the pre-shear phase, the suspension
was heated to 50 ◦C while stirred at 960 rpm. The rotation speed was 160 rpm for the
remainder of the test. The temperature was initially maintained at 50 ◦C for 1 min and
then raised to 95 ◦C at a constant rate of 5 ◦C per min, held at 95 ◦C for 5 min, cooled to
50 ◦C at the same rate and finally held at 50 ◦C for 2 min. The parameters recorded were
the pasting temperature (◦C, temperature of initial viscosity increase), first peak viscosity
(mPa.s, viscosity maximum during heating and/or holding phase), peak temperature (◦C,
temperature to reach first peak viscosity), holding strength (mPa.s, minimum viscosity at
95 ◦C), breakdown (mPa.s, difference between first peak viscosity and holding strength),
second peak viscosity (mPa.s, viscosity maximum during cooling), final viscosity (mPa.s,
viscosity at test finish) and total setback (mPa.s, difference between final viscosity and first
peak viscosity) [38].

3.4. Statistical Analysis

The lme4 package in R (version 4.0.2, R Core Team, Vienna, Austria) was used to fit
a linear model [39]. The fixed effects were variety and year, and the following model (1)
was considered:

Y = Variety + Year + Variety × Year (1)

where ‘Y’ is the response variable, ‘Variety’ is the fixed effect of the variety, ‘Year’ is the
fixed effect of the year and ‘Variety × Year’ is the interaction effect between variety and
year. Then, an analysis of variance (ANOVA) was performed (Table S4) and a pairwise
comparison between varieties and years was made with the Tukey test.

For a more comprehensive understanding of the variation among WMFs, a PCA was
performed on the macronutrient composition (starch, protein, fat, ash), WAIs (55, 75 and
95 ◦C) and pasting properties (first peak viscosity, breakdown, second peak viscosity, final
viscosity, and total setback). PCA was performed using the built-in R function ‘prcomp’
(R Foundation for Statistical Computing, Vienna, Austria). The graphs were made by the
library ‘factoextra’ in combination with the ggplot2-package of R. Additionally, a Pearson
correlation test was conducted to study the correlations between the physicochemical
parameters more deeply (Table S3). The macronutrient composition (starch, protein, fat,
ash), WAIs (55, 75 and 95 ◦C) and pasting properties (first peak viscosity, breakdown,
second peak viscosity, final viscosity and total setback) were used to perform an HCA to
group the WMFs with similar properties. HCA was performed with SPSS Statistics 27 (SPSS
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Inc., Chicago, IL, USA) and the unweighted paired-group method with arithmetic mean
was used. Distances among clusters were computed using Pearson correlation coefficients.

4. Conclusions

A comparative study was performed on ten European and three Farm Original (USA)
quinoa varieties cultivated under North-West European field conditions during three con-
secutive growing seasons (2017–2019). Within the present study the quinoa seeds were
milled to WMF, and their physicochemical properties were evaluated, more precisely the
WAC, the WAI upon heating and the pasting properties. The results revealed large differ-
ences in physicochemical properties among quinoa WMFs and depended on the variety and
the growing season. The WMFs of 2017 had the lowest WAIs at temperatures above 55 ◦C.
The high peak viscosity of these WMFs was followed by a strong viscosity breakdown
and the paste showed a low tendency to retrograde. The WAIs of the WMFs significantly
increased in 2018. Moreover, the WMFs of 2018 were characterized by the highest WAI
at 95 ◦C. This high swelling behavior was probably related to the high starch content of
these WMFs. The pasting profiles were characterized by lower peak viscosities, improved
heat and shear resistance, and higher setback values. The WMFs of 2019 contained the
highest levels of protein, which improved the ability of these WMFs to absorb and retain
water. This was reflected in the high WAC and WAIs at 55 and 65 ◦C, but resulted in more
physical competition for water between proteins and starch. This probably restricted the
starch granule swelling, which explains the low peak viscosity and holding strength of the
WMFs of 2019. The impact of variety was less consistent than the effect of the growing
season. However, certain trends were observed over the years. Jessie and Titicaca WMF
had a high WAC while Oro de Valle WMF showed a high swelling behavior upon heating.
Jessie, Summer Red, Rouge Marie, Vikinga, and Zwarte were WMFs characterized by a
low swelling behavior. These WMFs developed low viscosities and had a high resistance
to shear and heat. The pasting profile of Bastille WMF was generally characterized by a
high peak and final viscosity and, together with Faro WMF, showed a high breakdown.
Puno WMF developed a high final viscosity upon cooling, indicating a high tendency
to retrograde.

The wide variation in physicochemical properties suggest that the potential food
applications of WMFs depend on the quinoa variety. However, the growing conditions
may significantly alter the macronutrient composition of the seeds, thereby affecting the
physicochemical properties of the WMFs and eventually the end-product quality. Nev-
ertheless, variations in the macronutrient composition only partially explained the dif-
ferences in physicochemical properties. The impact of other components such as fiber,
amylose/amylopectin, and damaged starch on the physicochemical properties of these
quinoa WMFs might be the subject of further research.
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Marie, (j): Summer Red, (k): Titicaca, (l): Vikinga, (m): Zwarte) grown under North-West European
field conditions in 2017 (•), 2018 (•) and 2019 (•). Values are presented as the mean relative to the
three-year mean., Table S1: Water absorption index at 55, 65, 75, 85, and 95 ◦C (WAI, g/g) of thirteen
quinoa wholemeal flours obtained from seeds grown under North-West European field conditions
in 2017, 2018, and 2019 (n = 3), Table S2: Pasting parameters of thirteen quinoa whole-meal flours
obtained from seeds grown under North-West European field conditions in 2017, 2018 and 2019
(n = 3), Table S3: Pearson correlation analysis between physicochemical properties, Table S4: Results
of ANOVA (factors, p value).
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Abstract: Identifying the particular guilds of herbivore arthropods that affect the production of
crops is key to developing sustainable pest-management strategies; however, there is incomplete
information about the identity of herbivore arthropods that could potentially damage the production
of both highland and lowland quinoa landraces grown in Chile. By both reviewing the literature
and conducting field collections across a large latitudinal gradient, we generated an updated list of
43 herbivore arthropods associated with quinoa production in Chile. In general, most species are
polyphagous feeders, and only seven are specialists. The number and identity of species varied in
relation with the latitude, such that four distinctive assemblages of herbivores were identified, each
containing 32, 27, 34, and 22 species between latitudes 18–26, 26–32, 32–40, and 40–44◦ S, respectively.
The most northern production area (18–26◦ S) is affected by nine unique species, including the
major quinoa pest Eurysacca quinoae Povolný (Lepidoptera: Gelechiidae). Similarly, the central area
(32–40◦ S) contains four unique species, including Eurysacca media Povolný (Lepidoptera: Gelechiidae)
and Orthotylus flavosparsus (Sahlberg) (Hemiptera: Miridae). The particular species assemblages
described here will help further development of local pest-management practices.

Keywords: insects; pests; quinoa; distribution; Chile

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is an annual plant mainly grown to obtain grains
for human consumption. The interest in cultivating this crop has increased in recent years
due to its high nutritional value and its tolerance to soil salinity and drought stress [1–3].
Quinoa is cultivated over a wide variety of environments in South America, extending
from the high altitudes (>3500 m above sea level (m.a.s.l.)) of the Andean Altiplano areas
of Bolivia, Chile, and Perú, to the lowland/coastal areas of Chile and Perú [4,5]. Two
distinctive quinoa ecotypes are cultivated in Chile, the salares and the coastal ecotypes [4].
Plants belonging to the salares ecotype grow in the northern region of Chile (18–29◦ S),
which is separated from the central and southern regions (33–43◦ S) by the Atacama Desert
and is agroecologically more similar to the Altiplanos of Perú and Bolivia. In the central
and southern production regions, the coastal ecotype of quinoa is produced along with
many other agricultural vegetables, crops, and fruit trees. Regarding the distribution of
quinoa cultivation in Chile, the northern zone (17–26◦ S) accounted for 31%, the central
zone (29–36◦ S) accounted for 64%, and the southernmost zone (37–44◦ S) accounted for 5%
of total production during the years 2015–2016 [6].

The variety of agroecological environments over which quinoa is cultivated can in-
fluence the diversity of arthropods that negatively affect its production. For instance,
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while species of Eurysacca (quinoa moth, Lepidoptera: Gelechiidae) are more frequently
indicated as a major pest in the highlands [5,7,8], other species such as thrips (Franklin-
iella occidentalis (Pergande) (Thysanoptera: Thripidae)), aphids (Macrosiphum euphorbiae
(Thomas) (Hemiptera: Aphididae)), and leafminers (Liriomyza huidobrensis Blanchard
(Diptera: Agromyzidae)) add to the array of pest species than can reach high populations
in lowland areas of Perú [9].

Understanding the herbivore communities is essential to developing sustainable insect
pest management strategies in quinoa production; however, specific studies reporting insect
species that feed on quinoa in Chile are scarce and incomplete. For instance, the general
compendium of insect pests of economic importance in Chile published by Artigas [10]
reported only five insect species that use quinoa as a host plant. A few years later, Lamborot
et al. [11] reported five Lepidoptera species found in quinoa grown in central Chile. Later,
another compendium of arthropod species found in Chilean agricultural plants reported
only eight taxa [12]. Finally, Logarzo et al. [13] reported the finding of one leafhopper
species on quinoa in the Chilean Altiplano area. Clearly, this is a low number of species
when compared with the potential 78 arthropod taxa reported by Cruces et al. [5] in a
recent compilation of quinoa pests that included: 29 species of Lepidoptera, 22 Hemiptera,
16 Coleoptera, 4 Orthoptera, 3 Thysanoptera, 3 Diptera, and 1 Acari.

Because many insect species previously reported to feed on quinoa in other countries
are also present in Chile, we decided to review and update this information. The underlying
hypothesis is that it will be possible to identify distinct clusters of herbivore arthropods
along the latitudinal gradient where quinoas are cultivated in Chile. In addition, we
expected to identify latitudinal patterns in host range use, feeding habit, and geographical
origin of these arthropods. Hence, the objective of this work was to generate an updated
list of arthropod species associated with quinoa production in Chile by both reviewing the
literature and conducting field collections on quinoa fields across a latitudinal gradient in a
variety of agroecosystems. To further characterize the community of herbivores, species
were classified according to their geographical origin and host-range use (i.e., generalist
or specialist).

2. Results

Bibliographical evidence, together with field collections conducted in this study,
allowed us to construct an updated list of arthropod herbivores that feed on quinoa
plants in Chile, resulting in a total of 43 arthropod taxa. Across all latitudes, Lepidoptera
is represented with 20 taxa in 4 families (Coleophoridae, Crambidae, Gelechiidae, and
Noctuidae), Hemiptera with 15 taxa in 8 families (Aphididae, Cicadellidae, Coreidae,
Lygaeidae, Miridae, Pentatomidae, Rhopalidae, and Triozidae), Coleoptera with 3 taxa in
3 families (Chrysomelidae, Curculionidae, and Meloidae), Thysanoptera with 2 Thripidae
species, 1 Diptera (Agromyzidae), 1 Orthoptera (Acrididae), and 1 mite species (Acari:
Tetranychidae) (Table 1).

During field collections, we found and identified 19 taxa. Species identified included,
Achyra similalis (Guenée) (Lepidoptera: Crambidae), Agrotis ipsilon (Hufnagel) (Lepidoptera:
Noctuidae), Aphis craccivora Koch (Hemiptera: Aphididae), Eurysacca quinoae Povolný (Lep-
idoptera: Gelechiidae), Frankliniella occidentalis (Thysanoptera: Thripidae), Feltia subterranea
(Fabricius) (Lepidoptera: Noctuidae), Helicoverpa atacamae Hardwick (Lepidoptera: Noc-
tuidae), Helicoverpa gelotopoeon (Dyar) (Lepidoptera: Noctuidae), Liorhyssus lineatoventris
(Spinola) (Hemiptera: Rhopalidae), Liriomyza huidobrensis (Diptera: Agromyzidae), Macrosi-
phum euphorbiae (Hemiptera: Aphididae), Myzus persicae (Sulzer) (Hemiptera: Aphididae),
Orthotylus flavosparsus (Sahlberg) (Hemiptera: Miridae), Tetranychus urticae Koch (Acari:
Tetranychidae), Trichocyphus rubricollis (Blanchard) (Coleoptera: Curculionidae), and Tri-
choplusia ni (Hübner) (Lepidoptera: Noctuidae). Three taxa were included only at the level
of genera, as there was uncertainty regarding their species names. Specifically, further
research is needed to clarify species identity for Epitrix sp. (Coleoptera: Chrysomelidae),
Pseudomeloe sp. (Coleoptera: Meloidae), and Copitarsia spp. (Lepidoptera: Noctuidae).
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Specimens of these three genera were collected in this study and saved for further taxo-
nomic analyses.

Table 1. Species list and characteristics of herbivore arthropods that use quinoa as a host plant and are present in Chile.

Species Distribution Range
in Chile (◦ S)

Feeding
Habit Host Range Geographical

Origin References

Orthoptera: Acrididae
Dichroplus maculipennis (Blanchard, 1851) 29–56 Chewing Generalist Neotropic [5,14,15]

Hemiptera: Cicadellidae

Anacuerna centrolinea (Melichar, 1925) 19–22 Piercing–
sucking Generalist Neotropic [5,13]

Paratanus exitiosus Beamer, 1943 32–41 Piercing–
sucking Generalist Neotropic [5,7,10,16]

Hemiptera: Aphididae

Aphis craccivora Koch, 1854 18–44 a,b,c Piercing–
sucking Generalist Palearctic [5,7,10,15,16]

Aphis gossypii Glover, 1877 18–44 Piercing–
sucking Generalist Unknown [5,7,12,16,17]

Macrosiphum euphorbiae (Thomas, 1878) 18–56 a,b,c,d Piercing–
sucking Generalist Neotropic—

Nearctic [5,7,10,16–18]

Myzus persicae (Sulzer, 1776) 18–56 b Piercing–
sucking Generalist Indo-

Malayan [5,7,10,16,17]

Smynthurodes betae Westwood, 1849 18–22; 32–56 Piercing–
sucking Generalist Unknown [10,17]

Hemiptera: Triozidae
Heterotrioza chenopodii (Reuter, 1876)
(=Trioza chenopodii Reuter) 29–34 Piercing–

sucking Specialist Palearctic [5,15,19]

Hemiptera: Pentatomidae

Nezara viridula (Linnaeus, 1758) 18–56 Piercing–
sucking Generalist Unknown [5,10,15]

Hemiptera: Lygaeidae

Nysius simulans (Stål, 1859) 29–38 Piercing–
sucking Generalist Neotropic [10]

Oncopeltus miles (Blanchard, 1852) 19–40 Piercing–
sucking Specialist Chile [10,20]

Hemiptera: Coreidae

Leptoglossus chilensis (Spinola, 1852) 26–44 Piercing–
sucking Generalist Neotropic [5,15,21]

Hemiptera: Rhopalidae

Liorhyssus hyalinus (Fabricius, 1794) 18–38 Piercing–
sucking Generalist Unknown [10]

Liorhyssus lineatoventris (Spinola, 1852) 30–40 b Piercing–
sucking Generalist Neotropic [22]

Hemiptera: Miridae

Orthotylus flavosparsus (Sahlberg, 1841) 33–34 b Piercing–
sucking Generalist Unknown [5,15,22]

Thysanoptera: Thripidae

Frankliniella occidentalis (Pergande, 1895) 18–44 b,c Cell punc-
turing Generalist Nearctic [12,18]

Thrips tabaci Lindeman, 1889 18–40 Cell punc-
turing Generalist Unknown [7,10,16,18]

Diptera: Agromyzidae

Liriomyza huidobrensis Blanchard, 1926 18–49 a,b,c Leaf
mining Generalist Neotropic [5,7,10,16]
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Table 1. Cont.

Species Distribution Range
in Chile (◦ S)

Feeding
Habit Host Range Geographical

Origin References

Coleoptera: Chrysomelidae

Epitrix sp. 32–34 b Chewing Unknown Neotropic—
Nearctic [5,7,10,12,16]

Coleoptera: Curculionidae
Trichocyphus rubricollis (Blanchard, 1847) 18–26 a Chewing Unknown Neotropic [23]

Coleoptera: Meloidae
Pseudomeloe sp. 19–22 a Chewing Unknown Neotropic [7]

Lepidoptera: Coleophoridae

Coleophora versurella Zeller, 1849 32–40 Chewing Specialist Neotropic—
Nearctic [11,24,25]

Lepidoptera: Crambidae
Achyra similalis (Guenée, 1854) (=Loxostege
similalis (Guenée)) 18–40 b Chewing Specialist Neotropic—

Nearctic [10,11,25]

Spoladea recurvalis (Fabricius, 1794) 18–19 Chewing Specialist Neotropic [5,7,10]

Lepidoptera: Gelechiidae
Eurysacca media Povolný, 1986 32–34 Chewing Specialist Neotropic [11,26,27]
Eurysacca quinoae Povolný, 1997 19 a Chewing Specialist Neotropic [28]

Lepidoptera: Noctuidae
Agrotis experta (Walker, 1869) (=Feltia
experta (Walker)) 18–26 Chewing Generalist Neotropic [5,7,10,16]

Agrotis ipsilon (Hufnagel, 1766) 18–44 c Chewing Generalist Unknown [5,7,10,16]
Agrotis malefida (Guenée, 1852) 32–56 Chewing Generalist Neotropic [7,10]

Copitarsia spp. (species complex) 18–56 a,b,c,d Chewing Generalist Neotropic [5,10–
12,16,29]

Chrysodeixis includens (Walker, 1858)
(=Pseudoplusia includens (Walker))
(=Phytometra oo (Cramer))

18–26 Chewing Generalist Neotropic—
Nearctic [5,10,12]

Feltia subterranea (Fabricius, 1794) (=Agrotis
subterranea) 18–40 b,c Chewing Generalist Neotropic—

Nearctic [5,10]

Helicoverpa atacamae Hardwick, 1965 18–41 a Chewing Generalist Neotropic [5,16,30]
Helicoverpa gelotopoeon (Dyar, 1921) 18–40 a Chewing Generalist Neotropic [5,12,15,30]

Helicoverpa zea (Boddie, 1850) 18–44 Chewing Generalist Neotropic—
Nearctic

[5,7,10,12,16,
18]

Peridroma saucia (Hübner, 1808) 18–56 Chewing Generalist Unknown [5,7,10,16]

Rachiplusia nu (Guenée, 1852) 18–44 Chewing Generalist Neotropic—
Nearctic [5,10,11,15]

Spodoptera eridania (Stoll, 1782) 18–33 Chewing Generalist Neotropic—
Nearctic [5,7,10,16]

Spodoptera frugiperda (J.E. Smith, 1797) 18–22 Chewing Generalist Neotropic—
Nearctic [5,7,10,15,16]

Spodoptera ochrea (Hampson, 1909) 18–22 Chewing Generalist Neotropic [5,10]
Trichoplusia ni (Hübner, 1803) 18–44 b Chewing Generalist Unknown [12,18]

Acari: Tetranychidae

Tetranychus urticae Koch, 1836 18–44 b Cell punc-
turing Generalist Unknown [5,10]

a Collected in this study in Tarapacá (19◦24′ S, 68◦35′ W); b Metropolitana (33◦40′ S, 70◦35′ W, or 33◦29′ S, 70◦36′ W); c O’Higgins (34◦29′,
72◦01′ W, or 34◦15′ S, 71◦47′ W); d Los Lagos (41◦50′ S, 74◦00′ W, or 42◦00′ S, 73◦53′ W).

The number of individual taxonomic units collected on each locality was 9 in the
region of Tarapacá (Ancovinto site, 19◦ S), 13 in the Metropolitan region (Santiago and
Pirque sites, 33◦ S), 7 in the O’Higgins region (Cahuil and Pailimo sites, 34◦ S), and 2 in
the Los Lagos Region (Ancud sites, 42◦ S) (Table 1). Lepidoptera species were particularly
abundant at the Ancovinto site. The identity of the quinoa moth Eurysacca quinoae was con-
firmed based on male genitalia structures that corresponded with its original description;
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particularly, the parabasal processes with broadly rounded clavate tips, symmetrical lance-
olate saccular processes with an acute tip, and a long and slender valve [28]. Two species
of Helicoverpa, H. atacamae and H. gelotopoeon, were confirmed based on morphological
structures in comparison with descriptions and illustrations in Hardwick [30]. In particular,
the two can be separated by the length of the male valvae, the shape of the everted vesica,
and differences in setae on the foretibia [30]. We also identified a new host record for
Trichocyphus rubricollis. Trichocyphus rubricollis was originally described by Kuschel [31] as a
variety of T. formosus, to later recognize them as different specific entities [32]; Although
Lanteri [33] establishes the synonymy between both names, Elgueta and Marvaldi [23]
consider both as valid species. A few adults of T. rubricollis were detected feeding on
quinoa leaves, chewing from the external margin of the leaves towards the central vein.
Other species detected in this area included Copitarsia sp., Aphis craccivora, Macrosiphum
euphorbiae, Liriomyza huidobrensis, and Pseudomeloe sp.

In the central area (Metropolitana and O’Higgins areas), specimens collected included:
Achyra similalis, Agrotis ipsilon, Aphis craccivora, Copitarsia spp., Epitrix sp., Feltia subterranea,
Frankliniella occidentalis, Liorhyssus lineatoventris, Liriomyza huidobrensis, Macrosiphum euphor-
biae, Myzus persicae, Orthotylus flavosparsus, Tetranychus urticae, and Trichoplusia ni. Among
these species, a complex of chinch bugs (L. lineatoventris and O. flavosparsus), Copitarsia
spp., and L. huidobrensis were more frequently collected. Our results also provide new
information for the distribution range of O. flavosparsus, as it was known to be present in
Chile [22], but no information on its distribution range and host use had been reported. In
turn, the southernmost area of Ancud is characterized by the presence of fewer herbivore
species. Here, we only collected Copitarsia spp. and M. euphorbiae. While only a few
specimens of M. euphorbiae were detected, Copitarsia caterpillars were found more often but
still in low numbers.

Regarding the total number of species expected to affect quinoa in Chile, we found that
species assemblages varied in relation to the geographical region. Cluster analysis identified
four groups with a percentage of similarity higher than 80% within each cluster (Figure 1).
One cluster grouped the regions of Arica y Parinacota, Tarapacá, and Antofagasta (18–26◦ S)
with 32 taxa; a second cluster included 27 taxa in the regions of Atacama and Coquimbo
(26–32◦ S). In the central area of Chile, a third cluster included 34 taxa in the Regions of
Valparaíso, Metropolitana, O’Higgins, Maule, Ñuble, Bio-Bío and Araucanía (32–40◦ S),
and the fourth cluster assembled 22 taxa in the regions of Los Rios and Los Lagos (40–
44◦ S) (Table 2). Interestingly, both Cluster 1 and 3 included unique species. Cluster 1
is defined by nine species that are uniquely found in the northernmost region, which is
closest to the borders with Perú and Bolivia. This is the case for Agrotis experta (Walker)
(Lepidoptera: Noctuidae), Anacuerna centrolinea (Melichar) (Hemiptera: Cicadellidae),
Chrysodeixis includens (Walker) (Lepidoptera: Noctuidae), Eurysacca quinoae, Pseudomeloe sp.,
Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), Spodoptera ochrea (Hampson)
(Lepidoptera: Noctuidae), Spoladea recurvalis (Fabricius) (Lepidoptera: Crambidae), and
Trichocyphus rubricollis. Similarly, Cluster 3 in the central region is uniquely defined by the
presence of Coleophora versurella Zeller (Lepidoptera: Coleophoridae), Epitrix sp., Eurysacca
media Povolný (Lepidoptera: Gelechiidae), and Orthotylus flavosparsus.

In general, most species that feed on quinoa in Chile have a wide range of host use,
given that 33 of them are polyphagous (77%) and only 7 are specialists (16%) (Table 1).
When their geographical distribution is analyzed as a variable, the proportion of specialist
herbivores ranges between 5 and 15% between parallels 18 and 39◦ S, with the lowest
proportion in the southernmost area delimited by parallels 40–44◦ S (Figure 2). The
distribution of the specialist herbivores Eurysacca quinoae, E. media, Coleophora versurella,
and Heterotrioza chenopodii (Reuter) (Hemiptera: Triozidae) highly influenced this pattern
due to their absence in the southern latitudes of Chile.
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32 species: Achyra similalis, Agrotis experta, Agrotis ipsilon, Anacuerna centrolinea, Aphis craccivora,
Aphis gossypii, Chrysodeixis includens, Copitarsia spp., Eurysacca quinoae, Feltia subterranea,
Frankliniella occidentalis, Helicoverpa atacamae, Helicoverpa gelotopoeon, Helicoverpa zea, Liorhyssus
hialinus, Liriomyza huidobrensis, Macrosiphum euphorbiae, Myzus persicae, Nezara viridula, Oncopeltus
miles, Peridroma saucia, Pseudomeloe sp., Rachiplusia nu, Smynthurodes betae, Spodoptera eridania,
Spodoptera frugiperda, Spodoptera ochrea, Spoladea recurvalis, Tetranychus urticae, Thrips tabaci,
Trichocyphus rubricollis, Trichoplusia ni

2 25.9—32.0

27 species: Achyra similalis, Agrotis ipsilon, Aphis craccivora, Aphis gossypii, Copitarsia spp.,
Dichroplus maculipennis, Feltia subterranea, Frankliniella occidentalis, Helicoverpa atacamae, Helicoverpa
gelotopoeon, Helicoverpa zea, Heterotrioza chenopodii, Leptoglossus chilensis, Liorhyssus hialinus,
Liorhyssus lineatoventris, Liriomyza huidobrensis, Macrosiphum euphorbiae, Myzus persicae, Nezara
viridula, Nysius simulans, Oncopeltus miles, Peridroma saucia, Rachiplusia nu, Spodoptera eridania,
Tetranychus urticae, Thrips tabaci, Trichoplusia ni
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Table 2. Cont.

Cluster
Group

Geographical
Limits of Each
Cluster (◦ S)

Species Present within the Delimited Area *

3 32.1—39.5

34 species: Achyra similalis, Agrotis ipsilon, Agrotis malefida, Aphis craccivora, Aphis gossypii,
Coleophora versurella, Copitarsia spp., Dichroplus maculipennis, Epitrix sp., Eurysacca media, Feltia
subterranea, Frankliniella occidentalis, Helicoverpa atacamae, Helicoverpa gelotopoeon, Helicoverpa zea,
Heterotrioza chenopodii, Leptoglossus chilensis, Liorhyssus hialinus, Liorhyssus lineatoventris, Liriomyza
huidobrensis, Macrosiphum euphorbiae, Myzus persicae, Nezara viridula, Nysius simulans, Oncopeltus
miles, Orthotylus flavosparsus, Paratanus exitiosus, Peridroma saucia, Rachiplusia nu, Smynthurodes
betae, Spodoptera eridania, Tetranychus urticae, Thrips tabaci, Trichoplusia ni

4 39.5—43.7

22 species: Achyra similalis, Agrotis ipsilon, Agrotis malefida, Aphis craccivora, Aphis gossypii,
Copitarsia spp., Dichroplus maculipennis, Frankliniella occidentalis, Helicoverpa atacamae, Helicoverpa
zea, Leptoglossus chilensis, Liorhyssus lineatoventris, Liriomyza huidobrensis, Macrosiphum euphorbiae,
Myzus persicae, Nezara viridula, Paratanus exitiosus, Peridroma saucia, Rachiplusia nu, Smynthurodes
betae, Tetranychus urticae, Trichoplusia ni

* For information regarding species-specific distribution within each cluster, see Table 1.

Plants 2021, 10, x FOR PEER REVIEW 8 of 14 
 

 

 
Figure 2. Latitudinal patterns of host range, feeding habit, and geographical origin of arthropod species that feed on qui-
noa in each latitudinal cluster of species. 

3. Discussion 
This is the first study to compile a list of arthropods that feed on quinoa in Chile, 

which will help quinoa growers and future insect–plant interaction research. Until this 
study, only 10 insect species had been reported as quinoa feeders within the Chilean ter-
ritory. Specifically, the general compendium of insect pests of economic importance in 
Chile reported one aphid (Smynthurodes betae Westwood (Hemiptera: Aphididae)), one 
chinchbug (O. miles), and three Lepidoptera species (Helicoverpa zea (Boddie), Rachiplusia 
nu Guenée, and S. recurvalis) [10]. Another study that focused on caterpillars reported five 
Lepidoptera species found in quinoa in central Chile, including E. media, Copitarsia turbata 
(Herrich-Schäffer), R. nu, C. versurella, and A. similalis [11]. The most recent compendium 
of arthropod species found in Chilean agricultural plants reported a total of 8 taxa, includ-
ing Copitarsia sp., H. zea, O. miles, R. nu, Sigelgaita chilensis Heinrich, S. betae, S. recurvalis, 
and Tapajosa sp. [12]. However, we found a few incorrect species names and host use at-
tributions in Klein-Koch and Waterhouse [12] and made appropriate corrections to con-
struct Table 1. Specifically, Sigelgaita chilensis Heinrich does not feed on quinoa [10]; thus, 
it was not included here. Additionally, Klein-Koch and Waterhouse [12] lists Tapajosa sp. 
as a quinoa feeder, but as stated by Logarzo et al. [13], Tapajosa sp. was identified later as 
A. centrolinea. Finally, there is uncertainty about the identity of the species reported as C. 

Figure 2. Latitudinal patterns of host range, feeding habit, and geographical origin of arthropod
species that feed on quinoa in each latitudinal cluster of species.

143



Plants 2021, 10, 2811

The feeding habit of the arthropod species that attack quinoa in Chile is mostly
dominated by chewing and piercing–sucking insects. The relative proportion of chewing
insects ranges between 44 and 60%, and that of piercing–sucking hemipterans between 28
and 41%, depending on the geographical area (Figure 2). Only three species puncture plant
cells, including two thrips (F. occidentalis and Thrips tabaci Lindeman) and the two-spotted
spider mite (T. urticae). The leafminer L. huidobrensis was the only species identified with
this strict feeding habit, which is distributed across the entire Chilean territory (Table 1).
Eurysacca species were classified as chewer insects, although it has been reported that they
have a leaf-mining habit during the early stages of larval development [7].

Regarding the geographical origin of the 43 arthropod species reported to feed on
quinoa in Chile (Table 1), 30 species are native to the New World, while only 2 are Palearctic,
and 1 comes from the Indo-Malayan realm. Interestingly, Oncopeltus miles (Blanchard)
(Hemiptera: Lygaeidae) is the only native species reported to feed on quinoa in Chile [10].
In turn, 10 species have an uncertain geographical origin, as these are cosmopolitan
agricultural pests (Table 1).

3. Discussion

This is the first study to compile a list of arthropods that feed on quinoa in Chile,
which will help quinoa growers and future insect–plant interaction research. Until this
study, only 10 insect species had been reported as quinoa feeders within the Chilean
territory. Specifically, the general compendium of insect pests of economic importance in
Chile reported one aphid (Smynthurodes betae Westwood (Hemiptera: Aphididae)), one
chinchbug (O. miles), and three Lepidoptera species (Helicoverpa zea (Boddie), Rachiplusia
nu Guenée, and S. recurvalis) [10]. Another study that focused on caterpillars reported five
Lepidoptera species found in quinoa in central Chile, including E. media, Copitarsia turbata
(Herrich-Schäffer), R. nu, C. versurella, and A. similalis [11]. The most recent compendium of
arthropod species found in Chilean agricultural plants reported a total of 8 taxa, including
Copitarsia sp., H. zea, O. miles, R. nu, Sigelgaita chilensis Heinrich, S. betae, S. recurvalis,
and Tapajosa sp. [12]. However, we found a few incorrect species names and host use
attributions in Klein-Koch and Waterhouse [12] and made appropriate corrections to
construct Table 1. Specifically, Sigelgaita chilensis Heinrich does not feed on quinoa [10];
thus, it was not included here. Additionally, Klein-Koch and Waterhouse [12] lists Tapajosa
sp. as a quinoa feeder, but as stated by Logarzo et al. [13], Tapajosa sp. was identified later
as A. centrolinea. Finally, there is uncertainty about the identity of the species reported as
C. turbata [11] because there is considerable confusion among Copitarsia species in South
American literature [34]. Therefore, all individuals identified as Copitarsia during the
conduction of this study are reported here as Copitarsia spp. and were saved for further
taxonomic analysis.

It is possible that other insect species also feed on quinoa in Chile, but for which further
studies are needed to clarify its potential presence on quinoas in Chile. For instance, this is
the case for the genera Rhinacloa (Miridae), Xenogenus (Rhopalidae), Empoasca (Cicadelli-
dae), Bergallia (Cicadellidae), Conoderus (Elateridae), Cylydrorhinus (formerly = Adioristus)
(Curculionidae), Tetraonyx (Meloidae), and Symmetrischema (Gelechiidae). Specifically,
regarding Rhinacloa sp. reported from the Altiplano area [7,16], there are five species in
Chile, including R. aricana Carvalho, R. azapa Schuh and Schwartz, R. incaicus (Carvalho
and Gomes), R. penai Schuh and Schwartz, and R. peruana Schuh and Schwartz [22]. The
species Xenogenus picturatum Berg. was reported on quinoa [5,15], but only Xenogenus
gracilis (Reed) is present in Chile [10]. Likewise, the genera Empoasca and Bergallia (Ci-
cadellidae) have been reported attacking quinoa in Perú [35], for which Empoasca curveola
Oman [10] and Bergallia valdiviana Berg [36] are found in Chile, but we did not find evi-
dence of their association with the cultivation of quinoa in Chile. Similarly, Dughetti [15]
and Cruces et al. [5] also report Conoderus sp. on quinoa; however, we did not find ei-
ther Conoderus chilensis (Schwartz) or C. rufangulus (Gyllenhal), which are the two species
present in Chile [10]. Another taxon previously reported only at the level of genus is
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Adioristus sp. [5,7,16], but this name is a synonym of Cylydrorhinus, as stated by Wibmer
and O’Brien [37]. Valoy et al. [38] reported Tetraonyx sp. with no details about species
identity. For this genus in Chile, Elgueta and Arriagada [39] reported Tetraonyx limbata,
T. parviceps and T. septemguttata, however there is no information that suggests quinoa
as part of their host range. Regarding another potential quinoa pest, Dughetti [15] and
Cruces et al. [5] also reported Symmetrischema sp., for which S. nanum Povolný, S. striatella
(Murtfeldt), and S. tangolias (Gyen) are in Chile [26,40,41]. Undoubtedly, future samplings
and taxonomic studies could expand the list of species reported in this study.

Most species that feed on quinoa are chewing stages belonging to Lepidoptera and
a few species of Coleoptera and Orthoptera, followed by piercing–sucking Hemiptera.
Insects with a chewing feeding habit feed on leaves, inflorescences, and developing grains.
Flower- and seed-feeding insects, such as Gelechiidae and Noctuidae, often cause serious
damage to quinoa production [5,7,16]. Piercing–sucking hemipterans, such as Aphididae
and Cicadellidae, feed on phloem/xylem sap extracted from leaves, stems, and inflo-
rescences, while chinch bugs in Heteroptera may also feed on immature grains [15]. In
contrast, Thysanoptera species can puncture and extract cell contents of leaves, buds, inflo-
rescences, and pollen. Agromyzidae species use a different feeding strategy, as the larvae
of L. huidobrensis construct feeding galleries in the leaves of quinoa, and adult females
puncture the leaves with their ovipositor to feed on cell content [5]. The larvae of a few
species feed underground, such as Epitrix and those belonging to Anthomyiidae [5,18].

Although a variety of insects feed on quinoa, some are rarely seen in the field [9].
Additionally, only a few species are commonly observed in high population numbers,
thereby causing concerns to growers about potential yield losses [5,7,9]. Typically, Eurysacca
melanocampta (Meyrick) and E. quinoae are frequently cited as the most significant quinoa
pests in Perú and Bolivia [5,7]. Nonetheless, the geographical location of quinoa production
has been shown to influence species richness and its abundance, even within the same
country. In a recent study conducted in two lowland sites (La Molina and Majes) and
one highland site (San Lorenzo) of Perú, Cruces et al. [9] detected higher populations of
M. euphorbiae, E. melanocampta, and L. huidobrensis in La Molina, as well as of F. occidentalis in
the locality of Majes; only E. melanocampta was a major pest in San Lorenzo. Concordantly,
we identified four distinct groups of species associated with quinoa along a latitudinal
gradient of Chile (Table 2). Nine unique insect species feed on quinoa in the northern
territory (Cluster 1), including A. experta, A. centrolinea, C. includens, E. quinoae, Pseudomeloe
sp., S. frugiperda, S. ochrea, S. recurvalis, and T. rubricollis. This geographic area is close to
the borders with Perú and Bolivia, and it is geographically isolated from the central and
southern quinoa production areas by the Atacama Desert. Indeed, many of these species
are also reported from the Altiplano areas of Bolivia and Perú [5]. During our observations
in the quinoas grown in the altiplano area of Ancovinto, we found relatively high numbers
of E. quinoae, H. atacamae, H. gelotopoeon, and Copitarsia sp. larvae feeding on leaves, flowers,
and developing grains, as well as occasional clusters of the aphid A. craccivora during grain
development, but otherwise, other species were uncommon.

Coastal ecotypes grown at higher latitudes are potentially affected by a distinct assem-
blage of insect species. Particularly, the central region (Cluster 3) concentrates the highest
number of species, with unique species including E. media, Epitrix sp., O. flavosparsus, and
C. versurella. Nonetheless, not all the species present in this area have been signified as
major pests in other lowland areas of quinoa production [9]. Indeed, during our field
studies, we only observed population outbreaks of Copitarsia sp., L. lineatoventris, and
O. flavosparsus, as well as occasional infestations with A. craccivora and L. huidobrensis. In
the southernmost production area (Cluster 4), the number of herbivorous arthropod species
is the lowest, therefore representing potential advantages for the sustainable production of
quinoa at higher latitudes.

Most species potentially found on quinoa in Chile show a wide range of host use.
Generalist herbivores are often major pests in other agricultural crops, and therefore, they
could potentially colonize quinoas grown near vegetables and other crop species as quinoa
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production areas diversify outside the highlands of the Andes. This has been reported
in Perú, where lowland quinoas are negatively affected by polyphagous feeders such
as F. occidentalis, M. euphorbiae, and L. huidobrensis [9]. Similarly, several polyphagous
insect species negatively affect quinoas in other countries, such as Argentina [15], the
United States [18], and Italy [42–44]. Interestingly, many of these generalist feeders are also
cosmopolitan invasive pests that represent potential pest problems in other areas of the
world where quinoa production is expanding.

4. Materials and Methods
4.1. Field Sampling and Species Identification

Commercial and experimental quinoa plantations were sampled periodically between
2015 and 2018 in 7 sampling sites within the 4 political regions named (abbr.) Tarapacá,
Metropolitana, O’Higgins, and Los Lagos. For each region, sampling details are pro-
vided below.

• Tarapacá

Ancovinto site with commercial plantations of salares ecotype (20 ha) (19◦24′ S,
68◦35′ W, 3720 m.a.s.l.). Inspected: 10 December 2016, 27 January 2017, 7 April
2017, and 29 January 2018.

• Metropolitana

Pirque site. Research facility with experimental plantations (1 ha) of coastal ecotype
(33◦40′ S, 70◦35′ W, 653 m.a.s.l.). Inspected: 22 December 2015, 14 January 2016, and
10 October 2018.
Santiago site, research facility with demonstrative plantation of coastal ecotype (33◦29′ S,
70◦36′ W, 576 m.a.s.l.). Inspected on a monthly basis from November through April of
2016, 2017, and 2018.

• O’Higgins

Cahuil site with commercial plantation of coastal ecotype (10 ha) (34◦29′, 72◦01′ W,
40 m.a.s.l.). Inspected: 12 October 2016, 12 December 2016, 12 January 2016, and 22
January 2017.
Pailimo site with commercial plantation of coastal ecotype (5 ha) (34◦15′ S, 71◦47′ W,
242 m.a.s.l.). Inspected: 12 October 2016, 12 January 2016, and 22 January 2017.

• Los Lagos

Ancud sites 1 and 2 with commercial plantations of coastal ecotypes (0.1 and 0.2 ha)
(41◦50′ S, 74◦00′ W, 7 m.a.s.l., and 42◦00′ S, 73◦53′ W, 38 m.a.s.l.). Inspected: 16
December 2016, 13 January 2017, and 3 February 2017.

In these sites, quinoa plants were scouted by whole-plant visual inspections, plant
beating, and using a sweeping net. Similar sampling efforts were devoted to each sampling
date, which corresponded to 1 h of scouting. Special attention was given to collecting
insects that were actively feeding. For inspections, each site was monitored in a random
pattern, selecting at least 5 sectors where 5–10 plants were sampled per sector. Plant tissues
affected by each species were annotated as leaves, stems, and/or panicles (flowers and/or
seeds). Immature stages were brought to the laboratory and reared individually until
adult emergence. Identifications of field-collected specimens were conducted on mounted
adult specimens and comparing their morphological traits with available taxonomic pub-
lications [10,23,27,28,30–33,45–47], or directly with identified specimens in the Colección
Nacional de Insectos, Museo Nacional de Historia Natural, Santiago, Chile (MNNC).
Voucher specimens are conserved in the Entomological Collection of the Museo Nacional
de Historia Natural, Santiago, Chile and in the Entomological Collection of Facultad de
Agronomía e Ingeniería Forestal, Pontificia Universidad Católica de Chile, Santiago.
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4.2. Total Number of Expected Species

First, we compiled records of insect and mite species to create a comprehensive list of
arthropods reported to feed on quinoa around the world. We used the following scientific
articles, books, and technical reports: [5,7,10,11,15,16,18,38,41,48]. Thereafter, this list was
checked for the correct use of scientific names and updated. Arthropod species names were
checked against currently available records for species present in Chile and updated with
the species found in the surveys conducted in this study.

This checklist of arthropods associated with quinoa production in Chile was supple-
mented with bibliographical information about their geographical distribution in Chile, as
well as their feeding habits and host range. Feeding habits were classified according to their
mouthparts into chewing, piercing–sucking, cell-puncturing, and leaf-mining habits. Host
range use was classified either as generalist or specialist if the species had been reported
feeding on several non-related plant genera or only on a few related plant species [49].
Additionally, the species were classified according to their geographical origin into Nearctic
(North America), Neotropic (Central and South America), Nearctic—Neotropic (American
continent in general), Palearctic (Eurasia), Indo-Malayan (India—Asia), Chile (Native), or
as unknown [10,13,20,27,28,50].

4.3. Data Analysis

Multivariate cluster analysis was conducted to find associations among species ac-
cording to their presence/absence within each political region of Chile (latitudinal vari-
ables). Data matrix was constructed using the presence or absence (values 1 or 0, respec-
tively) of the 43 arthropod taxa (reported in Table 1) in each of the 14 political regions
that represent the variety of environments where quinoa is produced in Chile, specifi-
cally: Región de Arica y Parinacota (~17.5–19.1◦ S), Región de Tarapacá (~19.2–21.6◦ S),
Región de Antofagasta (~21.7–25.8◦ S), Región de Atacama (~25.9–29.2◦ S), Región de
Coquimbo (~29.3–32◦ S), Región de Valparaíso (~32.1–33◦ S), Región Metropolitana de
Santiago (~33.1–34◦ S), Región del Libertador General Bernardo O’Higgins (~34.1–34.8◦ S),
Región del Maule (~34.9–36.2◦ S), Región de Ñuble (~36.2–36.9◦ S), Región del Bio-Bio
(~36.9–37.8◦ S), Región de La Araucanía (~37.9–39.5◦ S), Región de Los Ríos (~39.5–40.4◦ S),
and Región de Los Lagos (~40.4–43.7◦ S). A dendrogram was constructed by distance
correlation coefficient and complete linkage amalgamation steps functions using Minitab
17 software (Minitab Inc., State College, PA, USA). Specifically, for the linkage method, the
distance between two clusters was calculated with the furthest-neighbor method, which is
the maximum distance between variables of one cluster relative to another cluster. Distance
between variables was calculated using the correlation method to consider positively corre-
lated data to be closer than negatively correlated data, as it calculates distances between
0 and 1 for positive correlations and values between 1 and 2 for negative correlations. A
total of 13 amalgamation steps were considered to create the dendrogram. Similarity levels
ranged between 100 (13 clusters) and 91.3% (7 clusters) for the first 7 steps, and between
88.2 to 85.8% for steps 8 (6 clusters) to 10 (4 clusters), after which the similarity dropped
below 74%.
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Abstract: The cultivation of quinoa has gained increasing interest in Europe. Different European
varieties exist, but more research is required to understand the individual variety characteristics
for end-use applications. The objective of this study is to evaluate the agronomic performance
of 13 quinoa varieties under North-West European field conditions during three growing seasons
(2017–2019). Furthermore, seeds were qualitatively characterized based on characteristics and com-
position. Yield differed among varieties and growing seasons (0.47–3.42 ton/ha), with lower yields
obtained for late-maturing varieties. The saponin content varied from sweet to very bitter. The seeds
contained high protein levels (12.1–18.8 g/100 g dry matter), whereas varieties had a similar es-
sential amino acid profile. The main fatty acids were linoleic (53.0–59.8%), α-linolenic (4.7–8.2%),
and oleic acid (15.5–22.7%), indicating a high degree of unsaturation. The clustering of varieties/years
revealed subtle differences between growing seasons but also reflected the significant interaction
effects of variety and year. Most varieties perform well under North-West European conditions,
and their nutritional content is well within the values previously described for other cultivation
areas. However, optimal yield and quality traits were not combined in one variety, illustrating the
importance of breeding for adapted quinoa varieties.

Keywords: Chenopodium quinoa Willd.; North-West Europe; yield; saponins; amino acids; fatty acids;
triacylglycerols; minerals

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is a highly nutritional and resilient crop, native to
the Andean region. It is a pseudocereal belonging to the Amaranthaceae family that was
domesticated and cultivated more than 5000 years ago [1,2]. Unlike the other staple crops
of the Andes, quinoa remained relatively unknown outside the Andean region until it
was exported as a food product to the USA in the late 1970s. From that period onwards,
quinoa consumption increased worldwide [2,3]. As the high nutritional value of quinoa
seeds started to be recognized, this pseudocereal gained increasing global interest in the
last decade [1,4]. The quinoa seeds can be used for the same purpose as cereals, such as
wheat or rice, or as whole grains in salads, cooked meals, breakfast, or soups. They can be
milled into flour to produce pasta, bread, biscuits, and pancakes. The seeds can be used for
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the production of dairy-free drinks or, in fermented form, for the production of beer or the
traditional chicha drink [5,6].

The start of quinoa exports and consumer interest outside the Andean region rapidly
increased the demand and price of quinoa in the main producing countries, Bolivia and
Peru [2,4]. The subsequent expansion of the agricultural frontier and the unsustainable
practices in South America emphasized the need to grow quinoa in other parts of the
world [2,7]. In the 1980s, breeding programs were initiated in several European countries,
i.e., the UK, Denmark, and the Netherlands. The research focused on the adaptation to
European climatic conditions and the improvement of agronomic performance (e.g., early
maturity, high yield, low saponin concentration, no head sprouting). Chilean varieties
belonging to the coastal ecotype are less sensitive to photoperiods, an important requisite
for northern latitudes, and were the ideal starting material for European varieties [3,4,8].
Nowadays, several Dutch and Danish varieties have been registered in Europe. The newest
varieties show early maturity and are almost completely day-length neutral [3,9]. Moreover,
Patiranage et al. [10] recently identified haplotypes that induce photoperiod insensitivity
associated with early flowering under long day lengths. A haplotype-based breeding strat-
egy of pyramiding favorable alleles is suggested by the authors to breed quinoa varieties
that are early maturing under long day lengths and are, thus, suitable for cultivation in
northern latitudes [10].

As a pseudocereal, quinoa has distinctive features from conventional cereals. Its protein
content is substantially higher (7–23%) than that of the staple crops rice, barley, corn,
and rye and slightly higher than that of wheat, with a better balanced essential amino acid
profile [11,12]. Moreover, quinoa has a higher lipid content with a good representation of
essential fatty acids, a higher ash content, and higher concentrations of vitamins E, C, B2,
B6, and folic acid. Besides antioxidants, quinoa contains several other phytochemicals with
positive effects on human health and nutrition. Furthermore, quinoa is generally safe to
eat for patients with celiac disease [2,4,11–13].

Quinoa is characterized by a broad genetic diversity, which allows adaptability to
diverse climates and cultivation in a wide range of environments such as highlands, coastal
regions, subtropical environments, or arid regions. Furthermore, its ability to grow under
various abiotic stress conditions (i.e., frost, salinity, drought) makes quinoa a promising
crop for further expansion in many parts of the world to help feed the world’s population
in the context of a changing climate and food security [8,14–16].

Seed quality is a complex trait that results from the interaction between genetic and
environmental factors, and, except for saponin content, it has gotten little attention in
breeding programs [4,15]. There is also little information available on the nutritional qual-
ity of the different European varieties when produced in Europe, compared to quinoa
produced in South America [4,15,17]. Insufficient knowledge of the characteristics and
their consequences for potential end-uses complicate the use of European quinoa in the
food industry. Therefore, more research is required to gain a better understanding of the
individual variety characteristics for end-use applications and to bridge the gap between
farmers and end-users [16]. The objective of this study is to perform comparative variety
testing with 10 European bred varieties and 3 Farm Original varieties over 3 consecu-
tive growing seasons (2017–2019) [18] to (i) evaluate their agronomic performance under
North-West European field conditions and to (ii) qualitatively characterize the seed based
on characteristics and composition. In addition, principal components analysis (PCA)
and hierarchical cluster analysis (HCA) were employed to group the varieties/years into
clusters with similar yield, characteristics, and macronutrient composition.

2. Results and Discussion
2.1. Yield

The overall mean and range of the yield (Figure 1) of the different varieties was
strongly year-dependent, with the widest spread in 2017 (0.57–3.48 ton/ha). The ranking
of the varieties was, however, mostly consistent over the tested growing seasons. Titicaca,
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Bastille, Vikinga, and Dutchess were the best performing varieties under the North-West
European weather conditions in 2017–2019. The three dark-colored (i.e., Rouge Marie,
Summer Red, and Zwarte) varieties were less yielding compared to most white varieties
and similar to Atlas and Pasto, with consistently lower yields. Moreover, the varieties
clearly differed in the length of their growing season, which ranged between 111 and
187 growing days (GDs). Jessie, Vikinga, and Titicaca belonged to the early varieties,
and Atlas and Pasto were consistently the latest to be harvested. The seed yields were
comparable to the yields reported in other field trials [4,19]. In two previous studies, a small
subset of the analyzed varieties was grown under European conditions, i.e., Puno, Titicaca,
and Jessie in Germany [4] and Vikinga, Titicaca, and Puno in Spain [19]. The present seed
yield data were in the range of the Spanish study (0.70–3.25 ton/ha, [19]) and higher than
the German study (1.73–2.43 ton/ha, [4]). However, the same varieties needed similar GDs
as in Germany [4] or Spain [19].

Figure 1. Yield (ton/ha) of 13 quinoa varieties grown under North-West European field conditions in 2017, 2018, and 2019
(n = 3).

A significant negative correlation (r = −0.705, p < 0.001) was found between yield
and GDs (Figure S1) but was probably biased by the varieties Atlas and Pasto. These
late varieties were not able to reach full maturity under the North-West European growth
conditions before 15 September. Results from the EU project Protein2Food suggested that
yield potential in quinoa can be influenced by the sowing date [20]. In the 2017–2019
trials, the sowing date was the same for early, mid, and late varieties and depended on
the local field and weather conditions. An earlier sowing date for mid-late and, especially,
late varieties might be beneficial and, in some years, even required for completing their
life cycle in favorable weather conditions [20]. Earlier sowing dates (before 15 April),
as recommended by Radicle Crops for their varieties (pers. comm.), might have resulted
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in higher yields, mainly for the late varieties (i.e., Pasto and Atlas) in 2018 and 2019.
The European-bred varieties, except for the late varieties (i.e., Atlas and Pasto), did perform
well under the North-West European growth conditions. The Farm Original varieties
(i.e., Faro, Oro de Valle, and Zwarte) were taller, phenotypically less homogenous (data
not shown), and mid-late maturing and, except for Zwarte, performed similarly to most
European-bred varieties.

2.2. Seed Size and Weight

Seed size, thousand seed weight (TSW), and test weight differed significantly among
varieties and years, with significant variety × year interactions. The quinoa seeds had a
length of 1.65 to 2.25 mm and a width of 1.50 to 1.99 mm (Table 1), which corresponded
to a length–width ratio (LWR) of 1.09 to 1.14 (Table S1). This is within the range of seed
sizes reported by Bhargava et al. (1.34–2.21 mm, [17]) and Bertero et al. (1.8–2.2 mm, [21]).
The ranking of the varieties according to seed size was inconsistent over the years.
For example, the seeds of Puno and Vikinga were the smallest in 2019, while the grow-
ing season of 2018 resulted in the smallest seeds for Oro de Valle, Bastille, and Dutchess.
The seed size of Faro, Jessie, and Summer Red remained stable in 2018 and 2019, while
Pasto had a stable seed size in 2017 and 2018. In general, the growing season of 2017
resulted in the largest seeds. Among varieties, Puno and Pasto were characterized by the
smallest seed size. Zwarte and Summer Red generally had the largest seeds. Over the
years, Atlas and Jessie had comparable seed sizes.

The TSW of the quinoa varieties (Table 1) ranged between 1.90 and 3.68 g. These
values corresponded with the ranges reported for studies in Germany (1.2–3.3 g, [4]), Italy
(1.77–3.63 g, [22]), and Spain (1.7–3.4 g, [19]), in which four varieties were common to
this study. Most varieties obtained the lowest TSW in 2018. This growing season was
characterized by a prolonged dry period with 79% less overall rain compared to 2017
(Figure 5). Insufficient rain can reduce TSW during the seed filling phase [4]. However,
the growth conditions in 2018 resulted in the largest seeds with the highest TSW for Titicaca.
The TSW of Atlas remained stable at around 2.33 g in 2018 and 2019, while other varieties
had a higher TSW in 2019. Overall, the highest TSW was obtained in 2017, except for
Faro, Oro de Valle, and Titicaca. The two Farm Original varieties (i.e., Faro and Oro de
Valle) reached the highest TSW under the growth conditions of 2019. Across growing
seasons, the dark-colored varieties (i.e., Summer Red, Rouge Marie, and Zwarte) produced
the largest seeds with the highest TSW, while the Puno seeds were the smallest and the
lightest. The ranking of Puno, Jessie, and Titicaca (from small to high) was identical to
the ranking by Präger et al. [4] in Germany. The present data support the influence of
the genetic factor determining TSW. There is still room for increasing seed size and TSW
through breeding using varieties from the coastal ecotype or incorporating this trait from
other quinoa ecotypes, e.g., the salares ecotype (the real quinoa varieties from Bolivia),
of which the seeds have the highest TSW [23,24].

The test weight (Table 1) varied between 68.9 and 82.5 kg/hL, which is higher com-
pared to the test weight of quinoa grown in Bolivia (66.3–73.0 kg/hL, [25]) or the USA
(66.1–75.7 kg/hL, [25]). In 2019, the test weight of the quinoa seeds was significantly lower
compared to other growing seasons. However, Pasto and Faro had the lowest test weight
in 2017. The highest test weights were measured in 2018 for all varieties, except for Atlas
and Titicaca. The latter reached the highest test weight under the growth conditions of
2017. The test weight of Puno and Titicaca was usually high, especially in 2017 and 2018.
In 2019, the highest test weights were measured for Zwarte and Faro. Wu et al. [25] con-
cluded that Oro de Valle seeds had a higher test weight than Black seeds (possible origin
for variety Zwarte). Within the present study, Zwarte seeds invariably had a higher test
weight compared to Oro de Valle seeds. Despite the comparable seed size, Atlas and Jessie
had different test weights in 2017 and 2018. These varieties also significantly differed in
TSW, which suggests differences in seed composition. Dutchess invariably had the lowest
test weight in comparison to the different quinoa varieties.
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Table 1. Seed characteristics and saponin content (mg/g) of 13 quinoa varieties grown under North-West European field
conditions in 2017, 2018, and 2019 (n = 3).

Year Variety Length
(mm) 1

Width
(mm) 1

TSW
(g) 1,2

Test Weight
(kg/hL) 1

Saponins
(mg/g) 1,2

2017 Atlas 1.97 ± 0.00 d,B 1.80 ± 0.00 f,B 2.85 ± 0.01 e,B 75.9 ± 0.1 e,C <LoQ
Bastille - - - - -

Dutchess 1.96 ± 0.00 d,B 1.80 ± 0.01 f,B 2.94 ± 0.01 f,g,C 71.9 ± 0.2 a,B 0.1 ± 0.0 a,A

Faro 1.86 ± 0.01 c,B 1.69 ± 0.00 c,B 2.56 ± 0.01 c,B 74.9 ± 0.2 c,d,A 1.7 ± 0.6 c,d,A

Jessie 1.95 ± 0.01 d,B 1.79 ± 0.01 e,f,C 2.76 ± 0.02 d,C 75.3 ± 0.2 d,B <LoQ
Oro de Valle 1.97 ± 0.01 d,C 1.76 ± 0.01 e,C 2.98 ± 0.01 g,B 74.6 ± 0.1 b,c,B 1.1 ± 0.2 b,c,A

Pasto 1.77 ± 0.00 b,A 1.61 ± 0.01 b,A 2.37 ± 0.01 b,B 74.7 ± 0.2 b,c,A < LoQ
Puno 1.72 ± 0.01 a,C 1.56 ± 0.01 a,B 2.27 ± 0.01 a,C 81.7 ± 0.2 g,B 2.2 ± 0.2 d,A

Rouge Marie - - - - -
Summer Red 2.24 ± 0.01 e,B 1.99 ± 0.00 g,B 3.47 ± 0.02 h,C 74.5 ± 0.1 b,B <LoQ

Titicaca 1.88 ± 0.01 c,A 1.69 ± 0.01 c,A 2.87 ± 0.03 e,f,B 82.5 ± 0.1 h,C 0.4 ± 0.1 a,b,A

Vikinga 1.89 ± 0.00 c,C 1.72 ± 0.00 d,C 2.70 ± 0.01 d,C 77.2 ± 0.1 f,B < LoQ
Zwarte 2.25 ± 0.02 e,B 1.98 ± 0.02 g,A 3.68 ± 0.02 I,B 77.6 ± 0.2 f,B 0.8 ± 0.2 a,b,c,A

2018 Atlas 1.89 ± 0.01 d,A 1.74 ± 0.01 d,A 2.32 ± 0.02 c,d,A 75.6 ± 0.1 a,B <LoQ
Bastille 1.87 ± 0.00 c,d,A 1.68 ± 0.01 c,A 2.49 ± 0.02 f,A 78.1 ± 0.3 d,B <LoQ

Dutchess 1.86 ± 0.01 c,A 1.69 ± 0.01 c,A 2.38 ± 0.04 d,e,A 75.3 ± 0.2 a,C <LoQ
Faro 1.80 ± 0.01 b,A 1.64 ± 0.00 b,A 2.28 ± 0.03 c,A 79.6 ± 0.1 e,C 5.2 ± 0.6 c,B

Jessie 1.90 ± 0.02 d,A 1.75 ± 0.02 d,B 2.24 ± 0.02 c,A 76.8 ± 0.1 b,C <LoQ
Oro de Valle 1.85 ± 0.00 c,A 1.67 ± 0.01 c,A 2.46 ± 0.01 f,A 77.1 ± 0.1 b,C 2.8 ± 0.9 b,B

Pasto 1.78 ± 0.01 b,A 1.62 ± 0.01 b,A 2.00 ± 0.03 b,A 76.7 ± 0.1 b,B <LoQ
Puno 1.68 ± 0.01 a,B 1.54 ± 0.01 a,B 1.90 ± 0.03 a,A 81.6 ± 0.1 f,B 5.1 ± 1.2 c,B

Rouge Marie - - - - -
Summer Red 2.05 ± 0.01 e,A 1.88 ± 0.01 e,A 2.95 ± 0.04 g,A 78.3 ± 0.2 d,C <LoQ

Titicaca 2.03 ± 0.02 e,B 1.85 ± 0.02 e,C 2.93 ± 0.04 g,C 79.9 ± 0.1 e,B 1.3 ± 0.4 a,B

Vikinga 1.85 ± 0.02 c,B 1.68 ± 0.02 c,B 2.43 ± 0.01 e,f,A 77.6 ± 0.2 c,C <LoQ
Zwarte - - - - -

2019 Atlas 1.89 ± 0.01 c,A 1.73 ± 0.00 c,d,A 2.33 ± 0.02 b,A 73.6 ± 0.2 c,d,A <LoQ
Bastille 1.97 ± 0.01 d,B 1.76 ± 0.01 d,B 2.90 ± 0.06 e,B 71.9 ± 0.2 b,A <LoQ

Dutchess 2.00 ± 0.01 d,C 1.83 ± 0.01 e,C 2.77 ± 0.04 d,B 68.9 ± 0.1 a,A <LoQ
Faro 1.79 ± 0.01 b,A 1.64 ± 0.01 b,A 2.75 ± 0.02 d,C 75.5 ± 0.3 g,B 7.9 ± 0.1 e,C

Jessie 1.89 ± 0.01 c,A 1.72 ± 0.00 c,A 2.48 ± 0.02 c,B 73.9 ± 0.2 d,e,A < LoQ
Oro de Valle 1.89 ± 0.01 c,B 1.73 ± 0.00 c,B 3.04 ± 0.02 f,C 73.4 ± 0.2 c,A 5.4 ± 0.4 c,d,C

Pasto - - - - -
Puno 1.65 ± 0.01 a,A 1.50 ± 0.01 a,A 2.15 ± 0.03 a,B 74.6 ± 0.3 f,A 6.3 ± 0.5 d,C

Rouge Marie 1.98 ± 0.01 d,A 1.83 ± 0.01 e,A 3.27 ± 0.05 g,h,A 73.5 ± 0.3 c,d,A <LoQ
Summer Red 2.05 ± 0.02 e,A 1.88 ± 0.01 f,A 3.23 ± 0.02 g,B 73.5 ± 0.2 c,d,A <LoQ

Titicaca 1.88 ± 0.01 c,A 1.71 ± 0.01 c,B 2.79 ± 0.01 d,A 74.5 ± 0.2 f,A 3.2 ± 0.4 b,C

Vikinga 1.78 ± 0.01 b,C 1.61 ± 0.01 b,A 2.55 ± 0.03 c,B 74.2 ± 0.2 e,f,A 0.9 ± 0.4 a,A

Zwarte 2.19 ± 0.01 f,A 1.99 ± 0.01 g,A 3.35 ± 0.05 h,A 75.9 ± 0.1 g,A 4.8 ± 0.4 c,B

1 Within years, average values followed by the same lowercase letter are not significantly different (p > 0.05). Capital letters compare the
three years for the same variety; average values followed by the same letter are not significantly different (p > 0.05). 2 TSW: thousand seed
weight, LoQ: limit of quantification (= 0.1 mg/g, [26]).

2.3. Seed Color

The seed color (L*a*b*) of the quinoa varieties is presented in Table S1. The variety
× year interaction had a significant impact on the L*, a*, and b* values of the seed color.
The luminosity (L*) of the white varieties ranged from 60.15 to 67.69 and was considerably
higher than that of the dark-colored varieties (40.81–47.12). In 2017 and 2018, Pasto was
characterized by the lowest luminosity among the white varieties, and Faro and Bastille
by the highest. Moreover, Bastille had the clearest seeds in 2019. Lighter-colored seeds
are generally preferred within white-seeded varieties [27]. The growing conditions in
2019 resulted in a higher luminosity for the dark-colored varieties. Among these varieties,
Zwarte was characterized by the darkest seeds.
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The red component of seed color was generally higher in 2019, although Faro seeds
obtained the highest a* value in 2017. Rouge Marie had the reddest seeds (a* = 6.56)
among all varieties, while Zwarte seeds were characterized by the lowest a* value (1.91).
The a* value of the other varieties ranged between 3.72 and 5.42. The red component of
Atlas and Puno seeds was generally lower compared to that of other white seeds. All
varieties, except for Pasto and Vikinga, had comparable a* values in 2018.

The b* value was considerably lower for dark-colored seeds and varied between
0.69 and 5.48. Besides a lower a* value, Zwarte seeds were also characterized by a lower
b* value than Rouge Marie or Summer Red. Zwarte is a very heterogeneous variety with a
segregation for seed color that is genetically determined by two genes [28]. This results
in a mixture of red, brown, and black seeds with low a* and b* values. The b* value
ranged from 15.23 to 20.72 for the white varieties, with the highest values measured in 2019.
Only Vikinga seeds had a higher b* value in 2017. On average, Oro de Valle, Faro, Jessie,
and Bastille were characterized by the highest yellow pigment.

Granado-Rodriguez et al. [19] studied the color of Puno, Titicaca, and Vikinga seeds
over three years of cultivation in Spain. These authors reported lower L* values (50.3–63.1)
and higher b* values (19.6–24.2). Sobota et al. [29] described the color of Faro, Puno,
and Titicaca seeds cultivated in Poland. The results were within the ranges reported within
the present study.

2.4. Saponins

The saponin content of the quinoa varieties is listed in Table 1. Depending on the
saponin content, quinoa is classified as sweet or bitter. Quinoa can be considered sweet
when its saponin content is 1.1 mg/g or less [26]. Atlas, Bastille, Dutchess, Jessie, Pasto,
Rouge Marie, and Summer Red produced sweet seeds in all growing seasons. The saponin
content of these varieties, except for Dutchess in 2017 (0.1 mg/g), was too low in all years
to quantify. Saponins have an undesired bitter taste, and the bitter components decrease
the nutritional value of the seed [12]. In contrast to other seed characteristics, saponin
concentration has a high heritability, which makes it an important breeding trait [15,30].
The WUR and AbbottAgra varieties were bred for sweetness, and the saponin concentra-
tions are extremely low due to a genetic mutation in the T-SARL1 transcription factor [31].
The saponin concentration of the other varieties ranged from 0.1 to 7.9 mg/g, with Faro
as the bitterest variety. Vikinga is another variety bred for sweetness. The present data
confirmed this, but a higher saponin content of 0.9 mg/g was observed for Vikinga seeds
from 2019. Granado-Rodríguez et al. [19] found an overall higher saponin content for
Vikinga, with the highest content in 2019 (2.04 g/100 g) as well. This, together with the
present data, suggests genetic segregation or cross-contamination rather than environ-
mental conditions, especially because the Vikinga plots were less homogenous for other
traits, such as plant height, stem color, and maturing in 2019 (data not shown). The lowest
saponin concentrations were observed in 2017, whereas varieties classified as bitter had
remarkably lower saponin content in 2018 and 2019. Oro de Valle, Titicaca, and Zwarte
(0.4–1.1 mg/g) were even considered sweet in 2017. The highest saponin concentrations
were measured in 2019, with ranges for the bitter varieties between 3.2 and 7.9 mg/g.
Compared to varieties also analyzed by Präger et al. (0.0–3.4 mg/g, [4]), the saponin con-
centrations in the present study were in the same line for Jessie and Titicaca but higher for
Puno (2018 and 2019). Medina-Meza et al. [32] qualified Oro de Valle and Black (possible
origin for variety Zwarte) as low saponin content varieties and Puno and Titicaca as bitter
varieties. This is in accordance with the present study, except for the saponin content of
Titicaca seeds from 2017.
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2.5. Chemical Composition
2.5.1. Macronutrients

The macronutrient composition (Table S2) of the quinoa seeds varied with variety and
growing season, with a significant interaction effect between both factors. Macronutrient
composition is presented in Figure 2 and discussed in the following paragraphs.

Figure 2. Macronutrient composition (g/100 g dm) of 13 quinoa varieties grown under North-West
European field conditions in 2017 (a), 2018 (b), and 2019 (c) (n = 3).
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2.5.2. Protein and Amino Acids

The protein content ranged from 12.1 to 18.8 g/100 g dry matter (dm) (Table S2)
and was strongly year-dependent, as previously reported by Granado-Rodríguez et al. [19].
The protein contents determined in this study were similar to those reported by Bhargava
et al. (12.6–21.0 g/100 g, [17]) and Granado-Rodríguez et al. (13.8–19.1 g/100 g, [19]).
Lower values were achieved by Präger et al. (11.9–16.1 g/100 g, [4]) and Miranda et al.
(11.3–16.1 g/100 g dm, [23]). The higher protein content of quinoa, compared to other grain
staple crops, is an important nutritional fact [12].

All varieties achieved the highest protein concentration in 2019 (16.0–18.8 g/100 g dm).
In spite of the 35 units higher nitrogen fertilization in 2017, the protein concentrations
did not reach those of 2019. The extra nitrogen fertilization was probably insufficiently
available for the plants during growth due to the extremely dry spring in 2017 (Figure 5).
A negative trend was observed between yield and protein content. However, this trend
was only significant for 2019 (r =−0.690, p = 0.020). This negative correlation between yield
and protein content was also reported by Präger et al. [4] and Granado-Rodríguez et al. [19].
In 2017 and 2018, Oro de Valle and Atlas showed stable protein contents around 12.1 and
16.5 g/100 g dm, respectively. Compared to 2017, the protein content of Pasto and Dutchess
increased by 3.1% and 4.3% in 2018, whereas the other varieties showed a reduction in
protein content. Averaged over 2017–2019, Atlas and Pasto showed a significantly higher
protein content compared to other varieties. In 2018, these varieties had a similar protein
content, but in other years, the protein portion was higher in Atlas seeds. In 2017 and 2019,
Jessie was also characterized by high protein levels. According to the findings of Rodríguez
Gómez et al. [33], Atlas, Pasto, and Jessie were seeds with similar protein content. In 2017
and 2019, Jessie had a protein content comparable to that of Pasto and Atlas, respectively.
Both Präger et al. [4] and Granado-Rodríguez et al. [19] concluded that Puno and Titicaca
seeds had similar protein levels, even over different growing seasons. However, Aluwi
et al. [16] reported a higher protein content for Puno, which corresponded with the results
from 2019 within the present study. Nevertheless, the protein content of Titicaca was higher
compared to that of Puno in 2017 and 2018. The Farm Original varieties, except for Faro,
were characterized by lower average protein content. Aluwi et al. [16] also classified Oro de
Valle and Black (possible origin for variety Zwarte) as varieties with a lower protein content
than Titicaca or Puno. In 2017 and 2018, the protein content of Oro de Valle and Zwarte
ranged between 12.1 and 13.0 g/100 g dm. However, the protein content increased to
16.0–16.2 g/100 g dm in 2019, which reduced the gap with the values of the European-bred
varieties (16.0–18.8 g/100 g dm). The other Farm Original variety Faro had medium-high
protein content over the different growing seasons (15.2 g/100 g dm). The protein content
showed distinct genetic variation. However, yearly differences in protein content can
reduce these differences greatly, proving that agro-ecological conditions are an important
factor too, as was previously reported by other studies [4,15,19,34].

In addition to protein quantity, amino acid composition is an important property for
the evaluation of protein quality [34]. Quinoa seeds from the different growing seasons
contained large amounts (76–183 mg/g protein) of glutamic acid, aspartic acid, and argi-
nine, along with lesser amounts (42–98 mg/g protein) of leucine, valine, glycine, and lysine,
constituting about 60% of the total amino acids (Tables S3 and S4). This is in accordance
with the study of Gonzalez et al. [34]. Specifically, the essential amino acids were available
in considerable amounts. In most plant proteins, these amino acids are present in insuf-
ficient quantities for a balanced diet [34]. Over the years, the total essential amino acid
content has ranged from 338 to 443 mg/g protein (Table S4). Across varieties and growing
seasons, lower ranges for total essential amino acids were reported during field trials in
Germany (204–278 mg/g protein, [4]). Moreover, the content of total essential amino acids
differed in comparison with results from Argentina (180–374 mg/g protein, [34]) or Chile
(297–339 mg/g protein, [23]). The main constituents of the essential amino acid profile
(Table 2 and Table S4) were leucine (62–98 mg/g protein), lysine (42–73 mg/g protein),
and valine (46–64 mg/g protein), as confirmed by previous studies [4,23]. The distri-
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bution patterns of the essential amino acids were different among growing seasons yet
similar among varieties. However, Präger et al. [4] reported remarkable variations in
the composition of the essential amino acid profile across varieties. Reguera et al. [15]
noted that varieties grown in Chile presented no differences in amino acid content, while
cultivation in Spain resulted in different alanine, asparagine, isoleucine, lysine, and valine
contents among varieties. Concentrations of aromatic essential amino acids were consider-
ably higher in 2018 and ranged from 43 to 51 mg/g protein for phenylalanine and from
16 to 24 mg/g protein for tryptophan. In 2018, the levels of methionine and lysine were
also higher, while the valine concentrations were reduced during this growing season.
The varieties generally had the highest leucine and isoleucine content in 2019. The growth
conditions in 2017 resulted in the highest levels of threonine and histidine.

Table 2. Amino acid composition (mg/g protein) of 13 quinoa varieties grown under North-West European field conditions
in 2017, 2018, and 2019.

Variety 1/Year 2 n Amino Acid (mg/g Protein) 3

Phe Leu Met Ile Val Thr His Lys Trp

Atlas 3 45 ± 3 a 76 ± 9 a 20 ± 3 a 45 ± 8 a 58 ± 15 a 36 ± 3 a 30 ± 3 a 54 ± 7 a 17 ± 2 a

Bastille 2 42 ± 1 71 ± 12 22 ± 2 42 ± 5 53 ± 9 36 ± 1 25 ± 7 51 ± 2 19 ± 5
Dutchess 3 42 ± 4 a 74 ± 6 a 20 ± 3 a 42 ± 5 a 56 ± 13 a 38 ± 6 a 30 ± 3 a 52 ± 4 a 17 ± 2 a

Faro 3 42 ± 6 a 75 ± 4 a 23 ± 3 a 44 ± 2 a 60 ± 7 a 39 ± 4 a 29 ± 5 a 55 ± 4 a 17 ± 2 a

Jessie 3 43 ± 6 a 76 ± 5 a 24 ± 2 a 44 ± 2 a 61 ± 7 a 41 ± 3 a 30 ± 6 a 56 ± 1 a 17 ± 2 a

Oro de Valle 3 43 ± 6 a 74 ± 5 a 24 ± 2 a 43 ± 3 a 60 ± 6 a 41 ± 3 a 30 ± 6 a 57 ± 2 a 15 ± 4 a

Pasto 4 2 42 ± 4 70 ± 12 24 ± 1 41 ± 3 58 ± 17 43 ± 11 29 ± 10 59 ± 7 16
Puno 3 44 ± 6 a 74 ± 5 a 26 ± 5 a 42 ± 4 a 59 ± 7 a 41 ± 3 a 30 ± 6 a 58 ± 3 a 15 ± 4 a

Rouge Marie 1 41 82 21 48 64 36 30 46 16
Summer Red 3 44 ± 6 a 74 ± 5 a 25 ± 6 a 42 ± 3 a 59 ± 7 a 40 ± 4 a 30 ± 6 a 57 ± 4 a 15 ± 4 a

Titicaca 3 42 ± 8 a 71 ± 7 a 24 ± 7 a 40 ± 5 a 56 ± 6 a 38 ± 2 a 29 ± 5 a 54 ± 5 a 15 ± 3 a

Vikinga 3 42 ± 7 a 73 ± 7 a 24 ± 6 a 42 ± 6 a 59 ± 4 a 40 ± 4 a 28 ± 5 a 56 ± 7 a 16 ± 4 a

Zwarte 2 36 ± 1 73 ± 1 23 ± 1 39 ± 0 64 ± 2 44 ± 1 32 ± 2 57 ± 3 15 ± 2

2017 9 38 ± 3 A 74 ± 6 A,B 23 ± 1 A 41 ± 5 A 63 ± 5 B 43 ± 3 B 34 ± 2 C 57 ± 4 A,B 15 ± 2 A

2018 9 48 ± 2 C 69 ± 5 A 28 ± 5 B 41 ± 3 A 51 ± 6 A 38 ± 3 A 23 ± 2 A 58 ± 4 B 21 ± 2 B

2019 9 43 ± 3 B 81 ± 7 B 22 ± 3 A 47 ± 3 B 65 ± 4 B 36 ± 2 A 32 ± 2 B 53 ± 3 A 15 ± 1 A

1 Amino acid content per variety averaged over the different years. 2 Amino acid content per year averaged over the nine varieties grown
in all three years. 3 Lowercase letters compare the varieties grown in all three years; average values followed by the same letter are not
significantly different (p > 0.05). Capital letters compare the three years; average values followed by the same letter are not significantly
different (p > 0.05). 4 No analysis of tryptophan for Pasto in 2017.

Albumin and globulins make up the main fraction of proteins in quinoa, and they are
characterized by a balanced composition of the essential amino acids necessary for a healthy
human diet, making quinoa one of the few plants with a complete protein source [12]. This
and other studies showed that all essential amino acids were available in sufficient amounts
according to the daily requirements, in conformance with FAO/WHO requirements for
school kids and adults [12,19,35]. In the category of 6-month-old babies to 3-year-old
children, lysine is the limiting amino acid for all varieties and years. Leucine mainly did
not meet the standard for this age group in 2018. Small shortages for threonine were also
observed for a period of one or two years in a few varieties. However, tryptophan reached
the standard for each group in all varieties, in contrast to Granado-Rodríguez et al. [19].

2.5.3. Fat, Fatty Acids, and Triacylglycerols

Depending on the growing season, the fat content varied between 5.42 and 8.54 g/100 g dm
(Table S2). The results of Pulvento et al. (7.7–7.9 g/100 g dm, [22]) were within the range
of the present study, while considerably lower fat contents were reported for a study
in Spain (3.90–5.10 g/100 g, [33]). Moreover, the fat content in seeds from Argentina
(4.7–7.1 g/100 g dm, [36]) or Chile (2.97–5.65 g/100 g dm, [37]) was also within a lower
range. The data showed a significant variety × year effect for fat content in quinoa.
The seeds harvested in 2017 generally showed lower fat content compared to the other
years of cultivation. However, the growth conditions in 2017 resulted in the highest fat
content for Titicaca and Summer Red. In 2017 and 2019, Dutchess and Jessie showed a
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stable fat content of around 7.10 and 6.70 g/100 g dm, respectively. The quinoa varieties,
with the exception of Titicaca and Summer Red, obtained the highest fat content in 2018
(6.37–8.50 g/100 g dm). In 2019, the fat content decreased from 5.2% to 15.6% compared
to the growing season of 2018. However, the fat content of Bastille and Titicaca remained
stable at around 7.35 and 7.16 g/100 g dm, respectively. Contrary to other varieties,
the decrease in 2019 resulted in the lowest fat content among growing seasons for Summer
Red. Averaged over the three years, Pasto, Puno, and Zwarte showed significantly lower
fat content compared to the other varieties. Summer Red and Vikinga had the highest fat
content among varieties, followed by Faro and Rouge Marie.

Quinoa has a healthy balance between proteins and fat, with an interesting nutri-
tional lipid composition of which essential fatty acids, i.e., polyunsaturated fatty acids
(PUFAs), are necessary for a healthy human diet [12]. Contrary to the amino acid pro-
file, the composition of fatty acids varied significantly between varieties. The study by
Tang et al. [38] confirmed that the fatty acid profile may vary among varieties grown under
the same growth conditions. According to the study of Präger et al. [4], the fatty acid
composition did not vary among varieties or years. The fatty acid profile of the quinoa
varieties (Table 3 and S5) consisted of 60.4% to 70.6% PUFAs, which corresponded with
the results of Rodríguez Gómez et al. (65–70%, [33]). The main PUFA in quinoa seeds was
linoleic acid (C18:2 n-6), ranging from 53.0% to 59.8%. Lower values were reported by
Tang et al. (44.9–56.6%, [38]) and Vidueiros et al. (43.0–57.5%, [36]). Rodríguez Gómez
et al. [33] obtained 60.66% to 61.40% linoleic acid for Jessie, Puno, and Titicaca. The content
of linoleic acid was stable over the years yet varied among the varieties. The lowest linoleic
acid contents were measured for Bastille, Dutchess, Pasto, and Vikinga and the highest for
Puno. Furthermore, the quinoa seeds contained 4.7% to 8.2% α-linolenic acid (C18:3 n-3).
This corresponded with the studies of Rodríguez Gómez et al. (5.15–7.17%, [33]), Tang et al.
(4.8–9.6%, [38]), and Vidueiros et al. (3.2–9.4%, [36]). Compared to 2019, the content of
α-linolenic acid was lower in 2018. The red varieties Rouge Marie and Summer Red were
characterized by the lowest α-linolenic acid content over the years. The high content of
PUFAs makes quinoa lipids a high-quality edible oil, with a composition similar to that of
maize and soybean oil [12]. The monounsaturated fatty acid (MUFA) oleic acid (C18:1c)
was the second prominent fatty acid in quinoa seeds, ranging from 15.5% to 22.7%. This
fatty acid had a large share in the total content of MUFAs (18.1–25.5%), which explains
why the total MUFA content was also the highest in 2018. According to Tang et al. [38],
the oleic acid content varied between 15.7% and 28.9%, while Rodríguez Gómez et al. [33]
reported a lower range of 17.93% to 20.54%. Even higher percentages were obtained by
Vidueiros et al. (19.8–33.1%, [36]). Comparing the varieties, Puno had both the lowest oleic
acid and total MUFA content. Furthermore, the fat fraction of quinoa contained impor-
tant amounts of docosadienoic acid (C22:2, 1.3–7.5%), eicosenoic acid (C20:1, 0.9–1.4%),
and erucic acid (C22:1, 0.9–1.4%) (Table S5). The balance between Ω6 and Ω3 fatty acids
is highly important in health risk reduction, and an optimal ratio should range between
1:1 and 4:1 [39]. Excessive amounts of Ω6 PUFAs and high Ω6/Ω3 ratios promote the
pathogenesis of many diseases, including cardiovascular disease, cancer, and inflammatory
and autoimmune diseases, whereas increased levels of Ω3 PUFAs (low Ω6/Ω3 ratio) exert
suppressive effects [40]. The Ω6/Ω3 ratio of the fat fraction varied between 6.7 and 12.0
(Table S5), which is higher compared to the results of Tang et al. (5.3–10.6, [38]) but within
the range reported by Vidueiros et al. (4.9–17.4, [36]). Moreover, these ratios are not within
the optimal range to reduce health risk [39]. The growing season of 2018 resulted in the
highest Ω6/Ω3 ratios. Among varieties, the highest Ω6/Ω3 ratios were measured for the
red varieties Rouge Marie and Summer Red.
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Table 3. Fatty acid composition (% fatty acid ethyl esters) of 13 quinoa varieties grown under North-West European field
conditions in 2017, 2018, and 2019.

Variety 1/Year 2 n Fatty Acid (% FAME) 3,4

C16:0 C18:0 C18:1c C18:2 n-6 C18:3 n-3

Atlas 3 9.3 ± 0.5 a,b 0.7 ± 0.1 e 20.9 ± 0.3 c 55.3 ± 0.4 a,b 5.4 ± 0.3 a,b

Bastille 2 9.4 ± 0.1 0.6 ± 0.0 19.9 ± 0.6 54.6 ± 0.2 7.9 ± 0.3
Dutchess 3 9.4 ± 0.6 a,b 0.6 ± 0.1 d,e 20.6 ± 0.7 c 54.6 ± 1.0 a 5.6 ± 0.4 a,b

Faro 3 8.9 ± 0.1 a 0.6 ± 0.1 c,d,e 19.9 ± 0.8 b,c 57.4 ± 0.6 c 6.1 ± 0.7 b,c

Jessie 3 9.1 ± 0.1 a,b 0.5 ± 0.0 a,b 18.7 ± 1.3 b 57.3 ± 0.5 c 6.3 ± 0.7 b,c

Oro de Valle 3 9.1 ± 0.3 a,b 0.5 ± 0.0 a,b,c 20.6 ± 0.3 c 56.3 ± 0.9 b,c 6.7 ± 0.2 c,d

Pasto 2 9.6 ± 0.2 0.8 ± 0.2 19.4 ± 0.2 54.8 ± 0.7 6.8 ± 0.3
Puno 3 9.2 ± 0.3 a,b 0.5 ± 0.0 a 16.8 ± 1.2 a 59.0 ± 0.6 d 7.2 ± 0.4 d

Rouge Marie 1 10.0 0.6 19.7 56.3 4.8
Summer Red 3 9.5 ± 0.7 a,b 0.6 ± 0.1 a,b,c,d,e 20.2 ± 1.1 b,c 55.8 ± 0.7 a,b 4.8 ± 0.2 a

Titicaca 3 10.3 ± 1.4 b 0.6 ± 0.1 b,c,d,e 19.7 ± 0.8 b,c 56.7 ± 0.9 b,c 5.5 ± 0.6 a,b

Vikinga 3 10.4 ± 1.2 b 0.6 ± 0.1 a,b,c,d 21.2 ± 1.0 c 54.7 ± 0.9 a 5.8 ± 0.7 b,c

Zwarte 2 9.5 ± 0.2 0.7 ± 0.1 18.9 ± 0.5 56.6 ± 0.6 7.1 ± 0.0

2017 9 9.2 ± 0.4 A 0.6 ± 0.1 B 19.6 ± 1.3 A 55.9 ± 1.6 A 6.0 ± 0.7 A,B

2018 9 9.8 ± 1.2 A 0.6 ± 0.1 A,B 20.8 ± 1.2 B 56.4 ± 1.5 A 5.5 ± 0.8 A

2019 9 9.5 ± 0.4 A 0.5 ± 0.1 A 19.2 ± 1.6 A 56.8 ± 1.4 A 6.3 ± 0.8 B

1 Fatty acid content per variety averaged over the different years. 2 Fatty acid content per year averaged over the nine varieties grown
in all three years. 3 Lowercase letters compare the varieties grown in all three years; average values followed by the same letter are not
significantly different (p > 0.05). Capital letters compare the three years; average values followed by the same letter are not significantly
different (p > 0.05). 4 FAME: fatty acid methyl esters.

Only 10.2% to 15.0% of the total fatty acid content (Table S5) were saturated fatty
acids (SFAs). Compared to 2017, the content of SFAs was higher in 2018. The highest SFA
contents were found in Titicaca or Vikinga seeds, while Jessie and Faro contained the least
SFAs. The most abundant SFAs in quinoa seeds were palmitic acid (C16:0) and stearic acid
(C18:0) (Table 3). The levels of palmitic acid ranged between 8.6% and 13.1% and did not
vary among growing seasons. According to Vidueiros et al. [36], the level of palmitic acid
varied between 8.4% to 22.9%, while Rodríguez Gómez et al. [33] reported 9.02% to 10.37%
of palmitic acid. Vikinga and Titicaca contained the highest amount of palmitic acid and
Faro the lowest. The levels of stearic acid were considerably lower compared to those of
palmitic acid and varied between 0.4% and 1.0%. The highest amounts of stearic acid were
found in the lipid fractions of Pasto, Atlas, and Zwarte, while Puno contained the lowest
amount of stearic acid.

The nutritional quality of the fat fraction is defined by its fatty acid composition.
However, the triacylglycerol (TAG) composition will determine the physical and func-
tional properties of the fat [41]. Table 4 and Table S6 give the distribution of the differ-
ent TAGs in the fat fraction of the quinoa varieties. The predominant TAGs were LLO
(19.14–32.24 area %), LLL (16.62–26.20 area %), LLP (9.45–13.93 area %), OOL (5.35–10.22 area %),
OLP (5.78–9.85 area %), and LLLn (5.04–9.61 area %), where L is linoleic acid, O is oleic
acid, P is palmitic acid, and Ln is linolenic acid. According to Jahaniaval et al. [42],
the predominant TAGs in the quinoa fat fraction were LLO + OOLn (21.09 area %), LLL
(19.22 area %), OOL + PoOO (12.78 area %), LLP + PLnO (11.34 area %), OLP (9.47 area %),
and LLLn (6.04 area %). These values were in agreement with the ranges reported in the
present study. Fanali et al. [41] identified LLO (18.10 area %), OOL (15.30 area %), OLP
(12.93 area %), LLP (8.71 area %), LLL (6.22 area %), and OLLn (5.91 area %) as predominant
TAGs. The reported levels of OOL, OLP, and OLLn were higher compared to those de-
scribed in the present study, while the LLL and LLLn levels were lower [41]. The levels of
LLL, LLnP, LLO, LLP, OLP, and PPL showed no differences among the varieties but varied
among growing seasons. The levels of LLP, OLP, and PPL were significantly lower in 2017,
while the LLL and LLO levels were higher. The highest levels of LLnP were measured in
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2019. The content of LLLn, OLLn, and OOL showed more variation among the varieties.
Puno was characterized by the highest levels of LLLn but had the lowest share of OOL.
Summer Red contained the lowest levels of LLLn and OLLn.

Table 4. Triacylglycerol composition (area %) of 13 quinoa varieties grown under North-West European field conditions in
2017, 2018, and 2019.

Variety 1/Year 2 n Triacylglycerol (Area %) 3,4

LLLn LLL LLO LLP OOL OLP

Atlas 3 6.08 ± 0.66 a,b,c 20.29 ± 3.46 a 24.00 ± 3.05 a 11.30 ± 1.04 a 8.71 ± 0.71 b 7.74 ± 1.55 a

Bastille 2 7.49 ± 0.54 17.96 ± 1.55 22.04 ± 1.46 11.98 ± 0.26 8.13 ± 0.33 8.34 ± 0.60
Dutchess 3 5.67 ± 0.88 a,b 19.70 ± 3.76 a 25.01 ± 5.65 a 11.53 ± 1.61 a 8.73 ± 0.60 b 8.16 ± 1.89 a

Faro 3 7.11 ± 1.05 b,c,d 20.04 ± 2.21 a 22.23 ± 1.40 a 11.57 ± 0.47 a 8.50 ± 0.59 b 7.78 ± 0.43 a

Jessie 3 7.24 ± 1.08 c,d 20.23 ± 1.62 a 21.88 ± 0.59 a 12.41 ± 0.20 a 7.68 ± 1.10 a,b 8.15 ± 0.81 a

Oro de Valle 3 8.26 ± 1.06 d,e 22.05 ± 1.38 a 22.41 ± 3.12 a 12.02 ± 1.55 a 7.51 ± 1.50 a,b 7.06 ± 0.57 a

Pasto 2 7.47 ± 0.60 19.79 ± 3.28 23.29 ± 3.15 11.47 ± 1.39 7.19 ± 0.52 7.20 ± 1.51
Puno 3 8.92 ± 0.67 e 23.28 ± 0.94 a 21.19 ± 1.33 a 13.18 ± 0.61 a 6.12 ± 0.67 a 6.93 ± 0.53 a

Rouge Marie 1 5.20 18.77 22.37 13.29 8.61 9.35
Summer Red 3 5.30 ± 0.26 a 20.98 ± 4.08 a 24.83 ± 3.31 a 12.36 ± 1.15 a 8.23 ± 1.16 b 8.27 ± 1.94 a

Titicaca 3 6.39 ± 0.58 a,b,c 20.62 ± 0.92 a 22.76 ± 0.62 a 13.16 ± 0.29 a 8.38 ± 0.45 b 8.59 ± 0.47 a

Vikinga 3 6.26 ± 0.90 a,b,c 19.04 ± 1.47 a 23.33 ± 1.68 a 12.08 ± 1.08 a 8.81 ± 1.26 b 8.41 ± 1.48 a

Zwarte 2 8.29 ± 0.28 20.36 ± 1.05 21.93 ± 1.67 12.02 ± 1.13 7.39 ± 0.07 7.63 ± 0.63

2017 9 6.98 ± 1.21 A,B 22.36 ± 2.92 B 25.38 ± 3.76 B 11.24 ± 1.28 A 7.65 ± 0.72 A 6.85 ± 1.04 A

2018 9 6.01 ± 1.08 A 19.40 ± 1.73 A 22.52 ± 0.52 A 12.42 ± 0.44 B 8.92 ± 0.91 B 8.87 ± 0.82 C

2019 9 7.41 ± 1.47 B 20.32 ± 2.17 A 21.32 ± 1.28 A 12.87 ± 0.84 B 7.65 ± 1.43 A 7.97 ± 1.01 B

1 Triacylglycerol content per variety averaged over the different years. 2 Triacylglycerol content per year averaged over the nine varieties
grown in all three years. 3 Lowercase letters compare the varieties grown in all three years; average values followed by the same letter are
not significantly different (p > 0.05). Capital letters compare the three years; average values followed by the same letter are not significantly
different (p > 0.05). 4 L: linoleic acid, O: oleic acid, P: palmitic acid, Ln: linolenic acid.

2.5.4. Starch

The quinoa seeds contained 50.5 to 72.5 g starch per 100 g dm (Table S2). Aluwi et al. [16]
reported a starch content of 54.4 to 64.3 g/100 g dm. Most varieties obtained the highest
starch content in 2018, with the exception of Summer Red, Oro de Valle, and Titicaca.
The growth conditions in 2017 resulted in the highest starch content for Summer Red and
Oro de Valle, while the amount of starch was the highest in 2019 for Titicaca. The starch
content of Atlas seeds remained stable at around 57.8 g/100 g dm in 2017 and 2018 and
reduced by 5.7% in 2019. The seeds of 2019 generally had the lowest starch content,
although Jessie, Titicaca, Vikinga, and Zwarte seeds contained the lowest amount of starch
in 2017. Averaged over the different years, Titicaca seeds were characterized by the highest
starch content. The Farm Original variety Faro generally had the lowest starch content
among varieties. Other Farm Original varieties had medium-high (Zwarte) to high (Oro de
Valle) starch content.

2.5.5. Minerals

The ash content of the quinoa varieties ranged between 2.37 and 3.60 g/100 g dm (Table S2).
A higher total mineral content was reported by Pulvento et al. (3.96–4.28 g/100 g dm, [22]),
while Rodríguez Gómez et al. [33] obtained an ash content of 2.99 to 3.80 g/100 g. The test
weight correlated negatively with the ash content of the seeds from 2017 (r = −0.734,
p = 0.010) and 2018 (r = −0.695, p = 0.018). The growth conditions of 2017 resulted in
the lowest ash content for Puno, Oro de Valle, Pasto, and Zwarte, while other varieties
obtained the lowest ash content in 2019. The ash content of Faro seeds remained stable
in 2018 and 2019, while Dutchess and Summer Red had a stable ash content in 2017 and
2018. The highest amounts of minerals were found in the seeds of 2018. Only Atlas, Faro,
and Jessie contained higher levels of minerals in 2017. In 2018, ash content correlated
positively with the seed protein content (r = 0.768, p = 0.006). Among varieties, Puno
invariably had the lowest ash content. Pasto was characterized by the highest amount of
minerals, followed by Dutchess, Atlas, and Summer Red. According to Rodríguez Gómez
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et al. [33], the ash content of Atlas, Jessie, and Pasto seeds was similar among varieties.
Within the present study, Jessie invariably had a lower ash content compared to Atlas
or Pasto. Varieties Black (possible origin for Zwarte), Oro de Valle, Puno, and Titicaca
were included in the study by Aluwi et al. [16]. The authors concluded that Oro de Valle
had the lowest ash content among these four varieties [16]. Within the present study, Oro
de Valle generally had a higher ash content than Puno or Titicaca, but Zwarte invariably
had the highest ash content among these varieties. Titicaca seeds had a lower ash content
than Zwarte seeds, although Aluwi et al. [16] reported that these varieties had comparable
ash content.

The quinoa seeds (Table 5 and Table S7) showed a high content of potassium (K,
8790–14053 mg/kg dm), phosphorus (P, 3720–6156 mg/kg dm), magnesium (Mg,
1866–2742 mg/kg dm), and calcium (Ca, 399–806 mg/kg dm). Rodríguez Gómez et al. [33]
reported similar levels of K (9088–13236 mg/kg dm), P (5162–5829 mg/kg dm), and Mg
(1823–2319 mg/kg dm) but higher levels of Ca (868–1035 mg/kg dm) for quinoa seeds
cultivated in Spain. Furthermore, the authors concluded that varieties Atlas, Jessie,
and Pasto contained similar levels of P, Ca, and Mg. However, Jessie was character-
ized by higher levels of K [33]. Within the present study, Pasto contained higher Ca and
Mg levels compared to Atlas and Jessie, but its P content was lower. The K concentrations
were higher in Pasto than in Jessie. Granado-Rodríguez et al. [19] analyzed Puno, Titicaca,
and Vikinga seeds cultivated over three growing seasons in Spain. Over the years, these
varieties did not differ based on their P, K, Ca, and Mg levels. However, Vikinga had a
lower P content in 2017 compared to Titicaca and Puno [19]. The present data confirmed
that Puno, Titicaca, and Vikinga seeds had similar P, K, Ca, and Mg concentrations over
different years. According to Miranda et al. [37], Chilean quinoa stored considerable
higher amounts of K (10638–27103 mg/kg dm) and Ca (1108–3020 mg/kg dm) but lower
levels of P (2888–4602 mg/kg dm) and Mg (1648–1768 mg/kg dm). All these data suggest
that the mineral content in quinoa is both variety-dependent and the result of environ-
mental conditions, such as soil type and its mineral composition, the used fertilization,
and growing season [33]. The levels of P and Ca in this study did not differ over the
years but varied between the varieties. The dark-colored varieties (i.e., Rouge Marie,
Summer Red, and Zwarte) and Pasto accumulated the highest levels of P; Puno and Tit-
icaca accumulated the lowest. Dutchess, Faro, and Pasto had a higher Ca concentration
compared to Summer Red and Titicaca. The P and Mg concentrations were higher in the
seeds of 2018, but no differences between varieties were observed. However, Pasto seeds
tended to contain higher levels of Mg compared to other varieties cultivated in 2017 or
2018. The iron (Fe) content of the quinoa seeds showed no significant effect of variety
or year, while the sodium (Na) content was only affected by the year (Table 5 and S7).
Granado-Rodríguez et al. [19] also observed no significant differences between varieties
Puno, Titicaca, and Vikinga in the Fe or Na content. In 2017 and 2018, several varieties
showed a remarkably higher Fe or Na content compared to other years or varieties, which
suggests a significant variety × year interaction. The Fe content generally ranged be-
tween 50 and 91 mg/kg dm, but higher levels, up to 723 mg/kg dm, were occasionally
measured in 2017 and 2018. Rodríguez Gómez et al. [33] obtained an Fe content of 72
to 94 mg/kg dm and concluded that Atlas, Jessie, and Pasto seeds contained similar
levels of Fe. However, the present data showed that Pasto had remarkably higher Fe
content than Atlas and Jessie in 2017. A wider range for Fe content was reported by Mi-
randa et al. (57–342 mg/kg dm, [37]). The Na concentration varied from 42 to 165 mg/kg
dm, which corresponded with the study by Rodríguez Gómez et al. (74–159 mg/kg
dm, [33]). However, the Na content was considerably higher for Dutchess (297 mg/kg dm)
and Zwarte (241 mg/kg dm) in 2017 and for Puno (226 mg/kg dm) in 2018. Rodríguez
Gómez et al. [33] observed that Atlas seeds contained higher levels of Na than Pasto
seeds. The opposite applied for the growing season of 2017 within the present study.
The zinc (Zn) concentration ranged between 38 and 109 mg/kg dm (Table 5 and S7),
with the highest levels measured for Atlas, Pasto, and Bastille. The results of Miranda
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et al. (76.7–95.6 mg/kg dm, [37]) were within this range. Furthermore, the quinoa seeds
(Table S7) contained low levels of copper (Cu, 2–19 mg/kg dm), boron (B, 9–18 mg/kg dm),
and manganese (Mn, 19–46 mg/kg dm). The Cu content did not vary among varieties or
years, only Atlas showed a remarkably higher Cu concentration in 2018 (179 mg/kg dm).
The varieties contained a similar level of B but the concentrations were slightly higher in
2019. The levels of Mn were higher in seeds from 2018 or in Pasto seeds.

Table 5. Mineral composition (mg/kg dm) of 13 quinoa varieties grown under North-West European field conditions in
2017, 2018, and 2019.

Variety 1/Year 2 n Mineral (mg/kg dm) 3

Ca Fe K Mg Na P Zn

Atlas 3 613 ± 54 a,b 77 ± 3 a 11055 ± 1232 a,b 2299 ± 186 a 97 ± 28 a 5716 ± 370 a 60 ± 4 b

Bastille 2 636 ± 56 392 ± 468 11397 ± 460 2166 ± 138 74 ± 30 4492 ± 410 76 ± 47
Dutchess 3 686 ± 84 b 110 ± 67 a 12055 ± 1233 a,b 2308 ± 123 a 160 ± 129 a 5344 ± 584 a 45 ± 3 a

Faro 3 686 ± 50 b 203 ± 236 a 10634 ± 846 a,b 2486 ± 191 a 73 ± 26 a 5324 ± 560 a 48 ± 5 a

Jessie 3 507 ± 25 a,b 73 ± 8 a 10222 ± 415 a,b 2314 ± 149 a 73 ± 21 a 5533 ± 653 a 47 ± 3 a

Oro de Valle 3 633 ± 59 a,b 85 ± 36 a 11029 ± 537 a,b 2090 ± 241 a 74 ± 18 a 4597 ± 705 a 48 ± 4 a

Pasto 2 777 ± 41 161 ± 99 12539 ± 396 2706 ± 50 122 ± 61 5281 ± 130 67 ± 0
Puno 3 576 ± 70 a,b 66 ± 5 a 9844 ± 1303 a 2164 ± 177 a 124 ± 90 a 4322 ± 633 a 44 ± 1 a

Rouge Marie 1 515 64 12025 2000 57 4766 44
Summer Red 3 474 ± 66 a 58 ± 4 a 12550 ± 409 b 2157 ± 100 a 88 ± 39 a 5103 ± 378 a 44 ± 3 a

Titicaca 3 450 ± 45 a 176 ± 142 a 9869 ± 954 a 2152 ± 152 a 80 ± 24 a 4671 ± 542 a 45 ± 6 a

Vikinga 3 604 ± 97 a,b 73 ± 12 a 10168 ± 399 a,b 2203 ± 106 a 71 ± 17 a 4630 ± 370 a 47 ± 4 a

Zwarte 2 658 ± 107 55 ± 7 13717 ± 476 2049 ± 35 143 ± 138 4515 ± 1 41 ± 2

2017 9 564 ± 81 A 101 ± 90 A 11076 ± 1596 A 2197 ± 187 A 137 ± 75 B 4959 ± 608
A,B 48 ± 5 A

2018 9 545 ± 98 A 138 ± 133 A 10259 ± 922 A 2396 ± 139 B 91 ± 22 A,B 5556 ± 444 B 46 ± 5 A

2019 9 634 ± 105 A 69 ± 7 A 11140 ± 764 A 2132 ± 92 A 53 ± 7 A 4564 ± 503 A 49 ± 7 A

1 Mineral content per variety averaged over the different years. 2 Mineral content per year averaged over the nine varieties grown in
all three years. 3 Lowercase letters compare the varieties grown in all three years; average values followed by the same letter are not
significantly different (p > 0.05). Capital letters compare the three years; average values followed by the same letter are not significantly
different (p > 0.05).

As described, the effects of variety or year were not always present for the different
minerals. Except for Na, Granado-Rodríguez et al. [19] did report significant effects of both
variety and year on the mineral content of quinoa. Except for Zn, Reguera et al. [15] also
described a significant effect of the growth location. Besides proteins and fats, minerals
are an essential quality of quinoa seeds. The mineral content for Ca, Mg, Fe, Cu, and Zn
are higher than in common cereals and are, in this study, except for Ca, similar or higher
than those reviewed by Bhargava et al. [12]. The minerals Ca, Mg, Fe, and K are present in
sufficient amounts and available for a healthy human diet in bioavailable forms [19].

2.6. Principal Components Analysis and Hierarchical Cluster Analysis

For a more comprehensive understanding of the variation among quinoa seeds,
a PCA was performed on yield, seed characteristics (seed size, TSW, test weight), and macronutrient
composition (protein, fat, starch, ash). The PCA revealed three principal components
(PCs) with eigenvalues greater than one, which explained 74.5% of the total variance.
The loading plot of the first two PCs and the score plot with the varieties/years are illus-
trated in Figure 3. The first and second PCs accounted for 39.7% and 21.0% of the variance,
respectively. The first PC was defined by seed length and width and TSW (Table S8). These
were all properties related to the physical properties of the seed, of which the TSW cor-
related positively with seed length (r = 0.873, p < 0.001) and width (r = 0.854, p < 0.001).
A strong positive association between TSW and seed size was also reported by Bhargava
et al. [17]. The second PC was defined by test weight and protein and starch content
(Table S8). The protein content correlated negatively with the starch content (r = −0.543,
p = 0.001) and test weight (r = −0.607, p < 0.001). Protein-rich seeds showed a lower starch
content, which suggests that the share of perisperm is smaller in these seeds. The smaller
ratio of perisperm to bran and embryo could affect the test weight of the seeds, explaining
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the negative relation between the protein content and test weight [43,44]. The third PC
explained 13.8% of the variance and was representative for the yield, ash, and fat content
(Table S8).

Based on the yield, seed characteristics, and macronutrient composition, the vari-
eties/years were classified into five groups (I–V) in the score plot (Figure 3b). Group I had
the highest positive score on PC1 and included Summer Red of 2017 and 2018 and Zwarte
of 2017 and 2019. These varieties were, within the given growing season, characterized by
the largest seeds with the highest TSW. Group II only included varieties of 2019, namely,
Atlas, Bastille, Dutchess, Faro, Jessie, Rouge Marie, and Summer Red. This growing season
was characterized by protein-rich seeds with low test weight. However, the seed size and
TSW of these varieties were diverse, as seen in the spread in scores on PC1. Puno 2019 had
a high negative score on PC1 due to the small size of the seeds and was, therefore, included
in Group III. The varieties in Group IV had a high positive score on PC2, indicating high test
weight and starch content. This group included Bastille 2018, Oro de Valle 2017 and 2018,
Puno 2017 and 2018, and Titicaca 2017 and 2018. The remaining varieties were classified in
Group V and were, in fact, all close to the origin of the score plot.

Figure 3. Cont.
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Figure 3. Principal components analysis (PCA—(a): loading plot, (b): score plot) of yield, seed characteristics, and
composition of 13 quinoa varieties grown under North-West European field conditions in 2017 (•), 2018 (N), and 2019 (�).
TSW: thousand seed weight, TW: test weight.

A total of three clusters was identified based on the yield, seed characteristics,
and macronutrient composition of the quinoa seeds by using HCA. The dendrogram
of the hierarchical clustering is presented in Figure 4. The clustering revealed subtle dif-
ferences between the growing seasons as most varieties of 2019 were grouped in the first
cluster. However, the factor variety had a large impact on the clustering of Puno, Rouge
Marie, Summer Red, Titicaca, Vikinga, and Zwarte. Hence, the significant interaction
effects of year and variety were also reflected in the clustering of the varieties. Atlas,
Bastille, Faro, and Oro de Valle seeds of 2019 showed more similarities to varieties of
the same growing season than to seeds of the same variety from a different growing sea-
son and were grouped in the first cluster. Cluster 1 also included all dark-colored seeds
(i.e., Rouge Marie, Summer Red, and Zwarte) and the seeds of Dutchess and Jessie grown
in 2017 and 2019. Rouge Marie, Summer Red, and Zwarte were low-yielding over the years
but provided large seeds with a high TSW. The second cluster was a small cluster (n = 6),
only including seeds of 2017 and 2018. Atlas and Pasto seeds of the first two growing
seasons were included in this cluster. Furthermore, Dutchess seeds of 2018 and Faro seeds
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of 2017 were grouped in the second cluster. All Puno, Titicaca, and Vikinga seeds were part
of the third cluster. Titicaca and Vikinga were high-yielding varieties, while variety Puno
produced small seeds with low levels of fat and ash. The Oro de Valle seeds of 2017 and
2018 were also grouped in the third cluster, as well as the Bastille, Faro, and Jessie seeds of
2018. The growing season helped to spread the seeds of Faro and Bastille over the three
different groups, indicating a strong impact of environmental conditions.

Figure 4. Dendrogram of the three clusters (C1–C3) based on hierarchical clustering.
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3. Materials and Methods
3.1. Plant Varieties

Ten different quinoa (Chenopodium quinoa Willd.) varieties were obtained from commer-
cial companies (Gilbel sprl, Saint-Georges-Sur-Meuse, Belgium (previously a sublicensee
of Radicle Crops, Wageningen, The Netherlands) and Quinoa Quality ApS, Regstrup,
Denmark) and three Farm Original varieties were purchased at De Nieuwe Tuin (De Klinge,
Belgium). Besides white varieties, the set included two red varieties (i.e., Rouge Marie and
Summer Red) and one black variety (i.e., Zwarte). An overview of the main characteristics
of these varieties is listed in Table 6. The varieties of Atlas, Dutchess, and Pasto were bred at
Plant Breeding, Wageningen Research (Wageningen, The Netherlands), and Bastille, Jessie,
and Rouge Marie were bred by AbbottAgra (Longué-Jumelles, France). These varieties
were area-adapted to the West European climate and photoperiod. Summer Red is the
predecessor of Rouge Marie, bred by AbottAgra. Puno, Titicaca, and Vikinga were derived
from crosses between Chilean and Peruvian material, followed by selection for long day
length in Denmark [32]. The Farm Original varieties (i.e., Faro, Oro de Valle, and Zwarte)
were adapted to/selected for the Belgian climate by De Nieuwe Tuin.

Table 6. Overview of quinoa varieties grown in North-West Europe.

Variety Seed Source 1 Origin Year Data

Atlas Gilbel Wageningen University & Research,
Wageningen, NL 3

Dutchess Gilbel Wageningen University & Research,
Wageningen, NL

3

Pasto Gilbel Wageningen University & Research,
Wageningen, NL

2

Bastille Gilbel AbbottAgra, Longué-Jumelles, FR 2
Jessie Gilbel AbbottAgra, Longué-Jumelles, FR 3

Rouge Marie Gilbel AbbottAgra, Longué-Jumelles, FR 1
Summer Red Gilbel AbbottAgra, Longué-Jumelles, FR 3

Puno Quinoa Quality University of Copenhagen,
Copenhagen, DK [16] 3

Titicaca Quinoa Quality University of Copenhagen,
Copenhagen, DK [16] 3

Vikinga Quinoa Quality University of Copenhagen,
Copenhagen, DK [45] 3

Faro De Nieuwe Tuin Redwood Seeds, Manton, CA, USA 3
Oro de Valle De Nieuwe Tuin Wild Garden Seeds, Philomath, OR, USA [16] 3

Zwarte 2 De Nieuwe Tuin White Mountain Farm, Mosca, CO, USA [16] 2
1 Gilbel sprl, Rue du Château d’Eau 54, 4470 Saint-Georges-Sur-Meuse, Belgium; Quinoa Quality ApS, Teglværksvej 10, 4420 Regstrup,
Denmark; De Nieuwe Tuin, Trompwegel 27, 9170 De Klinge, Belgium; 2 The origin of variety Zwarte is unclear, but since zwart is the Dutch
translation for black, it is likely that Zwarte originated from variety Black (White Mountain Farm, CO, USA).

3.2. Field Trials

Agronomy tests were conducted in a sandy loam soil on ILVO trial fields in Melle/Merelbeke,
Belgium (50◦58′52.39′ ′ N, 3◦46′34.605′ ′ E). The varieties were sown with a Jacobi seeder in
three (2017) or four repetitions (2018 and 2019) per variety on 12 April (2017), 24 April (2018),
and 26 April (2019). The repetitions were arranged in blocks, with full randomization within
the block. The field plots were 13 m2 in size. The average temperature and precipitation
during the growth period were 15.2 ◦C and 342 mm in 2017, 16.2 ◦C and 320 mm in
2018, and 15.2 ◦C and 379 mm in 2019 (Figure 5), respectively. The field plots were not
irrigated. Maximum temperatures were generally higher in 2018, except for June and
August. The precipitation in June and July was considerably lower in 2018 than in 2017
and 2019. Meteorological data were collected by the Royal Meteorological Institute of
Belgium (RMI).
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Figure 5. Total monthly precipitation (mm) and minimum, mean, and maximum monthly temperature (T, ◦C) during the
experimental period in 2017, 2018, and 2019.

Sowing density was adjusted per seed lot to obtain a (theoretical) sowing density of
400 (2017 and 2018) or 300 (2019) germinating seeds per m2. The inter-row distance was
26 cm, and the sowing depth was 1 to 2 cm. Calcium ammonium nitrate was applied before
sowing at a rate of 135 units nitrogen in 2017 and 100 units nitrogen in 2018 and 2019.
Weeding was done manually when necessary. Harvesting of the separate plots was done
with a Wintersteiger harvester (Ried im Innkreis, Austria) according to the senescence stage
of each variety (BBCH stage 95). After harvesting, seeds from each plot were collected in
separate bags and dried using ventilation at 30 ◦C, cleaned with a Westrup LA-LS (Slagelse,
Denmark), and color-sorted with a SEA Chromex (Cimbria, Thisted, Denmark) in 2017 and
2018 and an Os F color sorter (Petkus Selecta, Wutha-Farnroda, Germany) in 2019. Yield
was determined after color sorting. Cleaned seeds were kept in a short storage room at
16 ◦C.

3.3. Seed Characteristics

Test weight (kg/hL) was determined by a grain analysis computer (GAC 2100, Dickey-
john, Auburn, AL, USA). TSW (g) was calculated based on the weight of 300 seeds selected
by a Contador seed counter (Pfeuffer GmbH, Kitzingen, Germany). Seed color, expressed
as CIELAB coordinates L* (lightness), a* (redness to greenness), and b* (yellowness to
blueness), was measured using a Konica Minolta CM-700d spectrophotometer (Konica
Minolta, Tokyo, Japan). Seeds were scanned (dpi = 600) against a blue background (HP
Scanjet 2400, Hewlett-Packard Company, Palo Alto, CA, USA). The resulting images were
analyzed using SmartGRAIN software (version 1.1, National Institute of Agrobiological
Sciences, Tsukuba, Japan) to estimate the length (mm), width (mm), and LWR of the seeds.
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The saponin content of the seeds was estimated with Koziol’s standard afrosimetric foam
test [26] and calculated according to the following formula (1):

saponin (mg/g) =
0.646×H− 0.104

W
(1)

where ‘H’ is the foam height in cm, and ‘W’ is the sample weight in g [26]. All seed
characteristics were analyzed in triplicate.

3.4. Chemical Composition

For chemical analyses, seeds were milled to wholemeal flour (WMF) by a Hammertec
mill (mesh size: 0.8 mm) (Foss, Hilleroed, Denmark).

3.4.1. Macronutrients

Moisture (g/100 g) and ash (g/100 g dm) content were determined according to ICC
methods no. 110 and 104/1, respectively. Total starch content (g/100 g dm) was analyzed
as described by Englyst et al. [46]. The nitrogen content was determined using aVarioMax
C/N (Elementar Analysesystemen, Langenselbold, Germany) and converted to protein
content (g/100 g dm) using a conversion factor of 6.25 [47]. Fat content (g/100 g dm)
was determined by Soxhlet extraction with prior acid hydrolysis (ISO 6491). All macronu-
trient analyses were performed in triplicate.

3.4.2. Amino Acids

To determine the total standard amino acid composition (excluding tryptophan),
acid hydrolysis was performed on the lyophilized samples using a hydrogen chloride
and dithioglycolic acid solution for 4 h at 150 ◦C. Sample purification was done on an
OASIS HLB cartridge (200 mg, 6 cc), followed by separation and detection by an LC–MS2
instrument (Nexera 8040, Shimadzu, Kyoto, Japan). Separation was done in normal phase
mode on an Intrada amino acid column (3.0 µm, 100 × 3.0 mm) with acetonitrile (0.3%
acetic acid) as solvent A and 20% acetonitrile-80% 100 mM ammonium formate as solvent
B for the mobile phase gradient. The solvent gradient started at 80% solvent A and 20%
solvent B. After 4 min, solvent B was gradually increased to 100% until the 14th min,
at which it was held for 2 min before being returned to the initial gradient for 9 min.
Amino acids were ionized by electrospray ionization (4.5 kV) followed by multiple reaction
monitoring (MRM) on a triple quadrupole. All amino acids were measured in positive
mode, except for aspartic acid, which was measured in negative mode. Methylvaline,
homoarginine, and methyl-D3-methionine were used as internal standards.

To determine the tryptophan, alkaline hydrolysis was performed on lyophilized
samples using a lithium hydroxide solution for 4 h at 150 ◦C. Sample purification was done
on an OASIS HLB cartridge (200 mg, 6 cc), followed by separation and detection by an
LC-MS2 instrument (Nexera 8040, Shimadzu Corporation, Kyoto, Japan). Separation was
done in normal phase mode on an Intrada amino acid column (3.0 µm, 100 × 3.0 mm) with
acetonitrile (0.3% acetic acid) as solvent A and 20% acetonitrile-80% 100 mM ammonium
formate as solvent B for the mobile phase gradient. The solvent gradient started at 80%
solvent A and 20% solvent B. After 4 min, solvent B was gradually increased to 100% until
the 14th min, at which it was held for 2 min before being returned to the initial gradient for
9 min. Amino acids were ionized by electrospray ionization (4.5 kV), followed by MRM on
a triple quadrupole. Tryptophan was measured in positive mode with methyl-tryptophan
as the internal standard.

3.4.3. Fatty Acids

The fatty acid profile of the quinoa samples was determined as described by Foubert
et al. [48]. Quinoa WMF was mixed with diethyl ether to extract the fat. The mixture was
subsequently filtered over sodium sulfate, and diethyl ether was evaporated to retain the
extracted fat. Four droplets of extracted quinoa fat were dissolved in 9 mL hexane and 1 mL
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2 N potassium hydroxide/methanol reagent to produce fatty acid methyl esters (FAMEs).
The blend was shaken for 30 s and allowed to settle. The FAMEs in the hexane layer were
separated by a Varian 3380 gas chromatograph (Varian Inc., Palo Alto, CA, USA) equipped
with a WCOT CP-sil 88 column and a flame ionization detector (FID). The conditions for
the gas-chromatographic analysis were: temperature of injector: 250 ◦C, temperature of
detector: 250 ◦C, flow rate of mobile phase (helium): 1 mL min−1, flow rate of hydrogen:
40 mL min−1, flow rate of air: 120 mL min−1, injection volume: 1 mL, and column oven
temperature: 120 ◦C for 2 min, followed by heating at 5 ◦C min−1 to 200 ◦C and holding at
that temperature for 20 min.

3.4.4. Triacylglycerols

Analysis of the TAG species was performed as described by Rombaut et al. [49].
Quinoa WMF was mixed with diethyl ether to extract the fat. The mixture was subsequently
filtered over sodium sulfate, and diethyl ether was evaporated to retain the extracted fat.
The extracted fat was dissolved in a concentration of 5 mg/mL in dichloromethane/acetonitrile
(30:70 v/v). Separation of the TAG species was performed on a Thermo Finnigan Surveyor
RP-HPLC system (Thermo Electron Corporation, Brussels, Belgium) using a 150 × 3.0 mm
Alltima HP C18 HL column with a 3 µm particle diameter (Grace Alltech, Lokeren, Bel-
gium) and connected to an Alltech ELSD 2000 evaporative laser light scattering detector
(Grace Alltech, Lokeren, Belgium). The injection volume was 25 µL.

3.4.5. Minerals

The mineral composition was determined via inductive coupled plasma-optical emis-
sion spectrometry (ICP-OES, IRIS Intrepid II XSP, Thermo Scientific, Waltham, MA, USA).
Prior to the analysis, 1.0 g of WMF was ashed at 500 ◦C for 4 h in a muffle furnace. The ash
was dissolved in hydrochloric acid during a 2 h reflux. The remaining residue was filtered
(Whatman filter no. 5) before analysis.

3.5. Statistical Analysis

To determine the differences between varieties, years, and their interactions, the lme4
package in R (version 4.0.2, R Core Team, Vienna, Austria) was used to fit a (mixed) linear
model [50]. The fixed effects were variety and year, while block was considered a random
effect. The following base model (2) was considered:

Y = Variety × Year + Random (2)

where ‘Y’ is the response variable, ‘Variety’ is the fixed effect of the variety, ‘Year’ is the
fixed effect of the growing season, and ‘Random’ is the random effect of the block or
measurement replicate.

Four different versions (3–6) were derived from the base model, as follows:

Y ~ Random (3)

Y ~ Variety + Random (4)

Y ~ Year + Random (5)

Y ~ Variety + Year + Random (6)

The five versions of the model (2–6) were tested, and the output was evaluated
using Akaike information criteria (AIC) [51]. The best fit for each trait was then chosen
based on the lowest AIC value (summarized in Table S9). Then, an analysis of variance
(ANOVA) was performed, and pairwise comparisons between varieties and growing
seasons were performed with the Tukey test. For the analyses of the seed characteristics
and composition, one block was analyzed per variety. Therefore, the random effect of the
measurement replicates was included in the base model instead of the block effect. In the
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case where ‘Random’ did not significantly attribute to the model, this effect was excluded
from the model.

The analyses of amino acid, fatty acid, TAG, and mineral composition were performed
without replicates. Therefore, the data did not allow the study of the effect of variety, year,
or variety × year interaction. The data of all varieties common to all years were grouped to
be able to make a comparison between the years. In a similar way, the data were grouped
over the years to be able to estimate the variety effect.

A PCA and an HCA were performed with SPSS Statistics 27 (SPSS Inc., Chicago, IL,
USA). For a more comprehensive understanding of the variation among quinoa varieties,
a PCA was performed on the analyses of yield, seed characteristics, and macronutrient
composition. Prior to analysis, the suitability of a PCA was assessed by testing the linearity
between the variables and sample adequacy. Inspection of the correlation matrix showed
that all variables had at least one correlation coefficient greater than 0.3. The overall Kaiser-
Meyer-Olkin (KMO) measure was 0.641, with individual KMO measures all greater than
0.5. Bartlett’s test of sphericity was statistically significant (p < 0.001), indicating that the
data was likely factorizable. PCA revealed three components with eigenvalues greater than
one, and visual inspection of the scree plot indicated that all three components should be
retained. A Varimax orthogonal rotation with Kaiser normalization was employed to aid
interpretability. The data on yield, seed characteristics, and macronutrient composition
were used to perform an HCA to group the quinoa varieties with similar properties.
The HCA was performed by using the unweighted paired-group method with an arithmetic
mean. Distances among clusters were computed using Pearson correlation coefficients.

4. Conclusions

Thirteen varieties were evaluated for their agronomic performance under North-West
European field conditions during three consecutive growing seasons (2017–2019). Addition-
ally, the seeds were quantitatively characterized based on characteristics and composition.
The study showed that all varieties, except for the very late ones, performed well under the
environmental conditions in North-West Europe, thereby combining competitive yields
with high seed quality over the years. Clustering of the varieties/years revealed subtle
differences between growing seasons, but the factor of variety had a large impact on the
clustering of Puno, Rouge Marie, Summer Red, Titicaca, Vikinga, and Zwarte. Hence,
the significant interaction effects of variety and year were reflected in the clustering of
the varieties.

Under North-West European environmental conditions, the studied varieties obtained
nutritional values within the range of composition traits previously reported for European
quinoa. The seeds contained high protein levels, and the varieties had a similar amino acid
profile, containing all essential amino acids. The main fatty acids were linoleic, α-linolenic,
and oleic acid, indicating a high degree of unsaturation. As a good source of minerals,
the seeds were characterized by high K, P, Ca, and Mg levels and important amounts of Fe
and Na. Varieties such as Bastille, Dutchess, Titicaca, and Vikinga were high-yielding and
better adapted to North-West European environmental conditions. Atlas and Pasto did not
reach full maturity under these environmental conditions but performed best regarding
their protein and mineral content. The Farm Original varieties (i.e., Faro, Oro de Valle,
and Zwarte) reached yields similar to those of most European-bred varieties. However,
Oro de Valle and Zwarte were characterized by the lowest protein levels. Faro showed a
more interesting nutritional profile as it was characterized by medium-high protein and
high-fat content but was the bitterest variety.

Altogether, this study supports the huge potential of quinoa as a European crop.
Thereby, the selection of the varieties should be well-informed and aligned with the
production aim. However, these varieties are insufficiently studied to define their po-
tential end-uses and facilitate their introduction in the European food industry. To gain
more insight into the potential end-uses of North-West European quinoa, the seeds were
milled to wholemeal flour and the physicochemical properties of these flours were deter-
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mined. The physicochemical properties are described in Part II of this issue. Furthermore,
the variability in yield, physical, and nutritional properties showed possibilities to stabilize
or improve the yield and quality of European quinoa varieties using suitable agronomic
practices. However, more research is needed to optimize these agronomic practices.
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Abstract: Quinoa is a strategic crop due to its high N content and its adaptability to adverse condi-
tions, where most of the soils are deficient of nitrogen (N). The central question in this review was
the following: How can quinoa yield low levels of nitrogen in the soils of Altiplano? This question
was unraveled based on different factors: (1) fertilization effect on productivity, (2) fertilization limits,
(3) uptake and assimilation of nitrogen parameters, (4) monoculture practice effect, and (5) possible
sources and strategies. One hundred eleven articles of different scientific platforms were revised and
data were collected. Information from articles was used to calculate the partial factor productivity for
nitrogen (PFPN), the apparent use efficiency of N (APUEN), available nitrogen (AN), and nitrogen
content harvested in grains (HarvN). Quinoa responds positively to fertilization, but differences in
yield were found among irrigated and rainfed conditions. Quinoa can produce 1850 kg grains ha−1

with 50 kg N ha−1 under irrigated conditions, and 670 kg grains ha−1 with 15 kg N ha−1 in rainfed
conditions. Quinoa increases seed yield and HarvN increases N fertilization, but decreases nitrogen
efficiency. In Altiplano, without nitrogen fertilizer, the quinoa yield relies on between 500 and
1000 kg ha−1, which shows that in the soil, there are other nitrogen sources.

Keywords: quinoa; nitrogen harvested by yield; apparent use efficiency of N; arid environments; Altiplano

1. Introduction

Integrated nutrient management for food production is an approach and paradigm
that supports the food security, conservation, and sustainability of renewable natural
resources [1]. Understanding nutrient cycles is essential for improving crop nutritional
management. Particularly, in highland and arid agroecosystems such as the southern
Bolivian Altiplano, nitrogen (N) supply limits plant growth and development [2]. No other
element for life, such as nitrogen, takes so many chemical forms in the atmosphere, soil,
and plants [3]. In the atmosphere, the most reactive are N and gas (N2), while in soil,
nitrogen oxide, NO, and nitrogen dioxide (NO2) prevail; when fertilizer is used, forms
such as ammonia (NH3) can be found; while in water, nitrogen can be present in inorganic
forms such as ammonia, ammonium, nitrate, and nitrite, and the organic form is present in
proteins, amino acids, urea, and living or dead organisms [4].

In semi-arid and arid land regions, water resources are limited and have significant
consequences on the soil nitrogen content [4]. The seasonal distribution of rainfall can
affect the accumulation and emission of N in soils during the dry season [5,6]. Nitrogen is
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accumulated in the soil as wet and dry, and part of it is released to the atmosphere when
pore spaces in the soil are filled with water, but this process depends on the soil type and
climate [7].

Nitrogen use efficiency (NUE) determination in fragile soils such as the southern
Bolivian Altiplano is significant for understanding soil NO3–N converted into grain for
quinoa (Chenopodium quinoa Wild), a rainfed crop. NUE can be expressed in several ways:
grain production by unit of available N, or index of utilization, which is the absolute
quantity of produced biomass per unit of available N [8]. The factors that influence this
efficiency are edaphic structure, climatic conditions, interactions between soil and bacterial
processes, nature of organic and inorganic nitrogen sources, and availability of N in the
soil [9,10]. NUE denotes the relationships between total input compared to the nitrogen
output. This is complex and involves absorption, metabolism, and redistribution in the
plant. However, adopting a complete crop nutrition strategy allows efficiency, profitability,
and sustainability to improve. NUE is a determined metric used to measure N management
in the soil [11]. Moreover, NUE is the maximum economic yield produced per unit of
N applied, absorbed, or utilized by the plant to produce grain and straw [12]. NUE is
partitioned in two processes: (a) absorption efficiency, when the plant is able to remove the
available N from the soil usually present as nitrate or ammonium ions, and (b) utilization
efficiency, when the plant is able to transfer the available N to the grain as protein [13]. The
absorption efficiency is of the utmost importance for predicting plant performance and
yield. Most plants capture inorganic N as dissolved nitrate (NO3

−) or ammonium (NH4
+)

from the soil through their roots [14]. Root architecture, morphology, rate of respiration,
and transporter activity for available forms of N in the rhizosphere determine N uptake
rate. The utilization efficiency requires the process of carbon fixation for nitrogen taken up,
photosynthesis, canopy formation, and nutrient remobilization from all tissues to grain
during seed filling [10]. The process is initiated once N is introduced into the plant cell and
is reduced into organic molecules.

Quinoa is a strategic partner crop for food security as a plant-based protein source [15],
and its adaptability to unfavorable growing conditions [16,17]. Quinoa is an Amarantaceae
with an intermediate protein content, less than that of legumes and more than that of
cereals [17]. The protein content in grain depends on the varieties and soil conditions,
and it can reach up to 23%. This protein level requires a significant supply of nitrogen,
which is not only essential for the grain, but also for plant growth and development. Its
exceptional adaptations to limiting factors in the environment are tolerance to drought [18]
and frost [19], as well as to saline and/or low-fertility soils, maintaining adequate yields [20,21].
The Intersalar region, in the southern part of the Bolivian Altiplano has an extreme climate,
with rainfall from 150 to 300 mm per year, 200 days of night frost, strong winds, and
intense solar radiation [22–24]. Furthermore, it has serious degradation problems and low
nitrogen levels in the soil. Soil degradation is attributed to monoculture, the use of virgin
soils to expand the agricultural frontier, the use of inadequate agricultural machinery (disc
plough) in highly susceptible soils to wind erosion, traditional and manual harvesting, the
use of left-harvested plants after grain threshing in camelid cattle, llama (Lama glama) or
sheep (Ovis aries) feeding, neglect of traditional sowing in the traditional system of sectoral
fallowing known as “mantos” [25], the practice of soil fallowing (two to three years without
agriculture), and the lack of organic matter due to little or no incorporation of manure
(reduction of llama and sheep livestock) and stubble leftover.

In the Intersalar, it has been observed that there are plots with more than 80 agricul-
tural years of production under quinoa monoculture. There are no contributions of manure
or other nitrogen mineral fertilizer sources, and the only form of cultural management is
the practice of soil fallow (one to two years) [26]. However, acceptable and economically
sustainable productivity is still utilized by farmers, and the yields are between 450 and
750 kg ha−1, despite no application of nitrogen [27–30]. Due to their origin, and as a
consequence of the abovementioned factors, the soils of the Intersalar zone are poor in
N. Of these soils, 98% are classified as very low in N, while the remaining soils (2%) are
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classified as low [26,31]. With this position, we ask ourselves, how can quinoa be produced
in the Bolivian Altiplano under low levels of nitrogen in the soil? This question was
unraveled based on different factors: (1) the effect of fertilization on productivity under
rainfed and irrigated agricultural conditions, (2) the top and bottom limits of fertilization,
(3) the parameters related to the uptake and assimilation of N, and (4) the effect of mono-
culture on yield under rainfed agricultural conditions. This article aimed to explore
theoretically the efficiency of nitrogen under rainfed and irrigated cultivation conditions
to allow us to explain the performance of quinoa in Bolivian Altiplano soils without the
application of fertilizer.

2. Results
2.1. The Effect of Fertilization on Productivity in Rainfed and Irrigated Quinoa Cultivation

Nitrogen fertilization in quinoa is an unsolved issue; the literature data show great
variability in results, ranging from very low application (30 kg of N and production of
5.5 tons of grains per ha−1 [32]) to high application (175 kg ha−1 with 4.2 tons of grains
per ha−1 [33]) (Table 1). The variation in the results regarding nitrogen fertilization over
seed yield expressed in Table 1 are the consequences on cropping conditions, varieties, soil
textures, irrigation systems, and management.

Table 1. Nitrogen dose and yield of grain in various quinoa cultivars under different growing conditions and soil textures.

Dose
(kg ha−1)

Seed Yield
(kg ha−1) Cultivar Soil Texture Irrigation Type Reference

0 1166 Blanca Junin Sandy clay
loam–sandy loam Rainfed Borda, 2018 [34]

0 1100 Regalona Baer Silty clay Rainfed Campillo and Contreras, 2019 [35]

40 2093 KVL 8401 Clay loam Rainfed Jacobsen et al., 1994 [36]

80 2428 KVL 8401 Clay loam Rainfed Jacobsen et al., 1994 [36]

80 2140 Regalona Baer Silty clay Rainfed Campillo and Contreras, 2019 [35]

120 3500 Cochabamba
y Faro Clay loam Rainfed Schulte et al., 2005 [37]

120 2685 KVL 8401 Clay loam Rainfed Jacobsen et al., 1994 [36]

160 2760 KVL 8401 Clay loam Rainfed Jacobsen et al., 1994 [36]

160 3000 Regalona Baer Silty clay Rainfed Campillo and Contreras, 2019 [35]

240 3360 Regalona Baer Silty clay Rainfed Campillo and Contreras, 2019 [35]

320 3540 Regalona Baer Silty clay Rainfed Campillo and Contreras, 2019 [35]

400 3430 Regalona Baer Silty clay Rainfed Campillo and Contreras, 2019 [35]

0 1068 Faro and
UdeC10 Loam–silty loam Supplementary Berti el al., 2000 [38]

0 1700 Altiplano INIA,
Salcedo INIA Sandy loam Supplementary Mendoza Nieto et al., 2016 [39]

0 1868 Blanca Real Sandy loam Dripping Llaca, 2014 [40]

0 981 Genotipo O3 Loamy Surface Franco, 2018 [41]

50 1848 Genotipo O3 Loamy Surface Franco, 2018 [41]

75 2112 Faro and
UdeC10 Loam–silty loam Supplementary Berti et al., 2000 [38]

80 2240 Blanca Real Sandy loam Dripping Llaca, 2014 [40]

100 2700 Altiplano INIA,
Salcedo INIA Sandy loam Supplementary Mendoza Nieto et al., 2016 [39]
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Table 1. Cont.

Dose
(kg ha−1)

Seed Yield
(kg ha−1) Cultivar Soil Texture Irrigation Type Reference

100 2267 Genotipo O3 Loamy Surface Franco, 2018 [41]

120 3300 Titicaca Sandy loam Deficit irrigation Razzaghi et al., 2012 [20]

120 3000 Titicaca Sandy clay loam Deficit irrigation Razzaghi et al., 2012 [20]

120 2300 Titicaca Sandy Deficit irrigation Razzaghi et al., 2012 [20]

150 2456 Faro and
UdeC10 Loam–silty loam Supplementary Berti et al., 2000 [38]

150 2541 Genotipo O3 Loamy Surface Franco, 2018 [41]

180 3413 Salcedo INIA Sandy loam Dripping Herreros, 2018 [42]

200 2800 Altiplano INIA,
Salcedo INIA Sandy loam Supplementary Mendoza Nieto et al., 2016 [39]

200 1659 Genotipo O3 Loamy Surface Franco, 2018 [41]

225 2912 Faro and
UdeC10 Loam–silty loam Supplementary Berti et al., 2000 [38]

240 3240 Blanca Real Sandy loam Dripping Llaca, 2014 [40]

270 4249 SalcedoINIA Sandy loam Dripping Herreros, 2018 [42]

300 2600 Altiplano INIA,
Salcedo INIA Sandy loam Supplementary Mendoza Nieto et al., 2016 [39]

360 3783 Salcedo INIA Sandy loam Dripping Herreros, 2018 [42]

400 2100 Altiplano INIA,
Salcedo INIA Sandy loam Supplementary Mendoza Nieto et al., 2016 [39]

Source: Prepared with data from several authors.

Table 1 shows the performance of several quinoa varieties cultivated even under
the same nitrogen fertilizer rate, which influenced seed yield under rainfed and irrigated
conditions. We can see in the table that not only did the nitrogen fertilization improve the
seed yield, but irrigation, water quality, organic matter content, pests, weeds, planting
density, and varieties also strongly influenced the seed yield. The average data for each
dose of fertilizers presented in Table 1 were utilized to calculate and depict seed yield
variation under irrigated and rainfed conditions in Figure 1.

From the data obtained, we can infer that these conform to a normal curve, with an
increase in yield up to 240 kg ha−1 for applications of nitrogen fertilizer, after which it
begins to become asymptotic and the yields begin to decrease after 300 kg ha−1 nitrogen
fertilizers. The relationship between nitrogen uptake and nitrogen fertilizer rate (R2 = 0.64,
p = 6.7 × 10−8) was remarkably consistent (Figure 1).
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cultivation. The N available or contained in the soil decreased for the 2017 growing sea-
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eral years, which decreased the nitrogen in the soil (R2 = 0.63, p = 1.2 × 10−4) in the Intersalar 
area of the southern Bolivian Altiplano [26]. These data explain that in 90.9% of the farms, 
and according to the FAO (2013) [43], the soil nitrogen content is classified from very poor 
to poor (less than 0.15% N), with only 9.1% of the soils having a medium content (0.15–
0.25% N). 

Figure 2 shows the dynamics of total soil nitrogen and seed yield for several growing 
seasons. The data and curves presented in Figure 2 are based on 113 plots, with different 
years of quinoa monoculture use (R2 = 0.41, p = 0.009), and only soil fallow of the plot 
without incorporation of organic matter or fertilizers and rainfed irrigation have been 
practiced [26]. Quinoa cultivation in the plots is practiced through the traditional Aymara 
system known as “mateado” or “speckled” and planted in holes (“kollas”), with planting 
densities of 1 × 1 m and three to four plants per “kolla” (i.e., planting rate). Figure 2 shows 
higher yields than 500 kg ha−1; however, 60.9% of the farms evaluated do not exceed 1000 
kg ha−1, which is surprising due to the low nitrogen content of the soil (Figure 2), not ex-
ceeding 0.10–79.6% in the farms. Quinoa cultivated in the southern Altiplano of Bolivia, 
as through the case in Figure 2, denotes that in monoculture practice, the total soil nitrogen 
decreases over time, while seed production does not disappear, even though soil has a 
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Figure 1. Relationship between nitrogen rates applied and seed yield. The data from Table 1
were utilized to calculate variations in seed yield in quinoa cultivated under rainfed and irrigated
conditions. The symbols represent the average values of equal doses.

2.2. What Happens in the Altiplano Agroecosystem with a Quinoa Monoculture and without
Nitrogen Fertilizer Applications under Rainfed Conditions?

The previous data and figure presented in the above section support the possibility
that the performance of quinoa can increase under rainfed conditions, e.g., in the southern
Bolivian Altiplano, which is an agroecosystem featuring sandy soils and a very low nitrogen
content [26], with minimal use of manure and no chemical fertilizers. Figure 2 depicts
the intensity of land use through several growing seasons in a plot exclusively for quinoa
cultivation. The N available or contained in the soil decreased for the 2017 growing season.
The curve shows the relationship of a monoculture practice in the same plot for several
years, which decreased the nitrogen in the soil (R2 = 0.63, p = 1.2 × 10−4) in the Intersalar
area of the southern Bolivian Altiplano [26]. These data explain that in 90.9% of the farms,
and according to the FAO (2013) [43], the soil nitrogen content is classified from very
poor to poor (less than 0.15% N), with only 9.1% of the soils having a medium content
(0.15–0.25% N).

Figure 2 shows the dynamics of total soil nitrogen and seed yield for several growing
seasons. The data and curves presented in Figure 2 are based on 113 plots, with different
years of quinoa monoculture use (R2 = 0.41, p = 0.009), and only soil fallow of the plot
without incorporation of organic matter or fertilizers and rainfed irrigation have been
practiced [26]. Quinoa cultivation in the plots is practiced through the traditional Aymara
system known as “mateado” or “speckled” and planted in holes (“kollas”), with planting
densities of 1 × 1 m and three to four plants per “kolla” (i.e., planting rate). Figure 2 shows
higher yields than 500 kg ha−1; however, 60.9% of the farms evaluated do not exceed
1000 kg ha−1, which is surprising due to the low nitrogen content of the soil (Figure 2), not
exceeding 0.10–79.6% in the farms. Quinoa cultivated in the southern Altiplano of Bolivia,
as through the case in Figure 2, denotes that in monoculture practice, the total soil nitrogen
decreases over time, while seed production does not disappear, even though soil has a very
low nitrogen content.
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ure 3 depicts higher total soil nitrogen (R2 = 0.47, p = 0.00792); however, the seed yield 
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ciency indicators (Table 2), deterioration can be observed. 
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Figure 2. Seed yield and total soil nitrogen content from plots where quinoa monoculture has been
practiced for several growing seasons (n = 80 years). Data adapted from Cardenas et al. [26].

When associating N values to the yield (Figure 3), it was found that in the trials with
nitrogen fertilizer application, the curve trend showed an increase in yield at a higher
concentration of nitrogen in the soil, which is asymptotic starting from 0.14% of total soil
nitrogen.
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Figure 3. Relationship between seed yield and total soil N. The data were obtained by averaging the
values of equal doses according to Table 1 (mean ± SE).

Figure 3 shows similar trends to Figure 2 for quinoa with fertilization, although
Figure 3 depicts higher total soil nitrogen (R2 = 0.47, p = 0.00792); however, the seed
yield increased until it stabilized, and then it decreased. When analyzing the nitrogen use
efficiency indicators (Table 2), deterioration can be observed.
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Table 2. Determination of the efficiencies and indices according to the total soil nitrogen content in rainfed cultivation and
non-fertilized soils.

Total Soil N
(%)

Available Nitrogen
(AN) (kg ha−1)

Yield Average
(kg Grains ha−1)

Nitrogen Harvested by Yield
(kg ha−1)

PFPN
(kg Grains kg−1) (AN)

APUEN
(%)

0.02 14.9 670.3 18.2 45.1 122.8
0.03 22.3 802.9 21.8 36.0 98.0
0.04 29.7 953.9 25.9 32.1 87.4
0.05 37.1 1063.6 28.9 28.6 77.9
0.06 44.6 789.2 21.5 17.7 48.2
0.07 51.9 865.5 23.5 16.7 45.3
0.08 59.4 1316.0 35.8 22.2 60.3
0.09 66.8 948.6 25.8 14.2 38.6
0.1 74.2 1070.4 29.1 14.4 39.2

0.12 89.1 1277.9 34.8 14.3 39.0
0.13 96.5 1865.9 50.8 19.3 52.6
0.14 103.9 1145.6 31.2 11.0 30.0
0.15 111.4 1156.1 31.4 10.4 28.2
0.17 126.2 604.9 43.7 12.7 34.6
0.18 133.7 1904.0 51.8 14.2 38.7
0.2 148.5 1899.2 51.7 12.8 34.8

0.21 155.9 1567.3 42.6 10.1 27.3
0.22 163.4 777.3 21.1 4.8 12.9

Source: Elaborated from Cardenas et al. [26].

According to Table 2, quinoa is more efficient at using nitrogen when there is less N in
the soil. For example, in soils with very low nitrogen values such as 14.9 kg ha−1, 45.1 kg of
grain can be obtained for each kilogram of nitrogen, meaning an APUEN of 122.8%, which
is difficult to explain without considering an extra contribution of nitrogen to the crop.
However, soils with 0.22% of total soil nitrogen or 163 kg of available nitrogen produce
only 4.8 kg of grain for every kilogram of available nitrogen.

3. Discussion
3.1. The Effect of Fertilization on Productivity in Irrigated and Rainfed Cultivation

The average data for each dose of fertilizer presented in Table 1 were used to determine
the nitrogen uptake, expressed as kilograms of N to produce one ton of grain, as described
in Figure 4. The relationship between nitrogen use efficiency and nitrogen fertilizer rate
was remarkably consistent (R2 = 0.88, p = 2.2 × 10−4).

From the data obtained, we can infer a normal curve, with an increase in nitrogen
uptake per ton of produced grain, up to applications of 260 kg ha−1, after which it started to
become asymptotic, and over 400 kg ha−1, the yields began to decrease as further nitrogen
fertilizers were incorporated. In Figure 4, we demonstrate that nitrogen uptake increased
when the nitrogen fertilizer rate increased from 35 kg of N per ton of with no nitrogen fertilizer,
until reaching the optimum 90 kg of N per ton of produced grain with 260 kg N ha−1. Alvar-
Beltran et al. used three doses of nitrogen fertilization (25, 50, and 100 kg N ha−1) and the
extraction was 25 kg N per ton of grain produced (1:40 ratio) [44].
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Figure 4. Relationship between nitrogen rates applied and uptake of nitrogen from experiments
under irrigated and rainfed conditions. The data from Table 1 were utilized to calculate variations in
seed yield in cultivated quinoa under rainfed and irrigated conditions. The symbols represent the
average values of equal doses (mean ± SE).

3.2. The Limits of Fertilization in Quinoa

Table 3 shows the efficiency indicators based on the average yields from each nitrogen
fertilization rate, according to the data and average values in Table 1.

Table 3. Efficiency indicators according to various fertilization tests under irrigated and rainfed conditions.

Nitrogen Fertilizer Dose
(kg ha−1)

Average Yield
(kg Grains ha−1)

Nitrogen
Harvested

by Yield (kg ha−1)

Partial Factor Productivity
of Nitrogen (PFPN)

(kg Grains kg −1) (AN)

Apparent Use Efficiency
of N (APUEN) (%)

50 1848 50.3 37.0 100.5
60 1771 48.2 29.5 80.3
75 2112 57.4 28.2 76.6
80 2314 62.9 28.9 78.7

100 2483 67.5 24.8 67.5
120 2749 74.8 22.9 62.3
150 2453 66.7 16.4 44.5
160 2882 78.4 18.0 49.0
180 3413 92.8 19.0 51.6
200 2193 59.6 11.0 29.8
225 2912 79.2 12.9 35.2
240 3300 89.8 13.8 37.4
300 2600 70.7 8.7 23.6
320 3540 96.3 11.1 30.1
360 3783 102.9 10.5 28.6
400 2765 75.2 6.9 18.8

Average 2695 73.3 19.7 50.9
R2 0.83 * 0.88 ** 0.83 ** 0.77 *

Significant at the * 0.05 and ** 0.01 probability levels. Source: Calculated from Table 1.

By increasing the nitrogen fertilizer rates, the seed yield increased, reaching an opti-
mum production at 130 kg of N ha−1. However, after this point, the seed yield decreased,
as depicted in Figure 5. Similar results were found in trials with a quinoa genotype O3 and

184



Plants 2021, 10, 2479

two other cultivars [39,45]. The results were adjusted, with a good correlation to the law
of diminishing returns (R2 = 0.83, p = 0.00513) [45] and agreement with Pandey et al. [46],
who indicated that high rates of nitrogen in crops cause a depressive effect.
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These data were obtained from Table 2.

Figure 5 depicts the break-even point at which quinoa is efficient enough under
certain levels of nitrogen fertilization. Based on the data in Table 3, Figure 5 shows a higher
efficiency in the use of nitrogen in quinoa grown in soils even under very low nitrogen
levels. A balance point appeared, indicating that up to 130 kg ha−1 of nitrogen is enough to
produce 2700 kg ha−1. This point is a balance between APUEN and seed yield, even when
quinoa is grown with high rates of nitrogen fertilizer. There is a remarkable relationship
between decreasing APUEN and an increasing amount of nitrogen fertilizer (R2 = 0.77,
p = 0.0012).

3.3. Parameters Related to the Uptake and Assimilation of Nitrogen

The PFPN will depend on the physiological efficiency of the cultivar, that is, the propor-
tion of available N absorbed by the crop, and on the losses during the cycle [43]. Nitrogen
use efficiency averages 33% in cereals, indicating significant potential for improvement [47].
For quinoa grown on dry land and without an extra contribution of nitrogen fertilization,
the PFPN decreases when the nitrogen content in the soil increases (Table 3). With values
for PFPN ranging from 59.6 for very nitrogen-poor soil (0.02%) to 6.3 for very nitrogen-rich
soil (0.22%), this means a loss of 89.4% in N efficiency.

In a trial with quinoa and five levels of N (0, 40, 80, 120, and 160 kg N ha−1), the
highest PFPN was recorded with 40 kg N ha−1 and 30.52 kg of grains produced per kg
of N applied [13]. Another study showed that the efficiency of the use of nitrogen in
the yield of quinoa with N doses of 0, 50, 100, 150, and 200 kg N ha−1 was affected by
higher availability of N in the soil [42]. The data in Figure 2 show a deterioration in PFPN
and APUEN when higher doses of fertilizers are included, although the yields increased.
For example, applications of 40 kg N ha−1 produced 52 kg of grain for each kilogram of
fertilizer applied. This is in contrast to doses of 160 kg N ha−1, where only 17 kg of grain
were produced for each kilogram of fertilizer applied, and with 400 kg N ha−1, which
produced only 5 kg of grains for each kilogram of nitrogen, that is, a 90.4% efficiency
deterioration. The apparent use efficiency of nitrogen (APUEN) shows that the applied or
available nitrogen was multiplied 1.4 times in harvested grains. Differently, when 400 kg N ha−1

was applied, only 0.145 times the applied dose was harvested. The 1.4-fold increase in
nitrogen content is striking, which could be explained by the presence of microorganisms
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or the contribution of rain, or by the deepening of the roots to increase the volume of soil
to explore.

In addition, Figure 5 shows the balance point between yield and APUEN, which means
that the optimal ratio of yield versus nitrogen dose was around 130 kg N ha−1.

The data obtained are consistent with those of Franco Alvarado (2018) [41], who
applied up to 200 kg N ha−1, finding that the absorption efficiency use of nitrogen (APUEN)
decreased as the applied dose of N increased. Without the application of nitrogen fertilizer,
it reached the highest APUEN. In contrast, upon application of 200 kg N ha−1, the seed yield
decreases. Franco Alvarado [41] found that the optimal dose of available N (62 kg N ha−1)
in the soil achieved the highest productivity in quinoa crop. This deterioration in the
efficiency indicators indicates that increasing application of nitrogen fertilizers in quinoa is
not used to produce grains, it could be derived from the production of biomass [48], or else
there is a significant loss of this element by leaching. It has been estimated that between
50% and 70% of the applied nitrogen is lost from the soil–plant system, by surface runoff or
leachate or by microbial denitrification, a process by which nitrate is converted to nitrogen
oxides (N2O and NO) and elemental nitrogen (N2) is also lost by volatilization [44]. The
loss of N by drainage (19.7 g N m−2) represents the main output and the volatilization of
urea (8.65 g N m−2) [17].

The efficiency in nitrogen uptake and transfer to grains (APUEN) explains the total
nitrogen harvested in the grain compared to the total nitrogen uptake per ton of grain.
Table 3 shows that plants with nitrogen deficiency stress have a higher APUEN. The quinoa
plants used the little available nitrogen better to produce grains, with a lower yield. The
nitrogen-deficient plants showed a decrease in aerial and root biomass and a lower seed
yield, but a greater efficiency in the use of nitrogen. Similarly, Calvache and Valle [48]
found that as nitrogen increases, the aboveground biomass also increases (Table 4).

Table 4. Effect of nitrogen fertilizer dose application on the production of aboveground dry matter
(kg ha−1) in three quinoa varieties grown under irrigated conditions in Ecuador.

DAS 20 40 60 80 100 120

Nitrogen Fertilizer
Dose (kg ha−1)

0 166.6 712.7 1407.3 1835.0 3967.5 4524.8
75 183.4 948.9 2226.8 3650.8 7065.4 7832.9
150 221.7 1055.7 2659.7 5002.4 9943.7 11,366.1

Source: Adapted from Calvache and Valle [48]. DAS, days after sowing.

Our data resemble those of Alvar-Bertran et al. [44], who compared height and canopy
in plants with seed yield. The highest seed yield was concentrated in plants of 40–60 cm
with a 3–5% canopy. Calvache and Valle [48] compared the biomass produced by quinoa
and seed yield as a function of the nitrogen dose under irrigated or rainfed condition
(Figure 6). Unfortunately, the data only reached doses of 150 kg ha−1, which did not allow
one to establish, in higher doses, what the real behavior would be. Figure 6 shows that
as the dose of nitrogen increased, the production of biomass also increased, while under
rainfed and irrigation conditions, the rate of biomass production decreased.

Higher doses of nitrogen were derived by the quinoa plants to increase the above
vegetative growth rather than to grain production (Figure 6), while decreasing the efficiency
of nitrogen for grain production.
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The accumulation and redistribution of N are important for the yield and quality
of grain [49]. The supply of quinoa grain, like all seed-producing plants, depends on
the N accumulated before anthesis. In wheat, approximately 50–95% of the N in grain
at harvest comes from the remobilization of the N stored in the shoots and roots before
anthesis [49,50]. In quinoa, these values have not been determined; however, data from
Calvache and Valle [48] are depicted in Figure 7, where the nitrogen content in the panicle
begins to increase from 80 days after sowing, while it remains the same in the stems and
decreases in the leaves.
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In all vegetable species, plant stress accelerates senescence and alters the source–
sink relationship, resulting in a significant reduction in crop yield [51]. The southern
Bolivian Altiplano has in average of 237 mm of annual rainfall (SENAMHI, Bolivia [52],
(www.senamhi.gob.bo, accessed on 15 January 2021), and this is not enough for the cul-
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tivation of quinoa. Plants grow under conditions of water deficit, which, added to other
environmental factors, creates a condition that accelerates plant senescence because of
stress. Naturally, senescence induces the cessation of vegetative growth, accelerates the
flowering and fruiting process, changes the plant metabolism, and alters the redistribu-
tion and partition of nutrients [53]. Stress senescence affects agronomic characteristics,
including the efficiency and yield of carbohydrate/nitrogen use (C/N) and the C/N bal-
ance in the source–sink relationship [54,55]. The nitrogen remobilization efficiency (NRE;
corresponds to the proportion of N in the crop) depends on the amount of N remobilized
to the grain in the period after anthesis and the amount of N stored in the vegetative
parts during anthesis. It is important to guarantee that stress senescence has not started
prematurely, as nitrogen transportation into the grain will be affected [56]. After the plant
takes up nitrogen and metabolizes it into plant proteins, this nitrogen is remobilized to the
developing grain [57–59].

The growth of fruits and seeds indicates a new sink that competes with the rest of the
plant for nutrients. At this point, the nitrogen partition process is important. Bascuñán-
Godoy et al. [60] found that the total protein content in quinoa decreases with stress and
increases when irrigated again. This decrease correlates with increases in NO3

− and NH4
+.

The increase in NO3
− could be associated with a marked stress-induced decrease in nitrate

reductase (NR) activity, and the increase in NH4
+ is probably associated more with the

improvement in the protein degradation and re-assimilation processes of N [61]. Although,
it can also be associated with the availability of water, which allows mobilization in the soil
to the rhizosphere, improving nitrogen absorption and the presence of microorganisms
that provide nitrogen to the plant.

3.4. The Effect of Monoculture on Yielding in Non-Fertilizer Rainfed Cultivation in Bolivian Altiplano

Our study demonstrated how a low soil nitrogen content, as in the southern Bolivian
Altiplano, is associated with similar studies [44]. Of the Intersalar soils in the southern Bo-
livian Altiplano, 91% are sandy loam and sand [26]. The soil texture affects the availability
of N by inducing the mineralization and the depth and distribution of the rooting system.
Therefore, the application of 120 kg N ha−1 in plots with different soil textures results in
differences in nitrogen absorption in quinoa: 134 kg ha−1 for sandy clay loam, 102 kg ha−1 for
sandy loam, and 77 kg ha−1 for sand under full irrigation [20]. This situation is important,
since the N from deep soil can be absorbed by diffusion and is an important part of the
total absorption [62]. Based on applications of 25, 50, and 100 kg N ha−1 in a quinoa crop in
Burkina Faso, Alvar-Beltran et al. [44] determined that the nitrogen concentration decreases
from 0.051% to 0.037%, in depths from 20 to 60 cm, respectively, for applications of 25 kg ha−1,
while for 100 kg ha−1, it decreases from 0.035% to 0.029%.

Under adequate water conditions, the quinoa seed yield increased with higher doses
of N, as well as the harvest of N per hectare. In Figure 3, we show that the amount of N
absorbed in the grain increased to 90 kg of N per ton of grain produced with 240 kg of
nitrogen fertilizer, but the APUEN decreased from 100.5% with 50 kg of nitrogen fertilizer
to 37% with 240 kg of nitrogen fertilizer (Table 3). When analyzing how the nitrogen deficit
affects the conditions of the southern Bolivian highlands, from Table 2, it can be seen that
very low values of soil total N (0.02%) equivalent to 14.4 kg N available ha−1 produce
average yields of 670 kg of grain ha−1 with an APUEN of 122%, which is surprising, since
it contained 22.8% more nitrogen than that provided by the soil. The maximum yield point
was obtained with 0.13% of total N in soil, equivalent to 96.5 kg of nitrogen ha−1; with this
amount, 1866 kg grain ha−1 was produced, but the APUEN decreased to 52.6. However,
these values are close to the equilibrium point shown in Figure 5 for fertilized and irrigated
crops (130 kg N ha−1). These values agree with those of Cassman et al. [57], who showed
that a low content of N in the soil contributes to an increase in the efficiency of N.
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3.5. Sources and Strategies to Improve N Supply and Efficiency in Quinoa in Non-Fertilized Soil in
the Altiplano
3.5.1. Sources

Another source of soil N content comes from the atmosphere, which contains 79%
by volume of nitrogen, making it a source of great reserve for the system, since it feeds
the nitrogen cycle. In the Bolivian Altiplano, there is no history or records about the
contribution of nitrogen by rainwater and the atmosphere [63]. The rainfall in the 2016 and
2017 seasons was between 194 and 280 mm year−1 (SENAMHI, Bolivia, www.senamhi.gob.bo,
accessed on 15 January 2021). This low level of rainfall makes it difficult to evaluate the
contribution of N. There are many controversies about the amount of N deposited through
this way in soil. In temperate climates, it can fluctuate between 0.74 and 21 kg N ha−1

year−1 [64], and 15 kg N ha−1 year−1 [65] could be considered the average. These amounts
would be higher in tropical climates, i.e., between 6.5 and 72 kg N ha−1 year−1 [64].

In the Bolivian Altiplano, electric shocks can be intense [66], but the amount of rain is
much less. It is unknown whether the factor of electrical discharge and/or static electricity
results in a higher nitrogen contribution, or why a scarcity of nitrogen is observed in
Altiplano soils, which is significant in the soil nitrogen balance [63]. The electrical discharge
that occurs during storms synthesizes nitrogen oxides from nitrogen (N2) and oxygen (O2)
in the air, being driven into the ground by rain [67,68]. The quantity of nitrate produced
across the world is estimated to 7.5 million ton per year.

3.5.2. Strategies

Interestingly, other parameters such as root biomass only correlate with the seed
yield under low nitrate conditions, but not at sufficient levels of nitrate [69]. It has been
published that root biomass is not important for the uptake of N [70], or even that plants
cannot uptake N during grain filling [71]. However, Mi et al. [72] reported that root
biomass is an important attribute for N uptake in corn at low nitrate levels (but not at
sufficient nitrate levels). The roots of maize can take up N even during the reproductive
phase [10]. Coke and Gallais [73] estimated that 62% of the N in the kernel originates from
N remobilization, and 38% is derived from post-silking root N uptake. Recently, it has been
reported that the increase in the number of secondary roots is related to the upregulation
of nitrate transporter gene (CqNRT2) under low nitrate conditions in quinoa seedlings of
both Socaire (an Andean landrace) and Faro [74]. This indicates that a low amount of N
induces in quinoa a series of mechanisms to cope with low N.

There are antecedents that relate nitrogen deficiency with other active compounds
such as Strigolactones (SL). These hormones act by activating the signaling pathways that
allow lipid catabolism to be the main carbon source in fungi. Under nutrient depriva-
tion conditions, the production of large amounts of SL leads to the suppression of shoot
branching and stimulates symbiosis [75,76]. Strigolactones promote the modification of the
architecture of roots and shoots and stimulate a symbiosis of rhizobia bacteria and AMF
fungi, and SLs play a crucial role in nitrogen and phosphorus deficiency.

Another of the strategies used by halophytes to capture nutrients is the association
with soil microorganisms, especially arbuscular mycorrhizal fungi (AMF), which promotes
growth and development under stressful conditions [77–79], and plant growth-promoting
rhizobacteria (PGPR), with the ability to colonize the roots of many plant species, contribut-
ing to their development and survival [44].

The participation of arbuscular mycorrhizal fungi (AMF) in quinoa, a facultative
halophyte, is debatable, since the presence of root symbiont fungi in Bolivian Andean
quinoa plants is insignificant [80], and plant growth responses could be considered a
mutualism–parasitism continuum [81]. However, some research, e.g., in the desert zone
of Chile, has determined that there is a high presence of mycotrophic plant species with a
high variation in the degree of mycorrhization in the root (mycorrhizal colonization and
the mycorrhizal medium), through the production of resistance spores and extraradical
mycelium [82]. Despite the low level of AMF colonization, it has been proposed that quinoa
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could be an interesting component for crops rotation to improve and increase N cycling in
soils compared to other crops [83].

In quinoa, in particular, there are very few investigations on the presence of fungi and
their contribution to growth or to withstand stressful conditions. The dominant fungal
genera (Penicillium, Phoma, and Fusarium) have been detected in the roots of quinoa [84];
for example, Macia-Vicente et al. [85] and Khan et al. [86] previously found them as root
inhabitants in several plant species. These fungal genera play a positive role in plant growth
and tolerance to abiotic stress. The endophyte fungus community has been recognized as
one of the Chilean quinoa ecotypes [84]. Despite a relatively high diversity of endophytic
root fungi associated with quinoa plants, the dominant fungal community consists of only
Ascomycotaphyla. The most abundant fungal genera in quinoa are Penicillium, Phoma, and
Fusarium, which are common endophytes in plant roots, highlighting endophytic root fungi
as a new additional performer [85].

Furthermore, there is a history of the participation of bacterial endophytes associated
with quinoa [85,86]; 100% of quinoa seeds are inhabited by several bacteria from the genus
Bacillus [85], which probably induces a state of natural readiness in quinoa plants, allowing
them to overcome extreme environmental situations. Among the best-known microor-
ganisms with PGPR activity are species of the genera Rhizobium sp., Azospirillum sp., and
Pseudomonas sp. [87,88]. There are several mechanisms by which bacteria contribute to
the germination, growth, and survival of plants, including biological nitrogen fixation,
solubilization of phosphates, production of siderophores, biosynthesis of phytohormones
(auxins, cytokines, and gibberellins), synthesis of antibiotics, and induction of systemic re-
sistance [89,90]. Under low nitrogen concentrations, auxin biosynthesis and transcriptional
accumulation are induced, thus regulating lateral root formation. Conversely, lateral root
growth can be inhibited with a higher than optimal supply of N [91,92]. Nitrate transporter
(NRT) genes have also been reported to be responsible for the high affinity of the NO3

−

transport system, which is related to the growth of lateral roots [74,93,94]. Based on the
information provided, it is possible to assume that part of the nitrogen supply of quinoa in
conditions of deficit of this element, is supplied by the interaction that occurs with these
microorganisms.

4. Material and Methods

A systematic review (SR) was used to identify, select, and critically appraise the
relevant primary information. The data included several studies and information extracted
and analyzed according to the proposed methodology [95]. Throughout this review, the
primary question was “How does quinoa obtain the necessary nitrogen for production
under rainfed conditions with nitrogen deficiency?”

The databases Google Scholar, EBSCO, ISI Web of Science, Scopus, Elsevier Science Di-
rect, Oxford Journals, Wiley Online Library, Springer, and Nature were used. Furthermore,
project reports, university theses from national and international organizations such as
FAO, and World Bank were used to find information. The keywords used were “quinoa,”
“yield,” “Intersalar,” “southern Altiplano,” “efficient use of N,” and “fertilization with N.”
The analysis focused on the Intersalar zone in the southern Bolivian Altiplano. A total
of 1060 abstract articles were downloaded and read, and then 125 were reviewed, before
finally selecting 54 articles. Finally, 10 articles were considered to determine the fertilization
rates, as presented in Table 1. The average, standard deviation, and standard error values
were calculated with INFOSTAT v2020 [96], and regression linear and scatter plots with
OriginPro v2019 (OriginLab Corporation, Northampton, MA, USA) [97].

The collected data were evaluated with the indicators nitrogen use efficiency (NUE),
partial factor productivity for nitrogen (PFPN, kg grain kg−1 Nfert), and apparent use
efficiency of N (APUEN,%) according to the methodology described by Zhang et al. [98].

PFPN is the ratio of crop yield per unit of nitrogen fertilizer applied by Zhang et al.
and Kuosmanen [99,100], or that available in the soil, as per Equation (1):

PFPN = Yg/Nfert, (1)
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where Yg and Nfert are the grain yield (kg ha−1) and Nfert is the application rate of nitrogen
or the available nitrogen (NA) under non-application of fertilizer conditions.

APUEN was calculated according to the recommendation by Al Naggar et al. [101], as
per Equation (2):

APUEN = (Nkg/Nfert or NA) × 100 (2)

where Nkg is the amount of N in quinoa grains (kg N grains ha−1).
In soils without fertilizer, the data of total nitrogen (Nt, %) were used to calculate

the available nitrogen (AN), and the results were transformed to kilograms per hectare
(kg ha−1) [102]. A weight of 1 ha of soil was determined, with a depth of 30 cm and an
apparent density of 1.65 t m−3. The density of the soils in the Intersalar zone is related to its
texture. Therefore, 91% of the soils had sandy loam and sand texture with a bulk density of
1.4–1.9 g cm−3, with a mean of 1.65 g cm−3. For the estimation of AN, Equation (3) was used:

AN = Nt × 0.015, (3)

Soil nitrogen has two components, organic N and inorganic N. Soil microorganisms
convert organic forms to inorganic forms, which plants absorb. It has been estimated that
between 1.5% and 3% of the total N in the soil corresponds to inorganic N. We worked
with 1.5% (or 0.015); with this, the available nitrogen (AN) was determined following the
methodology of Aguilar et al. and Castellanos et al. [103,104].

The extracted or harvested nitrogen content (HarvN) was estimated using an average
value in quinoa of 16.6% protein, according to data taken from Abugoch et al. [105] and
Covarrubias et al. [106], with a protein content of 16% nitrogen [107] and a conversion
factor of 0.0272 used for the calculation of HarvN. The nitrogen content harvested in grains
(HarvN) was determined with Equation (4):

HarvN = Yield grain × 0.0272 (4)

5. Conclusions

Globally, quinoa cultivation is of interest due to its versatility, resilience, and provider
of a nutritious grain. Nevertheless, quinoa cultivated in Andean countries, particularly
in Bolivia are facing several constraints as low fertility in soils. Data obtained from this
review provided better knowledge about increasing yield of quinoa (i) the optimal amount
under these conditions was determined to be 240 kg of N with 3600 kg grain ha−1 (ii) the
fertilization limits were obtained from the intersection of APUEN and seed yield, finding
that the equilibrium point appeared to be up to 130 kg ha−1 of nitrogen, which is enough
to produce 2700 kg ha−1, (iii) the nitrogen uptake and assimilation parameters presented
an inverse relationship, with higher doses of fertilizers showing a lower efficiency of
nitrogen utilization in grain production. The information obtained shows that in the
event of an increase in nitrogen fertilization, an important part of the N is destined for
vegetative growth. (iv) Under monoculture practice without nitrogen fertilizers, as occurs
in the Bolivian Altiplano, the response found in terms of yields is similar to the practice
of irrigation and fertilization, although in much smaller proportions, in soils with very
low nitrogen (0.02% total N), equivalent to 14.9 kg ha−1 N available. Meanwhile, 670 kg
grains ha−1 and 45.1 kg were obtained for grains for each kilogram of available nitrogen,
meaning an APUEN of 122%. The effect of monoculture on yield may be associated with
a greater exploration of soil volumes when the roots grow very deeply, the expression of
high-affinity N transporters and a series of orchestrated changes in the metabolism for
the recycling of N. (v) These results, found in the Bolivian Altiplano, lead to the search
for possible strategies, such as the distribution of N in plants and possible sources of
N contribution. In addition, the contribution of nitrogen from rain and the presence of
microorganisms such as AMF or PGPR and endophytes favor the uptake and fixation of N
in the growth of quinoa roots.
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Theoretical data from this review support the hypothesis that quinoa can produce
grains in soil with a lower N content, as occurs in the Bolivian highlands. For optimal
performance, we also recommend that organic amendments, endophytes (bacteria and
fungi), and rotation with lupines should be considered to improve N in poor soils such as
those of the southern Altiplano of Bolivia.
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Abstract: Quinoa is a climate-resilient food grain crop that has gained significant importance in
the last few years due to its nutritional composition, phytochemical properties and associated
health benefits. Quinoa grain is enriched in amino acids, fiber, minerals, phenolics, saponins,
phytosterols and vitamins. Quinoa possesses different human-health promoting biological substances
and nutraceutical molecules. This review synthesizes and summarizes recent findings regarding
the nutrition and phytochemical properties of quinoa grains and discusses the associated biological
mechanisms. Quinoa grains and grain-based supplements are useful in treating different biological
disorders of the human body. Quinoa is being promoted as an exceptionally healthy food and a
gluten-free super grain. Quinoa could be used as a biomedicine due to the presence of functional
compounds that may help to prevent various chronic diseases. Future research needs to explore
the nutraceutical and pharmaceutical aspects of quinoa that might help to control different chronic
diseases and to promote human health.

Keywords: quinoa grains; phytochemicals; anti-oxidants; nutrients; phytosterols

1. Introduction

The current need of the food industry is the development of innovative and alternative
products. However, the sector is saturated due to new products and invasive, foreign
low-quality products. Therefore, the use of alternative ingredients compared to those
commonly used is the only way to gain new slices of the market. The evolution of the
concept of “food” has been profound; it is traditionally understood as the set of food
and nutrient elements taken by the body for the normal performance of vital functions.
Nonetheless, in addition to satisfying the nutritional and sensory needs, the food should
have the capacity to influence the psycho-physical well-being of the organism, preventing
the risk of the onset of certain pathologies. In this regard, some pseudo-cereals, such as
quinoa, are a potential option. Several biomolecules from quinoa including carotenoids
and essential amino acids can be exploited in the manufacturing of food items with a high
dietetic–nutritional value.

Quinoa (Chenopodium quinoa Willd.) is an annual herbaceous plant. It is considered a
pseudo-cereal because the plant belongs to the family of spinach and sugar beets. Quinoa is
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a native grain-like crop grown originally in the Andean region of South America including
Peru, Bolivia, Ecuador, Colombia and Chile. It is a gluten-free food grain crop that is safe
for celiac patients [1]. Almost 3000 to 4000 years ago, this wonderful crop was domesticated
for human consumption and livestock feed [2]. In recent years, it has been introduced in
other regions of the world such as Europe, North America, Australia, China and Japan.
Quinoa can adapt well to different environments where the survival of other field crops is
extremely difficult. For these reasons, the FAO declared the year 2013 as the International
Year of Quinoa.

Quinoa has been the main food of the Inca civilization. In the Quechua language of
the Incas, quinoa is called the chisaya mama—“mother of all the seeds”, because, at the
time of the Incas and the Aztecs, this food represented, together with the maize and the
potato, an essential element of their diets. It was considered a source of life for its beneficial
and healing properties and was even venerated as a sacred plant, and was, therefore,
known as “Inca gold”. However, following the Spanish conquest, the cultivation of quinoa
could not maintain its momentum [3] and is currently limited to circumscribed areas of
South America. In recent years, there has been a re-evaluation of quinoa for its agronomic
and nutritional characteristics. The possibility of increasing the production of quinoa in
other parts of the world, such as in Canada, is being considered and also the possibility of
guaranteeing production in terms of quantity and quality to meet the demands of the food
industries.

The quinoa plant has a broad genetic diversity that allows it to be highly resistant
to cold, salt and drought conditions, with ecotypes growing well at high altitudes and in
poor soils, where other cereal crops, such as wheat, rice and maize, do not growth well [4].
Quinoa is a hardy, drought-tolerant plant with a combined precipitation and irrigation
requirement of 25–38 cm per years, which is far less than the water requirements of other
cereals such as wheat and rice [4]. As long as the soil is naturally moist, plants should not
be irrigated until the seedlings show two or three leaves. On the other hand, over-watering
during the seedling stages can cause damping off and severe stunting of quinoa, whereas
excessive irrigation, after the plant establishment, may result in lodging. In the Andean
region, quinoa is usually cultivated in rotation with potato or cereals, without the use
of fertilizers or manures. In other countries, quinoa responds well to nitrogen fertilizer;
however, over-fertilization may cause excessive vegetative growth leading to lodging [5].

Despite the relatively lower quinoa grain yields ranging from 0.23 t/ha in Mauritania
to 7.5 t/ha in Lebanon compared to that of common cereals, quinoa production has intensi-
fied quickly in recent years due to the increasing prices in the international market [4]. The
price of the quinoa sold by farmers has almost tripled from 2004 to 2012, and is three times
the price of soybean and five times the price of wheat [6]. The higher economic profits
compared with those from common cereals drive farmers to expand the existing plant
scale [7]. High quinoa prices will be sustained (including in China) because the production
of quinoa cannot meet the demand in a short-term period from an increasing number of
people who intend to include quinoa in their diets [6].

Quinoa leaves and seeds are edible, with the latter being the principal form for human
consumption (Figure 1). Three main storage compartments can be distinguished within the
mature quinoa seed (from center to edge): a large central perisperm, a peripheral embryo
and a one to two cell layered endosperm only in the micropyle region surrounding the
hypocotyl–radicle axis of the embryo [8]. The quinoa endosperm has 1–2 layers; however,
the starch is principally stored in the non-living perisperm that occupies around 40% of
the volume of the quinoa seed, although small amounts also exist in the embryo but not
in the endosperm [8]. The quinoa embryo and endosperm are rich sources of minerals,
proteins and lipids [8]. The seeds are round and flattened, about 1.5–4.0 mm in diameter
and 0.5 mm in thickness; around 350 seeds weigh one gram, and the seed color ranges
from black, white and gray-purple to yellow, red and violet. The varietal identification
in quinoa is based on the plant morphology, color of the plant and seeds [2,9]. Quinoa
seeds are being used for salad dressings or are cooked similar to rice and are used in soups
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and/or breakfast cereals. Quinoa use is common in various toasted and baked goods
(bread, noodles, cakes, cookies, biscuits, flakes, pancakes and tortillas) [10].
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The interest in quinoa stems from its high capacity to adapt to different environments
to make it competitive with common cereals. Quinoa can withstand extreme climates such
as from sea level to 4000 m above sea level or from 40◦ South to 2◦ North. Moreover, it can
be cultivated in arid, semi-arid and tropical environments. It is also resistant to frosts and
can grow even in drought conditions as well as on cold mountains [11]. Currently there
are over 250 varieties of quinoa, the most cultivated varieties include Bear, Cherry Vanilla,
Cochabamba, Dave 407, Gossi, Isluga, Kaslala, Kcoito, Linares, Puno, Titicaca, Rainbow,
Red lighthouse, Red head and Temuco [12,13].

Quinoa is a rich source of protein, fibers, minerals, vitamins and lipids. Quinoa grains
contain essential amino acids and polyphenols [14]. The composition of essential amino
acids in quinoa is similar to the amino acid requirement pattern and is higher than that
in whole grain and refined wheat. Additionally, quinoa contains a significant amount
of minerals. A significant quantity of polyphenols is also present in quinoa seeds [14].
The polyphenols show different pharmacological properties such as anti-allergic, antiviral,
anti-inflammatory, cardiovascular protective and anticarcinogenic activity [15].

Origin and Dissemination

Quinoa originated from the Andean regions such as Peru, Bolivia and Ecuador, where
it is still the staple food for the population. Slowly, other foreign crops colonized the most
fertile lands, erasing the small terraces occupied by the quinoa and other traditional crops
and distorting the landscape; the quinoa plant then ended up being despised by the local
population because it was considered food for the poorest, as were the remaining indige-
nous crops. Ironically, the revaluation of quinoa began abroad, far from its typical areas
of cultivation. Nowadays, it is above all thanks to fair trade that quinoa is experiencing a
new renaissance, becoming not only a simple product of subsistence for local populations
but also an export product. The quinoa of fair trade generally comes from organic farming,
and this market is the result of collaboration between the Third World Cooperative Al-
tromercato (CTM), also known as Altromercato, and the ANAPQUI (Asociaciòn Naciònal
Productores de Quinoa) of Bolivia. Altromercato is the first association that manages the
import of fair-trade products in Italy, and the second in the world, in terms of size and
turnover (www.wikipedia.org/altromercato; accessed on 13 April 2019). The association,
Altromercato, aims to base its activity exclusively on processes of solidarity, economy and
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responsible consumption, trying to ensure the suppliers of raw materials a fair price and
transparent long-term relationships and also supporting organic farming.

Altromercato opera ANAPQUI (Asociaciòn Naciònal Productores de Quinoa) is an
association founded in 1983 in the area of Salar, on the Bolivian plateau. It is a federation of
seven regional associations that brings together a total of 5000 small producers of quinoa.
The association has the task of buying quinoa from farmers and exporting it to various
organizations, including those of fair trade. ANAPQUI’s main aim is to offer producers the
opportunity to bring their products to market on more favorable terms, given their inability
to provide all the necessary marketing and exportation procedures autonomously. For
this purpose, ANAPQUI promotes autonomous forms of organization of producers with a
permanent training and information activity. The enhancement of quinoa in the food sector
has also been encouraged by the FAO, which has massively promoted the cultivation and
diffusion of this pseudo-cereal.

2. Quinoa Botany and Morphological Characteristics

Quinoa is a dicotyledonous annual herbaceous plant belonging to the subfamily of the
Chenopodiaceae that has some starchy seeds (achenes). Its height ranges from 3 to 7 feet.
Depending upon the variety, its woody central stem may be branched or unbranched and
varying in color as well (green, red or purple). The flowering panicles appear from the leaf
axils along the stem, or they may arise from the top of the plant. Generally, the flowers are
self-fertilized though crosspollination may also occur [3].

2.1. Leaves

The leaves are made of the petiole and the lamina. The petioles are long, thin and
grooved. The length of the petioles varies according to the variety but may vary even
within the same plant. The leaf blade is also polymorphic in the same plant and can be
diamond-shaped, triangular or lanceolate, flat or wavy [16]. Inside the leaves are calcium
oxalate crystals that reduce excessive perspiration allowing the maintenance of adequate
humidity inside the plant. The color of the leaves is very variable, from the green in the
younger plants to the red or violet with different shades in the more mature plants; they
have very pronounced and easily visible veins, deriving from the stem and are generally
three in number. There are genotypes with more leaves and others with less; in general,
the “Valley” quinoa has abundant foliage, allowing the use of the plant as fodder. In many
areas of the Andean region, the young leaves before flowering are considered suitable
for human consumption, due to their high nutritional value attributed to their content of
vitamins, minerals and proteins.

2.2. Root

The plant is deep-rooted, with a highly branched system, which gives it good stability
and allows it to withstand drought resistance [17]. The color varies according to the type of
soil in which it grows. During the germination, the first part that develops is the radicle,
which continues to grow both laterally and vertically reaching up to 180 cm. The root
length and the distribution of the lateral roots vary with the genotype and allow a strong
anchoring to the ground and a good resistance of the plant to water scarcity. The size of the
root is closely related to the height of the plant and can exceed 30 cm, in general; however,
it tends to grow deep to form a highly branched system to increase the resistance of the
plant to drought.

2.3. Stem

The plant has an erect woody stem, which can be ramified or non-branched, with
heights ranging from 30 cm to 3 m, depending on the variety of cultivated quinoa [17] and
climatic conditions. It is generally cylindrical, with a resistant bark when the plants are
young and a porous one when they mature. The diameter of the stem varies according
to the genotype, the sowing distances, the fertilization and the cultivation conditions and
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ranges from 1 to 8 cm. The ramifications of the configuration of the plant can be modified
by insect attack, mechanical damage or by some cultural practices. As genotypes, seeding
density, nutrient availability and growth areas vary, the plants may be widely branched
(“Sea-level” quinoa), without branching (plateau) or intermediately branched.

The color of the stem, similar to that in amaranth, may vary from pale yellow to
red, depending upon the genotypes and the phenological phases [18]. The color often
shows striations, with the leaf axils and branches being red or purple. The stem has a
cutinized epidermis, with membranes of compact cellulose. Within it, the stem contains
a marrow that disappears upon ripening, leaving the stem dry and empty. This stem,
owing to high pectin and cellulose contents, can be used in the manufacturing of paper and
cardboard. Wide leaves, attached to the stem alternating on four levels, are characterized
by polymorphism. The uppermost leaves are small and lanceolate, while those at the
bottom are large, rhomboidal or triangular [19].

2.4. Inflorescences and Flowers

The quinoa inflorescence is a typical panicle, consisting of a central axis and secondary
and tertiary branches with the pedicels holding the glomeruli. The panicle may have sparse
(amarantiforme) or compact (glomerular) inflorescences. There are also forms that present
transitional characteristics between the two groups [17]. An inflorescence in compact
groups with close pedicels is called glomerular, where the inflorescence with elongated
glomeruli and several secondary and tertiary branches attached to central axis with flowers
grouped in fairly loose tufts is termed as amarantiforme. This inflorescence type has been
named so due to its resemblance to the inflorescence of the genus Amaranthus.

The length of the panicle is variable, depending on the genotype, the type of quinoa
and the fertility conditions of the soil, and ranges from 30 to 80 cm in length and from 5
to 30 cm in diameter. The number of glomeruli per panicle varies from 80 to 120 and the
number of seeds per panicle can range from 100 to 3000. The large panicles may yield up
to 500 g of seed per inflorescence.

The plants produce panicle inflorescences having hermaphrodite and pistillate flowers.
The hermaphrodite flower possesses five imbricate sepals and five antisepalous stamens;
its filaments extend laterally forming a ring of nectariferous tissue surrounding the ovary
having modified stomata. The gynoecium is bicarpellate with unilocular ovary having a
single campylotropous ovule [17]. Quinoa plants are also hermaphrodites, which mean
they are characterized by self-pollination [20]; however, cross-pollination (10–15%) can also
take place [21]. The hermaphroditic flowers are located at the distal end, while the female
flowers are in the proximal end [22]. They are self-fertile, and pollination is generally
anemophilous (through the wind). Upon ripening, the plant produces a panicle containing
seeds, called an achene, which resemble those of millet in appearance.

2.5. Fruit

The fruit is an indehiscent achene, with a spherical, conical or ellipsoidal shape, with
a diameter varying between 1.0 and 2.6 mm. The coloring of the pericarp varies extremely
from yellowish to gray with magenta. It is held with five lobes of the perianth, which are
easily removable by abrasion. The fruits are small in size, and the weight of 1000 achenes
ranges from 1.9 to 4.3 g [23]. The seeds have three major components viz. episperm,
embryo and perisperm. A thin layer called the pericarp surrounds the achene. The pericarp
has a rough and brittle outer surface that can be easily removed upon rubbing. This part
contains the saponins, which give a bitter taste to the seed. The episperm is located below
the pericarp.

The embryo is made up of two cotyledons and constitutes 30% of the total volume of
the seed, surrounding the perisperm like a ring, with a curvature of 320◦. Compared to
other seeds, the embryo contains 35–40% of the total seed proteins, while the perisperm
presents only 6.3–8.3% of the total proteins [8]. The perisperm is whitish in color and acts
as the main storage fabric and consists mainly of starch granules. This represents almost
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60% of the seed surface. The quinoa endosperm is composed of several layers around the
embryo. After seed hydration, endosperm cells come into contact with the embryo and are
rapidly consumed during its growth.

3. Nutritional Profile

Quinoa is pseudo-cereal rich in proteins, lipid, fiber, vitamins and minerals [24].
Quinoa grains are a good source of natural compounds with anti-oxidant activities and
biological properties [25]. However, the composition of different genotypes varies sig-
nificantly [26]. Chen et al. [27] classified quinoa into two groups. Group A containing
higher phytochemicals and polyunsaturated fatty acids and group B containing higher
linolenic and long-chain fatty acids. Both groups can be utilized in food products. Quinoa
grain has an excellent nutritional profile, starch (32–60%), protein (10–18%) and fat (4.4% to
8.8%), while the ashes, formed mainly from potassium and phosphorus, constitute 2.4% to
3.7% and the fiber ranges from 1.1% to 13.4% [28,29]. The quinoa grains also contain a fair
amount of vitamin B and vitamin E, a fat-soluble anti-oxidant vitamin.

The use of quinoa grains in food requires a series of operations aimed at the removal of
fractions rich in antinutritional compounds, in particular saponins, located in the perianth
and the pericarp, which are responsible for the sensation of bitterness and have negative
effects on the intestinal mucosa. To remove the saponins, the quinoa grains are washed
with tap water followed by hand rubbing and drying. However, this process may require
several cycles [29–32]. The drying step is carried out under controlled conditions to avoid
modifications of the quinoa seed constituents (such as starch gelatinization and protein
denaturation), which may lead to significant changes in the nutritional and rheological
properties of the quinoa flour. The summary of the impact of quinoa products on human
health is given in Table 1.

Table 1. The effect of quinoa products in human health.

Study Participants Treatment Duration Outcomes Conclusions References

50–65-month-old
boys

100 g
quinoa-added to
baby food/day

15 days Increase in plasma level of
insulin-like growth factor-1

Potential role in
reducing

childhood
malnutrition

[33]

18–45-year-old
students Quinoa cereal bars 30 days

Decrease in total cholesterol,
triglycerides and low-density

lipoprotein levels

Potential role in
preventing

cardiovascular
disease

[34]

Post-menopausal,
overweight

women

25 g quinoa flakes
and

cornflakes/day
4 weeks

Reduction of total cholesterol,
triglycerides and low-density

lipoprotein levels and
thiobarbituric acid reactive

substances
Increase of urinary secretion of

enterolignans

Beneficial effect on
metabolic
parameter

modulation

[35]

Celiac patients 50 g quinoa/day 6 weeks
Improved histological and

serological parameters
Mild hypocholesterolemic effect

Quinoa
consumption is
safe for celiac
individuals

[36]

Overweight and
obese participants 50 g quinoa/day 12 weeks

Reduction of serum triglyceride
level Reduction of metabolic

syndrome

Potential role in
preventing obesity [37]

35–70-year-old
healthy,

overweight males

Quinoa-enriched
bread (with 20 g

quinoa flour)/day
4 weeks Reduction in blood glucose and

low-density lipoprotein levels

Potential role in
preventing

cardiovascular
disease

[38]
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3.1. Protein

The quinoa grain is an important source of dietary proteins [31]. According to the
reports of Abugoch [32], the proteins present in quinoa grains include albumins (35%) and
globulins (37%) and a lower percentage of prolamins. The quality of proteins present in
quinoa is comparable to milk protein (casein). Quinoa proteins constitute all essential amino
acids such as tryptophan, histidine, isoleucine, leucine, lysine, methionine, phenylalanine,
threonine, tryptophan, tyrosine and valine) [2,32]; this is why, this is considered a complete
food [1].

The intake of proteins is an issue for the populations who rarely consume animal
proteins, and therefore, their diets should include proteins of plant origin. Quinoa-based
products are an apt option in this regard, because unlike other conventional cereals, quinoa
does not suffer significant losses in protein content during industrial processing. Moreover,
the amino acid composition of the quinoa proteins makes the organic value of quinoa
superior to that of other traditional cereals. Electrophoretic studies showed that quinoa
proteins consist of two large fractions—11S-globulin and 2S-protein. 11S-globulin, also
called chenopodium [39,40], and represents about 37% of the total protein. This fraction
contains polypeptides with a molecular weight of 22–23 and 32–39 kDa and has a relatively
low content of amino acids (methionine and cysteine) [40]. The 2S-protein fraction has a
molecular weight of 9 kDa and has a high content in cysteine, arginine and histidine, but it
is relatively poor in methionine [39].

Quinoa has more than twice the lysine content of wheat, maize and rice. The lysine
content in quinoa grains is equal to 96% of the quantity sufficient to reach the FAO standards
and, therefore, remains a limiting amino acid. However, this is the highest value ever
among all cereals. Leucine is the second limiting amino acid, but even in this case, it is a
moderate limitation. According to the FAO standards, the content of this amino acid is 91%
of the optimal quantity. Several traditional and modern methods are employed for protein
isolation and characterization. This may include wet fractionation and dry fractionation
methods. The first one involves huge consumption of water, chemicals and energy [41].
As compared to wet fractionation, dry fractionation was more efficient because it keeps
the nutritional properties intact [42]. Motta et al. [43] reported the glutamic acid contents
in steamed (2.0 g/100 g) and boiled (2.1 mg/100 g) quinoa seeds. Histidine and aromatic
amino acids have also been reported in significant quantities.

3.2. Lipids

Quinoa was considered an alternative to oil seeds due to its lipid composition. The
fat content of quinoa is quite high (5–10%) compared to that in common cereals and is
mainly localized in the embryo [8]. The polar lipids represent about 25% of the total lipids
consisting mainly of phospholipids (lysophosphatidyl ethanolamine and choline). Quinoa
oil possesses high anti-oxidant activity, high contents of polyunsaturated fatty acids (63%
of total) and a significant amount of tocopherols (2.5 mg/g of oil) [44]. Of the neutral lipids
instead (glycerides and sterols), triglycerides account for 74% and diglycerides for 20%,
while monoglycerides and waxes represent 3%, respectively. Several fatty acids such as
linoleic acid (18:2n-6), linolenic acid (20:3n-6) (55–60%) and oleic acid (18:1 cis-9) (30%)
constitute the main composition of fatty acids. Quinoa seed is also the main source of
different essential fatty acids including omega-6 and omega-3 fatty acids. Linoleic acid
is metabolized to arachidonic acid and linolenic acid to eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) [45]. EPA and DHA play important roles in the metabolism
of prostaglandins, thrombosis and atherosclerosis.

Quinoa seed exhibits a significant amount of oil that contains monounsaturated (oleic)
and polyunsaturated (linoleic and linolenic) fatty acids. The oil is particularly stable
due to the presence of a high content of natural anti-oxidants, such as α-tocopherols
(69–75 mg/100 g of oil) and γ-tocopherols (76–93 mg/100 g of oil). The content of these
compounds decreases up to 45 and 23 mg, respectively, after oil refining [23]. The quinoa
grain also has high quality and quantity of oil due to which it has been defined by some
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authors as an oily pseudo-seed [23]. The high level of unsaturation may significantly
increase the susceptibility of the lipid fraction to oxidative rancidity, but the presence of
natural anti-oxidants especially tocopherols limit the oxidation initiation by acting as a
natural defense against it [10]. Quinoa contains different phytosterols especially squalene
that has shown anti-oxidant activity and helps to maintain cardiovascular health and to
cure tumors in human beings. Quinoa seed showed a significant portion of phytosterols
including b-sitosterol that possess functions to decrease the low-density lipoproteins [45].
Meanwhile, several other biological properties of phytosterols including anti-inflammatory,
anti-oxidant and antitumor activity and cholesterol reduction have also been reported [46].

3.3. Carbohydrates

Based on the degree of polarization, carbohydrates can be grouped into simple sugars
(monosaccharides, disaccharides), oligosaccharides and polysaccharides (starches). Car-
bohydrates play a vital role in nutrition and have different effects on metabolic processes
such as diabetes, blood glucose, protein glycosylation. Quinoa seed has the characteristic
of lowering hypoglycemic effects and decreasing free fatty acids and, thus, serves to exert a
food nutraceutical impact through its carbohydrates. As compared to pasta and gluten-free
bread, the glycemic index is lower and, hence, significantly reduces the free fatty acids.

According to reports of Jancurová et al. [47], quinoa has a significant amount of car-
bohydrates that are in the range of 67–74% of total dry matter, and the amylose contents
are near 11%. Starch granules are lower than those reported for maize (range 1–2 µm)
or wheat (2–40 µm). Meanwhile, some other carbohydrates are also documented, which
include monosaccharides (2%) and disaccharides (2.3%), crude fiber (2.5–3.9%) and pen-
tosans (2.9–3.6%) [48]. The small granule diameter of quinoa starch is useful for enhancing
binding and reducing breakability [49]. Several researchers reported that quinoa is a good
thickener for soups, sauces and flours. The gelling point of quinoa is sufficiently less and
is more durable at low storage temperatures. A smooth texture and creamy nature can
be obtained from quinoa seeds [2]. The carbohydrate contents of some quinoa genotypes
are reported in Table 2. Sucrose is present in significant quantities compared to other
sugars [50]. Despite this apparent difference, it can be said that the sugar content in quinoa
is very similar to that of amaranth [51].

Table 2. Proximate composition of quinoa grains (g/100 g) [47–50].

Quinoa Genotypes Moisture Proteins Fat Crude Fiber Ash Carbohydrates

Ccoito 8.47 ± 0.08 14.72 ± 0.11 5.33 ± 0.06 1.81 ± 0.02 2.83 ± 0.00 68.1
INIA-415 Pasankalla 9.76 ± 0.07 12.69 ± 0.06 6.85 ± 0.10 2.2 ± 0.02 2.49 ± 0.03 67
Roja de Copotaque 8.3 ± 0.07 11.51 ± 0.10 5.22 ± 0.08 2.26 ± 0.02 2.93 ± 0.05 70.8

Witulla 8.81 ± 0.08 12.28 ± 0.00 5.32 ± 0.01 2.62 ± 0.02 2.57 ± 0.04 69.5
03-21-0093 8.47 ± 0.07 11.79 ± 0.11 nd Nd 2.76 ± 0.02 nd

Salcedo INIA 8.26 ± 0.05 13.23 ± 0.01 5.3 ± 0.09 5.3 ± 0.2 2.37 ± 0.05 70
Commercial 1 10.13 ± 0.05 13.18 ± 0.01 6.51 ± 0.04 6.51 ± 0.03 2.34 ± 0.10 63.6
Commercial 2 11.51 ± 0.04 13.48 ± 0.06 6.34 ± 0.07 6.34 ± 0.03 2.27 ± 0.10 59.4
Huaripongo 10.34 ± 0.02 11.32 ± 0.01 6.14 ± 0.01 6.14 ± 0.01 2.92 ± 0.04 67.8
03-21-1181 9.37 ± 0.06 11.89 ± 0.02 3.95 ± 0.03 3.95 ± 0.01 3.12 ± 0.02 69.8
Mean ± SD 9.34 ± 1.1 a 12.61 ± 1.1 a 5.66 ± 0.09 a 5.66 ± 1.7 a 2.66 ± 0.3 a 67.3 ± 3.7 a

Means within a column with the same superscript letter are not significantly different (p < 0.05).

3.4. Starch

Starch is the key constituent in the quinoa seed and constitutes up to 70% of seed
biomass. In starch, several polysaccharides joint together along with several glucose
subunits. These molecules are mostly joined together through glycoside bonds. It is
composed of two polymers: amylose, which is a linear polymer in which the glucose
units are linked together with α (1 → 4), and amylopectin bonds, which is a branched
polymer that has basic structure chains similar to amylose that arrange themselves to
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form a branched structure through the insertion of side chains through α bonds (1→ 6).
Several studies have been undertaken to characterize quinoa starch [52,53]. The granules
are located in the perisperm, singly or aggregated to form more complex structures, formed
by hundreds of individual granules [54]. The starch in quinoa is highly branched, with a
minimum polymerization of 4600 units of glucan and a maximum of 161,000 units. The
length of the chain may depend on the variety of quinoa but is in the order of 500–6000
glucose units. The average degree of polymerization of quinoa amylose (900) is lower than
that of barley (1700). Amylose has an average of 11.6 chains per molecule; the length of the
quinoa amylopectin chain is about 6700 glucan units. Quinoa amylopectin consists of short
chains (8 to 12 units) and longer chains (13–20 units), compared to the other starches of the
endosperm cereals. Quinoa starch has low digestibility and extractability due to protein
binding [55].

Several studies documented the presence of amylose in quinoa, ranging from 7% to
27%, which is much higher compared to that in barley and rice [56]. The starch gelatiniza-
tion properties indirectly depend upon different factors that include the size, the proportion
and the type of crystalline structure and the ultrastructure of the starch granules. Quinoa
starch gelatinizes at relatively low temperatures, similar to those for the gelatinization
of wheat and potato starch, but lower than the gelatinization temperature of other large
granules.

3.5. Fiber

Quinoa is generally considered an important source of fiber. The quinoa washing and
abrasion processes to eliminate saponins do not significantly influence the fiber content [57].
According to some reports [58], dietary fiber contents in quinoa are equal to those of cereal
and legume grains, but their amount is less than buckwheat. According to research
conducted on animal models, quinoa grains exhibit arabinans and rhamnogalacturonan-I
and have shown stomach metabolic disorders in rats [59]. Although, the fiber composition
of quinoa is different from that of other cereal grains, the biochemical and therapeutic
potential of quinoa should be studied to understand its specific physiological impact.

3.6. Minerals

The outer layers of the pericarp possess several minerals such as potassium, cal-
cium, magnesium and phosphorus [29,52]. Based on the recommended daily dose (RDA),
quinoa is a good source of magnesium, phosphorus and iron. In this context, the iron
content (8–9 mg/100 g) is higher than that in common cereals; however, the presence of
antinutritional compounds such as saponins and phytic acid can significantly reduce the
bioavailability of some minerals [60]. Different treatments such as decortication and ash
washing reduce the mineral content of 12–15% for iron, zinc and potassium, while it is 27%
and 3% for copper and magnesium, respectively.

3.7. Vitamins

Quinoa is a good source of vitamins E and B and folic acid, which are concentrated
in the embryo [61,62]. Quinoa possesses a significant amount of vitamin C, riboflavin,
folic acid and thiamine compared to other cereals. The dietary requirements of an adult
can be met through the consumption of 100 g of quinoa, which may provide the required
pyridoxine and folic acid levels. Consumption of 100 g of quinoa grains may fulfill 80% of
the DR of children and 40% of the protease, cellulase and hemicellulase requirements [63].
Mechanical abrasion increases the α-amylase and protease activity [63]. In contrast, the
levels of cellulase and hemicellulase decrease with abrasion, thus suggesting the presence
of the same in the pericarp.
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4. Secondary Metabolites
4.1. Phytoecdysteroids

Among the secondary metabolites, phytoecdysteroids defend plants from insect pests
and nematodes [64]. Phytoecdysteroids are polyhydroxylated compounds having a cy-
clopentanoperhydrophenanthrene ring. However, phytoecdysteroids present in the plants
have a quite diverse structural configuration [65]. Phytoecdysteroids are mostly present
in the bran portion of the grain as free and polar/non-polar conjugated compounds
and are classified based on the number of carbon atoms in the structure as C27- and
C28-phytoecdysteroids [66]. Quinoa is the only pseudo-cereal that possesses a significant
quantity of phytoecdysteroids ranging from 138 to 570 µg/g [67]. The quinoa plant contains
about 36 different types of phytoecdysteroids [68], out of which, C-27 phytoecdysteroids,
which have several health benefits [68], are found in the highest concentration [45]. For
instance, phytoecdysteroids possess anti-aging properties and are beneficial to prevent
skin aging because of their anti-oxidant potential due to their metal ion chelating ability
and free radical scavenging activity [69]. Moreover, phytoecdysteroids have also been
used as a safe and effective replacement for anabolic steroids [70]. Additionally, these
bioactive compounds are quite helpful in boosting the development of skeletal muscles
and, thus, play an important role in increasing physical performance [71]. Likewise, several
in vivo investigations have confirmed the role of quinoa phytoecdysteroids in preventing
the problem of obesity. In a study, the supplementation of quinoa extract to mice fed with
a high-fat diet was reported to be beneficial in controlling obesity [72]. The reduction in
fat mass due to the dietary administration of quinoa is mainly due to elevated oxidation
of carbohydrates and fecal defecation of lipids. Furthermore, the potential of quinoa
phytoecdysteroids in preventing diabetes through reduced oxidative degeneration and
improved blood glucose transportation has also been reported [73].

4.2. Saponins

Saponins are bioactive compounds present in the pericarp of quinoa grains that impart
a bitter taste. Saponins are chemically composed of a triterpenoid or steroidal aglycone with
one or more sugar moieties such as glucose, galactose, arabinose, xylose and glucuronic
acid [74]. Saponins present in the quinoa grains are highly diverse in their structural
characteristics, and studies reveal that about 68 different types of saponin compounds
have been identified in crude quinoa seed extract by using nano-HPLC electrospray ion-
ization multistage tandem mass spectrometry (nLC-ESI-MS/MS) [75]. The amount of
saponins present in quinoa grains depends on its cultivar and can be classified into ‘sweet’
(<0.11% of saponins) or ‘bitter’ (>0.11% saponins) [76]. Meanwhile, bitter-flavored vari-
eties of quinoa contain higher saponin concentrations as compared to sweet varieties [48].
Saponins are beneficial for crop protection against insect/bird herbivore and microbial
infection, which accelerates the organic production of this crop. Saponins also possess
several health-promoting impacts due to their vast pharmacological functionalities. For
instance, dietary incorporation of saponins helps to lower the blood cholesterol levels
due to their hemolytic action after directly interacting with the blood cells [77]. Addition-
ally, saponins do not impart any toxic or harmful effect on human health after ingestion.
However, saponin concentrations should be lowered during the processing of quinoa
seeds as they impose an inhibitory effect on the digestibility and bioavailability of quinoa
proteins. Saponin concentrations can be reduced by treating the quinoa seeds with cold,
alkaline water followed by mechanical abrasion [78]. Moreover, several breeding strategies
have also been adopted to develop new varieties of quinoa with lower saponin contents
(<0.11% free saponins). The key functional aspects of quinoa saponins in improving human
health include antiviral activity, antifungal ability, anticancer properties, antithrombotic
effects, hypocholesterolemic potentiality, diuretic potential, hypoglycemic action and anti-
inflammatory characteristics [2,75]. The antifungal effect of quinoa’s saponins has been
reported against Candida albicans [79]. The anti-inflammatory action of saponins is mainly
attributed to the 3-O-β-D-glucopyranosyl oleanolic acid. Quinoa saponins decrease the
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levels of the inflammatory mediators and inhibit the release of inflammatory cytokines
including interleukin-6 (IL-6) and tumor necrosis factor- (TNF-) and in lipopolysaccharide-
induced RAW264.7 cells [46]. Due to their surfactant property, saponins can boost drug
absorption through mucosal membranes. The property of insoluble complex formation of
some saponins with minerals such as zinc and iron decrease the absorption and bioavail-
ability of these minerals in the gut [47].

4.3. Phenolic Compounds

Phenolics consist of a large and diverse class of compounds comprising the hydroxyl
group(s) attached to at least one aromatic hydrocarbon ring. Phenolics have high structural
stability, which determines the strong anti-oxidant potential of these compounds [80].
Quinoa grains contain free phenolic compounds in the range of 167.2–308.3 mg gallic acid
equivalents per 100 g of dry weight [81,82]. The range of a free fraction of total phenolic
contents in seven varieties of quinoa was determined to be from 53.5% to 78.0%, among
which ferulic acid and gallic acid were prominent compounds. Flavonoids in quinoa seeds
include quercetin, rutin and kaempferol derivatives. The quinoa grains also possess bound
phenolics, which are so named because they are bound with structures of the cell wall
such as pectin, lignin cellulose, hemicellulose (arabinoxylans) and also with rod-shaped
structural proteins [83–98]. Quinoa grains contain a lower amount of bound phenolics as
compared to the free phenolics [14,81,85]. Bound phenolic compounds are mostly present
in the leaves of quinoa but not in the seeds [84].

The phenolic compounds present in different varieties of quinoa play a vital role in
preventing the problem of diabetes and obesity [81]. Over the last two decades, phenolic
compounds have gained much interest due to their chronic-disease-prevention ability
and health benefits [82]. Dietary phenolics help in maintaining gut health by regulating
the microbial balance of the gut. Individual phenolic acids contribute to improving the
metabolism and cell signaling and, thus, exert significant anticancer, anti-inflammatory,
anti-obesity, antidiabetic and cardioprotective effects [80,83].

4.3.1. Phenolic Acids

There are free and chemically bound phenolic acids in the cell wall of quinoa leaves [84,85].
Quinoa leaves and seeds contain different types of phenolic acids and their derivatives hy-
droxycinnamic acid and hydroxybenzoic acid, which possess considerable health-promoting
activities such as antihypertensive, anti-oxidative, antidiabetic, anti-inflammatory and anticar-
cinogenic effects. The concentration of phenolic acids in quinoa seeds varies from one to
other variety [98–104] (Table 3 and Figure 2).

Table 3. Secondary metabolites identified from different quinoa varieties.

Variety Observed Compounds/Reports References

Minttumatilda Vanillic acid, gallic acid, p-benzoic acid, syringaldehyde, ferulic acid [99]

Four varieties of white (Q-w1), red
(Q-r1 and Q-r2) and

black (Q-b1) and three varieties of white
(Q-w2), red (Q-r3) and black (Q-b2)

Gallic acid, caffeic acid, ferulic acid, p-coumaric acid, p-OH benzoic acid,
vanillic acid, protocatechuic acid [99]
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Table 3. Cont.

Variety Observed Compounds/Reports References

Q25, Q50, Q100, Q25S, Q50S, Q100S

1-O-galloyl-β-D-glucose, acacetin/questin/apigenin-7-methyl ether,
protocatechuic acid 4-O-glucoside, vanillic glucoside, penstebiosided,

canthoside A/2-hydroxybenzoate
2-O-β-D-apiofuranosyl-(1→6)-O-β-Dglucopyranoside, ferulic acid

4-O-glucoside, ethyl-m-digallate, (epi) gallocatechin, quercetin
3-O-(2,6-di-α-L-rhamnopyranosyl)-β-D-galactopyranoside, kaempferol
3-O-β-D-apiofuranosyl(1′′′→2′′-O-[α-L-rhamnopyranosyl(1′′′→6′′]-β-D-

galactopyranoside, kaempferol
3-O-β-D-apiofuranosyl(1′′′→2′′-O-[α-L-rhamnopyranosyl(1′′′→

6′′]-β-D-galactopyranoside isomer, kaempferol
3-O-(2,6-di-α-L-rhamnopyranosyl)-β-D-galactopyranoside (mauritianin),

quercetin 3-O-[ β-D-apiofuranosyl(1′′′→2′′)]-β-D-galactopyranoside, rutin,
quercetin glucuronide, quercetin 3-O-glucoside

[85]

Red quinoa (RQ), white quinoa (WQ),
Mengli 1 (gray quinoa, GQ), Altiplano,

djulis cultivar

Protocatechuic acid, p-hydroxybenzoic acid, vanillic acid, caffeic acid,
syringic acid, p-coumaric acid, ferulic acid, isoferulic acid [100]

White and red quinoa

Gentisic acid, L-alpha-hydroxy isovaleric acid, 3-hydroxybenzoic acid,
p-coumaric acid, methyl-b-D-galactopyranoside,

3-(3,4-dihydroxyphenyl)propionic acid
hesperidin

[100]

Puno, Titicaca Ferulic acid, 5-O-caffeoylquinic acid, gentisic acid, p-coumaric acid, ellagic
acid, pterostilbene, coniferyl aldehyde [13]

White quinoa, red quinoa, black quinoa Protocatechuic acid, p-hydroxybenzoic acid, vanillic acid, syringic acid,
p-coumaric acid, ferulic acid, sinapic acid, isoferulic acid [6]Plants 2021, 10, x FOR PEER REVIEW 13 of 18 
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4.3.2. Flavonoids

The quinoa plant has a vast variety of flavonoids including benzoic acid, vanillic acid,
syringic acid, p-coumaric acid and ferulic acid [105]. Flavonoids are considered the second
most abundantly present components in the quinoa seeds [81] (Table 4).
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Table 4. Secondary metabolites (flavonoid) identified from different quinoa varieties.

References Flavonoids

[101] Quercetin 3-O-(2,6-di-α-Lrhamnopyranosyl)-β-Dgalactopyranoside
[85] Quercetin 3-O-(2,6-di-α-Lrhamnopyranosyl)-β-Dgalactopyranoside
[85] Quercetin-3-O-(2′′-apiosyl)-rutinoside
[85] Quercetin glucuronide

[101,102] Kaempferol 3-O-(2,6-di-α-Lrhamnopyranosyl)-β-Dgalactopyranoside

[101,102] Kaempferol 3-O-(β-D-apiofuranosyl
(1′′→2′′)-α-L-rhamnopyranosyl) β- Dgalactopyranoside

[101] Kaempferol 3-O-[β-D-apiofuranosyl
(1′′→2′′)] β-D-galactopyranoside

[101] Kaempferol-3-O-(α-Lrhamnopyranosyl)
-β- Dgalactopyranoside, kaempferol glucuronide

[14] Kaempferol 3-O-glucoside, kaempferol pentosyl rhamnoside, kaempferol

[13] Puno, Titicaca
Quercetin, isorhamnetin, quercetin−3-Ogalactoside, isorhamnetin−3-Orutinoside,

rutin, naringin, aesculin, phlorizin,
eriodictyol

[103] BRS Piabiru

Quercetin, kaempferol 3-O-rutinoside, quercetin
3-O-(2′′,6′′-di-O-α-L-rhamnoside)-β-D-galactoside, quercetin

3-O-(2′′-O-β-apioside-6′′-O-α-rhamnoside)-β-galactoside, kaempferol
3-O-(2′′,6′′-di-O-α-rhamnoside)-β-galactoside, kaempferol

3-O-(2′′,6′′-di-O-α-rhamnoside)-β-glucoside

4.3.2.1 Flavonol Glycosides

The flavonol glycosides are the most abundant flavonoids in the quinoa leaves
and seeds [85]. Quinoa contains 12 different types of flavonol glycosides comprised
of kaempferol and quercetin derivatives, with an average individual concentration of
839 µg/g on a dry weight basis [86].

4.3.2.2. Isoflavones

Plant-based isoflavones showed significant beneficial health impact to humans. Isoflav-
ones were firstly identified in quinoa plants by Lutz et al. [87], whom confirmed the pres-
ence of daidzein in the range of 0.70 to 2.05 mg/100 g and genistein from 0.05–0.41 mg/100 g
among seeds of 10 distinct varieties of quinoa.

4.4. Betalains

Quinoa contains betalain, which is a water-soluble phytochemical that acts as a natural
anti-oxidant and, thus, helps in the prevention of cancer [88]. The red, black and yellow
colors of quinoa seeds and their vegetative parts are due to betalain [10]. Betalain pigment
contains nitrogen aromatic indole compounds derived from tyrosine (betacyanins that are
red-violet and betaxanthins that are orange-red in color) [14]. Betalain is present in different
varieties of quinoa in a diversified range. The betalain content (sum of betaxanthins and
betacyanins) in some quinoa seeds ranges between 0.15 and 6.10 mg/100 g [89], while other
varieties do not even contain detectable levels of betalain [90]. Betanin and isobetanin are
most prominently present in the quinoa seeds and have similar health promoting activities
such as anti-oxidant and antimicrobial and anti-inflammatory activity [14]. However, as
compared to polyphenols, betalain shows higher anti-oxidant activity [91]. Betalain is
used as an ingredient in functional foods due to its anticancer, antimicrobial, antilipidemic
and anti-oxidant activities [92]. Microencapsulation has been studied recently to stabilize
these compounds [93]. Maltodextrin microencapsulations having low saponins and high
betacyanins show unique health-promoting activities. Betalain can be used as a natural
dye due to its stability at pH 3–7. The United States Food and Drug Authority (U.S. FDA)
and the European Union have approved betalain as a natural colorant with an E-number
(E-162) in soups, sauce, dairy products pharmaceuticals and cosmetics [94]. Quinoa seed
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hulls are rich in betalain, which in combination with saponins produces a highly beneficial
ingredient for food and pharmaceutical industries [95].

5. Conclusions

Quinoa is an important grain crop with excellent nutritive characteristics and phyto-
chemical composition. Gluten-free quinoa grains are a valuable source of energy for several
actors of society including children, the elderly and high-performance athletes. Quinoa
has been a unique source of nutrition and food supplement to thousands of malnourished
humans globally. Current knowledge regarding the use of quinoa and its human health
benefits should be enhanced among all players and actors of society. Quinoa provides
important fat-soluble anti-oxidant vitamins (vitamin group B and vitamin E). The availabil-
ity and concentration of many minerals in quinoa are higher compared to those in other
cereals. However, antinutritional compounds (saponins) should be removed to avoid the
sensation of bitterness. Future research should include more and comprehensive clinical
trials to gain more knowledge and understanding regarding possible action mechanisms
of phenolics and flavonoids in human metabolic disorders and diseases.
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47. Jancurová, M.; Minarovičová, L.; Dandár, A. Quinoa—A review. Czech J. Food Sci. 2009, 27, 71–79. [CrossRef]
48. Valencia-Chamorro, S.A. Quinoa. In Encyclopedia of Food Science and Nutrition; Caballero, B., Ed.; Academic Press: Amsterdam,

The Netherlands, 2003; pp. 4895–4902.
49. Jan, K.N.; Panesar, P.S.; Singh, S. Effect of moisture content on the physical and mechanical properties of quinoa seeds.

Int. Agrophys. 2019, 33, 41–48. [CrossRef]
50. González, J.A.; Roldán, A.; Gallardo, M.; Escudero, T.; Prado, F.E. Quantitative determinations of chemical compounds with

nutritional value from Inca crops: Chenopodium quinoa ("quinoa"). Plant Foods Hum. Nutr. 1989, 39, 331–337. [CrossRef] [PubMed]
51. Gross, R.; Koch, F.; Malaga, I.; De Miranda, A.F.; Schoeneberger, H.; Trugo, L.C. Chemical composition and protein quality of

some local Andean food sources. Food Chem. 1989, 34, 25–34. [CrossRef]
52. Contreras-Jiménez, B.; Torres-Vargas, O.L.; Rodríguez-García, M.E. Physicochemical characterization of quinoa (Chenopodium quinoa)

flour and isolated starch. Food Chem. 2019, 298, 124982. [CrossRef]
53. Kierulf, A.; Whaley, J.; Liu, W.; Enayati, M.; Tan, C.; Perez-Herrera, M.; You, Z.; Abbaspourrad, A. Protein content of amaranth

and quinoa starch plays a key role in their ability as pickering emulsifiers. Food Chem. 2020, 315, 126246. [CrossRef]
54. Lorenz, K. Quinoa (Chenopodium quinoa Willd) starch: Physico-chemical properties and functional characteristics. Starch/Staerke

1990, 42, 81–86. [CrossRef]
55. Ruales, J.; Nair, B. Properties of starch and dietary fibre in quinoa (Chenopodium quinoa Willd) seeds. Plant Foods Hum. Nutr. 1994,

45, 223–246. [CrossRef]
56. Goyat, J.; Rudra, S.G.; Suri, S.; Passi, S.J.; Dutta, H. Nutritional, functional and sensory properties of ready-to-eat chia and quinoa

mix enriched low amylose rice based porridge mixes. Curr. Res. Nutr. Food Sci. J. 2019, 7, 399–414. [CrossRef]
57. Ranhotra, G.; Gelroth, J.; Glaser, B.; Lorenz, K.; Johnson, D. Composition and protein nutritional quality of quinoa. Cereal Chem.

1993, 3, 303–305.
58. Alvarez-Jubete, L.; Arendt, E.K.; Gallagher, E. Nutritive value and chemical composition of pseudocereals as gluten-free

ingredients. Inter. J. Food Sci. Nutr. 2009, 60, 240–257. [CrossRef] [PubMed]
59. Lamothe, L.M.; Srichuwong, S.; Reuhs, B.L.; Hamaker, B.R. Quinoa (Chenopodium quinoa W.) and amaranth (Amaranthus caudatus

L.) provide dietary fibres high in pectic substances and xyloglucans. Food Chem. 2015, 15, 490–496. [CrossRef]
60. Ruales, J.; Nair, B. Content of fat, vitamins and minerals in quinoa (Chenopodium quinoa, Willd) seeds. Food Chem. 1993, 48, 131–136.

[CrossRef]
61. Basantes-Morales, E.R.; Alconada, M.M.; Pantoja, J.L. Quinoa (Chenopodium quinoa Willd) Production in the Andean Region:

Challenges and potentials. J. Exper. Agric. Int. 2019, 36, 1–18. [CrossRef]
62. Abugoch, L.E. Quinoa (Chenopodium quinoa Willd.): Composition, chemistry, nutritional and functional properties.

Adv. Food Nutr. Res. 2009, 58, 1–31.
63. Mohyuddin, S.G.; Riaz, A.; Qamar, A.; Ali, S.H.; Hu, C.; Wu, L.; Yu, T.; Ju, X.H. Quinoa is beneficial to the comprehensive

nutritional value of potential health. Pakistan J. Sci. 2019, 70, 69–74.
64. Lorenz, K.; Nyanzi, F. Enzyme activities in quinoa (Chenopodium quinoa Willd). Int. J. Food Sci. Technol. 1989, 24, 543–551.

[CrossRef]
65. Dinan, L.; Lafont, R. Innovative and future applications for ecdysteroids. In Ecdysone: Structures and Functions; Smagghe, G., Ed.;

Springer: Dordrecht, The Netherlands, 2009; pp. 551–578.

212



Plants 2021, 10, 2258
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Abstract: The existence of more of 16,000 varieties of quinoa accessions around the world has caused
a disregard on their structural and phytochemical characteristics. Most of such accessions belong to
cultivars settled in Colombia. The goal of this research was to evaluate the structural attributes and
antioxidant capacities from six quinoa cultivars with high productive potential from central regions
in Colombia. This study used middle-range infrared spectroscopy (IR-MIR) to determine the proteins,
starch and lipids distinctive to quinoa grains. Ultra-high-performance liquid chromatography elec-
trospray ionization Orbitrap, along with high-resolution mass spectrometry (UHPLC/ESI-Orbitrap
MS), were also used to identify the existence of polyphenols in cultivars. The antioxidant capacity
was determined through DPPH, ABTS and FRAP. The spectrums exhibited significant variances
on the transmittance bands associated with 2922 cm−1, 1016 cm−1 and 1633 cm−1. Moreover, the
intensity variations on the peaks from the secondary protein structure were identified, mainly on
the bands associated with β-Sheet-1 and -2, random coil α elice and β-turns-2 and -3. Changes
found in the ratios 996 cm−1/1014 cm−1 and 1041 cm−1/1014 cm−1 were associated with the crys-
talline/amorphous affinity. Regarding the antioxidant capacity, great differences were identified
(p < 0.001) mainly through FRAP methods, while the phenolic acids and flavonoids were determined
by UHPLC/ESI-Orbitrap MS techniques. The presence of apigenin and pinocembrin on grains was
reported for the first time. Titicaca and Nariño were the most phytochemically diverse quinoa seeds.

Keywords: Amaranthaceae; chromatography; polyphenol; quinoa starch; secondary protein

1. Introduction

According to different scientific reports, quinoa had its origins in South America
between Colombia and Chile. However, its greater abundance in terms of morphologic,
ecophysiology and nutritional diversity happens in countries like Ecuador, Bolivia, Perú
and Chile. The distribution of cultivars happens according to their source of origin as
quinoa from: the altiplano Inter-Andean Valley, from the coast and from Salares and
Yungas [1]. Quinoa species show a great adaptability to harsh edaphoclimatic conditions,
mainly related to dramatic changes in the temperature, salinity stress and lower availability
of water and nutrients [2].
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Along with quinoa, amaranth, buckwheat and chia were underutilized for the effect of
introduction in crops such as rice, wheat, soybean and barley. However, underutilized species
are important components of the local agriculture and comprise a broad variety of crops that
are traditionally used and that may have potential for adaptation to climate change, medicinal
properties and functional food development [3]. However, the quinoa cultivars incorporated
into genetic improvement can reduce the richness of this species [4,5].

Under tropical conditions, grains were the main nutritional source for many pre-Hispanic
cultures. Nowadays, quinoa is recognized in the food industry for some of its nutritional and
techno-functional properties linked to its lipidic, protein and starchy nature [6,7].

Since 2013, the FAO boost production, transformation and commercialization of
quinoa crops has caused an exponential rise in grain consumption, as well as its byprod-
ucts. Such a fact has benefited the increase of crops areas to select those with better
agroclimatic adaptability, therefore improving hectare production [3,8], while the high
genetic diversity could allow identifying the most suitable cultivar for each agroecological
condition, considering its productive and nutritional performance [1].

Furthermore, it is relevant to consider the influence of different external conditions
of biotic, abiotic and genetic attributes of such cultivars in relation to the nutritional
characteristics of grains to which some researchers reported their findings. Authors like
Reguera et al. (2018) [9] explained the results under torrid and outer equatorial conditions.
García-Parra et al. (2019) [10] addressed the outcome of using different fertilization levels
and sources. Lesjak & Calderini (2017) [11] reported modifying nighttime temperatures.
Miranda et al. (2013) [12] evaluated environmental conditions over two consecutive years.
These findings about analyses related to the techno-functional characteristics of quinoa
grains should be applied to all cultivars according to the agroclimatic conditions.

Agro-industrial and bioactive characteristics in Colombian quinoa cultivars have
been understudied; they lack information or show discrepancies between cultivars [13,14].
According to previously described information, all properties must be taken into account
at the time to evaluate the nature of quinoa for its use in the food industry.

The increase in demand means that the prices of quinoa seeds and flours has increased
rapidly worldwide, also increasing the risk of possible adulterations, requiring rapid
and efficient analytical techniques for this detection. Additionally, the use of quinoa
to produce nutraceuticals and functional foods requires a rapid and efficient analysis
of their characterizations and even the agricultural production in areas of appropriate
agroecological conditions [15].

In parallel, some research had made progress by studying the agro-industrial quinoa’s
precursor germplasm, as described by Rodríguez et al. (2019) [16]. They handled short and
mid-range infrared spectroscopy to single out carbohydrates, lipids and proteins present
from quinoa belonging to five different geographic areas. There is also an interest that has
become relevant over the recent years around examining bioactive compounds and the
antioxidant capacity of seeds [17,18].

Techniques such as mid-range spectroscopy (400–4000 cm−1) allow to pinpoint pro-
tein and starch secondary structures present in different quinoa cultivars. Along with
other procedures to determine the phenolic compounds and antioxidant capacity, this
practice grants a better understanding to determine the grain potential towards functional
food. Therefore, this research hypothesis brings up a significant variation between the
spectroscopy characteristics and bioactive compounds from different quinoa cultivars.
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2. Results
2.1. Quinoa Grain Characteristics

Color has recently become a classification factor for quinoa grains, as well as a quality
attribute (Figure 1). Colombian cultivars show a cream-white color associated with genomic
quinoas from the inter-Andean Valley region, with typical short days with a high sensitivity
to luminosity [8,19]. However, the genetic diversity and increment of its consumption has
brought an ease to its spreading to new cultivars, showing attributes linked to pericarpic
coloring, dimensions and constitutive molecules.

The evaluated cultivar grains showed significant differences between the L*a*b*
coordinates linked to external integument coloration. Such a condition happened to all
the cultivars except Titicaca and Puno (on L*) and Salcedo and Puno on a*. The proteins,
carbohydrates and fats were studied on all the cultivars. Titicaca and Pasankalla had
greater protein values; Puno and Nariño were rich in carbohydrates, while the fats were
greater in Puno region cultivars (Table 1).
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Table 1. Physical–chemical characteristics in Colombian quinoa grains.

Cultivars L* a* b* Protein Carbohydrates Fat

Titicaca 53.50 ± 0.58 d 4.05 ± 0.08 b 23.84 ± 0.04 b 14.63 ± 0.30 a 49.36 ± 0.70 c 5.7 ± 0.30 c
Salcedo 73.59 ± 0.52 a 1.51 ± 0.03 e 18.14 ± 0.05 e 13.36 ± 0.47 b 59.63 ± 0.47 ab 6.76 ± 0.25 ab
Soracá 69.40 ± 0.90 b 1.93 ± 0.16 d 21.12 ± 0.21 c 14.10 ± 0.26 ab 57.30 ± 0.70 b 6.1 ± 0.1 c

Pasankalla 30.78 ± 0.46 e 10.4 ± 0.24 a 11.92 ± 0.26 f 14. 46 ± 0.14 a 57.30 ± 1.05 b 6.76 ± 0.25 ab
Puno 54.03 ± 0.22 d 1.32 ± 0.19 e 18.99 ± 0.16 d 11.73 ± 0.30 c 61.06 ± 0.51 a 7 ± 0.1 a

Nariño 62.29 ± 0.34 c 3.56 ± 0.04 c 25.59 ± 0.04 a 11.36 ± 0.30 c 62.53 ± 2.05 a 6.26 ± 0.15 bc

Results are expressed as the mean ± standard deviation (n = 3). Different letters had significant differences (p < 0.05) using Tukey’s test.

2.2. Infrared Spectroscopy

The results allowed to identify a 1633-cm−1 transmittance linked to C=O stretching,
which is also related to its protein composition [20]. Table 2 shows meaningful differences
of the transmittance values from the cultivars. Since there is a direct relationship between
the transmittance and protein, it is possible to say that Pasankalla is the one with a lesser
protein value in contrast to Nariño, Salcedo and Puno, with greater amounts.

This way, band differences associated with C-H stretching and C-O-C and C-O folding
were observed. About starch, a major proportion was observed on the Titicaca and Puno
cultivars, while, in Soracá and Pasankalla, the rates were lower. The stretching of the C-H path
group linked to lipids made it possible to identify the major differences among the cultivars.

Table 2. Band intensities distinctive to lipids, proteins and starch.

Cultivars C-H Stretching
(2922 cm−1)

C-H Stretching;
C-O-C; C-O Bending (1016 cm−1)

C=O Stretching
(1633 cm−1)

Titicaca 0.65 ± 0.02 b 0.0011 ± 0.00006 c 0.47 ± 0.04 b
Salcedo 0.68 ± 0.01 ab 0.0021 ± 0.0001 b 0.34 ± 0.06 c
Soracá 0.69 ± 0.008 ab 0.003 ± 0.0004 a 0.55 ± 0.04 ab
Puno 0.68 ± 0.04 ab 0.0009 ± 0.0004 c 0.30 ± 0.02 c

Pasankalla 0.76 ± 0.04 a 0.0031 ± 0.0001 a 0.61 ± 0.03 a
Nariño 0.68 ± 0.01 ab 0.0021 ± 0.0001 b 0.32 ± 0.005 c

Results are expressed as the mean ± standard deviation (n = 3). Different letters had significant differences
(p < 0.05) using Tukey’s test.

2.2.1. Secondary Protein Structure by FTIR Spectroscopy

Table 3 shows the bands after performing a deconvolution on amide I in the region
between 1600 and 1700 cm−1. This is the most spectral-sensitive area to secondary protein
structures but also responsible for the vibration and strain of the peptic C=O bond [21].
The amide I band spectrum allowed to determine the secondary structure protein for all
six cultivar quinoa grains, as in the previously described parameter analysis protocols.

Table 3. Secondary protein structures in six Colombian quinoa cultivars.

Cultivars β-Sheet-1
(1624 cm−1)

β-Sheet-2
(1627 cm−1)

β-Sheet-3
(1635 cm−1)

Random Coil
(1648 cm−1)

α Elice
(1656 cm−1)

β-Turns-1
(1667 cm−1)

β-Turns-2
(1675 cm−1)

β-Turns-3
(1680 cm−1)

Titicaca 2.99 ± 0.13 a 2.87 ± 0.07 a 1.09 ± 0.08 c 3.08 ± 0.07 b 1.33 ± 0.07 e 3.53 ± 0.06 a 1.36 ± 0.05 b 0.26 ± 0.05 e
Salcedo 2.14 ± 0.05 b 1.89 ± 0.06 c 3.08 ± 0.07 b 3.35 ± 0.14 ab 3.07 ± 0.07 b 2.14 ± 0.14 b 0.92 ± 0.08 d 0.77 ± 0.05 c
Soracá 0.37 ± 0.04 e 1.49 ± 0.04 d 3.44 ± 0.12 a 3.59 ± 0.14 a 4.97 ± 0.09 a 1.46 ± 0.07 c 0.59 ± 0.01 e 0.33 ± 0.01 de
Puno 0.75 ± 0.04 d 0.17 ± 0.02 e 1.11 ± 0.19 c 1.24 ± 0.1 d 2.56 ± 0.14 c 1.66 ± 0.09 c 1.07 ± 0.04 c 1.31 ± 0.01 b

Pasankalla 0.58 ± 0.02 de 0.08 ± 0.009 e 0.95 ± 0.04 c 2.53 ± 0.1 c 0.14 ± 0.009 f 1.47 ± 0.05 c 0.51 ± 0.03 e 0.5 ± 0.08 d
Nariño 1.1 ± 0.12 c 2.36 ± 0.1 b 3.38 ± 0.13 ab 0.72 ± 0.09 e 1.73 ± 0.07 e 0.57 ± 0.1 d 1.9 ± 0.01 a 3.37 ± 0.09 a

Results are expressed as the mean ± standard deviation (n = 3). Different letters had significant differences (p < 0.05) using Tukey’s test.
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2.2.2. Secondary Starch Structure by FTIR Spectroscopy

There were noticeable peaks observed on 800 cm−1 and 1300 cm−1 attributed to starch
and corresponding to a flexing COH vibration. According to the data, the evaluated culti-
vars showed distinguished results (p < 0.05) on each region, the most intense at 996 cm−1

and 1076 cm−1. As for the 1041-cm−1 crystalline structure band, it had a greater intensity in
Pasankalla and Nariño, while the 1014-cm−1 region had more shapeless structural intensity
in Nariño (Table 4).

Table 4. Band intensities of starch from different Colombian quinoa cultivars.

Cultivars 996 cm−1 1014 cm−1 1041 cm−1 1076 cm−1 1099 cm−1 1145 cm−1 996/1014 1041/1014

Titicaca 0.9 ± 0.01 b 0.11 ± 0.01 c 0.14 ± 0.004 c 0.99 ± 0.007 a 0.39 ± 0.01 ab 0.53 ± 0.01 a 8.23 ± 0.79 b 1.3 ± 0.08 d
Salcedo 0.98 ± 0.01 a 0.06 ± 0.004 d 0.13 ± 0.006 c 0.96 ± 0.02 b 0.38 ± 0.01 ab 0.46 ± 0.01 b 15.28 ± 1.1 a 2.04 ± 0.12 b
Soracá 0.82 ± 0.01 c 0.06 ± 0.01 d 0.26 ± 0.01 b 0.98 ± 0.005 a 0.33 ± 0.03 c 0.53 ± 0.02 a 14 ± 2.1 a 4.02 ± 0.27 a
Puno 0.97 ± 0.01 a 0.16 ± 0.01 b 0.23 ± 0.01 b 0.86 ± 0.005 c 0.34 ± 0.01 bc 0.4 ± 0.01 c 6.11 ± 0.32 bc 1.48 ± 0.16 cd

Pasankalla 0.81 ± 0.01 c 0.17 ± 0.01 b 0.32 ± 0.004 a 0.99 ± 0.002 a 0.31 ± 0.05 c 0.53 ± 0.01 a 4.81 ± 0.34 c 1.91 ± 0.1 bc
Nariño 0.98 ± 0.01 a 0.22 ± 0.02 a 0.34 ± 0.01 a 0.97 ± 0.005 ab 0.41 ± 0.01 a 0.52 ± 0.01 a 4.51 ± 0.53 c 1.58 ± 0.16 bcd

Results are expressed as the mean ± standard deviation (n = 3). Different letters had significant differences (p < 0.05) using Tukey’s test.

2.3. Polyphenols and Antioxidant Capacity by ABTS, DPPH and FRAP

Quinoa crops showed polyphenol values of 0.6681–1.7737-mg AG/g/sample, which
were quite different among them (p < 0.001). A richer concentration was found in the
Nariño cultivar. About the antioxidant capacity, according to the DPPH technique, Nariño
had the highest value. Based on the FRAP technique, Titicaca and, on the ABTS method,
both cultivars had the greatest values (Table 5).

Table 5. Phenolic composition and antioxidant activity in quinoa cultivars in Colombia.

Cultivars Polyphenols
(mg AG/g)

ABTS
(µmol de T/g)

DPPH
(µmol de T /g)

FRAP
(µmol de AA/g)

Titicaca 1.0409 ± 0.0202 b 10.8536 ± 0.1317 a 2.3488 ± 0.0177 d 3.2626 ± 0.0585 a
Salcedo 0.9303 ± 0.0103 c 8.2387 ± 0.2718 c 2.7893 ± 0.0627 c 1.9886 ± 0.0643 c
Soracá 0.735 ± 0.0212 d 5.6546 ± 0.1075 d 2.6638 ± 0.0648 c 0.8063 ± 0.0215 f
Puno 0.6782 ± 0.0198 e 7.9468 ± 0.1222 c 2.8127 ± 0.0830 c 1.6469 ± 0.0159 d

Pasankalla 0.6681 ± 0.001 e 9.4534 ± 0.3435 b 3.2587 ± 0.0697 b 1.2685 ± 0.0373 e
Nariño 1.7737 ± 0.009 a 11.0023 ± 0.0857 a 3.8935 ± 0.0454 a 2.6356 ± 0.0212 b

Results are expressed as the mean ± standard deviation (n = 3). Different letters had significant differences
(p < 0.001) using Tukey’s test. AG: gallic acid; T: Trolox; AA: ascorbic acid.

2.4. Phenolic Compounds under UHPLC-ESI-Orbitrap MS

The results showed phenolic acid, xanthine, flavonoids and anthocyanin varieties
among farms. Contrasting values were observed (p < 0.001), highlighting the Nariño
cultivar for its apigenin (0.08 ± 0.01) presence and the highest value (42%) of identified
elements. Salcedo had an elevated value of caffeic and vanillic acid and Soracá of p-
coumaric acid and pinocembrin (Table 6).

Table 6. Phenolic compound contents (mg/Kg) in quinoa seed samples using UHPLC/ESI+-Orbitrap/MS.

Cultivars Caffeine Caffeic Acid Vanillic Acid p-Coumaric
Acid Ferulic Acid Pinocembrin Quercetin-3-

Glucoside

Salcedo 0.12 ± 0.002 d 2.41 ± 0.02 a 4.02 ± 0.01 a 1.92 ± 0.02 d 5.58 ± 0.1 f 0.04 ± 0.01 bc 0.53 ± 0.09 c
Puno 0.13 ± 0.003 c 1.88 ± 0.01 b 3.66 ± 0.01 b 2.04 ± 0.02 d 6.71 ± 0.09 e 0.01 ± 0.01 c 1.23 ± 0.11 b

Pasankalla 0.15 ± 0.003 a 1.43 ± 0.02 d 3.02 ± 0.01 e 2.6 ± 0.02 c 9.26 ± 0.1 c 0.01 ± 0.01 c 0.37 ± 0.14 cd
Soracá 0.14 ± 0.003 b 1.26 ± 0.01 e 3.49 ± 0.01 c 14 ± 0.2 a 11.83 ± 0.09 b 0.05 ± 0.02 ab 0.1 ± 0.1 d
Titicaca 0.15 ± 0.003 a 1.49 ± 0.01 c 1.94 ± 0.02 f 5.53 ± 0.2 b 7.42 ± 0.1 d 0.01 ± 0.009 c 1.79 ± 0.12 a
Nariño 0.13 ± 0.002 c 1.84 ± 0.01 b 3.07 ± 0.01 d 14.41 ± 0.02 a 14.67 ± 0.1 a 0.07 ± 0.01 a 1.49 ± 0.11 b

Results are expressed as the mean ± standard deviation (n = 3). Different letters had significant differences (p < 0.001) using Tukey’s test.
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2.5. Phytochemical Multivariate Structure Analysis

The results showed organization in relation to the phenolic components. As noticed in
the heatmap, the groupings showed a high diversity in bioactive compounds (Figure 2A).
The bootstrap exhibited two main groups: the first includes one xanthine and one antho-
cyanin and an antioxidant capacity method, while the second combined phenolic acid, a
flavonoid, total polyphenols and an antioxidant technique (Figure 2B).

An analysis of the quinoa cultivars’ main components allowed to evaluate the differ-
ences in their bioactive composition (Figure 3). The cumulative variance of the two first
components was 67.2% (CP); however, when including a third component, the CP variance
was 90.8%. It is possible to notice a discrimination of the first two CP from the variance of all
six cultivars. The first group’s Nariño cultivar showed the highest amounts of pinocembrin,
p-coumaric, total polyphenol and high antioxidant capacity with DPPH. Secondly, Titicaca
quinoa had greater values of quercetin-3-glucoside, caffeine and antioxidant capacity with
ABTS and FRAP. Pasankalla and Soracá presented an observable similarity when adding
PC3 as an average cultivar. Finally, Salcedo and Puno were similar because of the presence
of some phenolic acids.
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Figure 2. Sample groups according to bioactive compositions from different quinoa seeds. (A) Heatmap analysis according
to Manhattan distance. (B) Boostrap grouping. AU: ap-proximately unbiased. BP: bootstrap probability. C: caffeine, Q3G:
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Figure 3. Plot analysis of principal components (PCA) of the bioactive characteristics and antioxidant
capacity from six quinoa cultivars in Colombia.

3. Discussion

The visual aspects of quinoa seeds are determinant on its variety and even composi-
tional differentiation [22]. Over recent years, research evaluating colorimetric coordinates
allowed compound identification to boost quinoa cultivars with black, pink, purple and
red seeds. Furthermore, it brings about the relationship between tannins, saponins and
phytic acid compounds [23,24].

In this sense, protein, lipidic and starchy attributes on grains are fundamental to
consider agro-industrial processing or even more, when aiming towards hyper-protein,
starch and fat enriched for highly functional quality food [14,25].

To elaborate a structural analysis with the goal to deeply learn about the secondary
protein structures of each cultivar, spectrum deconvolution techniques were performed
on 1633 cm−1 [26]. Deconvolution of the 1016 cm−1 band can relate to the crystallinity
of a shapeless starch granule [27]. This turned out to be an important fact, because the
functional flour does not only depend on the protein and starch concentrations but, also,
on its organization and molecular conformation.

The intensity from the amide I band from quinoa flour resulted in 1632 cm−1 and
1645 cm−1. This condition is relevant to crops’ characterization and differentiation. Nariño
and Pasankalla offer a band intensity at 1645 cm−1, Puno and Soracá at 1643 cm−1, Salcedo
at 1632 cm−1 and Titicaca at 1633 cm−1.

According to Yang et al. (2015) [26], the absorbance peak at the amide I band withstood
a deconvolution process to determine the structures like β-sheet (1624–1642 cm−1), Random
coil (1645–1648 cm−1), α-elice (1653–1656 cm−1) and β-turns (1667–1694 cm−1). All the
cultivars displayed contrasting intensity peaks on the secondary structures (Figure 4).
Titicaca had a greater β-sheet-1 and -2 proportions, Soracá β-sheet-3, Random coil and
α-elice. Titicaca had β-turns-1, while there was β-turns-2 and -3 in Nariño.
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Figure 4. Protein secondary structures of quinoa grains from Colombian cultivars through the deconvolution FTIR technique.

In this sense, the discovered results were dramatically different according to other
research because of its major manifestation, the peak intensity was found using random coil
and α-elice. The results obtained agree with what was stated by Wang, Zhao, and Yuan
(2020) [28], who found secondary structures of proteins in the same peak position in the
original spectra in this research. Wolkers et al. (1998) [29] explained that such variability could
be associated with effects on its production regions because of the edaphoclimatic conditions.

It is also important to outline that secondary structure spectrums could be also used
like a fingerprint distinct to each cultivar. Improving the spectroscopy methods could
contribute to identify not only the genetic variability but to offer quality control towards
adulterated flour [30].

Then, when looking at each cultivar protein fingerprint, it could be possible to assert
that the structural differences directly affect the technical and functional capacity to produce
gel, foams or emulsions [31].

Ratios 1041/1014 and 996/1014 cm−1 were used with greater frequency to mea-
sure the crystallinity range in starch. Such a fact made it possible to establish that the
range 1041/1014 cm−1 varied among all six evaluated cultivars (Figure 5). The organized
structure of granules indicates that starch changes mostly because of the two conditions
determining photoassimilate transports from organs to grains. The first was related to
K+ movement on apoplast, determining the flow pressure. The second, the invertase
acid activity influencing the transforming saccharose in hexoses and restructuring dispose
organs for the nutritional quality of seeds [32,33].

Such results are quite important, because to obtain gel or translucent films, is important
to use starch with a high crystallinity index, to which the Soracá cultivar is the most suitable
(1041/1014 = 4.02). Retrograde phenomenon must be avoided when using flour as the
complementing nutritional value. Then, starch with a lower crystallinity index should be
used, in which 1.3 and 1.48 indexes from Pasankalla and Nariño are the most appropriate.
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Figure 5. Deconvolution of the starch FTIR band in six Colombian quinoa grain cultivars.

In this sense, the high diversity of quinoa makes it possible to find variations in the foliar
area of the plants, which is related to the CO2 net assimilation and to obtain triose phosphate
in the CO2 fixation phase, which allows the obtaining of starches for their translocation to
sink organs [34,35]. Additionally, Reguera and coworkers found changes in the synthesis of
secondary metabolites of three quinoa cultivars and highlighted that these compounds seem
to be genotype-specific and could vary significantly under stressful conditions [9].

The polyphenol values vary in all quinoa cultivars and are linked to climatic conditions,
agronomical practices and genetic interaction [17]. Li, Lietz & Seal (2021) [36] reported 1.44-mg
AG/g of total phenols and antioxidant activity between 8.61 and 522 µm of Trolox/g under
ABTS and DPPH. Such results are different from the findings in this paper. The Pasankalla and
Salcedo farms reported an antioxidant activity of 5.6- and 3.18-µm Trolox/g under DPPH [37]
and a 27.9-µm Trolox/g value with the ABTS technique on a Bolivian farm [38]. Such results
are meaningfully high compared to the ones observed here.

This parameter turns to be important to perform a study on how to enrich nutritional
models with a low antioxidant capacity, as well as to identify cultivars that might bring
about this quality [39]. Likewise, the cultivars with the highest antioxidant capacity
were Nariño and Titicaca, because their measurements were highly recognized over other
samples during at least two different techniques.

Polyphenols have been recently studied in quinoa, because their diversity is equal
or greater than other cereals. Findings of 0.14–0.33 mg/kg of caffeic acid and 0.4- and
0.94-mg/kg vanillic acid were in ten different accessions in Chilean quinoa [18].

Reference Abdelaleem & Elbassiony (2021) [17] reported Egyptian cultivars lacking
caffeine but with values of caffeic acid, vanillic acid and apigenin up to 0.49 mg/kg,
30.5 mg/kg and 0.44 mg/kg, accordingly. The quercetin-3-glucosid concentrations ob-
served were considerably low in this research, and the p-coumaric acid values reported
were similar to those by Tang & Tsao (2017) [40].

The results observed by the heatmap and bootstrap determined the bioactive differ-
ences from each evaluated cultivar. It is relevant to mention that many polyphenols are not
synthetized on a regular basis in plants, but this could be a result from external conditions
such as biotic and abiotic factors [41].
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The similarities between quercetin-3-glucoside, FRAP and ABTS happen because
of the high capacity from anthocyanins to capture free radicals. In the same way, the
concentration resemblance in some phenolic acids occurs because of methylation from
a few compounds like caffeic acid, the forefather of vanillic acid [42]. The correlation
between ferulic acid and p-coumaric acid is a consequence, because they both belong to the
hydroxycinnamic group.

It is accurate to mention that this paper reports, for the first time, the presence of
pinocembrin and apigenin in quinoa compounds. For other species, its synthesis is at-
tributed to pathogen agents affecting the plant during primary production. Additionally,
the influence of edaphoclimatic conditions like salinity, water deficit or very cold weather
in amaranth plants was found [43,44].

High contributions on the PCA of ferulic acid and vanillic acid, among other acids,
coincide with the ones reported by Antognoni et al. (2021) [45]. They identified that Titicaca
has the greatest polyphenol values expressed by these two acids and that its concentration
could be greater than 100 mg/kg in quinoa flour.

Carciochi, Manrique & Dimitrov (2014) [46] found a relationship between ferulic acid
and vanillic acid concentrations in seeds. Outlining that the two elements are the ones
supporting the seed antioxidant activity, in parallel, its content value rises along with the
plant growing towards germination.

4. Materials and Methods
4.1. Materials

We used Salcedo, Puno, Pasankalla, Soracá, Titicaca and Nariño cultivars collected
from crops established in the municipalities of Oicatá, Ventaquemada and Tuta in the
Department of Boyacá, and others were taken from the seed collection of the “Laboratorio
de Biotecnología Vegetal de la Gobernación de Boyacá”. The cultivars were grown in a
greenhouse located at Victoria Granja Agroecologica Company, Ventaqumada, Colombia
(5◦22′47” N, 73◦30′10” W). The seeds were germinated in 10-kg soil pots. The soil corre-
sponded to an Andosol with the following physicochemical composition: pH 6.1; electrical
conductivity 6.3 ds m−1; organic matter 8.8%; cations (cmol Kg−1) Al3+ 1, Ca 36.4, Mg 7.2,
K 10.3 and Na 1.1 and micronutrients (mg Kg−1) Fe 93.8, Mn 11.8, Cu 9.4, Zn 9.4 and B 1.5.
During the study, the irrigation and preventive sanitary management were carried out in
order to maintain plant health. The seeds were manually cleaned to remove foreign matter
and broken and immature seeds.

The reagents to determine the antioxidant capacity were: free radical DPPH (1,1-
diphenyl-2-picryl-hydrazyl), free radical ABTS (2,2′-azinobis(3-ethylobenzothiazoline-6-
sulphonate)), iron III chloride (FeCl3); triphenyl tetrazolium chloride (TPTZ), sodium
acetate, ascorbic acid, potassium persulfate, Trolox (97%) and ethanol (analytic grade).

The total polyphenol reagents were Folin Ciocalteau, sodium acid carbonate (99%)
and gallic acid.

The standard phenolic reference: caffeine (Part N◦ C8960250G), theobromine (Part N◦

T4500-25G); theophylline (Part N◦ T163325G), (±)-catechin (C) (Part N◦ C1788-500MG),
(-)-epigallocatechin gallate (EGCG) (Part N◦ E4143-50MG), (-)-epicatechin (EC) (Part N◦

E1753-1G), (-)-epicatechin gallate (ECG) (Part N◦ E3893-10MG), (-)-epigallocatechin (EGC)
(Part N◦ E3768-5MG), caffeic acid (Part N◦ C0625), p-coumaric acid (Part N◦ C9008) and
vanillic acid (Part N◦ 06380590-50MG).

Ferulic acid (Part N◦ 52229-50MG), rosmarinic acid (Part N◦ 536954-5G), quercetin
(Part N◦ Q4951-10G) and naringenin (Part N◦ N5893-1G). Luteolin (Part N◦ L9283-10MG),
kaempferol (Part N◦ K0133-50MG), ursolic acid (Part N◦ U6753-100MG), pinocembrin (Part
N◦ P5239) and carnosic acid (Part N◦ C060910MG).

Apigenin (Part N◦ A3145-25MG), cyanidin 3-rutinoside (Part N◦ G36428) and pelargoni-
din 3-glucoside (Part N◦ 53489). All of them were bought from Sigma-Aldrich
(St. Louis, MI, USA). Quercetin-3-glucoside (Part N◦ 89230) and Kaempferol-3-glucósido
(Part N◦ 89237) were acquired from Phytolab.
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4.2. Proximal Characteristics

To determinate the protein content, the Kjeldahl method was used. AOAC 960.52 was
multiplied by a conversion factor of 6.25 to measure the total raw protein from the seeds.
Fats were defined by the AOAC 922.06 method using Soxhlet (Soxtec 2050). Finally, the total
carbohydrates were calculated by the difference (i.e., protein + ash + fat + moisture − 100).

4.3. CIEL*a*b* Coordinates Determination

The spectrophotometer used was Konica Minolta (Model CM-5; Tokyo, Japan) to
determine the seed color hue from the quinoa cultivars. The results were recorded as L* a*
b* values.

4.4. Mid-Range Infrared Spectroscopy

IR spectrum was obtained using IRAFFINITY-1S equipment (Shimadzu Corp., Kyoto,
Japan). The spectrum was performed by the reflection mode between 400 cm−1 and
4000 cm−1 and proportional over 32 scans with 4 cm−1 and a temperature of 25 ◦C. In the
previous measurements, each cultivar had a blank background spectrum.

A spectrum analysis was made by using OriginPro, 7th version. Measurements were
fixed and standardized over a baseline between 0 and 1 (represented in the figures) to
show the highest transmittance peaks. Deconvolution was performed on a spectrum
using Fourier transform to determine the protein secondary structure changes (band
1600–1700 cm−1). Later, a modeling of the Gaussian function spectrum was applied.
The starch concentration was studied from its formation on a short-range band between
875 cm−1 and 1175 cm−1. Lipids were present on the 2800–2900 cm−1 range. All samples
were analyzed in triplicate.

4.5. Polyphenols

From each cultivar, 0.5 g of quinoa flour were mixed. Then, to each sample was added
30 mL of sodium hydroxide 2M and stirring for 10 s with vortex (Fisher Scientific, G560,
Bohemia, Waltham, MA, USA). It was left for extraction over 24 h on amber glass at room
temperature (25 ◦C) and mixed in darkness. After that, 5.7 mL of hydrochloride acid were
added to the samples upon reaching a pH value of 2. Finally, the samples were centrifugated
for 15 min with a rotational speed of 10,000 rpm (HERMLE model Z306, La-Bortechnik GmbH,
Wasserburg, Germany), then vacuum-filtrated with Whatman paper (No 1).

Phenolic compounds were determined through the Folin Ciocalteau (FC) method.
Triple samples were disposed with 40 µL on a separate 1800 µL with FC reagent. For
15 min, a vortex mix was performed to later rest for 5 min. Afterwards, 1200 µL of
sodium acid carbonate (NaHCO3) at 7.5% (m/v) was added and let to settle for 60 min.
Absorbance at 765 nm was measured on a V-630 UV-VIS model spectrophotometer (JASCO
Inc., Easton, MD, USA). The phenol amounts were measured by sample grams expressed
in gallic acid milligrams (mg AG/g).

4.6. Antioxidants
4.6.1. FRAP

In a 50-mL falcon tube, 0.4 g of the sample were placed. Then, 10 mL of ethanol
were added to begin the extraction process. This was mixed by vortex for 15 s and left to
later extract the liquid–solid in the mixer over 30 min at 37 ◦C. After, the samples were
centrifugated (15 min. at 5000 rpm and 4 ◦C) and later vacuum-filtered with Whatman
paper (No 1).

Test tubes with a lid were prepared for 3 different samples: blank, experiment and
calibration. For neutral (blank) reagents, the sample had 60 µL of methanol. To begin the
reaction, 180 µL of distill water were put in each tube. Then, there was 15 s of vortexing to
later add 1800 µL of the FRAP reagent. Next, it was incubated at 37 ◦C for 30 min.
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Finally, 595-nm absorbance was measured on a V-630 UV-VIS model spectrophotome-
ter (JASCO Inc., Easton, MD, USA). The antioxidant activity was expressed with µmol of
ascorbic acid/g of the sample (µmol de AA/g).

4.6.2. ABTS

In a 50-mL falcon test tube, 0.4 g from the sample was disposed. To begin the extraction,
10 mL of ethanol were added, vortexed for 15 s and left for solid–liquid extraction over
16 h at 4 ◦C. Subsequently, the samples were centrifugated over 15 min at 10,000 rpm, then
vacuum-filtered with Whatman paper (No 1).

In the test tube, 4 mL of ABTS solution was placed and totally covered with aluminum
foil. To begin the process, 135 µL of standard solution were added and then mixed by
vortexing for 5 s. Blank reagent consisted of 4 mL of buffer acetate and 135 µL of ethanol. The
zero point was mixed with 4.5-mL ABTS solution and 135 µL of ethanol. The test tube was
closed and left to react for30 min to finally measure the absorbance at a 729.7-nm wavelength.

4.6.3. DPPH

In a 50-mL falcon test tube, 0.4 g were measured before adding 10 mL of ethanol.
Vortexing for 15 s was done and then, the solid–liquid extract was left to settle for 16 h
at 4 ◦C. After such a time, the samples were centrifugated for 15 min at 10,000 rpm, then
vacuum-filtered with Whatman paper (No 1).

In a test tube, 3.9 mL of DPPH solution and 100 µL of standard solution were applied
to launch a reaction by vortex stirring for 5 s. Blank reagents (control) were carried out
with ethanol. The zero point was adjusted by adding 3.9 mL of DPPH solution and 100-µL
ethanol. The sample was covered for 30 min to initiate the reaction to later measure the
absorbance at 517 nm.

4.7. Phenolic Compounds Determination by UHPLC/ESI-Orbitrap MS

The seeds were macerated for four minutes with a blade grinder (Krups; Solingen,
Germany). Later, 100 mL of 80% ethanol at 60 ◦C was added to 5.0 g of quinoa flour. The
resultant extract was centrifugated at 10,000 rpm over 10 min. The leftover sample was
recovered and stored at 4 ◦C for later use.

The extract was analyzed on a liquid high-efficiency chromatograph (UHPLC) Dionex
Ultimate 3000 (Thermo Scientific, Sunnyvale, CA, USA, EE.UU.). This equipment consists
of a binary gradient pump (HP G3400RS) and automatic sample injector (WPS 300TRS)
and a thermostatic unit for a TCC 3000 column. The interface of LC-MS was electrospray
ionization (ESI). The spectrometer Orbitrap had high mass resolution with ion current
detecting system. Chromatography separation was performed by Hypersil GOLD Aq
100 × 2.1 mm, 1.9 µm (Thermo Scientific, Sunnyvale, CA, USA, EE.UU.) column at 30 ◦C.

Mobile phase A consisted of a 0.2% aqueous solution of ammonium formate. Mobile
phase B: 0.2% on acetonitrile ammonia formate. The initial gradient condition was 100%.
A moved linearly towards 100% of B in 8 min. Such a phenomena was held for 4 min, then
returned to the initial conditions in one minute. The total running time lasted 13 min, plus
3 post-running additional minutes.

Mass spectrometer Orbitrap (Exactive Plus, Thermo Scientific, Sunnyvale, CA, USA,
EE.UU.) connected through the electrospray (HESI) interface was handled under a positive
capillary voltage of 4.5 kV. Nitrogen gas was used as the dry element. The mass spec-
trum range was m/z 60–900. The Orbitrap mass detector was calibrated with certified
reference solutions: UltramarkTM 1621 Mass Spec. (AB172435, ABCR GmbH & Co. KG,
Karlsruhe, Germany), sodium dodecyl sulfate (SDS) (L4509, Sigma-Aldrich) and sodium
taurocholate hydrate (T4009, Sigma-Aldrich).

All compound identification was achieved by using the full scan mode and ion
extraction (EIC) corresponding to the [M+H]+ of the target compounds. A mass assessment
was performed with the accuracy precision of ∆ppm < 0.001 and using a standard mix
solution of phenolic compounds. To quantify the samples, the external standard calibration
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was applied using the results factor (Rf) stablished by the standard solutions analysis under
different concentrations.

4.8. Statistical Analysis

The values presented are the means ± standard deviation of three replicates. The data
were analyzed using the Shapiro–Wilk normality test and Bartlett’s homogeneity test, and
the variance analysis (ANOVA) by Tukey’s test was done to observe significant differences
(p < 0.05). A principal component analysis (PCA) was collected to stablish the relationship
of the antioxidant and polyphenol changes among the cultivars using the Factoextra and
FactoMinerR libraries. A bootstrap analysis was elaborated using the pvclust function [47].
A double-grouping analysis was performed by Manhattan distance with the gplots and
RColorBrewer libraries [48]. All the analyses were conducted using R version 3.6.1 software.

5. Conclusions

A spectroscopy analysis of different quinoa cultivars showed significant variations at-
tributed to their genetic character. This showed that not only external factors but, also, morpho-
logical and physiological diversity are influential on the structural configuration of proteins.
The same conditions happen to the crystalline/amorphous properties of starch granules.

It is relevant to mention that some alloys like caffeic acid, quercetin 3-glucosid, caffeine
and pinocembrin are not very well-identified in quinoa grains; therefore, the influence over
its antioxidant activity is still uncertain.

The teamwork between the spectrum deconvolution technique, chromatographic
analysis and multivariate analysis are strong tools used for the seed characterization of
cultivars from the Colombian Inter-Andean Valley.
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Abstract: Exploiting the relationship between the nutritional properties of seeds and the genetic
background constitutes an essential analysis, which contributes to broadening our knowledge
regarding the control of the nutritional quality of seeds or any other edible plant structure. This is
an important aspect when aiming at improving the nutritional characteristics of crops, including
those of Chenopodium quinoa Willd. (quinoa), which has the potential to contribute to food security
worldwide. Previous works have already described changes in the nutritional properties of quinoa
seeds due to the influence of the environment, the genotype, or their interaction. However, there is
an important limitation in the analyses carried out, including the outcomes that can be translated into
agronomical practices and their effect on seed quality. In the present study, several seed nutritional-
related parameters were analyzed in 15 quinoa cultivars grown in a particular environmental context.
Important agronomical and nutritional differences were found among cultivars, such as variations
in mineral or protein contents and seed viability. More importantly, our analyses revealed key
correlations between seed quality-related traits in some cultivars, including those that relate yield
and antioxidants or yield and the germination rate. These results highlight the importance of
considering the genotypic variation in quinoa when selecting improved quinoa varieties with the
best nutritional characteristics for new cultivation environments.

Keywords: quinoa; genotype; nutritional traits; seed quality

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is a halophytic crop that belongs to the Amaran-
thaceae family. It can be adapted to a wide variety of agroecosystems and is resistant to
stressful environmental conditions [1,2]. Moreover, quinoa possess excellent nutritional
properties [1,3]. All these characteristics have resulted in a global expansion of quinoa
cultivation during the past three decades [4], and consequently, this explains why quinoa
can be found from the harsh climatic conditions associated with high altitudes of the
Andean Altiplano (reaching over 3500 m above sea level) to coastal areas.

Quinoa was first domesticated by pre-Columbian cultures more than 7000 years ago,
when it became one of their main sources of nutrients, given the lack of animal protein.
After the Spanish conquest, quinoa was highly rejected but maintained by indigenous
farmers, despite the introduction of Old-World species. These farmers domesticated the
cultivars, preserving the genetic diversity found currently in quinoa [5]. This genetic diver-

231



Plants 2021, 10, 2128

sity can be divided into different ecotypes that include thousands of accessions (16,422) [6]
that reflect the diffusion from the center of origin of the crop around Lake Titicaca [5].

Currently, quinoa is still the principal protein source in many areas of the Altiplano.
The nutritional value of quinoa seeds was rediscovered during the last decades of the 20th
century, leading to a renewal of its production [7]. This led to a rapid spread in its cultiva-
tion, from very few countries around the Andean Altiplano in the 1980s to 123 countries
in 2018 [4]. The success in its international acceptance has been possible in part due to
the nutritional characteristics of the seeds. Quinoa seeds are considered pseudocereals
because they resemble cereal grains in their high starch content and overall morphology.
However, quinoa seeds are gluten-free and have a low glycemic index, being low in sugar
and calories. They present a high protein content with an excellent balance of essential
amino acids, as well as high contents of fiber, lipids, carbohydrates, minerals, and bioactive
compounds, such as vitamins (B2 and E), carotene, tocopherols, and other molecules with
antioxidant properties, like flavonoids and other phenolic compounds [8–12].

Antioxidants are of economic interest since they can minimize rancidity and increase
the shelf-life of food products [13]. Moreover, they are also of nutritional interest due to
their health-related benefits. Antioxidants have been found to reduce the risks of cancer and
cardiovascular disease and to present anti-inflammatory and anti-microbial activity [14,15].
Quinoa also shows unique fiber, lipid (with a high ratio of omega-6:omega-3), and micro-
and macronutrient profiles (often higher than cereal-based products) that give quinoa seeds
beneficial characteristics, such as decreasing the risk of cancer and cardiovascular and
inflammatory diseases; decreasing blood pressure, diabetes, and development of hemor-
rhoids; and weight control [16], thus improving intestinal health [9]. Overall, quinoa seeds
provide nutritional and health benefits, which is why quinoa is considered a “superfood of
the future” [17,18].

Furthermore, quinoa is offered as a nutritious food for low-income countries and
constitutes a crop able to grow on marginal lands (including those with limited rainfalls
or poor soil quality) not suitable for other major crops [8]. This brings interesting oppor-
tunities for the agriculture of low-income countries and, generally, for those countries
where agricultural water supply is (or will be soon) limited. These include Mediterranean
countries where there is an urgent need to develop sustainable practices to mitigate the
impacts of climate change and human pressure on soil resources [8]. This is especially
relevant within the current climate change and food security context [19]. Besides, it should
be noted that quinoa is not only consumed by humans, as its different plant parts can be
used as a nutritionally valuable forage crop, apt for feeding sheep, pigs, cattle, poultry,
and horses [20].

Importantly, it should be noted that quinoa exhibits a strong variability in cultivar-
specific responses to environmental variation. There are reports of different environmental
conditions impacting some seed quality-related parameters in quinoa, including seed size
and protein or mineral contents, depending on the specific genotype [21–25]. Thus, different
cultivars of quinoa have shown substantial differences in the nutritional characteristics,
which also vary with the environment. However, it is still unclear if the parameters that
were evaluated are stable among cultivars at different locations or if steady correlations can
be found between nutritional-related parameters. A recent work by Granado-Rodriguez
et al. [26] showed that some quinoa cultivars, Titicaca and Vikinga, present better quality-
related traits (including higher protein contents), despite not being the most productive
cultivar when growing in the Northwestern part of Spain. In line with this, selecting
the best adapted genotypes for a particular cultivation environment is key, in terms of
yield potential and biotic and abiotic stress tolerance but also considering the different
nutritional traits [27]. Thus, we need to better understand the genetic and environmental
factors determining the nutritional characteristics of quinoa. This will be achieved through
the use of conventional and molecular tools that will help to unlock the rich biodiversity
and cultivation potential of this crop [28].
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Therefore, in the present study, we aimed at analyzing differences in seed quality
among the 15 quinoa genotypes examined. We analyzed a variety of nutritional-related
parameters with cultivation potential in the Southern region of Spain. Differences in the
parameters analyzed were found among varieties for most of the parameters analyzed,
including plant height, panicle length, mildew incidence, lodging, seed weight and area,
protein content, germination rates, seed viability, mineral contents (except for Mg), an-
tioxidants, and saponin contents. Furthermore, important correlations between different
seed quality-related parameters dependent on the genotype (including yield and antiox-
idants or germination rates) support the presence of genetic determinants of nutritional
quality in quinoa.

2. Results
2.1. Plant Performance and Physiological and Agronomical Traits

In this study, we aimed at analyzing different nutritional traits under filed conditions.
Seeds of 15 different quinoa cultivars were sown on 27th January 2018, and plants were
harvested on either July 18th or August 1st (Supplementary Figure S1). Cultivars ‘A-SE-03’,
‘A-SE-06’, ‘A-SE-07’, ‘A-SE-09’, ‘A-SE-12’, ‘A-SE-13’, and ‘A-SE-15’ were harvested in July
(Harvesting 1, Supplementary Figure S1), while cultivars ‘A-SE-01’, ‘A-SE-02’, ‘A-SE-04’,
‘A-SE-05’, ‘A-SE-08’, ‘A-SE-10’, ‘A-SE-11’, and ‘A-SE-14’ presented longer life cycles, and
they were harvested later (Harvesting 2, Supplementary Figure S1). Total seed yield varied
among cultivars, with A-SE-08 cv. Being the cultivar that presented the highest seed yield
(4.7 t/ha), followed by A-SE-11 cv. and A-SE-05 cv. (with 3.5 and 3.4 t/ha, respectively).
A-SE-01 was the cultivar with the lowest seed yield (0.96 t/ha). Precipitation across the
growing season was concentrated in the first months of cultivation (February to April),
coinciding with plant nascence and emergence (Supplementary Figure S1), while scarce
precipitation was registered from flowering to harvesting time (May–July). Daily mean
temperatures varied from 8.7 ◦C (at sowing) to 25.7 ◦C and 30.7◦C (at harvesting of short-
and long-life-cycle cultivars, respectively), and they increased progressively along the
growing season (Supplementary Figure S1). Inflorescences started appearing in May. At
the seed maturation stage, temperatures higher than 25◦C were registered for all cultivars.

Plant height also showed significant variations among cultivars (Figure 1). At early
stages (82 days after sowing (d.a.s)), A-SE-05 cv., A-SE-03 cv., and A-SE-06 cv. plants
were the tallest, with plant lengths of 54 ± 5.76 cm, 51 ± 4.79 cm, and 52.4 ± 5.6 cm,
respectively, and, at middle stages (100 d.a.s.), A-SE-03 cv. and A-SE-06 cv. plants were
still the tallest, with heights of 130.4 + 8.94 cm and 130.4 ± 6.33 cm, respectively. At the
latest stages (128 d.a.s), A-SE-07 cv. and A-SE-15 cv. were the tallest plants, presenting as
170.90 ± 22.87 cm and 163.40 ± 31.99 cm in height, respectively. On the other hand, A-SE-
04 cv. was the shortest cultivar throughout the season, going from 14.9 ± 5.27 cm tall at the
early stage, to 69.10 ± 11.74 cm tall at the middle stage, and to 117.30 ± 25.12 cm at the
end of the life cycle. In line with this parameter, lodging was also evaluated in this study.
Thus, it was observed that the cultivars A-SE-07 and A-SE-03 presented greater lodging
resistance (3% of lodging plants), while the cultivar A-SE-12 showed great sensitivity to
lodging, with 36% of affected plants (Supplementary Figure S2).

Panicle length was determined in the different cultivars, evaluated at 128 d.a.s. Most
of the cultivars showed panicle lengths between 30 cm and 40 cm, with A-SE-01 cv. having
the lowest values (21.70 ± 2.53 cm) and A-SE-13 cv. showing the highest (40.40 ± 3.03 cm)
(Figure 2). In addition to the panicle length, the weight of those panicles was also measured
(Supplementary Figure S2). The results indicated that having larger panicles usually
correlated with heavier weights, although some exceptions were observed (i.e., A-SE-02
cv. was 33.8 ± 3.67 cm long but presented the biggest weight of 3.20 kg/25 panicles).
Interestingly, lodging resistance was not related to panicle length, as the cultivars with
contrasting lodging resistance (A-SE-07, A-SE-03, and A-SE-12) did not show significant
differences in panicle lengths.

233



Plants 2021, 10, 2128

Figure 1. Plant height. Plant height (cm) was determined in the 15 cultivars analyzed at (A) 82, (B) 100, and (C) 128 d.a.s.
Error bars represent the standard deviation. Bars that do not share the same letters show statistically significant differences
following the Kruskal–Wallis test at a p-value < 0.05 for 82 d.a.s. and 100 d.a.s. and the ANOVA test and Tukey post-hoc test
at a p-value < 0.05 for 128 d.a.s. (days after sowing).

Figure 2. Panicle lenght. Panicle length (cm) was determined in the 15 cultivars analyzed. Error bars
represent the standard deviation. Bars that do not share the same letters show statistically significant
differences following the Kruskal–Wallis test at a p-value < 0.05.

Mildew incidence and severity were analyzed throughout the experiment (at 82, 100,
and 128 d.a.s.) (Figure 3). A-SE-03 cv. and A-SE-08 cv. were the less-affected cultivars at
the early stages (82 and 100 d. a. s.), and A-SE-06 cv. and A-SE-12 cv. were less affected at
the later stages (128 d. a. s.). Meanwhile, A-SE-09 cv., A-SE-10 cv., and A-SE-11 cv. were the
most afflicted ones in terms of severity, especially at 128 d.a.s.
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Figure 3. Mildew incidence and severity. Mildew incidence and severity were determined as
described in the Methods section. Mildew severity degreewas expressed as the percentage (%) of leaf
affected by the pathogen (leaf area converage of 0%, 1–10%, 11–20%, 30, 40%, 50%, or more than 60%).
Mildew incidence and severity were evaluated at different developmental stages: at (A) 82 days after
sowing (d.a.s.) (upper panel), (B) 100 d.a.s. (middle panel), and (C) 128 d.a.s (bottom panel).

Seed weight exhibited an effect that was related to the cultivar (Figure 4A). The
cultivars A-SE-05 cv., A-SE-13 cv., and A-SE-15 cv. presented the heaviest seeds, while
A-SE-04 cv., A-SE-10 cv., and A-SE-09 cv. showed the lightest seed weights.

Seed area showed a high correlation with seed weight (Supplementary Figure S3).
A-SE-05 cv., A-SE-03 cv., and A-SE-15 cv. presented the largest seeds, while A-SE-04 cv.,
A-SE-08 cv., A-SE-09 cv., and A-SE-10 cv. had the narrowest seed areas (Figure 4B).

2.2. Germination Rates and Seed Viability

Germination rates were determined from the seeds harvested to evaluate the germi-
nation capacity (Figure 5A). Noticeably, differences were found in the germination rates
of the various cultivars analyzed. A-SE-04 cv. and A-SE-15 cv. showed germination rates
above 50% at 3 d.a.s, and A-SE-04 cv. reached 80% germination rate at 7 d.a.s (Figure 5B).
Meanwhile, A-SE-03 seeds were unable to germinate, and A-SE-06 cv. and A-SE-01 cv. did
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not overtake 20% germination rates at 3 d.a.s. On the other hand, even though A-SE-12 cv.
seeds showed a germination delay, they were able to reach a germination rate of almost
50% at 7 d.a.s, being close to the A-SE-05 cv. seeds at 7 d.a.s.

Figure 4. Seed weight and seed area. (A) Seed weight (g) and (B) area (mm2) were determined among the different cultivars
studied. Error bars represent the standard deviation. Bars that do not Scheme 0.

Figure 5. Germination rates (%) and seed viability. (A) Time course of the germination percentage (%)
of quinoa seeds 1, 2, 3, 4, 5, 6, and 7 seven days after sowing (d.a.s.); (B) germination rate
percentage (%) 7 d.a.s.; and (C) percentage (%) of viable seeds. Error bars represent the standard
deviation. Bars that do not share the same letters show statistically significant differences following a
Kruskal–Wallis test by ranks for multiple comparisons at a p-value < 0.05.

Seed viability was determined to complete the physiological analysis of the seeds
(Figure 5C). For most of the cultivars, except for A-SE-15 cv., A-SE-04 cv., A-SE-03 cv., and
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A-SE-06 cv., seed viability showed no correlation with seed germination, as it was generally
severely reduced in most of the seeds tested.

2.3. Protein Content

Total protein contents in seeds revealed variations among cultivars (Figure 6). The
cultivars A-SE-15 cv. and A-SE-02 cv. showed the highest contents, while, in contrast,
A-SE-06 cv. and A-SE-03 cv. showed the lowest. Interestingly, as shown in Supplementary
Figure S3, protein content positively correlated with TPC, FRAP, saponin content, Zn,
Mg, and P and negatively with C/N ratio and Na content. Regarding the agronomical
parameters, protein content correlated negatively with panicle height and panicle biomass
and positively with the germination rate (Supplementary Figure S3).

Figure 6. Seed protein content (%). Protein content was determined in seeds of the 15 cultivars
evaluated. Error bars represent the standard deviation. Bars that do not share the same letters
show statistically significant differences following the Kruskal–Wallis test by ranks for multiple
comparisons at a p-value < 0.05.

2.4. Mineral Content

The total contents (as %) of phosphorous (P), potassium (K), calcium (Ca), magnesium
(Mg), (and as mg/Kg) sodium (Na), copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn)
in quinoa seeds were determined to analyze the effect of the genotype on this nutritional-
related parameter (Table 1). Some mineral nutrients, such as Mg, did not show significant
variation among genotypes or, as in the case of K, showed a small fluctuation. On the
contrary, minerals such as Zn showed a steeper variation. A-SE-12 cv., A-SE-15 cv., and
A-SE-13 cv. showed the highest Zn contents, while A-SE-03 cv. and A-SE-09 cv. presented
the lowest. Among cultivars, it should be noted that A-SE-12 cv. presented higher contents
of P, Ca, Fe, and Zn and intermediate levels of the rest of minerals, while A-SE-15 cv.
presented the highest contents of P, Cu, and Zn and the lowest of Ca, Na, and Fe. At the
same time, A-SE-03 cv., A-SE-04 cv., and A-SE-06 cv. had higher contents of Ca and Na and
lower contents of P and Cu.
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2.5. Antioxidant Capacity

We evaluated the antioxidant capacity of the seeds by performing an FRAP assay and a
quantification of total polyphenols (TPC) and flavonoids (TFC) contents (Figure 7). Among
cultivars, A-SE-04 cv. showed the highest antioxidant capacity and phenolic and flavonoid
contents, followed by A-SE-15 cv. On the contrary, A-SE-01 cv., together with A-SE-06
cv., showed the lowest values. The rest of cultivars showed distinct patterns, presenting
changes among the antioxidant-related parameters here evaluated. For instance, A-SE-10
cv. showed intermediate and high FRAP and TFC values, respectively, and low TPC levels.

Figure 7. Antioxidant capacity of quinoa seeds. (A) Antioxidant power, determined by an FRAP
assay, is expressed as µmol of Fe2+ per gram of seed. Statistical differences were analyzed through a
Welch’s ANOVA test, followed by a Games–Howell post-hoc test. (B) TPC is expressed as milligrams
of gallic acid equivalents (GAE) per gram of seeds. The statistical analysis performed was a Welch’s
ANOVA test, followed by a Games–Howell post-hoc test. (C) TFC is expressed as milligrams of
quercetin equivalents (QE) per gram of seeds. A Kruskal–Wallis test by ranks was performed for
multiple comparisons. Bars that do not share the same letters show statistically significant differences
at a p-value < 0.05. Error bars represent the standard deviation.
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2.6. Saponin Content

Saponin content was quantified in the cultivars studied (Figure 8). A-SE-06 was the
cultivar showing the lowest saponin content, while A-SE-10 was the cultivar with the
highest saponin level. All of the cultivars exceed the limit of 0.11%, established to classify
quinoa varieties as sweet [29]; however, none of them presented a content higher than 1%,
which is usually overtaken by bitter quinoa seeds [30].

Figure 8. Saponin content. Saponin content was determined in seeds of the 15 cultivars evaluated.
Error bars represent the standard deviation. Bars that do not share the same letters show statistically
significant differences following the Kruskal–Wallis test by ranks at a p-value < 0.05.

2.7. Principal Components Analysis (PCA)

A Pearson’s correlation coefficient test was performed to analyze the correlation
between variables (Supplementary Figure S3) and a principal component analysis (PCA)
to reduce the number of variables. This analysis identified five principal components that
were able to explain 74.76% of the variance. Component 1, which contributed to 21.31% of
the variance, was mainly explained by the protein and saponin contents and most minerals’
contents (P, Ca, Mg, Mn, Cu, and Zn contributed positively, and Ca and Na contributed
negatively) and by the germination rate, lodging, plant height, and mildew severity at
128 d.a.s. For this new variable, A-SE-12 cv. and A-SE-15 cv. showed high values, while
A-SE-03 cv. and A-SE-06 cv. presented the lowest (Figure 9). There were correlations
between most of these variables, but those between protein content and germination rate
(r = 0.801), protein and P contents (r = 0.846), P and Zn contents (r = 0.728), and protein and
saponin contents (r = 0.695) were the strongest (Supplementary Figure S3). Component 2
contributed to the variance with 18.30%, and it comprised panicle length and biomass, plant
dry weight, yield, germinative rate of seeds, and total phenolic content, and inversely, it
comprised plant height (at three time-points) and seed area. Plant height at early stages (82
and 100 d.a.s.) correlated negatively with the final plant biomass, yield, germinative rate of
seeds, and protein and phenolic contents, while the panicle height and plant weight at 128
d.a.s. correlated positively with these parameters. Strong correlations were found between
the phenolic content and the germinative rate and panicle height (r = 0.884 and r = 0.780,
respectively) (Supplementary Figure S3). For this component, there were high values
in A-SE-08 cv. and A-SE-04 cv. and low values in A-SE-01 cv (Figure 9). Component 3
explained 12.19% of the variance and comprised the viability rate, flavonoid contents, and
antioxidant capacity, and inversely, it comprised ash, K, and Fe contents. Both viability
and germinative rate correlated with each other and with the antioxidant capacity and
phenolic and flavonoid contents. There was also a strong correlation between ash and K
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content (r = 0.851) since K is the main mineral present in quinoa (Table 1). A-SE-04 cv. and
A-SE-15 cv. showed high component 3 values, and A-SE-09 cv., A-SE-11 cv., and A-SE-13
showed low values. Area and seed weight and K and Cu contents contributed positively
to component 4 (explaining 11.96% of variance), and Fe and Ca contents contributed
negatively. Area and seed weight showed a strong correlation (r = 0.748). A-SE-13 cv.
presented the highest, and A-SE-01 cv., A-SE-09 cv., and A-SE-10 cv. presented the lowest
values for component 4. Component 5 (11.00% of variance) comprised saponin content in
seeds, panicle length, and mildew severity at three stages. There was a correlation between
mildew severity at 82 and 100 d.a.s. but not with severity at 128 d.a.s. Saponin content
and panicle height also showed a strong correlation (r = 0.655). A-SE-10 cv. showed high
component 5 values, while A-SE-12 cv. showed the lowest. Life cycle duration correlated
with yield, germination rate of seeds, and their phenolic contents.

Figure 9. Principal components analysis (PCA). Biplot of main components 1 and 2 for the cultivars sown and for the
variables tested. Component 1 (X-axis) was contributed mainly by protein and saponin contents, germination rate, minerals
(P, Mg, Ca (-), Na (-), Mn, Cu, Zn), lodging, plant height at 128 d.a.s., and mildew at 128 d.a.s. Component 2 (Y-axis) included
germination rate, total phenolics content, plant height (-), plant biomass, panicle height, and panicle weight (-).

Plotting component 1 against component 2 revealed three clusters of cultivars (Figure 9).
The first cluster was made up of A-SE-03 and A-SE-06, and it was low for both
components 1 and 2, which means they had taller plants at early stages but low yields;
germinative capacity; and protein, P, saponin, and phenolic contents. These cultivars were
also low for component 3, and they showed the lowest viability rate and low antioxidant
capacity but a high ash content. The second cluster, comprising A-SE-01 cv., A-SE-02 cv.,
A-SE-07 cv., A-SE-12 cv., and A-SE-15 cv., had low component 2 values, especially for
A-SE-01 cv., so they were tall plants with smaller panicles and lower yields but higher
component 1 values than the first cluster, so generally, they had higher protein, P, and
Cu contents and lower Ca and Na contents than A-SE-03 cv. and A-SE-06 cv. A-SE-05 cv.,
A-SE-08 cv., A-SE-09 cv., A-SE-10 cv., A-SE-11 cv., A-SE-13 cv., and A-SE-14 cv. comprised
the third cluster, which had high component 2 values, having shorter plants and larger
panicles, heavier plants, higher yields and germination rates, and higher protein and
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phenolic contents. A-SE-04 cv. and A-SE-15 cv. showed the highest component 3 values,
with the largest viability rates and FRAP values, but A-SE-04 cv. had lower component 1
values, with high Ca and Na contents and lower Cu and Zn contents. A-SE-15 cv. had high
component 1 values, and it had high germination rates and protein, P, Cu, and Zn contents
and low Ca and Na contents.

A path analysis was also performed to define the direct and indirect contributions of
each trait to seed yield (Supplementary Tables S1 and S2). First, a predictive multiple linear
regression model was performed following the stepwise method in order to find traits with
a direct effect on germination rates (Supplementary Table S1) and yield (Supplementary
Table S2). As shown in Table S2, germination rates would be affected positively by the
phenols (TPC) and P contents and indirectly by physiological or agronomical parameters,
such as seed area or panicle biomass, or by biochemical properties of seeds, such as protein
or saponin content. On the other hand, yield would be explained in a negative way by the
seed weight and panicle height and positively by the panicle biomass and total biomass,
meaning that these parameters may directly impact the seed yield of the quinoa varieties
here analyzed.

3. Discussion

Quinoa is often compared to cereals and even considered a ‘pseudocereal’ due to the
similarities in the composition and uses of their seeds [31]. It presents unique nutritional
properties that make its cultivation very interesting [32]. However, its full yield potential
is not yet reached for new cultivation areas, with levels similar to those of cereals such
as wheat or rice before the Green Revolution [2]. The center of origin of quinoa is the
Andean Altiplano [33], but in the last decades, quinoa has been introduced as an alternative
emerging crop in more than 75 countries [5]. Along with its expansion, it has been observed
that the establishment and adaptation of quinoa cultivars to these new agroclimatic contexts
can result in changes in the nutritional properties of quinoa seeds, which are associated
with variations in the genotype (G), the environment (E), and their interaction (GXE) [14,21].
Thus, there is still much left for researchers and breeders to do in order to develop quinoa
cultivars that are better adapted to specific locations that present high yields while also
maintaining or even improving the nutritional value of the seeds. In this study, we
evaluated physiological and agronomical characteristics together with different nutritional-
related traits of seeds harvested from 15 different quinoa cultivars grown in southern Spain,
aiming to expand our knowledge of the relationship between yield and the nutritional
quality of quinoa seeds and therefore, contribute to the selection of quinoa cultivars more
appropriate for cultivation in a particular area of interest.

As previously described, through the PCA, we could classify the cultivars into three
clusters, depending on their distinct characteristics (Figure 9). At earlier stages of develop-
ment (82 and 100 d.a.s.), plants from clusters 1 (A-SE-03 cv. and A-SE-06 cv.) and 2 (A-SE-01,
A-SE-02 cv., A-SE-07 cv., and A-SE-15 cv.) were the tallest, but only those from cluster 2
remained taller at a later developmental stage (128 d.a.s., beginning of grain maturation)
(Figure 1). Cluster 1 and cluster 2 plants also presented lower panicle lengths and biomass
(Figure 2) and smaller seed yields. Seeds from these cultivars did not show higher nor
lower seed weights or areas, and there was no correlation between these variables and
yield (Supplementary Figure S3). From this, it can be assumed that plants from clusters
1 and 2 invested more resources towards growing at earlier stages of development but
they invested fewer resources in the development of the panicle and seed biomass. It
should be noted that, for these plants, lower yields were not correlated with reduced seed
weights, but with smaller panicles producing fewer seeds. This negative relation between
plant height and seed yield and positive relation between panicle size (biomass and height)
and yield (Table S2, Supplementary Figure S3) have been previously described [34–36].
Furthermore, Gómez et al. [37] reported a correlation between plant height and yield in
quinoa. They postulated that quinoa’s low yield can be explained by its low sink capacity
and that an increase in reproductive partitioning, reducing plant height, could positively
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impact yield in this crop, as had happened previously to wheat and rice during the Green
Revolution [38]. Furthermore, some reports have found a positive correlation between
yield and plant height, pointing as well to the influence of the environment in controlling
this trait. Therefore, the implication of the environment should be investigated for the vari-
eties here analyzed [39]. Nonetheless, plant height can be an important trait for breeding.
Thus, further research analyzing endogenous factors that may control quinoa height and its
relationship with yield and lodging (i.e., phytohormones) should be considered in quinoa.

Intriguingly, previous works have observed correlations between yield and seed
nutritional-related traits, like the positive correlation found between yield and the antioxi-
dant capacity or the K content or the negative correlation between yield and protein content
or the amount of different amino acids [22,26,40]. However, these studies compared the
nutritional profiles of quinoa seeds harvested from different cultivars but grown in different
environmental conditions (with variations in the sowing date, the cultivation location,
and/or the year of cultivation). Thus, the variations on the nutritional traits of the seeds in
these cases were mainly determined by differences in the environmental conditions at the
seed-filling stage, which affect both yield and seed-quality traits [26]. In the present study,
only the genetic factor was evaluated, so the lack of correlations between yield and seed
nutritional-related traits suggests that there might be no link between them. Therefore,
those relations are only relevant when introducing the cultivars to new environments
where they are not yet adapted.

Downey mildew, caused by the fungus Peronospora variabilis Gäum, is one of the
main diseases affecting quinoa on a global scale [41]. Optimal conditions for mildew
development are found at high humidity (>80% RH) and moderate temperatures (be-
tween 18 ◦C and 22 ◦C), but its expansion can be interrupted by long periods of sunny
and dry conditions [41]. In this study, high RH was found in March, when most of the
precipitation occurred and plants were still emerging or developing their first true leaves
(Supplementary Figure S1). However, temperatures at that time were lower than 18 ◦C,
which is suboptimal for mildew development. Mildew produces chlorotic patches on
leaves, which may result in premature defoliation by the plant as a defense mechanism.
This reduction of the photosynthetic area can lead to an atrophied development and smaller
panicles, which in turn, lowers seed yield [42]. When the infection occurs at early stages of
development of quinoa, 20–40% yield penalties have been estimated for mildew-resistant
cultivars [43], and losses of up to 99% have been estimated in susceptible cultivars [42].
However, the impact of mildew on well-established mature plants is less important than
abiotic stresses [44], since the defoliation caused by the disease and by the natural senes-
cence of the plant overlap [41]. In the present study, mildew incidence and severity were
limited at early stages (82 and 100 d.a.s.), with severities lower than 10% in most cultivars
(Figure 3), despite not using plant protectants. However, severity increased at a later stage
(128 d.a.s.), with A-SE-02 cv. (cluster 2), A-SE-09 cv., A-SE-10 cv., A-SE-11 cv., and A-SE-13
cv. (cluster 3) being the most affected ones and A-SE-01 cv., A-SE-12 cv. (cluster 2), A-SE-03
cv., A-SE-06 (cluster 1), A-SE-04 cv., and A-SE-08 cv. (cluster 3) being the least affected
(Figure 3). Mildew severity did not correlate to yield nor to any seed nutritional traits
(Supplementary Figure S3) [44], which suggests that the cultivars tested were resistant to
mildew and did not suffer significant yield losses related to this disease.

Saponins are secondary metabolites found in the pericarp of quinoa seeds, which
cause a bitter taste when they are present in substantial amounts. They also have a negative
effect on the bioavailability of minerals like Fe and Zn [45]. For these two reasons, saponins
are considered as “anti-nutrients”. Different breeding programs have been focused on the
development of cultivars with very low seed saponin contents (sweet quinoa cultivars) [28].
Koziol [46] established the limit between sweet seeds and bitter seeds at 0.11% of seed
weight, while Mastebroek et al. [47] considered those with saponin contents between
0.02% and 0.04% as sweet seeds and those with contents between 0.47% and 1.13% as
bitter seeds. All of our samples fitted the definition of a bitter seed by Koziol [46], but
only A-SE-04, A-SE-08, A-SE-10 cv. (cluster 3), A-SE-12 cv., and A-SE-15 cv. (cluster 2)
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would be considered bitter following the Mastebroek et al. [47] criterion, and all samples
would be ‘low-saponin’ seeds according to Medina-Meza et al. [30]. In this regard, it
should be noted that sweet varieties are normally preferred, since the elimination process
of saponins is avoided. However, some farmers prefer bitter cultivars, because saponins
may confer resistance to biotic stresses [28]. Although saponins have been hypothesized
to also give mildew resistance to quinoa [48], since they possess antifungal activities [49],
no correlation has been found between seed saponin contents and mildew resistance in
quinoa [50] (Supplementary Figure S3).

Saponin is a highly genotype-dependent seed trait in quinoa [51], and no correlation to
other seed traits had been found previously. In the present study, we found, for the first time
to our knowledge, a correlation between saponin content a other seed quality-related traits,
like germination, protein content, and flavonoid content (Supplementary Figure S3) [52–54].

Germination capacity is an important seed characteristic for breeding programs. This
is because any genetic potential achieved through breeding efforts cannot be exploited if
seed establishment in the field is not successful. In this study, most cultivars surpassed
the 50% germination rate, but A-SE-13, A-SE-07, A-SE-01, and especially A-SE-03 and
A-SE-06 (cluster 1), showed very low germination rates (Figures 5 and 9). Interestingly,
a correlation between seed germination rates and the panicle’s characteristics and seed
yield of the mother plants was found [26] (Supplementary Figure S3), but germination
rates were also influenced by nutritional traits of seeds. Both the correlation and pathway
analyses showed a strong effect of the phenolic compounds and the P contents on the
germination capacity of seeds (Supplementary Figure S3, Table S1). These results are in
part supported by previous works, as a positive correlation between phenolic compounds
and the germination capacity of quinoa seeds has previously been found [26]. Furthermore,
a stimulating effect of these compounds on the germination capacity has been reported as
well in the close quinoa relative species Chenopodium album L. [55]. On the other hand, P is
present in quinoa seeds, mainly as phytate [56], a form of P storage not bioavailable for
many monogastric animals, including humans [57,58]. During germination, however, the
phytase activity catalyzes the hydrolysis of the phytate [59], providing inorganic phosphate
essential for the metabolism of the seed at the beginning of germination [60,61]. According
to Nadeem et al., [62], a higher phytate content also means more hydrolysis and thus,
higher phosphate available during germination. This may explain the correlation between
P content and germination (Supplementary Figure S3, Table S1), since higher P contents in
seeds are related to faster germination and better establishment of seeds in the field [63]. A
strong positive correlation was also found between the germination capacity and protein
content (Supplementary Figure S3), probably associated with the role that storage proteins
play in germination [64]. Noteworthily, the environmental conditions may differently
impact the cultivars included in this study and, consequently, result in variations in seed
germination [25,65]. To further explore this aspect, the cultivation in consecutive years
should be considered in future works.

In the present study, the protein content of seeds varied depending on the cultivar,
with values ranging between 12.7% and 16.7% with the exception of two cultivars, the
low-performing A-SE-03 and A-SE-06 (cluster 1). These two cultivars presented seed
protein contents of 9–10%, closer to the values found in cereals like maize and barley and
lower than the values found in wheat [66]. The contents of the rest of the cultivars fell
within the range expected for quinoa seeds, with A-SE-02, A-SE-12, A-SE-15 (cluster 2), and
A-SE-08 (cluster 3) exceeding 15% [66]. However, it should be noted that the importance
of the quinoa protein does not only rely on the quantity, but also on the quality. Quinoa
seed proteins contain all amino acids, and they are present in a proper balance, similar to
the complete amino acid profile found in cow’s milk and close to the ideal equilibrium
recommended by the FAO for human consumption [7,67].

The ash content ranged from 3.03% to 3.73%, depending on the cultivar, although few
significant differences were found among cultivars (Table 1). These were normal values for
quinoa but generally higher than those of cereals like wheat or rice [66,67]. The minerals
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that were present in higher amounts were K, P, Ca, and Mg, while Na, Fe, Zn, Mn, and Cu
contents were the lowest (Table 1) [67]. All these minerals fell within the ranges previously
reported for quinoa seeds [26,66], and some of them, like K, Ca, Mg, and Na, were higher
than those found in cereals like maize, barley, rice, and wheat [7]. The high contents of Fe,
Ca, and Mg are especially important, since they are minerals less present in gluten-free
products, and thus, quinoa seeds can be an important source of these minerals for people
with coeliac disease [67].

Noteworthily, the contents were significantly different among cultivars for all minerals
except for Mg (Table 1). The variations in mineral contents in quinoa seeds had previously
been reported to be cultivar-dependent, but they also respond to environmental differences
during plant growth [22,26]. For instance, the cultivar A-SE-03 showed high Ca and Na
and low P and Zn contents, while A-SE15 cv. showed high P, Cu, and Zn contents and low
Ca, Na, and Fe contents (Table 1). P content was high, but according to Konishi et al. [56],
P is mostly found in quinoa seeds as phytic acid, which can form complexes with Fe, Zn,
Mg, and Ca, reducing their bioavailability for human digestion [68]. Interestingly, Ruales
and Nair [45] noted that, in feeding experiments with rats, there were no differences in Fe
availability in quinoa-supplemented diets compared to those supplemented with FeSO4.
Thus, further evaluation of the actual effect of quinoa seeds’ phytic acid on Fe, Zn, Mg,
and Ca availability should be conducted in order to elucidate which percentage of these
minerals’ contents is actually taken up during human digestion and if these contents reach
the human nutritional requirements [69].

A correlation between phenolic compounds and flavonoids contents and the antioxi-
dant capacity was expected (Supplementary Figure S3) [26,70]. The antioxidant capacity
and phenolic compounds content are genotype-dependent in quinoa seeds [71], although
they can also change depending on the environmental context [21,26,72]. In the present
study, the antioxidant capacity, TPC, and TFC were comparable to those found in previous
studies (Figure 7) [15,21,26,71] and changed depending on the cultivar. For instance, the
cultivars A-SE-04 and A-SE-15 and A-SE-04, A-SE-08, and A-SE-10 showed the highest
levels of antioxidant capacity and TPC, respectively, while A-SE-01 presented the low-
est antioxidant capacity, and A-SE-03 and A-SE-06 exhibited the lowest TPC and TFC
(Figure 7). These results correlated well with other seed-related traits, like protein content
and germination rates, and with seed yield (Supplementary Figure S3). This, together with
the overall health benefits of antioxidants, make TPC and TFC interesting traits for quinoa
breeding programs.

Targeting phenotypic traits such as physiological, agronomical, or seed nutritional-
related parameters might be very useful when aiming at performing phenotyping screen-
ings or for breeding programs. The selection of the best quinoa cultivars for production can
be based on the results obtained for some of the parameters here discussed (including the
results of their correlation). For instance, the present work highlights that the cultivar A-SE-
08 is the most promising one amongst the 15 cultivars studied, based on the higher protein
contents, yield, germination rate, and P and phenolic contents. Targeting these traits can be
very useful for selecting the best adapted varieties for a particular area of cultivation.

4. Materials and Methods
4.1. Plant Material, Experimental Design, and Location

Field trials were conducted in a field experimental station located in Lebrija (Seville,
Spain, 36.88◦ N, 6.13◦ W) in clay-loam soil. Sowing to harvesting dates took place from
January to August of 2018. Fifteen different quinoa cultivars, given by Algosur S. A.
(Lebrija, Spain), were used in this study, encoded as follows: ‘A-SE-01’, ‘A-SE-02’, ‘A-SE-
03’, ‘A-SE-04’, ‘A-SE-05’, ‘A-SE-06’, ‘A-SE-07’, ‘A-SE-08’, ‘A-SE-09’, ‘A-SE-10’, ‘A-SE-11’,
‘A-SE-12’, ‘A-SE-13’, and ‘A-SE-14’. (Supplementary Figure S4).

Each cultivar was sown on January 27th in two replicates of non-randomized plots,
with dimensions of 4.5 m × 266 m, spacing between rows of 0.75 m, and 0.02 m within
rows. The plot dimension was large enough to ensure uniformity according to our field
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experiments previously performed. A drilling machine was used to sow with a density of
seeds of 2 kg·ha−1.

During the experiment, different measurements of agronomical traits were taken.
Plant height and downy mildew incidence and severity were measured at 82, 100, and
128 d.a.s, which corresponded to different developmental stages: fully emerged plants,
panicle emergence, and beginning of seed ripening, respectively. Furthermore, at 128 d.a.s.,
the panicle length and weight of 25 plants per cultivar were measured. Plant harvesting
took place when plants had naturally dried out at different time points: July 18th (172 days
after sowing) for the cultivars ‘A-SE-03’ cv. ‘A-SE-06’ cv., ‘A-SE-07’ cv., ‘A-SE-09’ cv., ‘A-
SE-12’ cv., ‘A-SE-13’ cv., and ‘A-SE-15’ cv. and on August 1st (186 d.a.s.) for ‘A-SE-01’ cv.,
‘A-SE-02’ cv., ‘A-SE-04’ cv., ‘A-SE-05’ cv., ‘A-SE-08’ cv., ‘A-SE-10’ cv., ‘A-SE-11’ cv., and
‘A-SE-14’ cv. Total seed yield was quantified from an 11.25 m2 plot for each cultivar, and
the dry weight of 20 plants was measured.

Climatological data, including total precipitation, relative humidity (RH), and temper-
ature, were obtained daily from a local climatological station (Supplementary Figure S1).
Sprinkler irrigation was supplemented at different developmental stages: at seed sowing
(30 L/m2), 5 days after sowing (30 L/m2), at the beginning of branching (30 L/m2), at
flowering (50 L/m2), and during grain filling (50 L/m2).

4.2. Seed Weight and Area

Seeds were manually counted and weighed in an analytical balance. The seed area
was analyzed using the open-source software ImageJ (http://rsbweb.nih.gov/ij/ accessed
on 12 November 2020). Images were taken using an Olympus SZ61 stereomicroscope
(Olympus Corporation, Shinjuku, Tokyo, Japan) and processed with the AnalySIS GetIT
image software (analysis getIT 5.1, Olympus Corporation, Shinjuku, Tokyo, Japan). To
determine seed weight, 1000 seeds were used per replication, and 3 replications were
utilized. For seed area measurement, 50 seeds were used per replication, and 3 replications
were utilized

4.3. Seed Germination Rate

Quinoa seeds (using 50 seeds per replication and 3 replications per cultivar) were
sterilized by soaking first in ethanol 70% for two minutes, next in bleach 50% with a
droplet of Tween-20 for two minutes, and then rinsing several times in distilled water
(H2O). Sterilized seeds were sown on a double layer of filter paper, wet with distilled
water, on Petri dishes and then transferred to a growth chamber under darkness and
a controlled temperature of 23 ◦C. The germination rate was counted daily for the first
week after sowing. Seeds were considered as germinated when the radicle protrusion was
longer than 2 mm.

4.4. Seed Viability

Seed viability tests were performed using the tetrazolium method (2,3,5-triphenyl-
2H-tetrazolium chloride). First, seeds (using 100 seeds per replication and 3 replications
per cultivar) were imbibed in distilled water at 30 ◦C for an hour to facilitate longitudinal
and superficial cuts of the embryo and to ensure a homogeneous dying of the seed tissues.
After cutting, seeds were submerged in 1% tetrazolium chloride at 30 ◦C for two hours.
Seeds with more than 50% staining in the embryonic tissue were considered viable.

4.5. Saponin Content

To determine saponin content, 20 mL of 50 % ethanol was added to 1 g of powdered
sample and left to macerate for 72 h at room temperature. Then, the extracts were filtered
into 20 mL volumetric flasks. The samples were then filtered using a 0.45 µm nylon Filter-
Lab syringe and analyzed by High-Performance Liquid Chromatography Fluorescence
and Diodo Array Detection (HPLCDAD, Serie 1100, Agilent Technologies, Waldbronn,
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Germany) at 225 nm [73]. Saponin (Merck, Germany) was used as a standard. The results
were expressed in g saponin 100 g−1 of fresh weight.

4.6. Protein Content

The protein content was determined according to AOAC Official Methods [74], using
an elemental analyzer Leco TruSpec (LECO TruSpec (LECO, MI, USA)) and considering a
conversion factor of 6.25 [75].

4.7. Mineral Content

The mineral content was analyzed following the official methods of analysis of the
Spanish Ministry of Agriculture [76]. Phosphorus content was determined using a spec-
trophotometer UV-VIS (Hitachi U-2810, Tokyo, Japan) (yellow coloration, 430 nm). Potas-
sium was determined through flame atomic emission spectroscopy. Calcium, magnesium,
sodium, iron, copper, manganese, and zinc contents were assessed using flame atomic
absorption spectroscopy (AAS) (SpectrAA 110, Agilent Technologies Inc., Palo Alto, CA,
USA) after mineralizing the samples with H2O and HCl (35%).

4.8. Ferric Reducing Antioxidant Power (FRAP) Assay

To obtain total extracts, seeds were ground to a fine powder, and 100 mg of the flour
was homogenized in 1 mL of an extraction buffer, consisting of methanol (50%), acetic acid
(1%), and distilled water (49%). These samples were vortexed for 2 min and kept in the
dark at 4 ◦C for 48 h before centrifugation for 15 min at 13500 rpm. The supernatants were
stored at −20 ◦C until their use in the FRAP and flavonoid content assays.

The antioxidant capacity of seeds was determined following the procedure described
by Benzie and Strain [77]. The FRAP reagent consisted of a mix of 300 mM acetate
buffer (pH 3.6), with 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3·6H2O at a ratio
of 10:1:1 (v/v/v). A total of 20 µL of the sample extract and 180 µL of the FRAP reagent
were added into a 96-well microplate and incubated for 4 min. Absorbance was read at
593 nm using a microplate reader Lector Multi-ModalSynergy HTX (BioTek Instruments,
Inc., Winooski, VT, USA). The antioxidant capacity was calculated from a calibration curve
obtained with iron (II) sulfate (FeSO4). The FRAP value was expressed as µmol of Fe2+ g−1

of seed.

4.9. Total Phenol Content (TPC)

Extracts were obtained after homogenizing 100 mg of seed flour in 1 mL of ice-cold
methanol (95%). The mix was vortexed, and centrifuged at 13,500 rpm for 5 min after 48 h
kept in the dark at 4 ◦C.

The content of polyphenols was measured following the protocol described by Ainsworth
and Gillespie [78]. Briefly, 100 µL of the sample extract or standard were added to 200 µL of
the Folin–Ciocalteu reagent (10%) and the mixture was vortexed for 1 min. Next, 800 µL of
sodium carbonate (7.5%) were added. The mix was then incubated for 2 h in the dark. The
samples were centrifuged in order to eliminate precipitates. Absorbance was read at 765
nm using a microplate reader Lector Multi-ModalSynergy HTX (BioTek Instruments, Inc.,
Winooski, VT, USA). Concentrations of gallic acid between 20 µg·mL−1 and 200 µg·mL−1

in methanol (95%) were used as a standard, and thus, the TPC was expressed as mg of
gallic acid equivalents per grams of quinoa seed (mg GAE·g−1).

4.10. Total Flavonoid Content (TFC)

Flavonoid content was determined following the procedure described by Valen-
zuela [79]. The same extracts as in the FRAP assay were used. Briefly, 30 µL of the
sample extract or standard, 10 µL of aluminum chloride (AlCl3) 10%, 10 µL of sodium ac-
etate (NaC2H3O2) 1 M, and 250 µL of dH2O were mixed and incubated for 30 minutes. The
absorbance was read at 415 nm using a microplate reader Lector Multi-ModalSynergy HTX
(BioTek Instruments, Inc., Winooski, VT, USA). Quercetin dissolved in ethanol (80%) was
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used as a standard, with concentrations ranging from 10 µg·mL−1 to 140 µg·mL−1. The re-
sults were expressed in mg of quercetin equivalents per gram of quinoa seed (mg QE·g−1).

4.11. Statistical Analysis

To analyze the differences between cultivars, different one-way ANOVA tests were
performed. For variables where normality and equal variances could be assumed, a one-
way ANOVA test was performed, followed by a Tukey post-hoc test to perform multiple
comparisons at a probability level of 5% (p < 0.05). A one-way ANOVA on ranks (Kruskal–
Wallis test by ranks) was performed when data did not present a normal distribution,
and a Welch’s ANOVA test followed by a Games–Howell post-hoc test was performed
when variances were not equal, both at a probability level of 5% (p < 0.05). Normality
and equality of variances of the data were tested through a Kolmogorov–Smirnov’s test
and a Levene’s test, respectively. A principal component analysis (PCA) was performed
for plant parameters, like plant height at three stages, panicle length and biomass, plant
biomass, mildew severity at different stages, resistance to lodging, life-cycle length, and
yield, and for seed parameters, like viability and germination rates, 1000 seeds’ weight,
seed area, saponin content, N and protein content and C-N ratio, FRAP value, phenols and
flavonoids contents, and mineral contents. Correlations amongst variables were evaluated
with a Pearson’s correlation coefficient test (Supplementary Figure S3). A sequential path
analysis was performed to evaluate the specific contribution of different traits to yield
or germination rate (Supplementary Tables S1 and S2). This analysis allowed ordering
different variables as predictors of yield of the first, second, or third-order [80]. For this
purpose, a stepwise multiple linear regression procedure was used, where variables that
showed a weak contribution (p > 0.05) to the dependent variable (yield or germination
rate) or high multicollinearity were automatically dropped from the model. The variables
entered into the model were considered as first-order predictors, and the procedure was
repeated using these variables as the response variable to identify traits that function as
second-order predictors of yield. The tolerance and variance inflation factor (VIF) were
used to measure the level of multicollinearity for each predictor trait. Tolerance lower than
0.1 or VIF values higher than 10 were considered as high levels of collinearity. Tolerance
(1- R2i, where R2i is the coefficient of determination for the prediction of variable i by
the predictor variables) is the amount of variance of the selected independent variable
not explained by other independent variables. VIF (1/Tolerance) indicates the extent of
the effects of other independent variables on the variability of the selected independent
variable. The SPSS Statistics for Windows (Version 24.0., IBM Corp., Armonk, NY, USA)
package was used for the statistical analyses.

5. Conclusions

This study revealed differences among cultivars for each physiological, agronomical,
and seed nutritional-related trait analyzed, although there were similarities among some
cultivars. For instance, A-SE-03 and A-SE-06, which clustered together in the PCA, showed
taller plants at early stages of development but shorter plants with smaller panicles and
lower yields at maturity (Figures 1 and 9, Supplementary Figure S3). Regarding seed
traits, these cultivars presented lower germination rates and lower protein, P, phenols,
flavonoids, and saponins contents (Figures 5 and 7–9, Table 1). On the contrary, the most
promising cultivars for this agroclimatic context were those included in cluster 3, due
to the higher yields, germination rates, and TPC (Figure 9). Since quinoa seeds are well
known to be an excellent source of high-quality protein of non-animal origin, this is one
of the main traits that makes quinoa a crop with a high nutritional quality, important
for achieving food security locally and globally [81]. In this study, the higher protein
contents were shown by A-SE-15 cv., A-SE-02 cv., A-SE-12 cv., and A-SE-08 cv. Therefore,
overall, the cultivar A-SE-08 (cluster 3) can be considered the most promising cultivar for
this particular area, since it not only presented higher protein contents, but also larger
germination rates and P and phenolic contents. Having all these traits positively correlated
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can greatly facilitate the development of a better adapted cultivar. However, it should be
noted that saponin content was also higher in this cultivar (Figure 9). Considering that
reducing the saponin contents can improve nutritional quality and flavor [28,82], it would
be interesting to explore the possibilities offered by agronomical management practices
that allow the reduction of saponins [54,83].

Therefore, the results here presented highlight the importance of considering the geno-
typic variation in quinoa when selecting improved quinoa varieties with better nutritional
characteristics for new cultivation environments. Further studies are required to determine
which exact parameters are genotype-variable and which ones show genotypic stability.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10102128/s1, Figure S1: ]Climatological conditions and general crop phenology.
Figure S2: Fresh and Dry weight of 25 panicles. Figure S3: Correlogram of variables measured.
Figure S4: Pictures of seeds of the different cultivars harvested and analyzed in this study. Table S1:
Direct effects of predictor variables of the first-, second-, third-, and fourth-order on germination
rate, tolerance, and variance inflation factor of the path analysis. Table S2: Direct effects of predictor
variables of the first-, second-, third-, and fourth-order on germination rate, tolerance, and variance
inflation factor of the path analysis.
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Abstract: In 2017, in a new Chenopodium quinoa cultivation area (Central Italy), emergence failures
of the Titicaca, Rio Bamba, and Real varieties, whose seeds were obtained the previous year (2016)
in the same location, were observed. Moreover, leaf disease symptoms on the Regalona variety,
whose seeds came from Chile, were detected. Visual and microscopic analyses showed the presence
of browning/necrotic symptoms on the seeds of the three varieties whose emergence in the field
had failed. In addition, their in vitro germination rates were strongly compromised. Fusarium spp.
was isolated with high incidence from Titicaca, Rio Bamba, and Real seeds. Among the detected
Fusarium species, in the phylogenetic analysis, the dominant one clustered in the sub-clade Equiseti
of the Fusarium incarnatum-equiseti (FIESC) species complex. Instead, the pathogen associated with
Regalona leaf symptoms was identified, by morphological and molecular features, as Peronospora
variabilis, the causal agents of downy mildew. This is the first report of both P. variabilis and F. equiseti
on C. quinoa in Italy. Species-specific primers also detected P. variabilis in Regalona seeds. These
results underline the importance of pathogen monitoring in new quinoa distribution areas, as well as
of healthy seed production and import for successful cultivation.

Keywords: downy mildew; Fusarium; FIESC; Peronospora variabilis; quinoa; seed

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is an annual dicotyledonous seed-producing plant
belonging to the Amaranthaceae family [1]. This species originates from South America,
where it was first domesticated, presumably more than 7000 years ago, in the Andean
region, near Lake Titicaca [2]. The same area acts also as a natural quinoa germplasm
bank, since several quinoa varieties have here been differentiated and preserved over time
by the indigenous populations [3]. Due to the high level of genetic diversity, the crop is
highly resilient to agro-ecological extremes (soil, rainfall, temperature, and altitude) and it
is tolerant to frost, drought, and soil salinity [2,4,5]. For this reason, quinoa can be grown
on marginal lands unsuitable for other major crops, providing in these disadvantaged
areas food of high nutritional value [6]. Indeed, quinoa seeds are gluten-free, with a low
glycemic index, and contain an excellent balance of all nine essential amino acids, with
high concentrations of histidine, lysine, and methionine; moreover, they are rich in fiber,
lipids, carbohydrates, vitamins, minerals (including calcium, magnesium, and iron), and
health-promoting compounds (flavonoids) [1,7,8]. Due to its agricultural and nutritional
aspects, since the end of the 20th century, quinoa has gained international attention [9]
to such an extent that the United Nations declared 2013 as the “International Year of
Quinoa” [10] and in 2017 its genome was completely sequenced [6]. Therefore, to address
the major market requests, a significant increase in the cropped area and production has
been recorded during the last ten years [11]. Until 2018, quinoa was considered a major
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crop only in Bolivia (70,763 t, 111,605 ha), Peru (86,011 t, 64,660 ha), and Ecuador (2146 t,
2048 ha) [11,12]. However, quinoa is currently cultivated in all continents [13] because
there have been numerous attempts at quinoa introduction from the area of origin to other
countries, including the European ones. The number of countries growing the crop has
increased from 8 in 1980, to 40 in 2010, to 75 in 2014 [2]. In 2018, quinoa was present for
research and production in 123 countries, even if 74% of global exports are still supplied by
Peru and Bolivia [14]. In Italy, quinoa was introduced in the early 2000s thanks to several
research projects dealing with the adaptation of this species to the peninsula agricultural
system [15–17]. Results indicated that, given its high resiliency and tolerance to abiotic
stresses, in particular salinity and drought, quinoa could represent a good alternative to
the traditional Mediterranean crops in light of the current climate change [18].

However, quinoa is susceptible to several biotic stresses that could strongly impair
yield, both in the area of origin and in those where the crop has spread. Phytopathogenic
fungi and oomycetes are among the main biotic stress factors affecting quinoa crops. In
the Andean region, quinoa yield losses caused by several phytopathogens have been well
documented [19,20]. In this geographical area, downy mildew is undoubtedly the most
diffused and well-known disease and the epidemics, caused by the heterothallic oomycete
Peronospora variabilis (Gaüm), greatly reduce seed yield [21]. In addition to downy mildew,
other quinoa diseases were also detected in the Andean area, such as leaf spots caused by
Ascochyta hyalospora (Cooke and Ell.) and Ascochyta chenopodii Rostr., black stem caused
by Ascochyta caulina [P. Karst. (v.d. Aa and v. Kest.)], leaf spot caused by Cercospora
spp., brown stalk rot by Phoma exigua var. foveata [(Foister) Boerema], and damping-off
of root/seedlings by Rhizoctonia spp., Fusarium spp., and Pythium spp. [12,19,20,22]. The
incidence and the severity of the various diseases caused by fungi and oomycetes depend
on different factors, such as environmental conditions, the cultivated variety, and the
phenological stage of the crop during which the infection occurs [20]. With the rapid
expansion of quinoa growing areas, the problems of the negative impact of some of the
above-reported phytopathogens have arisen also in the new countries [23]. Therefore, with
the extension of quinoa cultivation, traditional and/or new pathogens may threaten the
spread of this species. Consequently, understanding the phytosanitary problems related to
this crop in new cultivation areas is a key step to efficiently counteract and manage them.

For this reason, in a new quinoa cultivation area (Umbria, Central Italy), after observ-
ing in 2017 emergence failures of seedlings belonging to the Titicaca, Rio Bamba, and Real
varieties, as well as leaf symptoms on the Regalona variety, a series of phytopathological
surveys, both on seed lots and on leaves, were carried out. The results of this survey are
presented in this study and can be useful to better manage quinoa diseases in Italy, both
for healthy seed production, as well as for its successful cultivation.

2. Results
2.1. Examination of Sampled Material
2.1.1. Seed Material

A combination of visual and stereomicroscopic observations of seed material allowed
the detection of the presence of browning/necrotic symptoms on the seeds of the Titicaca,
Rio Bamba, Real, and Regalona varieties, with the seeds of the first three varieties showing
symptom incidences of 93%, 77%, and 70%, respectively, which were significantly higher
(p ≤ 0.05) than those recorded in the seeds of the Regalona variety (17%) (Figure 1). In the
first three varieties, seed symptoms were uniformly distributed almost on the whole seed
surface and were more severe compared to those recorded on the Regalona ones, showing
only small browned/necrotic areas (Figure 1).
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Figure 1. Incidence (%) of symptomatic seeds for each quinoa variety, as assessed by visual and
stereomicroscopic observations. Columns represent the average (±standard error) of the three
replicates, of 10 seeds each, for a total of 30 observed seeds for each quinoa variety. Columns with
the same letter were not different at p ≤ 0.05 based on the Tukey HSD for multiple comparisons.
Under each column, pictures of symptomatic (browned/necrotic) and asymptomatic seeds of the
corresponding variety are shown.

2.1.2. Plant Material

Visual examination of Regalona plant material showed the presence of foliar chloro-
sis/yellowing symptoms (Figure 2a,b). In detail, a combination of visual and stereomicro-
scopic observation showed that the upper side of symptomatic leaves was characterized
by yellow/chlorotic spots with corresponding black/grey efflorescence on the adaxial
surface (Figure 2b–d). Microscopic observation of this efflorescence showed the presence
of colorless zoosporangiophores subdichotomously branched, slightly curved, with obtuse
tips, each carrying a single pale brown ellipsoidal zoosporangium with a short pedicel
(Figure 2e). These features led us to hypothesize that the pathogen belonged to the Per-
onospora genus inside the Oomycetes class of the Pseudofungi subphylum of the Chromista
kingdom [24], thus molecular investigations were carried out to complete the identification
(Section 2.5).

2.2. Seed Germination Rate

Within each seed category (symptomatic and asymptomatic), significant differences
(p ≤ 0.05) in germination rate among the four varieties were detected (Figure 3). In detail,
considering asymptomatic seeds, the Regalona variety showed the highest (p ≤ 0.05)
germination rate (100%), followed by Real (70%), Rio Bamba (40%), and Titicaca (36.6%)
(Figure 3). Only the germination rate of asymptomatic seeds of the Real variety was not
significantly different (p≥ 0.05) from that of Regalona (Figure 3). Considering symptomatic
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seeds, no germination was recorded in the Titicaca, Rio Bamba, and Real varieties, while
symptomatic seeds of the Regalona variety showed a germination rate of 73.3% (Figure 3).
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Figure 2. Field view of quinoa plants with foliar chlorosis/yellowing detected in June 2017 on
Regalona plots in a trial located at Papiano (Perugia, Umbria, Central Italy) (a); yellow chlorotic spots
on the upper side of Regalona leaves (b) to which corresponded a black-grey efflorescence on the
adaxial surface (c,d) consisting of zoosporangiophores and zoosporangia of the pathogen (e, scale
bar 50 µm).

Within each variety, significant differences (p ≤ 0.05) in germination rate were also
recorded among the two seed categories (Figure 3). In all varieties, asymptomatic seeds
showed significantly higher (p ≤ 0.05) germination rate levels than those of symptomatic
ones.

2.3. Seed Mycological Analysis

The combination of visual, stereo-, and light-microscope observations directly on
isolation plates allowed us to identify the mycoflora composition of each variety and
seed category. In general, Alternaria and Fusarium were the most representative fungal
genera, being detected in each seed category of the Titicaca, Rio Bamba, and Real varieties
(Figure 4). With a lower incidence, the genera Aspergillus and Penicillium were also detected
in the seeds of these three varieties, with Aspergillus detected only on asymptomatic
seeds and never on the symptomatic seeds of these three lots, in which, however, healthy
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seeds were absent. On the contrary, apart from the negligible presence of Alternaria and
Penicillium genera, a high incidence of healthy seeds was detected in each seed category of
the Regalona variety, where Fusarium and Aspergillus were not detected (Figure 4).
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Figure 3. Germination rate (%) of asymptomatic and symptomatic seeds of Titicaca, Rio Bamba, Real,
and Regalona varieties. Columns represent the average (±standard error) of the three replicates, each
consisting of 10 observed seeds, for a total of 30 observed seeds of each seed category (asymptomatic,
symptomatic) per quinoa variety. Within each variety (a and b) or seed category (A and B), averages
with the same letter were not different at p ≤ 0.05 based on the Tukey HSD for multiple comparisons.

Significant differences (p ≤ 0.05) between the incidences of different fungal genera
within each “variety–seed category” combination were recorded (Figure 4). Indeed, in the
seeds of Titicaca, Rio Bamba, and Real varieties, colonies belonging to the genera Alternaria
and Fusarium always showed an incidence higher than those of the other genera (Figure 4).
These differences were “mitigated” in the asymptomatic seed category but, conversely, they
were stronger in the symptomatic seed category, where, in addition, Fusarium incidence
(87%, 70%, and 97% for Titicaca, Rio Bamba, and Real varieties, respectively) was always
significantly higher (p ≤ 0.05) than those of Alternaria (40%, 27%, and 40% for Titicaca, Rio
Bamba, and Real varieties, respectively) (Figure 4). Fusarium was absent in all the two
categories of Regalona seeds where, differently from the other varieties, the incidences of
healthy seeds were always significantly higher in each seed category (90% and 73% for
asymptomatic and symptomatic seeds, respectively) (Figure 4).

Significant differences (p ≤ 0.05) among the incidences of different fungal genera
within each “variety–fungal genera” combination were also detected. In particular, Fusar-
ium incidence in symptomatic seeds of Titicaca, Rio Bamba, and Real varieties (87%, 70%,
and 97%, respectively, as above reported) was significantly higher (p ≤ 0.05) than that
recorded in asymptomatic seeds (33%, 37%, and 27%, respectively). No significant differ-
ences (p ≥ 0.05) of Aspergillus and Penicillium incidences were detected among the different
seed categories of Titicaca, Rio Bamba, and Real. Similarly, the incidence of healthy seeds
was not significantly different (p ≤ 0.05) among the two different seed categories in the
Regalona variety (Figure 4).

Finally, significant differences (p ≤ 0.05) between the incidences of the different fungal
genera within each “fungal genera–seed category” combination were also recorded. The
incidences of the Alternaria genus in both seed categories of Titicaca, Rio Bamba, and Real
varieties were significantly (p ≤ 0.05) higher than those detected in the same two seed
categories of Regalona varieties. In addition, Fusarium incidence in the symptomatic seed
of the Rio Bamba variety was significantly lower (p ≤ 0.05) than those recorded in the same
category of Titicaca and Real varieties.
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2.4. Molecular Identification of Fusarium spp. Associated to Quinoa Seeds

The BLAST analysis indicated that the Fusarium community isolated from quinoa
seed lots of the Titicaca, Rio Bamba, and Real varieties, multiplied in 2016 at Papiano
(42◦57′ N, 12◦22′ E, 165 m a.s.l., Perugia, Umbria, Central Italy), was composed of a total
of four species: Fusarium incarnatum-equiseti species complex (FIESC), Fusarium avenaceum
[(Fr.) Sacc.], Fusarium culmorum [(Wm.G.Sm.) Sacc.], and Fusarium sporotrichioides (Sherb.)
(Figure 5). Interestingly, FIESC was the most frequent species of the Fusarium complex in
each variety–seed combination category (p ≤ 0.05). Indeed, the other three species were
detected with an incidence that ranged from 1% to 4% (Figure 5).

Therefore, FIESC incidence was investigated more in-depth. In detail, within each
seed category (symptomatic, asymptomatic), no significant differences (p ≥ 0.05) in FIESC
incidence between the three varieties (Titicaca, Rio Bamba, and Real) affected by FIESC
were detected (Figure 6), while, within each variety, significant differences (p ≤ 0.05) in
FIESC incidence between the two seed categories were observed. In particular, in Titicaca,
Rio Bamba, and Real varieties, symptomatic seeds showed FIESC incidences (80, 66, and
86%, respectively) significantly higher (p ≤ 0.05) than those recorded in asymptomatic
seeds (30, 33, and 26%, respectively) (Figure 6).

To assess the impact of FIESC incidence on quinoa seeds’ germination rate, the cor-
relation between these two parameters was evaluated (Figure 7). Taking the Titicaca, Rio
Bamba, and Real varieties (the only ones in which FIESC were detected) and each seed cate-
gory together, seed germination was negatively and significantly related to FIESC incidence
(R2 = 0.62; p = 0.004). Considering individual varieties, in Rio Bamba and Titicaca, the nega-
tive association between germination rate and FIESC incidence was statistically significant
(p = 0.02 and 0.03, respectively). Finally, considering each seed category individually, the
strongest negative association was observed for symptomatic seeds (p = 6 ×10−11), since
the absence of germination and the highest FIESC incidence was detected in the seeds of
this category for the Titicaca, Rio Bamba and Real varieties.
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Figure 5. Incidence (%) of the different Fusarium species obtained from the asymptomatic and
symptomatic seeds of the Titicaca, Rio Bamba, and Real varieties. No Fusarium isolates were obtained
from the Regalona variety. Pie charts show the average of the Fusarium species incidence on the total
of Fusarium isolates developed from three replicates, with 10 seeds for each replicate, for a total of
30 seeds per seed category (asymptomatic, symptomatic) for each quinoa variety. FIESC = Fusarium
incarnatum-equiseti species complex.
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denominated FIESC-PG-Q1, was further molecularly characterized (Figure 8). Amplifica-
tion of the translation elongation factor 1α (tef1α) of FIESC-PG-Q1 isolate produced a frag-
ment of 700 bp. According to Reference [25], in the phylogram constructed on the concat-
enated sequences of tef1α region of the validated phylogenetic species of FIESC, two major 
clades emerged: Equiseti clade, including the phylogenetically validated species from 
FIESC 1-a to FIESC 14-a and 30-a (Supplementary Table S1) and Incarnatum clade, includ-
ing the phylogenetic validated species from FIESC 15-b to FIESC 29-a. Isolate FIESC-PG-
Q1 (MZ191105 GenBank accession, Supplementary Table S1) clustered in a sub-clade of 
the Equiseti clade together with the phylogenetically validated species FIESC 5 (a, b, c, d, 
and f) (Figure 8). 

Figure 6. Incidence (%) of Fusarium incarnatum-equiseti species complex in asymptomatic and symp-
tomatic seeds of Titicaca, Rio Bamba, Real, and Regalona varieties. Columns represent the average
(±standard error) of the three replicates, 10 observed seeds for each replicate, for a total of 30 ob-
served seeds per seed category (asymptomatic, symptomatic) for each quinoa variety. Within each
variety (a and b) or seed category (A and B), averages with the same letter were not different at
p ≤ 0.05 based on the Tukey HSD for multiple comparisons.
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varieties and Fusarium incarnatum-equiseti species complex (FIESC) incidence (%). The three replicates
for each “seed category–variety” combination are shown separately. * No germination was detected
in symptomatic seeds and no R2 was available.

Due to the negative impact of FIESC on the germination rate of the quinoa seeds
belonging to the varieties Titicaca, Rio Bamba, and Real, the FIESC representative isolate,
denominated FIESC-PG-Q1, was further molecularly characterized (Figure 8). Amplification
of the translation elongation factor 1α (tef1α) of FIESC-PG-Q1 isolate produced a fragment
of 700 bp. According to Reference [25], in the phylogram constructed on the concatenated
sequences of tef1α region of the validated phylogenetic species of FIESC, two major clades
emerged: Equiseti clade, including the phylogenetically validated species from FIESC 1-a to
FIESC 14-a and 30-a (Supplementary Table S1) and Incarnatum clade, including the phylo-
genetic validated species from FIESC 15-b to FIESC 29-a. Isolate FIESC-PG-Q1 (MZ191105
GenBank accession, Supplementary Table S1) clustered in a sub-clade of the Equiseti clade
together with the phylogenetically validated species FIESC 5 (a, b, c, d, and f) (Figure 8).

2.5. Molecular Identification of Pathogen Infecting Quinoa Leaves and Its Detection Seeds

Amplification of the Internal Transcribed Spacer (ITS) region of PV-PG-Q1 isolate pro-
duced a fragment of about 280 bp. Through preliminary BLAST analysis, this isolate was
attributed both to Peronospora variabilis and to Peronospora farinosa, thus, a phylogenetic
analysis was carried out to uniquely attribute it to a certain species. In the phylogram
built on the concatenated sequences of the ITS region of validated Peronospora species from
C. quinoa and other plant species belonging to the Amaranthaceae family (Supplementary
Table S2), three major clades (A, B and C) emerged (Figure 9). Clade A contained iso-
lates of P. variabilis from Chenopodium album L. and C. quinoa; clade B contained isolates
of Peronospora chenopodii Schltdl. from Chenopodium hybridum L., Peronospora boni-henrici
Gäum. from Chenopodium bonus-henricus L., Peronospora effusa (Greville) Cesati from Spinacia
oleracea L., and Peronospora farinosa from Atriplex spp.; clade C contained isolates of Per-
onospora chenopodii-polyspermi Gäum. from Chenopodium polyspermum L. (Figure 9). Isolate
PV-PG-Q1 (MZ191106 GenBank accession, Supplementary Table S2) clustered together
with P. variabilis isolates from C. album and C. quinoa (Figure 9).
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Figure 8. Neighbor-joining tree based on partial translation elongation factor 1 α (tef1α) gene sequences,
showing the phylogenetic relationships between the FIESC-PG-Q1 isolate obtained in the present
research and validated phylogenetic species of the Fusarium incarnatum-equiseti species complex
(FIESC). The Fusarium concolor isolate NRRL 13459 was included as an outgroup. The optimal
tree with the sum of branch length = 0.64901758 is shown. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to
the branches [26]. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed
using the maximum composite likelihood method [27] and are in the units of the number of base
substitutions per site. The analysis involved 36 nucleotide sequences. All positions containing gaps
and missing data were eliminated. There was a total of 545 positions in the final dataset. Evolutionary
analyses were conducted in MEGA7 [28].

Finally, the PCR protocol used with PV6F and PV6R primers also showed the presence
of the same foliar pathogen in the seeds of the Regalona variety (presence of specific
amplification product at 278 bp) belonging to the same batch used to set up the experimental
field (Supplementary Figure S1).
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Figure 9. Neighbor-joining tree based on partial internal transcribed spacer (ITS) region sequences,
showing the phylogenetic relationships between the PV-PG-Q1 isolate obtained in the present research
from Chenopodium quinoa plants of the Regalona variety and validated phylogenetic Peronospora
species from C. quinoa and other plants species belonging to the genus Chenopodium. The Peronospora
manshurica isolate KUS-F17669 from Glycine soja was included as an outgroup. The optimal tree
with the sum of branch length = 0.19783452 is shown. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the
branches [26]. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed
using the maximum composite likelihood method [27] and are in the units of the number of base
substitutions per site. The analysis involved 37 nucleotide sequences. All positions containing gaps
and missing data were eliminated. There was a total of 229 positions in the final dataset. Evolutionary
analyses were conducted in MEGA7 [28].

262



Plants 2021, 10, 1933

3. Discussion

The rapid expansion of quinoa from its area of origin into new cultivation areas could
be accompanied by the crop exposition to the damaging effects of known and/or new
pathogens [23]. In this context, monitoring quinoa in new growing areas is a determining
factor to identify the phytosanitary threats of this crop and to plan efficient management
strategies. For this reason, this work shows the results of a series of phytopathological
surveys carried out after observing, in a new cultivation site (Umbria, Central Italy):
(a) severe crop emergence failures in a number of quinoa varieties and (b) severe leaf
disease symptoms on one of the surveyed varieties.

Our investigations, carried out on the same seed batches used to set up the field
trial in which emergence failures were observed, allowed us to detect the presence of
browning/necrotic symptoms on seeds, with the highest incidence and severity detected on
the seeds of the three varieties (Titicaca, Rio Bamba, and Real) showing emergence failures.
The germination rate of Titicaca, Rio Bamba, and Real seeds was strongly compromised
if compared with that of Regalona variety, not only in symptomatic seeds but also in
the asymptomatic ones. In addition, the mycobiota composition associated with the
seeds showed substantial differences between Titicaca/Rio Bamba/Real varieties and
the Regalona variety, with the latter almost free from fungal pathogens except for low
levels of Alternaria spp. and Penicillium spp. Conversely, the fungal community isolated
from Titicaca, Rio Bamba, and Real seeds showed a high incidence of microorganisms
belonging to the genera Fusarium and Alternaria, with the first ones particularly abundant in
symptomatic seeds. This difference in composition/incidence of the mycobiota associated
with quinoa seeds could be attributable to the different areas in which the seeds were
obtained. Indeed, as mentioned above, the seeds of Titicaca, Rio Bamba, and Real varieties
were all obtained in the new Italian cultivation site (Umbria, Central Italy) in the year (2016)
preceding the one (2017) in which emergence failures were observed, while the Fusarium-
free Regalona seeds originated from Chile. Thus, the seed production area affected the
composition of the fungal community associated with quinoa seeds.

The Fusarium community associated with seeds of Titicaca, Rio Bamba, and Real
varieties was dominated by FIESC, which was particularly present in the symptomatic lots.
In vitro seed germination rates, especially those of asymptomatic and symptomatic seeds,
were negatively correlated to FIESC incidence, suggesting that this Fusarium complex could
have potentially been implicated in the emergence failure observed in the field. In fact, the
negative effect of Fusarium species on seed germination has been well documented [29,30].

However, the presence of other fungal genera and other Fusarium species detected
during the present work makes it difficult to define with certainty the amount of seed
germination and seedling emergence losses caused by FIESC and observed in the field. In
addition, fungal pathogens could be only one of the factors that influence the germination
and emergence of quinoa seedlings. Indeed, in addition to biotic factors (pathogens, but
also pests), a complex of abiotic factors and agronomic conditions, such as soil condition,
soil preparation before sowing, sowing depth, environmental conditions, low soil moisture
content, and crusty topsoil [12,31,32], can also strongly reduce quinoa seed germination
and plant emergence [33]. Further investigations could be useful to assess the impact of
FIESC on seed germination and on quinoa emergence.

FIESC members are generally associated with diseases of several crops, particularly
cereals [25,34,35]. They are considered “sporadic” and “weak” causal agents of Fusarium
head blight (FHB) of wheat and barley. For example, in the same Italian cultivation area of
the quinoa experiment described in this paper, FIESC has been often detected as a “minor”
component of the FHB complex of wheat and barley [36–38]. In addition, leaf spots caused
by FIESC have been observed in different Italian areas on leafy vegetable hosts (i.e., lettuce,
rocket, spinach, etc.) [35]. FIESC members have also the ability to biosynthesize mycotoxins,
including type A and type B trichothecenes, zearalenone, beauvericin, fusaric acid, and
moniliformin [39,40], representing a risk for human and animal health.
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FIESC is a phylogenetically species-rich complex that includes over 30 cryptic phylo-
genetic species, making identification based on phenotypic characteristics problematic [41].
The molecular analysis conducted in this study was able to ascribe the representative
isolate FIESC-PG-Q1 in a sub-clade within the Equiseti clade together with the phyloge-
netic validated species FIESC 5. At least two distinct morphotypes have been reported
in the literature for Equiseti clade species: morphotype I and II, with short or long apical
cells, respectively [42]. Morphotype II is predominant in southern Europe [43] and has
been associated to FIESC 5 [25]. Although FIESC 5 has also been previously detected by
Reference [44] in Italian soil, to the best of our knowledge, this is the first report of FIESC 5
on C. quinoa seeds in Italy. F. equiseti has been reported in C. quinoa also in Brazil [45].

FIESC members are usually seed-borne pathogens [46] and C. quinoa seed production
in Italy could be threatened by them. In fact, similarly to the main FHB agents, FIESC
accumulation in cereal grains occurred following field infection at the head level (during the
anthesis stage) and it could have been then exacerbated by inappropriate storage conditions.
The presence of FIESC in C. quinoa seeds may follow a similar pathway; however, specific
studies should be performed to assess the infection process of FIESC in quinoa inflorescence
and/or seeds. In addition, the ability of this pathogen to produce mycotoxins reveals a
possible threat to the safety of quinoa seeds destined for human consumption.

Several reports on Fusarium spp. isolation from diseased quinoa roots and young
seedlings are available. Fusarium spp. were reported as one of the quinoa root rot and
damping-off casual agents, often in association with Rhizoctonia solani (Cooke) Wint.,
Pythium spp., Alternaria spp., and Acremonium spp. [19,33,47,48]. Focusing on the genus
Fusarium, damping-off and root rot diseases of quinoa are currently reported to be asso-
ciated with Fusarium solani [(Mart.) Sacc.] and Fusarium oxysporum (von Schlechtendal)
in Egypt [47,48] and Fusarium avenaceum in the Czech Republic [33]. The results of the
present study contribute to expanding the knowledge of the Fusarium species that could
be associated with C. quinoa in new cultivation areas. Microorganisms belonging to this
genus could be common soil-inhabiting fungi that colonize the roots [35]. However, our
results show that, in addition to soil-borne diseases, Fusarium spp. could also cause quinoa
seed-borne diseases, as they were isolated from quinoa seeds before sowing.

The seeds of the Regalona variety analyzed during this study were completely free of
Fusarium spp. However, the developed Regalona plants, which did not have any emergence
problems, showed severe leaf symptoms (chlorosis and necrosis) and signs (sporangio-
phores) attributable to a downy mildew infection. The morphological features of the
representative isolate PV-PG-Q1 obtained from symptomatic Regalona leaves matched
with those described by References [49,50] for the species Peronospora variabilis. The identi-
fication of isolate PV-PG-Q1 as P. variabilis was also confirmed by molecular analysis.

As reported by several authors [20,22,51,52], P. variabilis has been specifically detected
in C. quinoa in Bolivia, Chile, Colombia, Ecuador, Peru, USA, India, Canada, Turkey,
Denmark, Korea, and Egypt, but not in Italy. The same pathogen was also reported on
C. album in several countries (Peru, Argentina, Romania, Germany, Latvia, the Netherlands,
Ireland, Korea, China, Turkey, Denmark) [21,22,50,53,54], including Italy [49]. Thus, to the
best of our knowledge, this is the first report of P. variabilis on C. quinoa in Italy. Downy
mildew is reported as one of the main causes of quinoa yield reduction all over the world;
the losses depend on various parameters, such as the plant’s phenological stages at the
infection time, presence of favorable weather conditions for the pathogen, and the level of
cultivar susceptibility [55]. On a susceptible cultivar, in favorable weather conditions, a
P. varaibilis attack during the first phenological stages can lead to total yield loss. As, unlike
Fusarium spp., P. variabilis does not produce mycotoxins and does not affect the healthiness
of the food product, the loss it causes is mainly quantitative.

Since the field experiment analyzed in this study had been sown with Regalona variety
seeds, the presence of the pathogen in the seeds was hypothesized and confirmed by PCR
assays carried out with species-specific primers (PV6F and PV6R), confirming P. variabilis as
a seed-borne oomycete pathogen [20,22]. Indeed, while during C. quinoa growth in the field,
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P. variabilis are easily transmitted by low-distance zoospore dissemination by wind and rain,
at long distances and between successive crop cycles the pathogen spreads by oospores [20].
However, given that P. variabilis is heterothallic, the presence of the two mating types P1 and
P2 is required for sexual reproduction and, thus, oospores formation [20]. Previous research
showed that oospores of P. variabilis were present in the seed pericarp [55]. Another study
revealed that they were mainly localized in the perianth and seed coat (>85%), while only
a very small percentage (<5%) were detected in the embryo and perisperm [56]. From the
seeds, P. variabilis can move inside C. quinoa tissues, causing a systemic host colonization.
A few days after seed germination, oospores were detected in the cortex of hypocotyls and
the mesophyll of cotyledons [22,57]. The efficacy of infection transmission from the seed to
seedling is favored by the high relative humidity at the sowing time, as well as by large
oospore density [58]. This suggests that, in addition to the use of tolerant varieties, also
avoiding the excess of water in the field and adjusting the space between rows, making
the area less dense, are cultural practices that could contribute to reducing the risk of
P. variabilis proliferation [20].

Thus, our investigation showed FIESC and P. variabilis are also important threats
to quinoa cultivation in Italy and underlines the importance of healthy seed production,
import, and use for successful quinoa cultivation. As already practiced for other crops (i.e.,
sunflower, cereals, etc.), the import and commercialization on a national and global scale
of seed materials dressed with fungicides or, for organic farming, with bio-fungicides or
heat-treated, would be desirable to avoid the spread of FIESC and P. variabilis, as well as of
other seed-borne pathogens [20].

However, given the current lack of registered fungicides on quinoa in Italy, the man-
agement of these two pathogens (as well as of other pathogens) can negatively affect quinoa
cultivation in both organic and integrated disease management approaches. Moreover,
even if, to the best of our knowledge, no pathogenicity tests have ever been carried out
to verify the infectivity of P. variabilis isolates from C. album on quinoa, the elimination of
C. album weeds on the quinoa field would be advisable.

In fact, C. album is frequently infected by downy mildew throughout Europe because
it is conspecific with the P. variabilis from C. quinoa; therefore, it is likely to be a reservoir for
the pathogen and an alternative host [22]. Other Chenopodium species were reported to host
the pathogen but these studies need further investigation. Cross-infection of P. variabilis on
C. album and C. quinoa is the only instance that has been reported to date [22]. Mechanical
and manual weed control is the most suitable method to control C. album, both in organic
farming and in integrated pest management, because there are no selective herbicides
registered for quinoa and other minor crops in Europe [17,59,60].

With the rapid expansion of quinoa growing areas, the negative impact of some other
pathogens can arise in quinoa cultivation in Italy as well. For example, in addition to
downy mildew, in the new cultivation regions, other fungal diseases such as gray mold
caused by Botrytis cinerea (Pers.) [23], black stem caused by Ascochyta caulina [61], leaf spot
caused by Heterosporicola beijingense sp. nov. [62], and anthracnose caused by Colletotrichum
nigrum (Ellis and Halst) and Colletotrichum truncatum (Schwein) [22] were observed in the
UK (gray mold), China (black stem and leaf spot), and USA (anthracnose), showing that
diseases may easily occur when quinoa is introduced into nontraditional cultivation areas.

In conclusion, the introduction of a new plant species like C. quinoa in a new cultivation
area requires the constant monitoring of its pathogens, with particular attention to those
coming from other areas through infected seeds and those that arise as new threats in the
new geographical distribution zone. In detail, these results highlight a particular need
for the development of rapid, sensitive, and reliable methods to screen for quinoa seeds
and plant pathogens. As suggested by Reference [22], this could be useful for the early
detection of casual agents before diseases become too developed, but also to ensure certified
pathogen-free quinoa seeds, which is an important requirement to be achieved at the global
level.
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4. Materials and Methods
4.1. Field Observations, Samples Collection, and Examination of Sampled Materials

In April 2017, in a quinoa field trial located at Papiano (42◦57’ N, 12◦22’ E, 165 m a.s.l.),
near Perugia (Umbria, Central Italy; Figure 10), emergence failures of the Titicaca, Rio
Bamba, and Real varieties were observed. Seed multiplication of these varieties had been
performed during the previous year (2016) in the same location. Conversely, an optimal
emergence was recorded for the seeds belonging to the Regalona variety, imported from
Chile. However, on Regalona plants, foliar chlorotic symptoms were detected in the same
field trial in June 2017, stimulating a series of phytopathological investigations on seed lots
of the four varieties and on the leaves of the Regalona variety.
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Thus, representative samples (30 g each corresponding to about 15,000 seeds on
average) of the same four seed batches used to set up the field trial and a total of 30 plants
of the Regalona variety, randomly chosen during the field trial, were collected. All samples
(seeds and plants) were subject to a combination of visual and stereomicroscopic (SZX9,
Olympus, Tokyo, Japan) observations to detect symptoms and, if present, signs of possible
pathogens.

Concerning the four seed batches, during visual and stereomicroscopic observations,
the incidence (%) of symptomatic seeds was assessed on a subsample of 30 randomly
chosen seeds divided into three replicates (10 seeds per replicate).

For the Regalona samples, the formation of pathogen signs was promoted by placing
a total of 10 symptomatic leaves, randomly collected from sampled plants, in humid
chambers obtained by using 40 mL of sterile 1% water–agar (Biolife Italiana, Milan, Italy)
in Petri dishes (150 mm diameter; Nuova Aptaca, Canelli, Italy). After 24 h of incubation
under natural lighting, chlorotic leaves in humid chambers were observed as previously
described. Moreover, pathogen signs were observed in more detail and photographed by a
light microscope (Axiophot, Zeiss, Oberkochen, Germany).
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4.2. Seed Germination Test

A total of 10 g (about 5000 seeds) of the above-reported seed batches of the Titicaca,
Rio Bamba, Real, and Regalona varieties were randomly collected and used to assess the
germination rate (%). In detail, for each batch, a total of 30 symptomatic and 30 asymp-
tomatic seeds were randomly selected and divided into 3 replicates of 10 seeds each that
were placed into 3 Petri dishes (90 mm diameter; Nuova Aptaca) onto two layers of sterile
filter paper (Whatman N. 1, Maidstone, UK), previously added to 10 mL of sterile deionized
water. Before assessing the incidence of germinated seed, Petri dishes were sealed with
parafilm (Bemis Amcor, Oshkosh, WI, USA), to avoid water evaporation, and incubated
for 6 days at 22 ◦C, in the dark.

4.3. Seed Mycological Analysis

For each of the four varieties (Titicaca, Rio Bamba, Real, and Regalona) a total of
30 symptomatic and 30 asymptomatic seeds were taken from a randomly collected seed
sample of 10 g and used to assess the mycobiota associated with each seed batch. In
detail, seed mycological analysis was performed as previously indicated by Reference [36],
adapting this method to quinoa seeds. Briefly, seeds were externally disinfected for 2 min
using a water–ethanol (95%, Sigma Aldrich, Saint Louis, MO, USA)-sodium hypochlorite
(7%, Carlo Erba Reagents, Milan, Italy) solution (82:10:8% vol.) and rinsed with deionized
sterile water for 1 min. Thirty seeds were placed onto potato dextrose agar (PDA; Biolife
Italiana) pH 5.7, supplemented with streptomycin sulfate (0.16 g/L, Sigma Aldrich) into
3 Petri dishes (90 mm diameter, Nuova Aptaca) (replicates) containing 10 seeds each, for a
total of three replicated plates per variety. The dishes were incubated at 22 ◦C in the dark.

After 6 days of incubation, a combination of visual and stereomicroscopic (SZX9,
Olympus) observations were carried out on each seed to assess the presence of the different
developed fungal genera. Light-microscopic (Axiophot, Zeiss) observations of fungal
structures characterizing the developed colonies were also performed.

4.4. Molecular Identification of Fusarium spp. Associated to Quinoa Seeds

Fungal isolates obtained from seed samples were transferred in pure cultures into new
plates containing PDA and placed at 22 ◦C, in the dark. After 10 days of incubation, Fusar-
ium cultures developed from each single seed category (symptomatic and asymptomatic)
of Titicaca, Rio Bamba, and Real varieties were assigned to a particular “morphotype”
according to colony color and shape on PDA, as well as to the morphology of reproductive
structures as observed by microscopic analysis (Axiophot, Zeiss). This selection allowed
us to obtain a subset of isolates composed of one representative isolate per morphotype.
These representative isolates (four in total), after obtaining monosporic culture, were
placed into new PDA plates at 22 ◦C in the dark for two weeks. Their mycelium was
then scraped from the PDA and placed into 2 mL sterile plastic tubes (Eppendorf, Ham-
burg, Germany) at −80 ◦C, freeze-dried with a lyophilizer (Heto Powder Dry LL3000;
Thermo Fisher Scientific, Waltham, MA, USA), and the mycelium was finely ground with
a grinding machine (MM60, Retsch, Dusseldorf, Germany) for 5 min with a frequency of
25 Hz. DNA extraction was performed as described in Reference [63], with modifications
reported in Reference [37]. Extracted genomic DNA was visualized on a 1% agarose, trizma
base-glacial acid acetic-ethylenediamine-tetraacetic acid disodium salt dihydrate (TAE; all
from Sigma Aldrich, Merck KGaA, St. Louis, MO, USA) gel in TAE buffer (1X) containing
500 µL/L of RedSafe (iNtRON Biotechnology, Burlington, MA, USA). DNA fragments
were separated in 10 cm-long agarose gels, with an electrophoresis apparatus (Eppendorf),
applying a tension of 110 V for ~30 min. Electrophoretic runs were visualized using an
ultraviolet transilluminator (Euroclone, Milan, Italy). DNA concentration was estimated
by comparison with a 1 kb gene ruler (Thermo Fisher Scientific, Milan, Italy). DNA was
diluted in DNase-free sterile water for molecular biology use (5prime, Hilden, Germany)
to obtain a concentration of ~30 ng/µL and stored at −20 ◦C until use.
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The DNA extracted from Fusarium representative isolates was subject to partial tef1α
gene amplification, purification, and sequencing. A PCR protocol was adopted using a
total reaction volume of 50 µL. Each reaction contained 29 µL of sterile water for molec-
ular biology use, 5 µL of 10X Dream Taq Buffer + magnesium chloride (Thermo Fisher
Scientific), 3.75 µL of cresol red (Sigma Aldrich), 5 µL of dNTP mix 10 mM (Microtech,
Naples, Italy), 2.5 µL of 10 µM EF1 and EF2 primers [64,65], 0.25 µL of 5 U/µL Dream
Taq Polymerase (Thermo Fisher Scientific), and 2 µL of template DNA. The PCR cycle
consisted of an initial denaturation step (94 ◦C for 5 min), followed by 30 cycles of de-
naturation (94 ◦C for 1 min), annealing (53 ◦C for 1 min) and extension (72 ◦C for 1 min),
and a final extension (72 ◦C for 10 min). PCR assays were performed on a T-100 thermal
cycler (Bio-Rad, Hercules, CA, USA). PCR fragments were visualized on TAE 1X agarose
gel (2%) containing 500 µL/L of RedSafe. DNA fragments were separated at 110 V for
~40 min. Electrophoretic runs were observed with an ultraviolet transilluminator. The size
of the amplified fragments was obtained by comparison with HyperLadder 100–1000 bp
(Bioline Meridian Bioscience, Cincinnati, OH, USA). PCR fragments were purified and
sequenced by an external sequencing service (Genewiz Genomics Europe, Takeley, UK).
The sequences obtained were verified by Chromatogram Explorer Lite v4.0.0 (Heracle
Biosoft srl 2011) and analyzed by the BLAST database (National Center for Biotechnology
Information, http://blast.ncbi.nih.gov (accessed on 18 March 2021)). The sequence of
the most representative Fusarium isolate (denominated FIESC-PG-Q1) was used to build
a phylogenetic tree. Phylogenetic analyses were performed by MEGA software version
7.0 [28] according to [25] by using partial tef1α region sequence of the FIESC-PG-Q1 ob-
tained in the present study and of validated phylogenetic species of the FIESC reported in
GenBank (Supplementary Table S1); Fusarium concolor Reinking NRRL 13459 was chosen
as the outgroup [25]. Sequences were aligned, nucleotide gaps and missing data were
deleted, and a phylogenetic tree was built using the neighbor-joining method [66] with the
bootstrap test for 1000 replicates [26]. The evolutionary distances were computed using the
maximum composite likelihood method [27].

4.5. Molecular Identification of the Pathogen Associated with Quinoa Leaves

A combination of visual, stereomicroscopic, and microscopic observations allowed us
to hypothesize that the symptoms associated with Regalona variety leaves were caused
by a pathogen belonging to the oomycetes class. For this reason, a sample of 10 leaves
was randomly collected from sampled Regalona plants, bulked together and placed into
a 50 mL sterile plastic tube (Falcon, Corning, Glendale, AR, USA) at −80 ◦C, freeze-
dried with a lyophilizer (Heto Powder Dry LL3000), and finely ground with a grinding
machine (MM60, Retsch) for 5 min with a frequency of 25 Hz. A sub-sample of 1 g
was placed into a new 50 mL tube (Falcon, Corning) and subject to DNA extraction
using the method previously used by Reference [67] for wheat grains and successfully
adapted to quinoa leaves. Total extracted genomic DNA was visualized and quantified
as previously described (Section 4.4). The whole DNA extracted was subject to partial
ribosomal DNA (rDNA) ITS gene amplification of oomycetes. A PCR protocol was adopted
as previously described (see Section 4.4) using ITS6 and ITS7 primers [68,69] targeting
the ITS region of rDNA in oomycetes. The PCR cycle consisted of an initial denaturation
step (94 ◦C for 5 min), followed by 35 cycles of denaturation (94 ◦C for 30 s), annealing
(57 ◦C for 30 s) and extension (72 ◦C for 1 min), and a final extension (72 ◦C for 10 min).
PCR assays were performed as previously described (Section 2.4). PCR fragments were
purified and sequenced by an external sequencing service (Genewiz Genomics Europe,
Takeley, UK). The sequences obtained were verified by Chromatogram Explorer Lite v4.0.0
and analyzed by the BLAST database (National Center for Biotechnology Information,
http://blast.ncbi.nih.gov (accessed on 19 March 2021).

According to References [49,50], phylogenetic analyses were performed as previously
described (Section 4.4) by using partial ITS region sequences of the isolate obtained in the
present research and denominated PV-PG-Q1 and those of validated Peronospora species
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from C. quinoa and other plant species belonging to the genera Chenopodium, Spinacia, and
Atriplex in the Amaranthaceae family reported in GenBank (Supplementary Table S2). The
Peronospora manshurica (Naumov) Syd. isolate KUS-F17669 from Glycine soja Hort. was
included as an outgroup [49,50].

Finally, to detect if the pathogen was seed-transmitted, a sample of 10 g of Regalona
seeds was randomly collected and finely ground with a grinding machine (MM60, Retsch)
for 5 min with a frequency of 25 Hz. A sub-sample of 4 g was placed into a 50 mL tube
(Falcon, Corning) and subject to DNA extraction using the CTAB method previously used
by [66] for wheat grains and successfully adapted to quinoa seeds. Total extracted genomic
DNA was visualized and quantified as previously described (Section 4.4). The whole DNA
extracted was used to carry out a PCR protocol as previously described (Section 4.4) but
using PV6F and PV6R species-specific primers [22] for P. variabilis detection. The PCR
cycle consisted of an initial denaturation step (94 ◦C for 2 min), followed by 10 cycles of
denaturation (95 ◦C for 30 s), annealing (66 ◦C for 45 s, −1 ◦C per cycle) and extension
(72 ◦C for 1.5 min), 22 cycles of denaturation (95 ◦C for 30 s), annealing (63 ◦C for 45 s)
and extension (72 ◦C for 90 s), and final extension (72 ◦C for 5 min). PCR assays were
performed and amplified fragments were visualized as described before (Section 4.4). DNA
from Titicaca seeds and asymptomatic and symptomatic (infected by P. variabilis) leaves of
Regalona were also added as a control to this PCR assay.

4.6. Statistical Analysis

• Incidence (%) of asymptomatic and symptomatic seeds is indicated for each variety as
the average (±standard error, SE) of three biological replicates. Data were subject to
one-way analysis of variance by considering “variety” as a factor and “incidence” as a
variable.

• The germination rate (%) was indicated for each variety as the average (± SE) of
three biological replicates (Petri dishes), both for the asymptomatic and symptomatic
selected seeds. Data were subject to one-way analysis of variance by considering,
within a variety or between varieties, “seed category (asymptomatic, symptomatic)”
as a factor and “germination rate” as a variable.

• The incidences (%) of each fungal genus recovered during the entire survey are
expressed as the average (± SE) of three biological replicates (Petri dishes), both for
the asymptomatic and symptomatic selected seeds. Data were subject to one-way
analysis of variance by considering: within the variety–seed category combination,
“fungal genera” as a factor and “incidence” as a variable; within the variety–fungal
genera combination, “seed category (asymptomatic, symptomatic)” as a factor and
“incidence” as a variable; and within the fungal genera–seed category combination,
“variety” as a factor and “incidence” as a variable.

• The incidences (%) of each Fusarium species recovered during the entire survey were
calculated as the incidence of isolates belonging to the morphotype from which the
identified isolate was sub-sampled and are expressed as the average of three biolog-
ical replicates (Petri dishes), both for the asymptomatic and symptomatic selected
seeds. Data were subject to one-way analysis of variance by considering, within the
variety–seed combination category, “Fusarium species” as a factor and “incidence” as
a variable;

• The incidence (%) of FIESC recovered during the entire survey is expressed as the
average (± SE) of three biological replicates (Petri dishes) both for the asymptomatic
and symptomatic selected seeds. Data were subject to one-way analysis of variance
by considering: within the variety–seed combination category, “fungal genera” as a
factor and “incidence” as a variable; within the variety–fungal genera combination,
“seed category (asymptomatic, symptomatic)” as a factor and “incidence” as a vari-
able; within the fungal genera–seed combination category, “variety” as a factor and
“incidence” as a variable.
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In all cases, to assess pairwise contrasts, Tukey’s honestly significant difference (HSD)
(p≤ 0.05) was used. All statistical analyses were performed with the Microsoft Excel Macro
“DSAASTAT” ver. 1.0192 [70]. Finally, the correlations between seed germination rate (%)
and FIESC incidence (%) in each quinoa variety and seed category were studied using the
coefficient of determination (R2), followed by a Student t-test.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10091933/s1, Table S1: Isolates of Fusarium species belonging to the Fusarium incarnatum-
equiseti species complex (FIESC) used in the phylogenetic analysis and related GenBank accession
numbers of tef1α region and clade. Table S2: Isolates of Peronospora spp. used in the phylogenetic
analysis and related host, origin, and GenBank accession numbers of the ITS region. Figure S1:
Electrophoresis gel showing the result of the PCR assay for the detection of Peronospora variabilis in
Regalona seeds with the use of species-specific primers (PV6F and PV6R). Lane 1, Titicaca seeds;
lane 2, Regalona seeds; lane 3, Regalona asymptomatic leaves; lane 4, Regalona leaves showing
downy mildew symptoms from P. variabilis infection (positive control). According to [21], product
size was approximately 278 bp.
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Abstract: During the last few years, quinoa, a traditional Andean crop, has been cultivated at low
elevations where pest pressure is high and farmers resort to intensive use of insecticides. This field
study investigated the impact of four insecticides (cypermethrin, imidacloprid, teflubenzuron and
emamectin benzoate) on insect pests of quinoa and their side effects on the arthropod community
at the coastal level of Peru, by analysing the species composition, species diversity and population
density. The arthropod community was examined with pitfall traps (for ground dwelling species),
plant samplings (for pests and their natural enemies that inhabit the crop), and yellow pan traps (to
catch flying insects). The results demonstrated that Macrosiphum euphorbiae, Frankliniella occidentalis
and Spoladea recurvalis were efficiently controlled by cypermethrin and imidacloprid; the latter
compound also showed long-term effects on Nysius simulans. Teflubenzuron and emamectin benzoate
proved to be efficient to control S. recurvalis. Imidacloprid had the strongest adverse effects on the
arthropod community in terms of species diversity, species composition and natural enemy density
as compared to the other insecticides. Findings of this study may assist farmers intending to grow
quinoa at the coastal level in selecting the most appropriate insecticides under an integrated pest
management approach.

Keywords: insecticides; quinoa pests; side effects; natural enemy; IPM

1. Introduction

Quinoa is an Andean grain that has increasingly gained international interest due
to its high nutritional value [1]. During the last decade, the cultivated area of quinoa has
substantially increased in South American countries such as Ecuador, Chile and particularly
Bolivia and Peru [2–4]. In the case of Peru, the production areas have extended to lower
elevations, reaching even the coastal level [5]. Moreover, there have been attempts of
cultivating quinoa outside of its Andean place of origin, in countries such as the United
States of America, the United Kingdom and a number of other European countries [6,7].
Therefore, recent efforts have been made to adapt the cultivation of quinoa under non-
Andean conditions, including studies regarding to the entomofauna associated with the
crop [5,8–12].

In the Andes, at an altitude between 2300 and 3800 m a.s.l., quinoa is traditionally
cultivated since ancient times [7]. In this region Eurysacca melanocampta Meyrick and
Eurysacca quinoae Povolvý are the key pests of quinoa, causing damage by feeding on
the developing grains; a range of other phytophagous insects are considered of minor
importance [2,6].
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At the coastal level, the number of relevant phytophagous insects infesting quinoa is
substantially larger. These include species of wide distribution such as the cosmopolitan
aphids (Macrosiphum euphorbiae (Thomas)), thrips (Frankliniella occidentalis (Pergande)) and
leafminer flies (Liriomyza huidobrensis Blanchard); and also others of neotropical distribution
such as certain true bugs (Nysius simulans Stål and Liorhyssus hyalinus (Fabricius)) and
lepidopteran larvae (i.e., E. melanocampta, Chloridea virescens (Fabricius), Spoladea recurvalis
Fabricius)) that feed on the developing grains [2,5,11]. Under this scenario, farmers may
be prompted to apply more pesticides than quinoa growers from the highlands. Hence
the need for exploring a range of chemical compounds that may be suitable for use in
an integrated pest management (IPM) programme. As in other field crops [13], selective
insecticides with a more favourable toxicological profile to the natural enemy community
may be a valuable tool for IPM in quinoa.

Cypermethrin is commonly used by the quinoa growers [6]. This insecticide of the
pyrethroid group is a nonpersistent sodium channel modulator, characterized by a broad
spectrum activity. The compound acts by direct contact, causing neuronal hyperexcitation
alongside the axon [10,14]. Due to its relatively short residual effects and lower price, this
pesticide is often overused, causing environmental issues and promoting resistance in pest
insects [5,10]. The adverse effects of cypermethrin on non-target organisms are widely
documented [15,16].

Imidacloprid is one of the most widely used insecticides worldwide [17–19] and
it is also commonly used by farmers in coastal areas of quinoa production [20]. This
compound may effectively control a range of phytophagous insects noted to be pests of
quinoa (including aphids, thrips, true bugs and some lepidopteran species). This neurotoxic
insecticide of the neonicotinoid group, is an acetylcholine receptor agonist with broad
spectrum and highly systemic activity, acting by ingestion and direct contact, causing
neuronal hyperexcitation at the level of the synapses [5,21]. Toxicity of imidacloprid to
non-target organisms, including beneficial species such as pollinators (i.e. bees) and natural
enemies has been documented in different crops, but there are presently no reports for
quinoa [15,16,22–27]. Due to these adverse effects, particularly to the bees, this active
ingredient has been banned in Europe [28].

Teflubenzuron has a more favourable environmental profile, with lesser toxicity to a
range of non-target organisms as compared to the broad-spectrum compounds, and thus
may be considered as a tool for an IPM program in quinoa [29]. This insect growth regulator
(IGR) of the benzoylphenylureas group is a highly active inhibitor of chitin synthesis, aimed
mainly at lepidopteran larvae. This compound is considered to be safer to the beneficial
fauna (especially in the adult stage) than pyrethroids and neonicotinoids, although there
are reports of its toxicity towards a number of arthropod predators [16,30–32].

Emamectin benzoate, a neurotoxic insecticide of the avermectin group, is another insec-
ticide reported to be more selective against lepidopteran larvae. Although toxicity to some
natural enemies and non-target arthropods have been reported, this insecticide is considered
less harmful to beneficial arthropods as compared with broad spectrum compounds [16,33].
The insecticide acts mainly by ingestion causing paralysis in the insect by activating allosteri-
cally the glutamate-gated chloride channels in the synapses [16,30,34–36].

The aim of the present field study was to examine the effects of two broad spectrum
insecticides (cypermethrin and imidacloprid) and two selective insecticides (teflubenzuron
and emamectin benzoate), with different modes of action and from different chemical
groups, against quinoa pests in Peru and record their side effects on non-target arthropods
by analysing the species composition, species diversity and population density in quinoa
fields at the coastal level (a region with potential areas for quinoa production). To assess
the effects of these insecticides on the arthropod community, including phytophagous
and beneficial species, we combined three sampling techniques (i.e., pitfall traps, plant
sampling and yellow pan traps) targeting groups from different ecological habitats. The
findings of this field study should be of special interest to quinoa farmers and agricultural
extensionists from Andean and non-Andean countries who are exploring the cultivation of
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quinoa, to use insecticides of higher compatibility with natural biological control as part of
an IPM approach.

2. Results
2.1. Effects on the Composition of the Arthropod Fauna

The NMDS-plots show the distances between treatments concerning the composi-
tion of the arthropods collected from 24 September 2017 to 11 December 2017, with the
different sampling methodologies (in Figure 1), based on the Bray–Curtis dissimilarity
index. Ellipses are formed by the replications of each treatment (based on the presence and
abundance of species) and the closeness or distances between them reflect their similarities
and dissimilarities, respectively. Some morphospecies are shown in the NMDS-plots to
depict the differences in the species composition collected in each insecticide treatment:
the distance of a morphospecies to the centre of an ellipse (treatment) reflects its scarcity or
even absence in the treatment.

Plants 2021, 10, x FOR PEER REVIEW 3 of 18 
 

 

phytophagous and beneficial species, we combined three sampling techniques (i.e., pit-
fall traps, plant sampling and yellow pan traps) targeting groups from different ecologi-
cal habitats. The findings of this field study should be of special interest to quinoa farm-
ers and agricultural extensionists from Andean and non-Andean countries who are ex-
ploring the cultivation of quinoa, to use insecticides of higher compatibility with natural 
biological control as part of an IPM approach. 

2. Results 
2.1. Effects on the Composition of the Arthropod Fauna 

The NMDS-plots show the distances between treatments concerning the composi-
tion of the arthropods collected from 24 September 2017 to 11 December 2017, with the 
different sampling methodologies (in Figure 1), based on the Bray–Curtis dissimilarity 
index. Ellipses are formed by the replications of each treatment (based on the presence 
and abundance of species) and the closeness or distances between them reflect their sim-
ilarities and dissimilarities, respectively. Some morphospecies are shown in the 
NMDS-plots to depict the differences in the species composition collected in each insec-
ticide treatment: the distance of a morphospecies to the centre of an ellipse (treatment) 
reflects its scarcity or even absence in the treatment. 

As to the pitfall trap data, the proximity of the ellipses in the NMDS-plot (Figure 1a) 
suggests high similarity among the treatments in terms of the composition of ground 
dwelling species, which was confirmed by the PerMANOVA test that indicated no sig-
nificant differences between treatments (F–model4, 10 = 0.7537, p = 0.819). Likewise, for the 
flying insects collected at the top of the canopy with the pan traps (Figure 1c), no signif-
icant differences between treatments were found (F–model4, 10 = 1.066, p = 0.441). For the 
plant sampling data (i.e., the specimens collected from the quinoa plants), however, the 
ellipse corresponding to the imidacloprid treatment in the NMDS-plot (Figure 1b) is 
separated from the others, suggesting high dissimilarity between imidacloprid and the 
other treatments; in this case, the test was significant (F–model4, 10 = 2.835, p = 0.001). 

 
Figure 1. The NMDS plot showing the compositional distance between treatments for different sampling methods:
(a). pitfall trapping; (b). plant sampling; (c). pan trapping. Plots are displayed by orange dots; plots that belong to the same
treatment are fitted in a single ellipse. Each treatment is represented by a different colour.

As to the pitfall trap data, the proximity of the ellipses in the NMDS-plot (Figure 1a)
suggests high similarity among the treatments in terms of the composition of ground
dwelling species, which was confirmed by the PerMANOVA test that indicated no sig-
nificant differences between treatments (F–model4,10 = 0.7537, p = 0.819). Likewise, for
the flying insects collected at the top of the canopy with the pan traps (Figure 1c), no
significant differences between treatments were found (F–model4,10 = 1.066, p = 0.441). For
the plant sampling data (i.e., the specimens collected from the quinoa plants), however,
the ellipse corresponding to the imidacloprid treatment in the NMDS-plot (Figure 1b) is
separated from the others, suggesting high dissimilarity between imidacloprid and the
other treatments; in this case, the test was significant (F–model4,10 = 2.835, p = 0.001).
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2.2. Effects on Diversity of Arthropods
2.2.1. Structure

Rank abundance curves of the morphospecies collected in the period between 24
September 2017 and 11 December 2017, were calculated for each insecticide treatment
(Figure 2). For the pitfall trap data, the corresponding curves for the treatments and the
untreated control have similar patterns, except for imidacloprid in which a slightly more
pronounced slope can be observed (Figure 2a), indicating that the imidacloprid treatment
affected the evenness of the ground dwelling arthropod community to a higher degree
than the other insecticides. When applying the ANOVA, significant differences between
treatments were found for the Shannon (F4,8 = 4.109, p = 0.042) and Simpson’s dominance
(F4,8 = 4.038, p = 0.038) indices. The Duncan test confirmed that imidacloprid had a
significantly greater impact on the species equitability (with lowest value of Shannon index),
preventing dominance of certain taxa (with the lowest value of Simpson’s dominance index)
(Table 1).
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As to the specimens collected from the quinoa plants, the corresponding curve for
imidacloprid markedly differs from the other treatments and the untreated control, due
to the lower number of species collected (Figure 2b). However, no significant differences
between treatments for the Shannon (F4,8 = 2.57, p = 0.119) and Simpson’s dominance
(F4,8 = 1.81, p = 0.220) indices were found (Table 1). For the pan trap data, the curves
for all treatments and the control have similar patterns (Figure 2c), suggesting a similar
distribution of flying species in the community over all plots. The ANOVA confirmed no
significant differences between treatments in terms of the Shannon (F4,8 = 0.34, p = 0.841)
and Simpson’s dominance (F4,8 = 0.45, p = 0.771) indices.
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Table 1. Diversity index (mean ± standard deviation) of morphospecies, according to the sampling methodology applied,
collected after the first insecticide treatment (sampling period between 24 September 2017 and 11 December 2017).

Diversity Index
Treatments

F Value p-Value
Teflubenzuron Emamectin

Benzoate Imidacloprid Cypermethrin Control

Pitfall trapping
Shannon 1.92 ± 0.11 a 1.80 ± 0.01 a 1.44 ± 0.11 b 1.73 ± 0.17 a 1.87 ± 0.25 a 4.11 0.042

Simpson’s
dominance 0.77 ± 0.03 a 0.75 ± 0.05 a 0.60 ± 0.05 b 0.73 ± 0.09 a 0.76 ± 0.09 a 4.04 0.038

Margalef 3.06 ± 0.16 a 2.85 ± 0.09 ab 2.48 ± 0.12 c 2.68 ± 0.21 bc 2.78 ± 0.16 ab 5.55 0.019

Plant sampling
Shannon 0.99 ± 0.08 a 0.84 ± 0.15 a 0.94 ± 0.18 a 0.82 ± 0.13 a 1.13 ± 0.06 a 2.57 0.119

Simpson’s
dominance 0.49 ± 0.06 a 0.43 ± 0.09 a 0.52 ± 0.10 a 0.40 ± 0.08 a 0.55 ± 0.02 a 1.81 0.220

Margalef * 1.71 ± 0.13 a 1.71 ± 0.26 a 1.09 ± 0.27 b 1.78 ± 0.06 a 1.97 ± 0.52 a 4.76 0.029

Pan trapping

Shannon 1.11 ± 0.14 1.13 ± 0.19 1.09 ± 0.01 1.18 ± 0.10 1.13 ± 0.05 0.34 0.841

Simpson’s
dominance 0.40 ± 0.06 0.43 ± 0.08 0.04 ± 0.01 0.44 ± 0.04 0.42 ± 0.04 0.45 0.771

Margalef * 3.52 ± 0.29 3.40 ± 0.08 3.50 ± 0.20 3.61 ± 0.15 3.61 ± 0.23 0.49 0.747

Different letters within a row indicate significant differences at α = 0.05 (Duncan test), when the ANOVA was significant. * ANOVA run
after using Box–Cox transformation method (γ = 0.2).

2.2.2. Species Richness

Significant differences between treatments were found in species richness of the
ground dwelling arthropods, measured by the Margalef index (F4,8 = 5.55, p = 0.019).
The lowest species richness was obtained with imidacloprid, being significantly inferior
to that of the teflubenzuron and emamectin benzoate treatments and the untreated con-
trol, but without significant differences with cypermethrin. Significant differences were
also found for the insects collected from the plants (F4,8 = 4.76, p = 0.029), with the imi-
dacloprid treatment having the lowest value. For the pan trapping data, no significant
differences in species richness of flying insects between treatments and the control were
found (F4,8 = 0.49, p = 0.747) (Table 1).

2.3. Effects on Functional Species Pools
2.3.1. Phytophagous Group

Four herbivorous species infested the plots in relatively high abundance: Spoladea
recurvalis, which appeared at the early stages of the crop phenology and Macrosiphum
euphorbiae, Frankliniella occidentalis and Nysius simulans, the incidence of which in all plots
was recurrent throughout the cropping season. The mean numbers of these species per
plant were compared between treatments (Table 2).

The statistical analysis indicated that all insecticides were efficient to reduce S. recur-
valis incidence after the first application as compared to the untreated control (F4,8 = 7.73,
p = 0.007). Since this pest had disappeared in the treated plots, the effects after the second
application could not be evaluated, neither at day 6 nor at day 69 after the application.

Significant differences in the numbers of M. euphorbiae were observed, 6 days after the
first (F4,8 = 28.73, p < 0.001) and 6 days after the second applications (F4,8 = 7.32, p = 0.008),
and also 69 days after the second application (F4,8 = 7.80, p = 0.007). Six days after the first
application, the lowest mean number per plant was obtained with imidacloprid, differing
significantly from the numbers observed in the teflubenzuron and emamectin benzoate
treatments and in the untreated control, whereas the imidacloprid and cypermethrin
treatments were similar. On day 6 after the second application, significantly lower aphid
numbers were registered for the imidacloprid and cypermethrin treatments, whereas the
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teflubenzuron and emamectin benzoate treatments were similar to the untreated control.
At the last sampling, 69 days after the second application, the aphid numbers were similar
in the teflubenzuron, cypermethrin and the untreated plots; the highest aphid abundance
was recorded with emamectin benzoate and the lowest with imidacloprid.

Table 2. Numbers of individuals of the major insect pests (mean no. per plant± standard deviation) under different treatments.

Taxa
Treatments

F Value p-Value
Teflubenzuron Emamectin

Benzoate Imidacloprid Cypermethrin Control

Spoladea recurvalis
1DBA 2.4 ± 1.39 2.8 ± 0.51 2.7 ± 0.33 3.2 ± 1.64 2.4 ± 1.02 0.15 0.956

1st application
* 6DAA 0.4 ± 0.77 b 0.1 ± 0.19 b 0 ± 0.0 b 0.1 ± 0.19 b 2.0 ± 0.88 a 7.73 0.007

2nd application
6DAA 0 0 0 0 0.67 ± 0.67 N.A. N.A.
69DAA 0 0 0 0 0 N.A. N.A.

Macrosiphum
euphorbiae

1DBA 11.4 ± 4.33 15.7 ± 9.17 13.1 ± 4.19 20.4 ± 10.49 12.3 ± 4.26 1.33 0.338
1st application

** 6DAA 11.6 ± 4.74 b 7.8 ± 0.77 b 1.8 ± 2.04 c 2.9 ± 2.99 c 27.4 ± 10.83 a 28.73 <0.001
2nd application

6DAA 6.9 ± 4.44 a 11.2 ± 3.56 a 0.2 ± 0.19 b 0.3 ± 0.33 b 6.6 ± 3.89 a 7.32 0.008

*** 69DAA 145 ± 40.19
ab

250 ± 104.46
a 36.2 ± 1.67 c 113.8 ± 25.06

b
86.1 ± 27.48

bc 7.80 0.007

Frankliniella
occidentalis

1DBA 2.2 ± 1.26 2.4 ± 1.26 2.9 ± 0.84 4.3 ± 0.58 1.8 ± 0.68 2.62 0.115
1st application

6DAA 5.3 ± 1.20 a 4.7 ± 1.15 a 2.3 ± 0.33 b 1.4 ± 0.38 b 5.4 ± 1.17 a 9.47 0.004
2nd application

*** 6DAA 5.1 ± 0.84 b 4.3 ± 1.15 b 2.1 ± 0.51 c 0.6 ± 0.19 c 9.89 ± 2.46 a 171.17 <0.001

69DAA 26.3 ± 11.1b 62.1 ± 6.50 a 7.2 ± 1.89 d 15.1 ± 5.42 bc 20.3 ± 11.98
bc 46.76 <0.001

Nysius simulans
* 1DBA 0.1 ± 0.19 0.2 ± 0.19 0.1 ± 0.19 0.3 ± 0.33 0.8 ± 0.84 0.82 0.549

1st application
6DAA 0 ± 0 0 ± 0 0.2 ± 0.19 0.1 ± 0.19 0.1 ± 0.19 1.75 0.232

2nd application
* 6DAA 0.6 ± 0.38 0.6 ± 0.69 0.3 ± 0.33 0.1 ± 0.19 0 ± 0 1.62 0.261
69DAA 5.0 ± 0.67 a 3.6 ± 0.19 b 1.0 ± 0.67 d 2.0 ± 0.33 c 2.9 ± 0.19 bc 25.87 <0.001

DBA: days before application; DAA: days after application; N.A.: not applicable. Different letters within a row indicate significant
differences at α = 0.05 (Duncan test), when the ANOVA was significant. * ANOVA run after using Box–Cox transformation method γ
=−2.0, ** γ = 0.45, *** γ = 0.30.

Significant differences in F. occidentalis numbers were observed 6 days after the first
(F4,8 = 9.47, p = 0.004) and 6 days after second applications (F4,8 =171.17, p < 0.001), and
69 days after the second application (F4,8 = 46.76, p < 0.001). On day 6 after the first
application, the lowest mean values were observed with imidacloprid and cypermethrin,
and no significant differences were found between teflubenzuron, emamectin benzoate and
the untreated control. Six days after the second application, the lowest mean values were
also obtained with imidacloprid and cypermethrin, and lower thrips numbers were found
in the teflubenzuron and emamectin benzoate plots as compared to the untreated control.
At the last sampling date, 69 days after the second application, the lowest thrips numbers
were obtained with imidacloprid, whereas the cypermethrin and teflubenzuron treatments
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and the untreated control had similar numbers; the thrips numbers in the emamectin
benzoate plots were significantly higher than in the other plots.

Significant differences in N. simulans numbers were not seen until 69 days after
the second application (F4,8 = 25.87, p < 0.001). The lowest mean values were obtained
with imidacloprid and cypermethrin (in this order); the mean value obtained in the un-
treated control was similar to that in the cypermethrin and emamectin benzoate treatments,
whereas the highest value was recorded in the teflubenzuron treatment.

The phytophagous insects were also examined in the pitfall and pan traps. The
mean cumulative number of N. simulans and F. occidentalis, recorded from 24 September
2017 to 11 December 2017, were compared between treatments (Table 3). No significant
differences between treatments were found as to N. simulans numbers trapped with pitfall
traps (F4,8 = 1.62, p = 0.261) nor as to those collected with pan traps (F4,8 = 0.42, p = 0.792).

Table 3. Cumulative numbers (mean no. per trap ± standard deviation) of the most abundant phytophagous insects and
natural enemies, collected with two sampling methodologies, after the second insecticide application (sampling period
from 24 September 2017 to 11 December 2017).

Taxa
Treatments

F
Value

p-
ValueTeflubenzuron Emamectin

Benzoate Imidacloprid Cypermethrin Control

Pitfall trapping
Nysius simulans 181.3 ± 82.6 214.0 ± 83.5 301.3 ± 49.9 241.0 ± 113.9 169.0 ± 89.9 1.62 0.261
Laminacauda sp. 80.0 ± 30.3 115.3 ± 9.9 67.3 ± 11.8 135.7 ± 55.4 90.7 ± 26.7 2.21 0.159

Blennidus
peruvianus 68.7 ± 28.0 79.7 ± 38.4 52.0 ± 3.46 65.3 ± 30.6 68.3 ± 4.6 0.61 0.669

Trimorus sp. 33.7 ± 16.3 33.3 ± 7.5 19.7 ± 4.7 35.7 ± 17.9 28.0 ± 10.6 0.78 0.568

Pan traps
Nysius simulans 36.7 ± 4.73 29.0 ± 10.5 38.7 ± 12.3 36.3 ± 10.7 32.3 ± 11.6 0.42 0.792

Frankliniella
occidentalis

2634.0 ±
188.9 a 2559.3 ± 84.1 ab 2276.3 ±

205.0 b 1892.0 ± 54.7 c 2311.0 ± 59.6 b 11.18 0.002

Dolichopodidae 100.0 ± 38.2 179.7 ± 121.3 124.3 ± 34.7 53.3 ± 42.3 138.7 ± 125.7 1.14 0.403
Syrphidae 25.3 ± 2.1 19.3 ± 4.7 11.7 ± 3.8 18.3 ± 8.4 15.0 ± 2.64 3.33 0.069

Aphidiinae * 33.3 ± 13.0 ab 51.0 ± 25.2 a 18.0 ± 8.7 c 20.7 ± 5.5 bc 27.0 ± 7.0 abc 5.33 0.022

Different letters within a row indicate significant differences at α = 0.05 (Duncan test), when the ANOVA was significant. * ANOVA run
after using Box–Cox transformation method γ = −0.4.

There were significant differences in F. occidentalis numbers collected with pan traps
(F4,8 = 11.18, p = 0.002). The lowest mean values were observed in the cypermethrin
treatments, whereas the highest thrips numbers were noted in the teflubenzuron plots;
the emamectin benzoate, imidacloprid and untreated plots had similar values. Adults of
L. huidobrensis were also collected in relatively high abundance in the pan traps, but as they
appeared at the later stages of the crop phenology, leaf miner larvae were not observed in
the examined leaves and therefore they were not considered in the analysis.

2.3.2. Natural Enemies

The most recurrent natural enemy groups found on the collected plants were Aphidi-
inae wasps (adult and parasitized aphids), predatory true bugs (Metacanthus tenellus Stål,
Rhinacloa sp., and Nabis capsiformis Germar), syrphid larvae (Allograpta sp.) and chrysopid
larvae. The mean cumulative numbers of individuals per plot of these groups were com-
pared between treatments (Table 4). Other predators such as coccinellids and hemerobiids
were also found in some plots, but their incidence was irregular throughout the monitoring
and in small numbers; therefore, they were excluded from the analysis.
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Table 4. Numbers of individuals of the most abundant insect natural enemies collected (mean no. per plant ± standard
deviation) under different treatments.

Taxa
Treatments

F Value p-Value
Teflubenzuron Emamectin

Benzoate Imidacloprid Cypermethrin Control

Aphidiinae wasps
1DBA 1.66 ± 1.53 1.67 ± 0.88 2.22 ± 1.35 1.44 ± 0.84 1.00 ± 0.67 0.96 0.481

1st application
* 6DAA 0.22 ± 0.19 0.56 ± 0.19 0.11 ± 0.19 0.22 ± 0.39 3.44 ± 4.28 2.66 0.111

2nd application
* 6DAA 0.33 ± 0.0 0.55 ± 0.69 0.0 ± 0.0 0.11 ± 0.19 0.11 ± 0.19 2.12 0.169

** 69DAA 0.22 ± 0.19 ab 0.11 ± 0.19 b 0.0 ± 0.0 b 0.22 ± 0.19 ab 0.56 ± 0.20 a 4.07 0.043

Predatory true bugs
1DBA 0.0 ± 0.0 0.2 ± 0.17 0.23 ± 0.40 0.33 ± 0.35 0.0 ± 0.0 N.A. N.A.

1st application
* 6DAA 0.10 ± 0.10 0.03 ± 0.06 0.03 ± 0.06 0.0 ± 0.0 0.0 ± 0.0 N.A. N.A.

2nd application
6DAA 0.22 ± 0.39 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.22 ± 0.19 N.A. N.A.
69DAA 1.67 ± 0.67 a 1.78 ± 1.01 a 0.11 ± 0.19 b 0.22 ± 0.39 b 1.89 ± 0.69 a 5.48 0.020

Syrphid larvae
1DBA 0.0 0.0 0.0 0.0 0.0 N.A. N.A.

1st application
* 6DAA 0.23 ± 0.40 0.33 ± 0.58 0.0 ± 0.0 0.10 ± 0.17 1.57 ± 1.25 3.09 0.082

2nd application
* 6DAA 0.0 ± 0.0 b 0.67 ± 1.15 ab 0.0 ± 0.0 b 0.0 ± 0.0 b 0.56 ± 0.19 a 5.39 0.021
1DBA 0.0 0.0 0.0 0.0 0.0 N.A. N.A.

Chrysopid larvae
1DBA 0.0 0.0 0.0 0.0 0.0 N.A. N.A.

2nd application
6DAA 0.0 0.0 0.0 0.0 0.0 N.A. N.A.
69DAA 1.0 ± 0.0 ab 0.53 ± 0.69 bc 0.0 ± 0.0 c 0.56 ± 0.51 bc 1.56 ± 0.51 a 4.35 0.037

DBA: days before application; DAA: days after application; NA: not applicable. Different letters within a row indicate significant differences
at α = 0.05 (Duncan test), when the ANOVA was significant. * ANOVA run after using Box–Cox transformation method γ = −2.5; ** γ = 0.3.

Numbers of Aphidiinae wasps collected in the plants did not differ between treat-
ments, neither 6 days after the first application (F4,8 = 2.66, p = 0.111), nor 6 days after the
second application (F4,8 = 2.12, p = 0.169). However, 69 days after the second application,
significant differences were found (F4,8 = 4.07, p = 0.043), with zero specimens of Aphidiinae
wasps (neither larvae in the mummified aphids nor adults) collected in the plots treated
with imidacloprid.

The predatory heteropterans were scarce 6 days after the first and the second applica-
tions (with only seven specimens recorded over the different plots) and data recorded in
these samplings were not subjected to ANOVA. On day 69 after the second application, the
predatory true bugs became relatively more abundant, and significant differences between
treatments and the control (F4,8 = 5.48, p = 0.020) were found, with the lowest numbers
of heteropterans predators recorded in the imidacloprid and cypermethrin treatments,
whereas values for the untreated control and the teflubenzuron and emamectin benzoate
plots were similar.

No syrphid larvae were observed in the plots before the first application. Whereas six
days after the first application, numbers of syrphid larvae did not differ among treatments
(F4,8 = 3.09, p = 0.082), significant differences were found 6 days after second application
(F4,8 = 5.39, p = 0.021), with zero specimens collected in the imidacloprid, cypermethrin
and teflubenzuron treatments.

Since chrysopid larvae appeared at the later stages of the crop phenology, short-term
effects of the insecticides on their numbers could not be observed. However, 69 days after
the second application, significant differences in numbers of chrysopid larvae between
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the insecticide treatments and the untreated control were observed (F4,8 = 4.35, p = 0.037),
with zero specimens collected in the imidacloprid plots, and very low numbers as well
in the cypermethrin and emamectin benzoate plots. Incidence of chrysopid larvae in the
teflubenzuron treatment was similar to that in the control.

The natural enemies were also examined in the pitfall traps. The most abundant
morphospecies collected from 24 September 2017 to 11 December 2017 were the arachnid
Laminacauda sp., the ground beetle Blennidus peruvianus Dejean and the wasp Trimorus sp.;
the mean cumulative number of these morphotypes was compared between treatments
and control (Table 3). There were no significant differences between treatments in numbers
of Laminacauda sp. (F4,8 = 2.21, p = 0.159), B. peruvianus (F4,8 = 0.61, p = 0.669) and Trimorus
sp. (F4,8 = 0.78, p = 0.568).

When examining the natural enemies collected in the pan traps (recorded from 24
September 2017 to 11 December 2017), three groups were the most abundant: Dolichopodi-
dae, Syrphidae and Aphidiinae. There were no significant differences between treatments in
the numbers of adults of Dolichopodidae (F4,8 = 1.14, p = 0.403) and Syrphidae (F4,8 = 3.33,
p = 0.069). The number of Aphidiinae wasps was similar when comparing each treatment
with the untreated control, but in the imidacloprid plot significantly lower numbers were
found than in the teflubenzuron and emamectin benzoate treatments (F4,8 = 5.33, p = 0.022).

3. Discussion

The side effects of insecticides applied in staple crops (i.e., vegetables, legumes, rice,
maize, citrus) and industrial crops (i.e., cotton, sugarcane, sugar beet) have been widely
studied [16]. Thus, relevant knowledge has been gained to improve integrated pest manage-
ment schemes, taking the biological control services offered by a biodiverse agroecosystem
into consideration [30]. Hitherto, however, little is known about the unintentional effects of
insecticides used in quinoa on non-target organisms [8]. The present field study provides
information about the effects of four insecticides from different chemical groups (tefluben-
zuron, emamectin benzoate, imidacloprid and cypermethrin) on target and non-target
arthropods in quinoa, assessed with three sampling methodologies: pitfall trapping for the
ground dwelling arthropods, plant sampling for those that dwell on the quinoa plants and
pan trapping for the insects that fly just above the crop canopy.

When an insecticide is incorporated into the cropping system, changes in the structure,
richness and composition of the plant dwelling arthropod community may occur, which
may eventually lead to a disruption of the ecosystem services provided by the beneficial
fauna [37–40]. In the present study, foliar application with imidacloprid appeared to have
a higher impact on arthropods residing in the quinoa crop than the other insecticides. For
example, the richness in plant dwelling species was significantly lower in the imidacloprid
treatment and also the species composition differed significantly from that in the other
treatments and the untreated control.

Given that the soil surface of an agricultural system is in permanent interaction with
the higher strata, changes in the plant dwelling arthropod community tend to precede
changes in the structure of the ground dwelling species community [23]. In this context,
the reduction in species richness and the change in composition of species residing on the
quinoa plants in the plots treated with imidacloprid may be related to the lower values
of Shannon and Margalef indices found at the ground level as compared to the other
treatments and the untreated control. The changes in the plant-associated community as a
consequence of the insecticide application may have broken food webs that affected the
incidence of a variety of species [41–43]. This may eventually be reflected in an altered
species evenness and a reduction of species richness at the soil surface level, as observed
in the present study [44]. On the contrary, no differences between treatments and control
were found in terms of species composition and diversity of the insects collected in the
yellow pan traps, probably due to the greater interaction at the top of the crop canopy with
the areas surrounding the plots.
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All of the tested insecticides substantially reduced densities of S. recurvalis larvae after
the first application, which is in line with several previous studies that have demonstrated
their efficacy against lepidopteran larvae [29,45–50]. As re-infestation by S. recurvalis larvae
did not occur in any of the plots, including the control, long-term effects of the insecticide
treatments to control this pest could not be judged.

Whereas the efficacy of imidacloprid to control lepidopteran larvae by direct contact
action has been demonstrated, this insecticide is also known to have an excellent systemic
activity and therefore, the target organisms are mainly sucking insects such as thrips,
aphids, whiteflies, leafhoppers and true bugs [29]. Accordingly, the population densities
of M. euphorbiae, F, occidentalis and N. simulans, which recurrently infested our plots, were
significantly affected by the imidacloprid treatment.

The short-term effect of imidacloprid on M. euphorbiae was similar to that of the
cypermethrin treatment. Differences between both treatments could be noted 69 days after
the second application, with the imidacloprid plot having the lowest number of aphids per
plant, likely due to its widely documented residual effects [23,29,51–54]. On the other hand,
teflubenzuron and emamectin benzoate had lesser effects on the aphids as compared to
imidacloprid and cypermethrin; their impact on the aphid population as compared to the
untreated control was noted 6 days after the first application. Teflubenzuron is reported to
have low contact activity, but due to its systemic action in the plant it may cause toxicity to
aphids by ingestion [29,32,55,56]. Contrarily, emamectin benzoate has no systemic activity
but can kill the exposed aphids by direct contact [29,57].

Imidacloprid and cypermethrin had similar effects on F. occidentalis numbers, 6 days
after both the first and second application. However, the residual effect of imidacloprid
appeared to have prevented the infestation to a higher degree 69 days after the second
application, resulting in the lowest number of thrips per plant. The effects of teflubenzuron
and emamectin benzoate treatments on F. occidentalis were observed 6 days after the second
application. On day 69 after the second treatment the residual activity of teflubenzuron
may explain the significantly lower mean number of thrips per plant (26.3 specimens) as
compared to the emamectin benzoate treatment.

No visible short-term effects were observed on the population density of N. simulans,
in any of the treatments, probably because the infestation was very low at the early stages
of the crop when the insecticide treatments were done, and also because this pest was more
abundant on the soil at this time. However, by its residual effect imidacloprid may have
prevented a higher level of infestation by N. simulans, resulting in the lowest number of
individuals per plant 69 days after the second application.

Given its broad-spectrum activity, imidacloprid may also affect non-target arthro-
pods [29]. These non-target organisms may be exposed to imidacloprid by direct contact,
but the compound being highly systemic, non-target omnivorous insects (including natural
enemies) that feed on plant fluids or pollen may also be exposed, even a relatively long time
after an application [58]. Furthermore, reduction of prey densities (i.e., the target organ-
isms) may eventually affect the beneficial fauna that will not be able to find sufficient food,
facing a greater intra- and interspecific competition [59]. In this context, with M. euphorbiae
being highly affected by the imidacloprid treatment, there was a tendency towards lower
numbers of individuals (even zero) of the aphidophagous guild on the plants as compared
to the untreated control, both for the specialized natural enemies (such as the Aphidiinae
wasps and predatory Syrphidae larvae) as for generalist predators (such as predaceous true
bugs and chrysopid larvae). These observations are in line with previous studies indicating
that imidacloprid affects key natural enemies of aphids such as coccinellids, anthocorids,
geocorids, chrysopids, and Aphidiinae wasps [22,23,53,60,61].

Due to its broad-spectrum activity, cypermethrin is considered to be harmful to
a range of natural enemies by direct contact, but its relatively short residual activity
suggests that a recolonisation of the crop by these organisms may occur sometime after an
application [29]. However, the observations in the present study indicate similar long-term
effects of cypermethrin to those of imidacloprid on the different natural enemies collected.
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Teflubenzuron and emamectin benzoate sprays, however, tended to have less harmful
effects on the beneficial fauna than the broad-spectrum insecticides used, which is in line
with the literature [29,32]; although environmental risks of emamectin benzoate such as
toxicity to certain non-target arthropods and aquatic organisms have been reported [33].

One limitation of this study is that the field experiment was done over a single growing
season only. To demonstrate the efficacy of an insecticide, it is recommended that trials be
carried out in different locations or growing seasons [62]. On the other hand, data provided
about the side effects of the insecticides on the non-target species, particularly natural
enemies, are in line with standard methods [63], so this information is relevant for quinoa
growers in order to take actions to improve their current use of the pesticides. Moreover, the
data are in line with those of previous studies [5,11,64] and the crop management practices
are representative for quinoa cultivation in Peru and neighbouring countries [2,8,65].

4. Materials and Methods
4.1. Location

The study was carried out in experimental fields belonging to the National Agrar-
ian University La Molina in Lima, Peru (coordinates: 12◦04′57.0”S, 76◦56′49′W; altitude:
244 m).

4.2. Experimental Units

The field trial was conducted under a stratified–randomized design with three repli-
cations. Each experimental unit consisted of one plot of 21 m2 (7 ridges of 0.75 cm width,
4 m length), with a plant density of 36 quinoa plants per linear meter (variety “Negra
Collana”) after seedling removal. Each plot (as shown in Figure 3) was surrounded by
polypropylene films (0.5 mm thickness, 1.5 m height, black colour) three days before the
treatment (15 September 2017) and maintained until the time of harvest. At the beginning
of the grain filling stage (on 5 November 2017), the whole experiment was covered with
anti-bird netting to protect the crop from bird damage. Growing specifications of the field
site are described in Table 5.
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Table 5. Growing specifications of the experimental field.

Specifications Dates

Sowing drilling sowing method 19 July 2017
Harvest threshing 12 December 2017

Irrigation surface irrigation
(20 July 2017; 17 August 2017; 7

September 2017; 28 September 2017; 25
October 2017; 9 November 2017)

Fertilisation doses (NKP) 160–80–160 19 July 2017

Soil type clay loam

Neighbouring crops Quinoa (Chenopodium quinoa), Wheat (Triticum spp.)
Corn (Zea mays) Kiwicha (Amaranthus caudatus)

Fungicides
1◦ benzomyl

2◦ metalaxyl + mancozeb
3◦ dimetomorph

(24 July 2017)
(7 August 2017)

(25 August 2017)

Weed management Manual control (25 July 2017, 11 August 2017; 19
November 2017)

Previous crop Fallow period of 4 months

4.3. Insecticide Treatments

Treatments were done with four insecticides (as formulated materials): tefluben-
zuron (150 g/L), emamectin benzoate (50 g/kg), imidacloprid (350 g/L) and cypermethrin
(250 g/L). Water was used as a negative control. Specifications of the insecticides are
described in Table 6.

Table 6. Insecticide specifications used in the treatments.

Insecticide
Label Field

Rate
(g a.i. ha−1) *

Chemical
Group Commercial Name Company

Cypermethrin 75 Pyrethroid Cypmor 25 EC Jebsen and Jessen Peru S.A.C.

Teflubenzuron 33.75 Benzoylphenylurea Mercury 150 SG Point Andina S.A.

Emamectin benzoate 10 Avermectin Olimpo 5% SG Sharda Peru S.A.C.

Imidacloprid 131.25 Neonicotinoid Phantom Jebsen and Jessen Peru S.A.C.

a.i. = active ingredient. * spray liquid applied at a rate of 300 L/ha.

The insecticides were applied using a manual sprayer (SOLO461: pressure 3 bars,
capacity 5 L) with a full cone nozzle (TeeJet®). The sprayer was calibrated to apply 0.65 L
per plot (corresponding to 300 L per ha). Before insecticide dissolution, water was acidified
to a pH range of 5.0 to 6.0 (as recommended on the labels), with an acidifying product
(SUPER ACID, 43% of organic and inorganic acids) at 0.05%. Similarly, water was acidified
for the negative control.

Two applications at the maximum recommended field rate (Table 6) were made at
flowering stage on 18 September 2017 (61 days after sowing) and 3 October 2017 (76 days
after sowing). At this crop phase, the plants had reached their maximum height (ca., 1.2 m).

4.4. Sampling Methodology

Three sampling techniques were used for studying the arthropod fauna (insects and
arachnids): pitfall trapping, for ground dwelling species; plant sampling, for foliage
dwelling species (phytophagous insects and natural enemies); and, pan traps placed at the
level of the top canopy (1.2 m), for flying insects.
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4.4.1. Pitfall Trapping

One pitfall trap (as an experimental unit) was installed in the middle of each ex-
perimental plot six days after the first insecticide application and maintained until one
day before harvest (from 24 September 2017 to 11 December 2017). Traps consisted of a
polypropylene container (transparent, Ø 10 cm at opening and at bottom, 12 cm deep)
with a mix of water and 40% v/v formaldehyde (9:1), and a few drops of detergent. The
pitfall trap content was periodically collected (a total of 5 times) in airtight recipients (of
the same dimensions as the traps) and carefully labelled to be transported to the laboratory
for further processing. Thereafter, the collection fluid was replaced.

4.4.2. Plant Sampling

At each experimental plot, four samplings were performed, i.e., one day before the
first application (17 September 2017), 6 days after the first application (24 September 2017),
6 days after the second application (9 October 2017) and 69 days after the second application
(11 December 2017). Sampling consisted of taking three plants from crop rows 3 and 6
(Figure 3) in the 1st and 3rd samplings, and from rows 2 and 5 in the 2nd and 4th samplings.
Plants near the borders of the plots were always avoided.

In each plot, every plant was randomly selected and carefully collected: the plant
(after cutting it at its base with scissors) was shaken over a container (width 26 cm × large
36 cm × height 20 cm) with a mix of water and 96% v/v ethanol (3:1), and some drops of
liquid detergent. Thereafter, the sampled plants were carefully chopped into small pieces
and the whole sample (including the liquid content) was transferred to an airtight container
(volume 3l).

4.4.3. Pan Trapping

Each pan trap consisted of a yellow polypropylene container (Ø 20 cm at opening and
18 cm at bottom, 7 cm deep) with a mix of water and 40% v/v formaldehyde (9:1), and some
drops of detergent. One pan trap was installed in the middle of each experimental plot, at a
height of 1.2 m (the opening at the level of the top of the crop canopy), six days after the first
insecticide application and maintained until one day before harvest (from 24 September
2017 to 11 December 2017). As these traps were exposed to desiccation, they were regularly
inspected and when needed, they were re-filled with the same collection fluid.

The pan trap content was periodically collected (5 times) in airtight recipients (500 ml
of capacity) and carefully labelled to be transported to the laboratory for further processing.
Thereafter, the collection fluid was replaced.

4.5. Sample Processing

All samples were processed at the laboratories of the Museum of Entomology “Klaus
Raven Büller” of the National Agrarian University La Molina, in Lima, Peru, where the
collected specimens were deposited.

4.5.1. Sample Washing

The recipients containing pitfall trap and pan trap samples were poured onto a 1 mm
mesh sieve and carefully washed with water, removing larger material such as stones,
straw or leaves. The collected specimens were transferred to a labelled plastic container (Ø
5 cm, 6 cm length) containing 75% v/v ethanol for conservation and further processing (i.e.,
morphotyping).

The recipient with the plant samples was decanted through a 1 mm mesh sieve and
carefully washed. Then, the plant parts (leaves, stem and panicle) were examined under
a binocular stereoscope (Carl Zeiss: Stemi 508) to check for the presence of mines and to
collect the insects that remained stuck to the plant. These specimens and those which easily
detached from the plant materials were transferred to a labelled plastic container (Ø 5 cm,
6 cm length) containing 75% v/v ethanol for conservation and morphotyping.
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4.5.2. Morphological Identification

The specimens were examined using a binocular stereoscope (Carl Zeiss: Stemi 508)
and sorted on the basis of morphological characteristics as morphospecies [66,67]. Each
new morphospecies was photographed and codified, facilitating comparison when a
new similar morphospecies was found, and then placed in a glass vial (Ø 1.5 cm, 4 cm
length) with 75% v/v ethanol for preservation. When necessary, the morphotypes were
re-examined. Each morphospecies was counted and classified at family level with the help
of taxonomic keys from the literature [68].

The most abundant morphospecies were identified to genus level and, when possible,
to level species with a help of specific taxonomic keys as follows: B. peruvianus [69,70];
L. hyalinus [71]; N. simulans [72], L. huidobrensis [73,74], Rhinacloa sp. [75], M. tenellus [76,77];
N. capsiformis [78–80]; S. recurvalis [81]. The identification of the Araneae families and
genera (i.e., Laminacauda sp.) was assisted by arachnologist Manuel Andía associated to
the Museum of Entomology “Klaus Raven Büller”.

4.5.3. Molecular Identification

DNA extraction and PCR procedures were performed at the Department of Plants and
Crops of Ghent University in Belgium to identify and/or confirm the species L. huidobrensis,
M. euphorbiae, L. hyalinus and F. occidentalis, following the protocols provided in the litera-
ture [82–86].

DNA was extracted from a single specimen (M. euphorbiae, F. occidentalis) or a leg
(L. hyalinus, L. huidobrensis) that was removed from an adult specimen with a fine cutter.
The sample was transferred to a 1.5 mL Eppendorf and then crushed with a plastic rod
with 20 µL of STE-buffer (100 mM NaCl, 10 mM Tris-HCL, 1 mM EDTA, pH 8.0) and 2 µL
of proteinase K (10 mg/mL). This mix was incubated at 60 ◦ C for 30 min. Then, the activity
of the proteinase K was stopped at 95 ◦C for 5 min.

DNA samples were subjected to PCR analysis with the primers LCO1490 FW and
HCO2198RV (for L. hyalinus and L. huidobrensis); MTD 7.2 F and COI-MTD 9.2 R (for
F. occidentalis); and, C1-J-1718 and C1-N-2191 (for M. euphorbiae). Amplification was per-
formed in 50 µL total mix reaction, containing 2 µL of DNA sample, 0.25 µL GoTaq® DNA
Polymerase (5 u/µL), 3 µL MgCl2 solution (25 mM), 1 µL dNTPs (10 µM each), 2.5 µL
forward primer, 2.5 µL reverse primer, 10 µL: 5× Colorless GoTaq® Flexi Buffer, 28.75 µL
water. This solution was placed in a thermal cycler with the following parameters: 2 min at
95 ◦C, 35 cycles of 30 s at 95 ◦C, 30 s at 66 ◦C, 45 s at 72 ◦C, and a final extension of 5 min at
72 ◦C. After amplification, 10 µL of the PCR products were subjected to electrophoresis
on a 2% agarose gel, and PRC products were purified using the EZNA® Cycle Pure Kit
(Omega Bio-Tek) following the manufacturer’s protocols. Bidirectional Sanger sequencing,
using the PCR primers, was outsourced to LGC genomics (Germany).

4.6. Statistical Analysis

For each sampling methodology applied, differences in the collected species com-
position between treatments were evaluated with the Bray–Curtis dissimilarity index
and NMDS (non-metric multidimensional scaling) using the presence and abundance
of the morphospecies to detect distances between plots. Significant differences between
treatments were assessed using the PerMANOVA test (999 permutations).

The effects of the insecticide treatments on the diversity of the arthropod community,
per each sampling methodology, were analysed through (a) the rank abundance curves
and the indices of Shannon and Simpson’s dominance to evaluate the structure of the
community (evenness and dominance of species) and (b) the Margalef index to assess the
species richness. They were calculated for each experimental plot.

The diversity indices, mean numbers of the major pests and mean numbers of natural
enemies were compared, according to each sampling methodology, between treatments by
one-way ANOVA and Duncan tests, after having tested the normality and homoscedasticity
of the data through Shapiro–Wilk and Bartlett tests, respectively. When the data did not
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meet the assumption of homogeneity of variances, the Box–Cox transformation method was
applied to stabilize the variance; however, untransformed data are presented in the tables.

All statistical analyses were performed using R software, version 3.4.2 [87]. The tests
were analysed at a significance level of α = 0.05.

5. Conclusions

The results of this study indicate that due to the detrimental effects of imidacloprid on
arthropod diversity, on the composition of species and specifically on the natural enemy
population, foliar application of this active ingredient is less suitable for an IPM programme
in quinoa as compared to the other insecticides, in spite of its good performance in the
control of the target pests. Teflubenzuron and emamectin benzoate substantially suppressed
S. recurvalis larvae, with less negative effects than imidacloprid and cypermethrin to the
beneficial fauna; however, further research is needed to evaluate the efficacy of both
selective insecticides against quinoa pests in order to be considered as an element of an
IPM package in quinoa. Due to the negative impact of cypermethrin on the natural enemy
complex, restricted use is recommended for the management of quinoa pests.
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Abstract: Quinoa is a crop originating in the Andes but grown more widely and with the genetic
potential for significant further expansion. Due to the phenotypic plasticity of quinoa, varieties need
to be assessed across years and multiple locations. To improve comparability among field trials
across the globe and to facilitate collaborations, components of the trials need to be kept consistent,
including the type and methods of data collected. Here, an internationally open-access framework
for phenotyping a wide range of quinoa features is proposed to facilitate the systematic agronomic,
physiological and genetic characterization of quinoa for crop adaptation and improvement. Mature
plant phenotyping is a central aspect of this paper, including detailed descriptions and the provision
of phenotyping cards to facilitate consistency in data collection. High-throughput methods for
multi-temporal phenotyping based on remote sensing technologies are described. Tools for higher-
throughput post-harvest phenotyping of seeds are presented. A guideline for approaching quinoa
field trials including the collection of environmental data and designing layouts with statistical
robustness is suggested. To move towards developing resources for quinoa in line with major cereal
crops, a database was created. The Quinoa Germinate Platform will serve as a central repository of
data for quinoa researchers globally.

Keywords: Chenopodium quinoa; descriptors; genetic diversity; scoring card; architecture; panicle;
disease; high throughput seed phenotyping; remote sensing; database

1. Introduction

Food systems are experiencing intense pressure owing to, among other factors, in-
creasing population and environmental change (such as increases in the frequency and
severity of extreme weather events). Changes in environmental conditions are causing
changes in where particular crops can be cultivated as well as the types of crops that can
be planted in affected areas [1,2]. Uncertainty in climate and weather predictions highlight
the need for crops and varieties that are stable across time and regions. Diversification of
the crops grown is also important as increasing yield losses are projected to pose a serious
threat to food security [3]. These challenges will become ever more paramount with a
growing global population. Apart from the concerns of undernourishment in our popula-
tion, many are not receiving adequate amounts or diversity of micronutrients in their diet;
malnutrition is referred to as “hidden hunger” [4]. Dietary intake has been identified as a
key factor in the treatment and prevention of numerous non-communicable diseases [5].
The threat posed by climate change to food security, in addition to the concerns of human
nutrition, highlights the urgent need for diversification of the food system [6]. Numerous
strategies may be used to respond to both hunger and hidden hunger. One such strategy is
the reintroduction of genetic diversity to fully domesticated crops to increase variability
in the genes responsible for the environmental adaptability, plasticity, and resilience that
their wild ancestors still possess. An alternative approach lies in the domestication of
plants not yet used in agriculture at the global level and focus breeding efforts in Neglected
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and Underutilized Species and plants that are only partially domesticated (orphan crops)
and those that still harbor considerable genetic variability, which may contribute to im-
proved yield and adaptability. An example of the latter approach is the use of quinoa
(Chenopodium quinoa Willd.), a crop providing high nutritional content that has become
increasingly popular in recent years.

Quinoa has not been domesticated to the same extent as the other major grain crops
for global food and agriculture such as wheat, maize, or rice. Because of its cultivation
in various agro-ecological conditions over the last few millennia, including mesothermal
zones, highlands, salt flats, and subtropical zones of the Andes, quinoa experiences a
wide range of challenging environmental conditions, resulting in high genetic diversity
and tolerance to a range of biotic and abiotic stresses of this crop [7,8]. Furthermore, the
seed is gaining popularity for its high nutritional value, an important feature of the UN’s
Sustainable Development Goals [9]. Despite the ability of quinoa to maintain yield under a
wide range of environments and the growing worldwide interest in the crop, the primary
locations for cultivation are still the countries that have a tradition of growing quinoa:
Bolivia, Peru, Colombia, Ecuador, Argentina, and Chile [10]. In recent years, quinoa has
been more widely cultivated at sites such as Europe, North America, and China [11].
A primary strategy developed to meet the increasing food demand is the expansion of
cultivation through the identification of adaptable and high yielding quinoa cultivars for
different agro-ecological zones [12]. Seed nutritional contents and interannual stability
of cultivars are traits of much importance in quinoa [13]. Local production will reduce
food miles, thereby reducing transportation costs and potentially environmental impacts of
quinoa consumption. To achieve this aim, insights into the broad performance spectrum of
different varieties grown in a range of environments as well as an improved understanding
of the genes underlying traits of agronomic importance are needed.

Recently, genomic tools have emerged to support the development of quinoa germplasm
for novel environments. Several novel genomic resources have been developed in the
past decade, including bacterial artificial chromosome (BAC), expressed sequence tag
(EST) libraries, and DNA-based molecular markers (see [14]), as well as, more recently, a
chromosome-scale reference genome sequence of a coastal (or “lowland”) quinoa accession
(BioSample Accession Code QQ74) [15] and the resequencing of several wild and cultivated
quinoas. Together, these are helping develop genomics-informed breeding programs and
genetic studies to accelerate crop improvement [14]. Phenomics (i.e., high-throughput
phenotyping) are currently a limiting factor in genetic analyses and genomic prediction,
after recent advances in throughput and reduced genotyping costs realized over the past
two decades [16]. Quinoa phenotyping strategies, however, have not been standardized.
This is one of the limiting factors in the common characterization of quinoa and assessment
of its adaptation to different environments, and which limits advancements in quinoa
genetic research.

Yield is an important but complex trait in plant breeding because it embodies the
link between the cumulative effects of all plant traits and economic value of the crop [17].
Owing to the additive and genetically complex nature of yield, the genetic architecture
of yield cannot be easily analyzed, and is usually best analyzed through secondary traits
that contribute to yield, such as harvest index and other developmental traits, and photo-
synthetic parameters and other physiological traits (see [18]). Crop improvement efforts
through indirect selection that focuses on secondary traits which are correlated with yield
but are potentially monogenic have long been proposed for crops [19,20] and have been
successfully used for sunflower [21,22], and many other examples [23–29]. The assessment
of differences in the response of genotypes to different environmental conditions facilitates
the development of genotypes that lead to improved phenotypes in a specific environ-
ment [30] and also allow insights into the genetic architecture of a trait. To gain insights
into complex traits, a study of large numbers of genotyped accessions across multiple
environments is required to identify genotype-by-environment (G × E) interactions [31].
This is particularly important in quinoa, due to the large G × E interactions that have been
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reported [32,33]. For the generation of varieties for different situations, G × E interactions
also need to be considered in association with agricultural practices that are shaped by
growers and societies. Building collaborations between breeders and growers is important
for the adoption of new varieties [34,35].

It is often difficult to determine the pattern of quinoa genotypic responses across environ-
ments. The biplot analysis may also provide a powerful solution to alleviate this problem. For
effective cultivar evaluation, both the effect of genotype (G) and the interaction G × E must
be considered simultaneously [36,37]. A G plus G × E (GGE) biplot was shown to effectively
identify the G × E interaction pattern of the data and to show clearly which genotype won
in which environments. In addition, the GGE biplot technique is useful in selecting superior
genotypes and test environments for a given mega-environment; that is, a group of locations
that consistently share the same best genotype or genotypes.

Given the need for data from multiple environments and the high costs incurred from
large field trials, the benefits of robust collaborations are clear. In addition to the need
for international collaboration for the exchange of genetic material [13], the establishment
of an internationally accessible framework for quinoa phenotyping is crucial because it
will facilitate the comparison and sharing of data from trials among researchers globally.
The previously published “Descriptors for Quinoa and wild relatives” [38] has been a
useful guide for the establishment of several phenotypes. We also note the EU Community
Plant Variety Office publication protocol for tests on distinctness, uniformity, and stability:
Chenopodium quinoa [39]. However, there is a need for more detailed explanations of many of
the traits, as the current guide leaves scope for interpretation reducing comparability among
trials. A lack of good guidelines for the recording of traits or a margin for interpretation,
results in uncertainty around data sets that could be reduced through standardization and
clear definitions.

Based on our experiences over the past six years since the publication of these descrip-
tors with the International Year of Quinoa, we have identified several useful phenotypes
covering the variability expressed by over 1000 quinoa genotypes across multiple envi-
ronments (including some in which quinoa has not been cultivated extensively) and have
adapted the description of some traits to clarify the definitions of the traits. We present
this information in this article, resulting from discussion and general agreements among
the Quinoa Phenotyping Consortium. Furthermore, this article provides guidelines for the
entire process of a field trial, starting with the experimental design, providing advice on
crop management decisions, and detailing the minimum environmental data which must
be collected. Without standardized metadata information about a trial, experiments cannot
be replicated, even when phenotyping standards are followed [40].

A consensus on phenotyping methods is presented in this article, starting with phe-
notyping methods that are performed throughout the growing seasons, including the
international standard on the recording of phenological growth stages [41] and options for
high-throughput phenotyping using remote sensing. This section is followed by detailed
descriptions of the traits that can be assessed in mature plants. These traits are also summa-
rized in phenotyping cards (Supplementary file S1) to aid phenotyping in the field. Next,
we focus on the process of harvesting and describe post-harvest phenotyping options and
methods. The next step in facilitating the creation of a collaborative network of trials is
a platform that allows the viewing of trials undertaken by different researchers globally,
through which data can then be easily shared and analyzed. This structure is provided by
the quinoa Germinate platform. Thus, this article presents the collective efforts of a large
number of quinoa researchers, reflecting the experience gained over many years of working
with this crop, and aimed to establish a baseline to approach field trials and move toward
an era of accelerated discoveries in the global quinoa research community. The traits
presented herein represent the phenotyping scales that are currently in use for exploring
the natural diversity across different environments. As quinoa research is progressing,
these scales will need to be adapted to match new situations and applications. For this, we
are aiming for the Quinoa Phenotyping Consortium to hold an annual meeting to refine the
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guidelines and procedures with the aim of both increasing the quality and standardization
of phenotyping.

2. Quinoa Database

The establishment of an international consensus for our methods in phenotyping
quinoa field trials is the first important step in driving international quinoa research
forward through allowing comparisons among field trials and facilitating collaborations.
An important component of the phenotyping operation is the recording of all information
needed for further exploitation of the data. These records need to be complemented with a
platform that allows sharing of data generated with the herein described methodologies
and facilitates access to the available datasets.

Contribution of data to this database is of great value to (a) breeders and other people
who want to start working with quinoa, (b) other researchers, and (c) to the team that
shares their data. Considering the monetary and time cost of field trials, in addition to the
phenotypic plasticity of quinoa, access to information on how quinoa varieties perform
in different locations is highly valuable in providing decision-making support to growers
and individuals who want to start working with quinoa. Access to data from trials in
a similar environment would help them to make informed decisions on what varieties
might be performing best in their region. For other researchers, as well as the team that
contributes the data, the importance of data shared in a database lies in the opportunities
for collaborations that it creates. Many analyses require datasets from multiple locations
and years. It is through collaborations that the speed of discoveries is accelerated. If a team
has not published their data yet and wants to keep it private, it can still be uploaded to the
database under a privacy setting through which the data remains accessible only to the
person who uploaded it and optionally a defined list of other individuals (i.e., the research
team). In addition to these privacy settings, license terms can optionally be assigned to
datasets before access to the data is granted. In this case, data would only be accessed after
the license has been accepted.

Here, we present a central repository Quinoa Germinate Database. Available online:
http://germinate.quinoadb.org (accessed on 15 August 2021), which was created using
the Germinate platform [42,43]. The Germinate platform is used by many international
organizations, including CIMMYT and data uploaded to Germinate will also become
available through the BreedingAPI.

This database allows storing phenotypic and genotypic data as well as germplasm
passport data and environmental information. To upload a dataset, users need to first register
to the database and data can only be uploaded through the use of standard data templates
(https://github.com/germinateplatform/germinate/tree/master/datatemplates accessed on
15 August 2021) to ensure consistency between datasets. For the quinoa community, some of
these data templates have been customized to include the information that was highlighted in
this paper, including the phenotypes that have been described. These quinoa datasets can be
downloaded from the home page of germinate.quinoadb.org. Traits included in the quinoa-
traits-data-template.xlsx can be amended to fit your data, but we encourage that all traits
uploaded to the Quinoa Germinate Database be trait variables also described in the Quinoa
Ontology database of the Crop Ontology (CO_367) of the Generation Challenge Program (GCP)
(http://cropontology.org/ accessed on 15 August 2021). Data uploaded using the templates
are checked for consistency and correctness by the program before it is imported into the
database. A detailed report highlights issues within the data that require fixing before the
dataset can be imported. Once added to Germinate, trial data along with climate information
can be queried and visualized to discover and highlight patterns and correlations. Data across
different trial sites, years, and treatments can be compared to gain a better insight into the
effects on performance of germplasm. Customizable lists of germplasm facilitate the comparison
of the performance of different accessions, as well as data export of subsets of interest.

All traits described in this manuscript are being uploaded to the Phenotype and
Trait Ontologies of the Crop Ontology Curation Tool (https://www.cropontology.org/
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accessed on 15 August 2021) to create a Quinoa Ontology database. Any traits measured
in Quinoa trials should be included and described in this ontology database. The use
of a standard nomenclature for phenotypic traits is another aim in the context of data
reproducibility and reusability [44]. The use of standard ontology and recommended
methods allows others to quickly interpret and compare data generated from other teams.
Hence, we recommend using the described trait variables for quinoa (CO_367), and if a
trait is not included in the already described, to add it to the ontology by filing a request
(https://www.cropontology.org/add-ontology accessed on 15 August 2021). The ontology
spreadsheet can be downloaded from the website and from Quinoa Germinate Database.
Available online: http://germinate.quinoadb.org (accessed on 15 August 2021).

The step of using standardized templates and standard quinoa ontologies ensures
that datasets from different groups have the same structure and include the information
required by another team to use these data in their analyses. Uploaded datasets can be
visualized and analyzed using different tools that are available through the platform. The
platform’s integrated tools for data exploration and analysis facilitate the process from data
collection to the next exciting steps for new discoveries about quinoa.

3. Germplasm Selection

The quality of an experiment and its usability in an international framework requires
careful consideration and planning, with the first step being the selection of genotypes.
Based on the proposal of the Plurinational State of Bolivia, quinoa has been recognized by
the United Nations (during its General Assembly in New York, 22/12/2011 [45]) as a poten-
tially valuable crop for future generations. In recognition of the considerable genetic diver-
sity created and maintained by the Andean civilization, the International Year of the Quinoa
that was declared, with the FAO in charge as the office of secretary [46]. The exceptional
genetic diversity resulted from the cultivation and domestication of quinoa for several thou-
sand years in the harsh and diverse environments of the Andes, combined with the tradition
of seed exchange by Andean growers. In 2013, Rojas et al. [7,47] estimated that “16,422
accessions of quinoa and its wild relatives, both closer and more distant (C. quinoa, C. album,
C. berlandieri, C. hircinum, C. petiolare, C. murale, and Chenopodium sp.) were conserved in 59
genebanks distributed in 30 countries”. However, most (88%) of these resources reside in
genebanks from the Andean region, for which access is limited to people from those coun-
tries [48,49]. Increased international research partnerships with Andean countries is crucial
to facilitate access to genetic resources in order to continue quinoa plant breeding and the
generation of new varieties which are adapted to new regions. Ex situ collections of 987
and 229 C. quinoa accessions are publicly available from the Genebank Information System
of the IPK Gatersleben (Available online: https://gbis.ipk-gatersleben.de/ (accessed on
15 August 2021)) and the USDA U.S. National Plant Germplasm System (Available on-
line: https://npgsweb.ars-grin.gov/gringlobal/search.aspx accessed on 15 August 2021))
genebanks, respectively. They include germplasm from 15 countries, mostly the South
American countries of Peru, Bolivia, Chile, Ecuador, and Argentina. The extent of duplica-
tion within these accessions is uncertain, although likely significant.

To select a panel of accessions representing quinoas genetic diversity, one can, for
instance, choose accessions based on their origin, i.e., country/region of origin. Such selec-
tion is possible because country/region information is usually documented for accessions
available in public genebanks—although it should be noted that the original country of
origin can be ambiguous. We found that a substantial proportion of the ex situ collections
have more precise information missing about the collection site (region, province, or closest
city), preventing them from being selected on the basis of a strict geographical distribution.

Another option for selecting a subset of quinoa genetic diversity is to consider stable
morphological characteristics, such as color and shape of leaf, stem, and seed, as a pheno-
typic passport for each accession. Such data are not always provided by the germplasm
provider, and stability is rarely known, so screening of a large, diverse population is usually
required before further selection is possible.
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A third option is to use the phylogenetic relatedness and population structure informa-
tion provided by recent genetic diversity analyses performed using either DNA molecular
marker screening of the different quinoa populations or, more recently, whole-genome
resequencing [50–59]. Whole genome resequencing will be stored in a separate database
administered by David Jarvis, BYU (quinoadb.org). Although no comprehensive screening
has been performed on the entire collection of quinoa resources available in public gene
banks to date, several studies have provided estimations of the genetic diversity of each
category of germplasm (in particular, highland vs. coastal (originally designated “sea
level”: [60]), the relatedness among accessions, and an estimation of the heterozygosity
level at given sites within each population. Cumulatively, these parameters are important
for establishing a suitable panel of quinoa genotypes for genetic analysis.

There is large genetic variation available in quinoa germplasm with a large reser-
voir of genes for conferring resistance to biotic and abiotic stresses necessary for quinoa
adaptation to challenging and changing environments. Developing new plant breeding
methods that can maintain a high level of genetic diversity from the population varieties
(usually traditional varieties which are often highly heterogeneous material [61]) may
confer more stability of seed yields and a higher resilience to the cropping system [62].
The genetic variability in quinoa germplasm is, however, also driving major challenges
in fundamental genetic studies. The traditional practice of admixing, together with the
possibility of quinoa to outcross, has resulted in extensive allelic richness translating to
a relatively high level of genetic heterozygosity in some populations [50–59]. Owing to
this genetic heterozygosity, quinoa genotypes collected in Andean countries and main-
tained in public gene banks are likely to be highly heterogeneous, necessitating several
generations of selfing and single-seed descent to reduce the heterozygosity at potential
loci of interest before these materials can be used in genetic studies. Considering the high
level of heterozygosity, we recommend a minimum of two generations, and preferably five
generations, of self-pollination before initiating any genetic studies to minimize phenotypic
heterogeneity and genetic heterozygosity that would interfere with association analyses in
genetic studies [63,64]. The use of doubled haploids to obtain homozygosity might also
be possible, although this technique has not yet been developed in quinoa. Any accession
studied must subsequently be maintained through single-seed descent and given a unique
identifier, for it will likely become a selected genotype, genetically distinct from the original
material. After several generations and confirmation of homozygosity, seed could then be
bulked to facilitate larger trials, in larger plots and/or at multiple locations.

Another consequence of heterogeneity of seeds in public gene banks is the strong
segregation and therefore divergence between plants that are likely to be selected for
self-pollination for each quinoa accession in different laboratories worldwide. Ideally,
this diversity could be counteracted by growing a subset of seeds from each accession
and selecting plants for propagation that represent the majority of the accession. In
reality, however, the phenotypic plasticity of quinoa resulting from strong genotype
(G) × environment (E) interactions causes quinoa accessions with the same genetic back-
ground to produce drastically different phenotypes in different environments [32], making
the creation of a phenotypic passport for each genotype difficult. Therefore, caution must
be maintained when comparing results generated for a single accession from seed stocks
maintained by different genebanks worldwide. These accessions should be considered as
genotypes and must be clearly identified with an independent identifier because they might
evolve over time into a new commercial variety considering the Distinction-Uniformity-
Stability descriptors of the UPOV system (as defined by being material that is new, distinct,
and uniform).

To maintain the relationship among quinoa accessions in different seed stocks world-
wide, we propose that the identification of quinoa germplasm is standardized through the
use of Digital Object Identifiers (DOIs), allowing each quinoa accession worldwide to be
uniquely identified by an alphanumeric string that is assigned by a registration agency such
as the Global Information System. Available online: https://ssl.fao.org/glis/ (accessed
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on 15 August 2021, which provides a persistent link to the location of information about
the object on the Internet. This unique identifier co-exists with other identifiers such as
those given by the gene banks and allows for unambiguous and permanent identifications
of plant genetic resources, which can be exchanged across organizations, and therefore,
facilitate the comparison of results obtained by different teams.

4. Experimental Design and Crop Management

The statistical design of a plant trial experiment will depend on the aim of the study
and will dictate the way in which the data from the experiment are analyzed. Plant
breeding and genetics rely thoroughly on large-scale variety trials to generate reliable phe-
notype data and the scale of those grows continuously [65]. For field trials, spatial designs
(i.e., planting layouts in the field where genotypes are replicated and their positions along
rows and columns are randomized) are recommended because they allow for better estima-
tion of environmental variation in the field and increase the reliability of the experiments.
In general, researchers/breeders should aim for balanced experiments to evaluate the
germplasm/varieties in multiple locations and years. Statistical procedures based on
mixed models are used to compute fixed effects (best linear unbiased estimate) and ran-
dom effects (best linear unbiased predictions) from the phenotype data generated by field
experiments. If the environment-effect on genotype (G × E) is not significant, no or little
difference between BLUE and BLUP was observed. However, when G × E is significant,
BLUP was superior to BLUE [66,67]. When a treatment is tested, the number of subjects re-
quired is double because treatments always need to be tested alongside control conditions,
and both should be fully replicated and separately randomized [68]. There are different
options to account for technical constraints that might need to be resolved. For example, a
split-plot design might need to be used if a treatment factor, e.g., irrigation treatment, can
only be applied to a larger area. A good resource for advice on several different designs is
the book Statistical Methods in Biology: Design and Analysis of Experiments and Regression [68].
The inclusion of genetic relatedness in the design of early generation trials can also be con-
sidered for improvements of selection decisions at early stages in breeding programs [69].
Breeders can also optimize breeding programs to improve efficiency and effectiveness with
the help of simulation software such as QU-GENE [70], AlphaSim [71], and DeltaGen [72].
Moreover, analysis can be improved into a new stage by incorporation of genotypic (SNP)
and phenotypic data to perform genomic selection (GBLUP) and GWAS [65].

In early generation variety trials with large numbers of genotypes and small amounts
of seed, it is often not technically feasible to implement a fully replicated design. Partially
replicated designs [73], where at least 25% of the genotypes have two replicates, are
recommended under such circumstances. If resources permit, fully replicated designs are
preferred because the statistical power and confidence in the results increase as the number
of replicates of each genotype increase. If breeding values (the estimation of the value
that the genes of a variety would have if used as a parent in crosses) [74] are required, a
pedigree analysis or a genomic selection approach is needed. Both require generation of a
relationship matrix based on either the pedigree or genomic information. Replication in
these approaches ensures that the total genetic variation can be partitioned into additive
or non-additive variation, which is important for determining breeding values versus
commercial values of genotypes [75]; thus, fully replicated trials are preferred. For genome-
wide association studies (GWAS) aiming at identifying the genetic variation associated
with a particular phenotype, it is important to ensure adequate genetic diversity, allowing
enough statistical power to perform an association analysis. Because there is a clear
relationship between the effective sample size and the statistical power of an association
study, it has been recommended to use a minimum of 100 genotypes to perform GWAS
analyses [76], although the minimum sample size also depends on the genetic diversity
within the population, the number of markers used in the study, the trait considered, and
where the minor QTLs are being sought. Once these data are obtained, replication should
be prioritized over the inclusion of a larger number of accessions. In limited space, the
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inclusion of more genotypes but fewer replicates comes at the expense of obtaining an
accurate estimation of their phenotypic performance, which in turn reduces the power
of SNP-loci association calculations, and might lead to false positives. A good balance
can be achieved with partially replicated designs which combine the advantages of high
replication levels for a subset of the genotypes and a large enough genetic diversity in the
panel of genotypes.

DiGGer [77] is a useful package for R software that can be used to create partially
replicated and fully replicated spatial designs. It can be downloaded from NSW DPI Biometrics
software download page. Available online: http://nswdpibiom.org/austatgen/software/
(accessed on 15 August 2021). Once in the R version 4.0 software environment, the file can be
installed from the downloaded zip file (e.g., “digger.zip”) using the following commands:

install.packages(“C:/path/DiGGer.zip”, repos = NULL, type = “source”)
where “C:/path/” indicates the path to the folder in which the zip file has been saved.
The downloaded zip file contains a manual with examples of the code required to create
these designs. An example of a fully replicated and a partially replicated trial created
in DiGGer is shown in Figure 1A,B respectively. Other packages with many useful func-
tions are agricolae: Statistical Procedures for Agricultural Research (Available online:
https://cran.r-project.org/web/packages/agricolae/index.html (accessed on 15 August
2021)) and ASReml-R. Available online: https://www.vsni.co.uk/software/asreml-r (ac-
cessed on 15 August 2021).

Figure 1. Example trial design generated using DiGGer of (A) a fully replicated trial with two replicates, including 60 plots
arranged in six rows by 10 columns, with each replicate block of 30 genotypes (GXX) comprising three rows by 10 columns
(color representing genotype), and (B) a partially replicated trial with 25% replication, including 48 genotypes (GXX) in
total, with 12 genotypes having two replicates (pink) and 36 genotypes having one replicate (blue).

Although not included in the trial design examples shown, it is very important to
include the rows and columns of border plants that are needed around the field to provide
a “buffer area” for the experiment, thereby reducing the environmental border effects.
This buffer area should be at least 1 m wide and should be planted with one or two well-
performing genotypes. Border effects are also observed at the plot level, making the high
phenotypic plasticity of quinoa immediately apparent. Plants on the edges of the plot
commonly show higher levels of branching, which is probably a response to the increased
space and resource availability. These plants can also differ greatly in height from plants in
the middle of the plot, a phenomenon which may depend on their exposure to nitrogen
and other nutrients, water, and varying ratios of red to far-red light. If there are maturity
or height variations among genotypes, neighboring plots may also cause shading, which is
an issue to be considered when planning the plot size.

Therefore, it is recommended to have plot sizes of approximately 4 m2 to allow a “plot
in plot” design. When recording observations, researchers can disregard the plants on
the outer edges of the plot, which occupy approximately 0.5 m on each side, and focus
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only on the plants in the middle of each plot. The phenotypes observed in the middle of a
plot are the phenotypes of interest because the proportion of plants along the edge becomes
negligible when plants are grown in large fields at a commercial scale. Border rows may be
used for bagging and seed multiplication. However, if bagging is not adequately performed,
heterogeneous seeds may be obtained, which should not be used in future trials.

Regarding yield predictions, larger plots are more beneficial, and bed sizes such as
5 m long × 3 m wide (12 rows, 25 cm between rows) = 15 m2 are recommended to ensure
a more accurate representation of the behavior and expected yield from an accession if it
were cultivated in a large field. A 10 cm spacing between plants within a row equates to
600 plants per plot. If 500 plots are used, the field area required for the plots is 7500 m2.
The total area required will be larger, after adding in the area needed for spacing between
plots, and the inclusion of border plots around the field. Smaller plots are often required
owing to individual constraints. We found plots sized 2 m × 2 m to be a practical size
for multi-environment trials quantifying phenotypic traits to assess a large set of several
hundred accessions, but plots this small should not be used for accurate measures of yield.

In any trial, growing conditions should be as close as possible to the actual condition
under which the plants will be grown commercially, particularly if investigating yield or
traits closely related to yield [78]. These conditions involve minimization of both abiotic
stresses (such as water and nutrients) and biotic stresses (such as pests, weeds, and diseases).
If stress effects are important, these conditions must be implemented in plants grown under
otherwise optimal conditions to allow quantification of the specific responses to stress.
Optimal conditions and crop management approaches are largely dependent on location,
soil types, and genotypes. The following section provides some suggestions for planting
and growing conditions. More detailed recommendations for specific situations can be
found in the book “Quinoa: Improvement and Sustainable Production” [79]. Although
there are no clear guidelines for some of the following crop management aspects yet,
a research gap that needs to be addressed, it is advisable to follow strategies that are
successful for others growing quinoa under similar environmental conditions and soil
types [13,80].

4.1. Planting

Planting density has a significant effect on the phenotypes of quinoa (see, e.g., [81]),
specifically on their branching habit, and should therefore be optimized to suit the cropping
system. Soil types and irrigation systems are important factors to consider; for example,
factors such as furrow irrigation can restrict row width. When assessing the effect of plant
density, it is important to consider two distances: the distance between rows of a plot, plus
the distance between plants in a row. Studies that have assessed the effects of planting
density on quinoa phenotypes were conducted in a specific environment. Due to the use
of different methodologies and genotypes, comparisons between environments are not
possible to draw. It appears that the optimal planting density depends on multiple envi-
ronmental and management factors, such as weed management, as well as genotype [82].
Considering the significant phenotypic plasticity of quinoa in response to planting density,
it is clear that trials with similar planting densities are better in multi-environment analyses
and that planting density always needs to be recorded. Moreover, plots with poor emer-
gence should be recorded, and might need to be excluded from analyses. When assessing
hundreds of genotypes in one trial, only one uniform planting density can be used, unless
planting density is a criterion being tested.

Current and future cropping systems aim for the production of high yielding varieties
with highly nutritive seeds, requiring low fertilizer and phytosanitary inputs. Optimum
sowing density can vary depending on quinoa variety, which in turn can differ according to
plant and panicle architectures, seed size, sowing technique (broadcast, rows, or grooves),
and agroecosystem. Quinoa sown at high densities grow into less robust and smaller plants,
with lower yield per plant, than those planted at low densities. However, the planting of
too few plants per unit area may result in branched plants that may not mature before the
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first frost, and it may also provide more space for the growth of weeds. Therefore, Aguilar
and Jacobsen, 2003 [83], have recommended a density of 40 plants per m2, with 10 cm
between plants in a row and 25 cm between rows, depending on practical details of the
system. Quinoa seed viability is sometimes low; therefore, it is prudent to plant more seed
(~3 kg/Ha without taking seed size into consideration), followed by a thinning of plants to
achieve the desired distances between plants. Thinning (removing excess seedlings) should
be performed when plants are 5 to 10 cm high, after the plants are established, but before
signs of intense competition for light, such as elongated seedlings, are detected. Sowing
a lot of seed followed by thinning to achieve the desired plant density is a method often
popular in a field situation that does not allow the recording of seed viability in the field.
Hence, germination rate of the seeds from each seed batched used in the field trial should
be tested in petri dishes to calculate seed germination rate (%) and other germination
parameters. This also allows more precise calculation of the amount of seed that needs to
be sown out (see, e.g., [84]).

The above recommendations relate to ordinary flat fields. In the Andes highlands, farmers
have through generations developed a completely different strategy where they sow numerous
seeds in holes that are distant from each other. The outermost plants protect the plants in the
middle from flying sands and strong winds while the holes also collect water.

Planting may be performed by hand, although this approach is labor-intensive and is
not feasible for large trials. Alternatively, a hand push seeder can be used. The use of a
mechanical seed planter (such as a cone seeder) allows even higher throughput, although
this requires a skilled operator to ensure that seeds from one genotype are not carried over
into adjacent plots. Seeds are planted at shallow depths. A recommendation is to plant at a
depth that is three times the diameter of the seed. With seeds between 1.5 and 2 mm in
diameter, the planting depth should be approximately 4.5–6 mm. Recommended planting
depths can vary with location and soil types. Soil compaction is important because quinoa
seeds germinate better in looser soils, so germination rates are better in sandy soils than in
heavy clay soils [85]. Hydromorphic soil types are problematic for growing quinoa due to a
high sensitivity to waterlogging [86]. Waterlogging was also found to negatively impact the
percentage of emergence when seeds were planted too deeply, whereas shallow-planted
seeds may be subject to drying [87]. A uniform planting depth of the seeds is important to
reduce the risk of uneven field emergence.

Water availability and other environmental constraints can be considered in the
decisions around the season for cultivation. Depending on environmental factors or for
consideration of crop rotations, quinoa can be used as a winter or spring crop. The sowing
date requires careful consideration as this decision impacts growth and productivity of the
crop. Due to a range of factors from soil temperature for seed germination through to high
temperatures inhibiting grain fill [88]. Consideration could also be given to staggering
planting to account for differing times to maturity depending on the traits being measured
in the experiment.

4.2. Irrigation

Irrigation is known to affect several aspects of quinoa phenotypes, from plant height [89]
to seed saponin content [90] and yield [91,92]. Irrigation needs for optimal growth depend
on soil type and environmental conditions and should therefore be calculated for each
location. The irrigation requirements for quinoa can be estimated using the crop coefficients
(Kc) for quinoa, as described below.

To calculate the evapotranspiration rates, a reference evapotranspiration rate (ET0) is
first calculated from a range of meteorological parameters using the only standard accepted
method by the FAO, the Penman–Monteith equation [93]. To facilitate the calculation
of ET0, a calculator has been developed by the FAO for Windows OS [94]. Next, water
requirements can be calculated by multiplying the ET0 with quinoa crop coefficients
(Kc × ET0), and finally, irrigation amounts are planned by subtracting any rainfall from
the water requirements that were calculated. The requirements differ with growth stages,
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considering that the principal growth stages 6 (flowering) and 8 (ripening) are most
sensitive to drought stress [95]. Rainfed crops may therefore need additional irrigation at
several points of the growing cycle: before sowing, at the beginning of flowering, and at the
start of seed filling. Proposed Kc values also reflect the differing requirements by providing
three different values to choose from: one of the following three Kc values may be used to
make a crude estimate of water requirements: 0.52 for initial stages, 1.00 for mid-season
stages, and 0.70 during the principal growth stage 9 senescence [91], although compare [96]).
More accurate estimates of water use can be performed by using a growth model relating
the dynamics of leaf area and radiation interception. Integrated crop management tools
such as the SALTMED model can be used for informing irrigation strategies, and has
been calibrated and used for quinoa [6,97,98]. The Kc values used in these three model
applications differed among them, suggesting that different Kc values yield better model
predictions in different environments and for different genotypes. For example, planting
densities were found to greatly affect Kc values, varying to such an extent that a single Kc
value was difficult to assign [82].

Owing to strong phenotypic responses of quinoa to water availability, it is also crucial
that the land used for the experiment is laser leveled before sowing to reduce the hetero-
geneity in the amount of water that plants receive across the field. Types of irrigation vary
depending on local environmental conditions and technical possibilities. In any case, it is
important to record details of irrigation schedules and the amount of water used. Even
though quinoa is considered a facultative halophyte, salinity levels of the irrigation water
are important to measure with precision as well, not only when salinity is a treatment.

4.3. Fertilization

There has been little research on the fertilization of quinoa. Most publications provide
information on local recommendations but lack thorough physiological and biochemical
characterization across genotypes. Several studies focus only on varying inorganic nitrogen
supply following the conventional method for determination of optimal nitrogen availabil-
ity by measuring responses according to yield [99] without examining growth responses to
other important macro- and micro-nutrients or organic sources of these nutrients. Quinoa
yield has been shown to positively respond to nitrogen supply [96,100,101]; however, it
is important, when breeding quinoa for smallholder growers, to consider the selection of
genotypes that can maintain their yield under nitrogen limiting conditions. Interestingly,
quinoa cv. Titicaca has been shown to maintain size, weight, and nitrogen content of their
seeds irrespective of the nitrogen supply [102,103].

4.4. Weeding, Pest and Disease Controls

There have not yet been any effective herbicides developed for quinoa and the crop is
mainly cultivated under organic practices; therefore, weeding often needs to be performed
by hand. Weeding is important because weeds compete with quinoa plants for nutrients,
light, and water, confounding the results of systematic investigations on the culture of
quinoa and potentially reducing yield. If machine weeding is available, spacing between
rows/plots needs to be sufficient to enable movement of machinery.

For scientific studies in-field, preventative management of pests and diseases need
to be conducted. For this, it is better to apply treatment on a regular schedule rather
than waiting for problems to appear. Of course, for trials testing resistance to pests
and diseases, such a regimen should not be conducted, nor for commercial fields using
integrated pest management. In several countries, no approved products for quinoa are
available; therefore, management must often be based on recommendations for similar
crops such as beet, chard, or spinach. For preventing loss in quinoa yields, it is essential
to be aware of the diseases and pest that may occur, but in the case of quinoa, there is
high uncertainty about local ecological interactions when adapting the crop to new agro-
ecological zones and environments. The only manual on quinoa pest and disease [104]
was developed for Andean conditions and it was not adapted for different conditions of
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cultivation, nor translated into English. This point implies that we need entomologists and
plant pathologists within the research teams for controlling and preventing damages in
trials. Digital tools such as Platix [105] to detect diseases and foliar disorders are becoming
increasingly powerful and can supplement expert input.

5. Environmental Variables

Although crop management techniques can be used to influence some environmental
variables, such as when irrigation regimes are planned according to rainfall, virtually
no environmental variables can be controlled in a field experiment. These variables
include soil drainage, soil pH, and microtopographic effects, causing pooling in some
locations [106,107]. However, environmental variables greatly affect phenotypes, and the
degree of plasticity of a genotype to adapt to environmental conditions varies greatly. Thus,
consideration of G × E interactions are of great importance in matching genotypes with
the appropriate environments for achieving maximum yield. The investigation of these
interactions also facilitates the uncovering of genetic correlations by plant geneticists [108].
To gain clearer insight into the input of genetic factors to a trait, potential variability intro-
duced by environment (E) and management (M) needs to be reduced as much as possible.
This can be achieved if as many variables as is reasonably possible are monitored. To
limit the effects of management on the variables measured in a trial, the management
practices should be harmonized by adopting the recommendations from the section above.
Environmental variables can vary substantially among and even within the plots in a field.
Therefore, it is important that researchers try to collect at least a minimal set of variables
for a field site from a nearby weather station. The most important variables that should be
collected for each trial are summarized in Table 1.

Effective nutrient and soil management relies on data from the testing of soil cores
by internationally accredited laboratories. A soil core sample is collected using a hollow
steel tube called a “core drill”, which may be up to 40 cm in depth. It is best if cores from
0–20 cm deep are separated from those taken at 20–40 cm depth. There is considerable
spatial variability in the physical and chemical properties of soil both horizontally and
vertically, and therefore, large sampling regimes are recommended. Multiple core samples
(25–30) should be collected at random sites from multiple, well-defined locations such as
fence lines, tree lines, hills, or GPS coordinates.

A more strategic approach involves defining “zones” within the field where variations
in management practices are predicted to be necessary owing to differences in slope or
soil color or areas in which growth has been shown to vary in previous years. A good
visual example is provided in [109]. This strategy can reduce sampling time by using
more “cluster” sampling, i.e., using five cores per zone. Soil sampling depth depends
on the rooting depth of quinoa accessions used in a specific soil and can be assessed
using a soil core drill in the plot and looking for roots within the soil core. The soil type
affects numerous factors, including the soil’s water holding capacity, nutrient storage, and
aeration. These factors affect crop productivity and phenotype. Soil texture is an important
factor to include in the environmental information [110]. The USDA provides soil texture
calculators to define a single point texture class based on the percentage of sand, silt, and
clay. This calculator is available at the following URL: https://www.nrcs.usda.gov/wps/
portal/nrcs/detail/soils/survey/?cid=nrcs142p2_054167 (accessed 15 August 2021).

Proximity to the study perimeter can also cause G × E effects on plant phenotypes.
Outer plants incur the brunt of wind, causing high rates of evapotranspiration. In a random-
ized trial assessing diversity of phenotypic variation across the population, neighboring
plots can impact the conditions of each plot. It is possible that larger and more heavily
branched plants require more water than smaller plants, and therefore, irrigation systems
could over- and under-water plants of different sizes. This issue again highlights the
importance of replication in experimental design and the importance of measurement of
environmental parameters. The outputs from measurement devices and plot locations in
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association models can be used as covariates as a broad control for known or unknown
factors [106].

Table 1. Minimum set of environmental variables to record for quinoa trials.

Soil, To Be Measured Before and After the Field Season

Watering regime
Water holding capacity

Composition in terms of % sand, silt, organic matter, etc.
Nutrient and mineral composition—total nitrogen, organic carbon, phosphorus, potassium,

sulfur, etc. Note: when measuring nitrates, the soil sample must be kept cold because nitrates are
unstable

Soil physical properties affecting plant growth
pH

Apparent density
Electrical conductivity (EC), especially for salinity trials

Weather

Precipitation, and irrigation schedule
Temperature, at least daily Tmax and Tmin, but preferably recorded continuously throughout the

day to enable calculation of degree-days to flowering and to maturity
Humidity—relative humidity/dewpoint temperature

Daily irradiance (mol m−2 d−1), recorded continuously throughout the day
Wind speed (average daily speed)

Day length (including twilight time)

Depending on the aim of a trial, more detailed environmental measurements might
be needed. Humidity and temperature, which can be combined into a heat index, can
account for within-site environmental variation in studies of disease traits because fungal
species generally prefer humid conditions. The cost of temperature–humidity meters
ranges from less than USD 100 to several hundred dollars. Using plot position, i.e., two
columns of vectors of site grid positions, as covariates in spatial models can account
for some environmental effects. However, better corrections are achieved with measure-
ments of environmental information as covariates. Small hand-held temperature–humidity
devices such as Extech EA20 (Extech Instruments, Nashua, NH, USA, available online:
www.extech.com (accessed on 15 August 2021)) or a UNI-T UT333 (Uni-Trend Technology,
Dongguan City, China, available online: www.uni-trend.com (accessed on 15 August 2021))
and others may be used for measurements at a plot level. Trials examining crop responses
to water also require measurements for atmospheric vapor pressure deficit (VPD), which is
related to evaporative demand and thereby driving plant water transport. The higher the
pressure deficit, the higher the water stress experienced by the plant [111,112].

The amount of soil moisture per plot can be used to correct environmental varia-
tions when water use efficiency and photosynthetic traits are measured. Soil moisture
measurements for individual plots can be used as covariates to correct environmental
variation in water use efficiency and photosynthetic studies, as can thermal measurements
in heat stress conditions. Soil moisture sensors also have a wide range of costs and can
provide much needed assessment of local soil factors such as temperature, pH, and water
content that could drive some of the phenotypic variation in a study. Several inexpen-
sive devices are available; however, advanced systems can cost approximately USD 1000,
such as the Vegetronix VG-Meter-200 (Vegetronix, Riverton, Utah, USA, available online
at: www.vegetronix.com (accessed on 15 August 2021)) is a mid-range soil data logger
or APERA PH8500-SL (Apera Instruments, Wuppertal, Germany, available online at:
www.aperainst.com (accessed on 15 August 2021)). Gravimetric measurements of soil
water content can also give some indications of water availability for plants and can in
some conditions be the only method practically feasible. Sensors measuring soil moisture
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frequently overestimate soil humidity in soils with high levels of iron [113] and in this case,
water content can be measured gravimetrically.

Crop growth simulation models such as those of the Decision Support System for
Agrotechnology Transfer (DSSAT) can be used to investigate G × E interactions. Crop
models can be used to facilitate crop management decisions by evaluating multiple scenar-
ios. The integration of quinoa into the DSSAT system was initiated with the calibration
of the CROPGRO template for quinoa [114]. However, more work on getting DSSAT
models calibrated and usable for quinoa is required. Other crop growth models or crop
water models such as SALTMED and AquaCrop are good resources for quinoa and already
applied (e.g., [97,98,115–119]). The minimal requirements necessary to use these models
must be considered (for AquaCrop see [120]; [121]; for SALTMED see [122]).

To facilitate the reuse of data and establishment of multiple local networks of pheno-
typic data, Minimum Information About a Plant Phenotyping Experiment (MIAPPE) meta-
data standard for plant phenotyping must be followed [40]. A MIAPPE spreadsheet tem-
plate is published online for guidance, MIAPPE available online:
https://github.com/MIAPPE/MIAPPE (accessed on 15 August 2021). Alternatively, we
recommend downloading the data templates created for the Germinate platform, which
are created in accordance with metadata standards, data templates available online:
https://github.com/germinateplatform/germinate/tree/master/datatemplates (accessed
on 15 August 2021). Templates specifically for quinoa are available at the Quinoa Germinate
Database. Available online: http://germinate.quinoadb.org (accessed on 15 August 2021)
In this manuscript (see Section 9 for more details), we also offer a platform for sharing
quinoa datasets using the Germinate database structure [42,43]. To use this structure, the
templates provided should be filled in with the relevant information. Therefore, it would
be best to start using such templates from the initial planning of a trial and then continue
with phenotypic observations.

The above list of environmental parameters is comprehensive and will be difficult to achieve
for all experimental sites. Pragmatic decisions will often need to be made and can be guided by
both the particular properties of the site and the scientific questions being addressed.

6. Observations during Growth

There are several measurements that can be conducted throughout the growing period.

6.1. Phenology over Time

Clearly defined phenological stages are of great importance for reproducible phenotyping.
Multiple studies have investigated and described phenological stages in quinoa [41,123–127].
These studies have provided valuable information about the characterization of the crop;
however, only one study has followed the complete international scale system proposed
by the Biologische Bundesanstalt Bundessortenamt und Chemische Industrie (BBCH).
Sosa-Zuniga et al., (2017) [41] provided the most recent and complete description according
to the BBCH guidelines. Here, the main principal growth stages and their relevance to
phenotyping are briefly summarized. An overview of the main growth stages is also shown
in the phenotyping cards (Supplementary File S1: Phenotyping cards).

Sosa-Zuniga et al., (2017) [41] describe eight major growth stages. All developmental
stages from seed germination until cotyledon emergence belong to principal growth stage
0 (BBCH 00–09). The sowing date is the most critical part of this stage because it should be
optimized for local conditions. The next principal growth stage 1 covers all stages of leaf
development (BBCH 10–19). Fully emerged cotyledons can be observed in BBCH 10. This
stage is considered the field emergence stage, and it is necessary to record both the time
and the emergence percentage. The emergence percentage can be measured by assessing
a randomly selected 1 m2 area from the middle part of a plot. At BBCH 11, true leaves
develop, and the time from stage 10 to 11 is essential for estimating the early seedling vigor
of quinoa accessions.
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At principal growth stage 2, branches start to grow from the basal leaves. This
stage can occur before the principal growth stage 5, depending on the accession. The
inflorescence emergence stage (principal growth stage 5) is one of the most critical stages in
quinoa development. At the initial inflorescence emergence stage, floral buds are enclosed
in leaves (BBCH 50) and are thus difficult to phenotype. At BBCH 51, buds are visible from
the top but still surrounded by the leaf primordia. This stage should be recorded and can
be represented as days to inflorescence emergence.

Principal growth stage 6 in quinoa is its flowering stage. Because yield and many
other agronomically important traits are highly correlated with flowering, this stage is
vital. According to Sosa-Zuniga et al., (2017) [41], stage 6 is divided into three BBCH
stages. BBCH 60 is the beginning of anthesis, which is marked by flowers opening and
extruding their anthers. BBCH 67 is the beginning of senescence of anthers. BBCH 69
is the completion of senescence of anthers. The length of time between BBCH 60 and
BBCH 69 depends on the accession and can vary widely. Phenotyping of BBCH 67 and
69 can be imprecise; therefore, reproducible phenotyping attempts in the flowering stage
should be focused on recording BBCH 60. This stage is used to score the flowering time of
an accession. A panicle can be classified as BBCH 60 as soon as at least one flower with
extruded anthers is visible. When scoring flowering time in the field, a plot may be scored
for the onset of anthesis, once >50% of plants in the plot have reached this stage. The
number of days to flowering among quinoa accessions is highly diverse.

The next principal growth stage is the fruit development stage BBCH 70. At this stage,
ovary thickening occurs and can be identified by naked eye, as shown in the phenotyping
cards (Supplementary File S1: Phenotyping cards). Depending on the accession, BBCH 70
and late flowering stages could overlap. Therefore, it is challenging to record this stage, and
these difficulties might result in imprecise phenotyping. Nonetheless, this is a crucial stage
because it is the beginning of the seed set, and therefore, careful and frequent observation
should be performed to record the BBCH 70 stage.

Principal growth stage 8 comprises three ripening stages: BBCH 81, 85, and 89. At
BBCH 81, onset of seed filling can be observed, and seeds at this stage appear as milky
grains owing to the nature of soft fruits. Thick and fully ripened grains are present in the
stages BBCH 85 and 89, respectively. When scoring plants at this principal growth stage,
it is important to carefully examine the seeds by sampling some from the upper middle
half of the panicle and crushing the seed by hand, typically with a fingernail. Quinoa
accessions show varying degrees of ripening panicles, and a single panicle may show all
stages at a single time point, indicating a highly unsynchronized panicle ripening. When
the complete panicle is at BBCH 89, it is ready to harvest, but the plant is still not fully
senesced. Mechanical harvesting may be difficult at this stage. BBCH 89 is considered the
stage of physiological maturity. Sometimes, BBCH 89 is not possible to score, particularly
with day-length sensitive plants that can exhibit regrowth in the panicle.

Senescence is the next growth stage (9)—although sometimes this can occur before
BBCH 89. Five BBCH scores are assigned to this stage. Senescence starts from the basal
leaves (BBCH 91) and spreads upward in a plant. At BBCH 95, all leaves are dead, and the
stems turn yellow to beige in color. Plants are ready for harvest when the whole plant is
dead at BBCH 99. However, depending on the accession, it may be advisable to harvest
before plants reach this final stage to prevent seed loss from shattering or feeding birds.

For the precise recording of principal growth stages, observations must be performed
two to three times a week. All plots must be assessed on the same day, and observations
should be evenly spaced throughout the growth cycle. At least 50% of the plants in the
inner part of a plot should have reached the corresponding stage for the recording of the
growth stage of the plot, as judged overall by eye. In practice, recording all stages may
not be feasible, especially when the trials are large. In this case, it is necessary to record at
least the sowing date, field emergence (BBCH 09), emergence of first true leaves (BBCH 11),
floral bud emergence (BBCH 51), anthesis (BBCH 60), physiological maturity (BBCH 89),
and harvest date.
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Note that this approach for the scoring of phenology is distinct to the measuring of
more specific (often physiological) traits, where it is usually best for at least 3–5 plant per
plot be measured and marked for resampling of the same plants (not randomly selected
plants each time). It is best if these plants are within the final harvest sector or at least
comply with requisites for sampling area (e.g., not border plants).

Apart from recording the timing at which each genotype reaches the selected phe-
nological growth stages, another phenotype that must be assessed during growth are
leaf area-related measurements, such as radiation interception efficiency. Because the last
main stem leaves of quinoa plants appear around the beginning of anthesis (BBCH 60),
whereas those on branches continue expanding until the end of flowering [127], the best
growth stage to count leaf numbers and areas is after the anthesis growth stage (BBCH 70).
Of course, an ideal approach would be to count leaf numbers as soon as leaves emerge
throughout the growth period because by anthesis, many would have fallen from the plant.
However, this is highly labor-intensive and often not feasible.

6.2. Radiation Capture and Efficiency of Use

The yield potential of a crop in field trials is correlated with the amount of pho-
tosynthetically active radiation (PAR) available and the plants’ efficiency in capturing
it [128]. Variability in radiation capture owing to differences in the architectural traits
of genotypes and efficiency of use of radiation in response to environmental conditions
have been proposed as heritable traits which could be used to reduce the complexity of
phenotypic responses to the environment. The results of genetic analyses of these traits,
in combination with environmental and genotype information, can be used in yield simu-
lations. This approach requires data from experiments performed in different years and
locations for the validation of the simulation results, although most other traits have to be
assessed in the context of much larger networks of experiments across multiple years and
locations [129,130].

Using a resource capture and efficiency approach, biomass accumulation by a crop
can be modeled as follows:

biomass = resource availability × resource capture (or uptake) e f f iciency × resource use e f f iciency

where the resource can be radiation, water, nitrogen, or another nutrient. From a manage-
ment perspective, radiation availability can be partially achieved by the selection of sowing
dates and location and selection of genotypes with suitable cycle durations, whereas water
and nutrients can be managed by altering irrigation or fertilization practices.

One of the main determinants of the uptake of any resource is radiation interception
efficiency, i.e., the proportion of incident radiation intercepted by the crop. This property
affects both radiation capture and the partitioning of water use between potential transpira-
tion and evaporation [131]. Interception efficiency (IE) is determined by the leaf area index
(LAI), the leaf area per unit soil area, and k, the light extinction coefficient. The association
between IE and k is described by Beer’s law [132] as follows:

IE = 1(−k×LAI)

The association between LAI and IE is affected by variation in the light extinction
coefficient k. In quinoa, variation was detected according to genotype and plant density,
with a positive correlation between k and plant density, suggesting rearrangement of leaves
when the density was modified. However, a common k of 0.59, resulting in a critical
(95% IE) LAI value of 5.09 can be used across genotypes and densities [127]. If this k
value is assumed, IE can be calculated with LAI estimations from emergence to critical
LAI. Estimations of LAI can be obtained through destructive leaf sampling or a portable,
non-destructive, Plant Canopy Analyzer. As these two methods are low in throughput or
not calibrated for quinoa, the use of remote sensing, as described later in this section, is a
better alternative.
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Leaf area indices can be calculated from measurements of IE, which can be estimated
using a ceptometer, an instrument for measuring PAR (see details about its estimation
in [127]), and by taking measurements above and below the canopy, the amount of light that
is not used by the plant for photosynthesis can be determined. Results can be used as an
estimation of radiation capture, integrating LAI development, senescence, and k variation
aspects. Measurements using a ceptometer are time-consuming; however, because it can
only be used for a couple of hours around midday, and for each replicate, six measurements
need to be taken, two above the canopy to determine incident irradiation and four below
the canopy along the ground to calculate the amount of intercepted radiation [133].

The last component of the biomass accumulation equation, resource use efficiency,
which equals radiation use efficiency (RUE, g m−2 MJ−1 or [g mol m−2 d−1 PFFD−1];
PPFD: photosynthetic photon flux density) from a carbon balance perspective, can also
be calculated from IE measurements. Similar to LAI, RUE is associated with accumulated
intercepted PAR (∑ incident PAR × IE over the period among samplings). RUE might
not be stable during the crop cycle of quinoa. Ruiz and Bertero (2008) [127] detected two
different RUE estimates from emergence to end of flowering (BBCH 70), an initial low
value of 1.25 g m−2 MJ intercepted PPFD−1 and a second, higher RUE value of 2.78 g m−2

MJ intercepted PPFD−1 with a breakpoint at 107 MJ m−2 [127]. This experiment was
run using a mid-winter sowing time, and no similar differences in RUE across the cycle
were detected for spring sowings [134]. Low RUEs under low temperature conditions are
expected to occur in several quinoa growing environments, such as the high Andes, during
early spring in Northern Europe, or autumn and winter in Mediterranean environments,
which partially explains the low initial growth observed for quinoa in many environments.

However, the approaches for LAI and RUE measurements described here are not
feasible for application in large field trials owing to several limitations, which make
them low in throughput. This process is time-consuming and labor-intensive and also
affects the quality of the data collected because measurements must be taken over a
longer time span. Instead, unmanned aerial vehicles (UAVs) deployed with multi-spectral
sensors may be used to collect image data for the entire trial area to estimate LAI of all
quinoa plots. However, low-throughput field-based methods for measuring LAI are still
required for modelling LAI from UAV-based imagery and for independent validation of
the image-derived LAI measurements Estimates for RUE or radiation capture can also be
obtained from the Photochemical Reflectance Index (PRI), which can be extracted from
spectroradiometers (PRI) or normalized difference vegetation index (NDVI) estimates [135].
Several spectral reflectance indices can be obtained at a high throughput through the use of
UAVs. Of these indices, NDVI and green normalized difference vegetation index (GNDVI)
have been identified as the most informative for quinoa when assessing irrigation treatment
effects [136,137]. Furthermore, spectral reflectance measurements have been identified as
the most effective tool in the assessment of disease impacts in quinoa [138].

6.3. Unmanned Aerial Vehicle-Based Phenotyping

Phenotyping methods have been considered a bottleneck in plant genetic studies [16];
therefore, it is important to quickly progress to non-destructive high-throughput and
high-precision options for phenotypic data collection. The use of UAV technology is emerg-
ing to be one of the most promising solutions. Recent advances in UAV technology and
miniaturization of mountable sensors have facilitated accurate, consistent, and expansive
high-throughput phenotyping of crops [139] and standardized data collection approaches
and image processing workflows [140]. The use of UAV-derived data for crop phenotyping
may increase the amount of data collected, frequency of data acquisition, consistency
of information extracted, and the ability to undertake retrospective studies, while sig-
nificantly reducing human labor. Red-Green-Blue (RGB) and multispectral cameras are
used most frequently for crop phenotyping studies because of their relatively low costs
and ease of use; however, Light Detection and Ranging (LiDAR), thermal infrared, and
hyperspectral sensors have also been used to collect information on phenotypic traits [141].
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UAV-based RGB and multispectral cameras have been found to be suitable for plant height
estimation of maize [142], yield prediction of tomatoes [143], plant vigor assessment of
barley [144], detection of pathogens, e.g., cotton root rot disease [145], yellow rust disease
in winter wheat [146], and maize streak virus [147], and mapping of growth patterns of
winter wheat [148]. UAV-captured data can also be used to calculate a crop water stress in-
dex [149] where leaf temperature is normalized using environmental conditions measured
around the experiment along with leaf temperature. The use of digital photogrammetric
processing approaches such as structure-from-motion and multi-view stereo reconstruc-
tion of overlapping optical images allows detailed surface elevation characterization and
three-dimensional models to be generated [150]. Although LiDAR sensors have greater
plant canopy penetration capabilities and provide height information with higher accuracy
than photogrammetrically processed optical data, their weight, costs, and range currently
limit their operational use in the agricultural industry [151].

UAV-derived thermal data have become increasingly popular for use in phenotyping
applications to monitor canopy temperature, detect plant disease, and estimate yield [152].
However, camera effects such as vignetting, camera warming, and temperature drift as
well as meteorological conditions such as ambient temperature, wind, and wind direction
often affect the accuracy of UAV-derived at-surface temperature measurements [153,154].
Malbeteau et al., (accepted) [155] provide practical information and examples of how to
overcome issues related to dynamic temperatures and wind effects during thermal UAV
data collection to improve data consistency and accuracy of UAV-based orthomosaics of
a field trial designed for phenotyping of tomato plants. UAV-based hyperspectral im-
agery contains hundreds of spectral bands that allow the collection of detailed spectral
information on phenotypic traits [156]. Examples of agricultural hyperspectral data appli-
cations include estimation of chlorophyll, mapping of plant disease, detection of nutrient
status, and assessment of plant nitrogen content [157]. Although UAV-based hyperspec-
tral data provide information well-suited for phenotyping, data processing and analysis
are often complex, requiring careful image calibration and pre-processing [158,159] to
achieve spectrally accurate reflectance data suitable for scientific research and consistent
monitoring [160]. Ivushkin et al., (2019) [161] used data from UAV-based multispectral,
hyperspectral, thermal, and LiDAR sensors to discriminate between quinoa plants in a
salt-treated plot and a control plot and found hyperspectral vegetation indices to be better
suited than multispectral data for the spectral discrimination of quinoa plants between the
two treatments. The LiDAR data were used to detect a lower plant height of salt-treated
plants compared with the control plants. Temperature measurements could clearly discrim-
inate the quinoa plants in the two treatments, when the thermal data were clustered based
on plants with similar vegetation index values. These findings emphasize the potential of
UAV-based phenotyping of quinoa plants.

The successful application of UAV-based sensing technologies for phenotyping in quinoa
field trials depends on the seeding pattern and dimensions because single rows of quinoa
plants with limited spacing between rows (Figure 2A) precludes separation of plots owing
to lodging across neighboring plots. Shading from tall quinoa plants of neighboring shorter
plants affects their spectral reflectance characteristics as observed from RGB, multispectral,
and hyperspectral imagery and plant temperature measured by thermal infrared cameras.
To reduce shadow effects, it is generally recommended to collect RGB, multispectral, and
hyperspectral UAV imagery close to solar noon. Although rectangular and square plots of
greater width (Figure 2B,C) improve the separation of quinoa plants from neighboring plots for
image analysis, except along their perimeter, the larger the plots and the greater the separation
(Figure 2D), the more feasible it becomes to derive image-based representative samples of
individual plots for analysis of phenotypic traits.
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Figure 2. Quinoa plant trials showing (A) linear plots with a width of one plant; (B) rectangular plots with multiple plants
next to each other; (C) square plots of 1 × 1 m2; and (D) square plots of 2.5 × 2.5 m2. All UAV images are displayed as false
color composites.

The collection of UAV imagery throughout the growing season allows multi-temporal
assessment to study plant growth, behavior, and phenology. Multi-temporal assessment
generally requires accurate georeferencing of the image datasets acquired during the
growing season, which can be achieved using GPS-surveyed ground control points [140].
Variations in solar elevation, irradiance, and atmospheric conditions alter the illumination
conditions over time. To enable spectral characteristics to be compared among multiple
datasets, normalization of the image digital numbers to a set standard, normally at-surface
reflectance, is required [162]. For consistent multi-temporal results and to ensure similar
spatial resolution of the imagery, it is also recommended to employ the same flight pattern,
altitude, and type of camera because different cameras are sensitive to different spectral
wavelengths [140]. Finally, it is important to collect field calibration and validation data
of phenotypic traits to be mapped. While in situ calibration data allow relationships and
models to be developed, e.g., for UAV-based image classification, independent validation
data enable the accuracy of maps to be assessed [163].

The use of automated and active phenotyping systems using light-induced fluores-
cence transient (LIFT) canopy scans can be useful for linking of photosynthetic performance
and canopy structure and offers great potential for plant breeding and crop growth model-
ing [164,165]. UAVs, automated greenhouse phenotyping facilities, and rapid handheld
phenotyping devices can create time series of imagery of large populations of plants over
the course of a season or developmental stage(s) [166]. The data collected from these
approaches may include a range of imaging modalities, e.g., hyperspectral, thermal, RGB,
LiDAR, etc. This results in large volumes of high dimensional data for each plant that also
contain spatial and temporal components. These data inherently contain cryptic informa-
tion about biochemical, physiological, and morphological information of plants and their
variance over time, and their conditionality on environmental conditions and genotype.
Data volumes from such approaches can reach tens of terabytes per day and thus require
automated approaches for phenotype extraction. Machine learning approaches, including
deep learning, can be trained in a supervised manner to recognize phenotypes of interest
such as height, chlorophyl content, flowering, plant architecture, abiotic stress, pathogen
detection, disease quantification, etc. [167]. This is typically achieved by researchers manu-
ally labelling datasets and training neural networks to be able to predict those labels from
the image data. After adequate training, the resulting neural network models can be used
to analyze large volumes of data to extract phenotypes in an automated manner. However,
the training phase is labor-intensive and supervised learning approaches will not, by them-
selves, extract all meaningful information from these complex, high-dimension datasets.
As an alternative, unsupervised approaches such as autoencoders can be used to learn the
latent spaces in a dataset and the resulting patterns extracted for use as phenotypes [168].
Traditionally, the downside of such an unsupervised approach has been the “black box”
nature of neural networks which makes the extracted latent spaces difficult to interpret.
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However, recent advances in neural network architectures such as transformers with atten-
tion mechanisms show promise in relating the latent-space topology to the original features
and thus producing interpretable phenotypes that are automatically extracted out from
large datasets [169,170].

7. Phenotyping of Mature Plants

Toward the end of plant growth, before physiological maturity and harvest, it is useful
to phenotype several traits at once in one large phenotyping event. Phenotyping at this
stage can be seen as the cumulative effect of different developmental phases on the trait
studied. Therefore, phenotyping at maturity can be a way to summarize the morphological
strategy of the plant.

For most traits, the most useful stage for undertaking this intensive phenotyping is
around mid-seed filling, during principal growth stage 8, i.e., ripening. It is important
not to schedule this event too early because colors may not have developed or too late
because during senescence, colors and leaves are lost. Depending on the number of traits
decided upon for investigation and the size of the trial, this process is usually completed
in 2–3 weeks. Preparation for the phenotyping event includes the set-up of a spreadsheet
containing the field plan, plot numbers and associated accession information, and the traits
that are to be described. An example of such a table lies in the templates linked on the home
page of Quinoa Germinate Database. Available online: http://germinate.quinoadb.org
(accessed on 15 August 2021). Not all phenotypes will be recorded in each trial; only
phenotypes that show variation across the field should be selected. In addition to the
descriptions, phenotyping cards are created (Supplementary File S1). These may be printed,
laminated, and given to each person of the phenotyping team to carry while assessing plots
within the field.

Multiple teams of individuals may divide the workload to shorten the time required
for completing the phenotyping. However, this comes at a risk of introducing biases and
errors. If the work is shared, it is crucial to train each person adequately and to ensure that
all agree with the method using which traits are scored or measured. Hence, it is important
that extra time for training each person is planned in for the first day of phenotyping. The
first plots are scored by all people together. This gives an opportunity for ensuring that
the scoring method for each phenotype is clear to each person. Next, around five plots
should be scored independently by each person, and scores should be compared. Where
differences in the given scores are identified, these should be discussed. The next plots
can only be split up between the people scoring, once all are in agreement. At multiple
times throughout each day in the field, each team should phenotype overlapping plots
and compare the measurements to ensure that the measurements agree and traits persist.
The following section describes in detail the phenotypes that we recommend to measure
during phenotyping of mature plants.

7.1. Assessing the Quality of Phenotypic Data

To address questions that may arise during the analysis after termination of the trial,
for instance, checking the data for outliers or apparent typos, photographs are taken of each
plot. Four photographs are taken, as shown in the example images in Figure 3, starting
with one picture of the entire plot. It is useful to have a pole used for height measurements
included in the middle of the plot as a scale reference. Next, one representative and easily
accessible plant (avoiding the outer edge plants) is chosen for a second picture, which
should show the entire plant. For this picture and the following close-up picture of the
panicle, a black background is needed to capture all details of the individual plant. This
backdrop should be composed of cloth with a matte finish to prevent light reflectance and
should be attached to a wooden frame that can be easily transported. A color rendition
chart (e.g., ColorChecker Passport Photo 2, X-Rite Inc., Grand Rapids, MI, USA) is also
important, to include color calibration because light conditions may vary highly throughout
the day depending on the weather conditions. Therefore, a camera with high resolution
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and manual adjustments of the settings to permit adaptations to changing light conditions
is needed. For example, the images in Figure 3B,C were taken with a Canon EOS 70D
device (Canon, Tokyo, Japan), with manual settings for F-number (f/7.1) and exposure
time (1/250). However, for the plot image, this exposure time resulted in an overexposed
image (too bright). A second photograph was taken with exposure time 1/500 (Figure 3A).
Different settings were used again for Figure 3D, the image of seeds on the blue card.
This photograph was taken using the automatic setting “aperture priority” instead of a
manual setting, and used a different F-number (f/9). For image analysis, images need
to be stored either as raw data files or using lossless compression techniques to enable
complete reconstruction of the data from compressed data. This is also important because
the quality of the images taken determines whether they can later be used for image feature
extraction. Algorithms for the extraction of plant morphological features from these types
of images are currently being developed, and seed phenotypic characteristics can already
be extracted from seed images by placing the seeds on a blue card background (Figure 3D).
This technique is described in detail later (Section: Seed Phenotyping, Section 9.2.1.).

Figure 3. Example photos of images taken during mature plant phenotyping event. These include (A) a picture of the entire plot
with reference for plant height, (B) a photograph of one representative plant for the plot in front of a black background with
ColorChecker and ranging pole for height reference, (C) a close-up picture of the primary panicle, and (D) a picture of a seed
sample (~20 seeds) on a 10 × 10 cm square blue card background (used for later image extractions of seed size and color.

7.2. Plot-Level Phenotypes

In addition to the photographs of plants, there are a number of phenotypes that should
be scored to allow others to do quantitative analyses without the need to be involved in
data collection. A number of quality control phenotypes are assessed as the percentage
of the plot that is affected (Table 2). These phenotypes may also need to be considered
in analyses of the trial data where the phenotypes might affect any of the later described
“plant-level” phenotyping data in which one representative plant for the plot is chosen for
further measurement.

Table 2. Overview and description of phenotypes that may be recorded at the plot level and record the majority of the plot.
Scoring metrics followed by an asterisk(*) represent assessments of the percentage of the plot covered or affected by levels 1
(up to 20%), 3 (20–40%), 5 (40–60%), 7 (70%–80%), and 9 (over 80%). Border plants of each plot should not be considered
when phenotyping. See Supplementary File S1: Phenotyping cards for visual examples for the traits.

Plot-Level Phenotype Scoring Metric Description

Plot coverage 1,3,5,7,9 * Percentage of the plot covered, 1 = poor to 9 = good establishment
Plot population

homogeneity 1,3,5,7 Judgment of homogeneity of the accession, 1 = homogeneous to 7 = mixed
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Table 2. Cont.

Plot-Level Phenotype Scoring Metric Description

Branchiness 1,3,5,7
Score for the overall amount of side branches along the entire length of the

stem, ignoring very small and spindly branches, ranging from 1 = no branches
to 7 = bushy plant with many (i.e., greater than 7) major lateral branches

Growth habit 1,3,5,7
Four categories of growth habit described in images on the phenotyping card.
Here the focus lies on whether branching is present in the bottom third of the
stem from the base of the plant and if a main inflorescence can be identified

Stem breakage
incidence 1,3,5,7,9 * Stems are broken or detached, assessing the percentage of the plot affected

Stem lodging
incidence 1,3,5,7,9 * Plants are prostrate, on or near the ground, with intact stems; assessing the

percentage of the plot affected

Stem lying incidence 1,3,5,7,9 *
Stem of the plant is not emerging straight up from the soil but has a kink at the
base, growing along the ground before rising; assessing the percentage of the

plot affected

Stem angle 1,3,5,7 The angle at which the majority of plants are leaning, measured between the
vertical axis and the horizontal axis

Panicle axis angle 1,3,5,7 The angle at which the majority of panicle axes are leaning, measured between
an upright panicle on the vertical and a panicle pointing towards the ground

7.2.1. Plot Population Homogeneity

The most important trait for quality control of data in the analyses of datasets is
the score of heterogeneity of the phenotypes of the individual plants within a plot. The
genetic diversity of quinoa is wide owing to less-intensive breeding events (and thus a
relative paucity of population bottlenecks), and several quinoa accessions are landraces
that produce a heterozygous phenotype. Quinoa is predominantly self-pollinating and
has varying rates of natural hybridization of 10–17%, which are likely to be greater at
lower plant spacings, and depending on the coincidence of flowering with the windiness
of the site or the presence of other pollen vectors [7,171]. There is also a possibility for
outcrossing if panicles are not isolated with a bag. The heterogeneity of a population
can be beneficial in small-scale cultivation, where it might confer greater yield stability
in unpredictable weather conditions. However, for genetic studies, heterogeneity poses
considerable challenges because the phenotype must be correlated with the genotypic
information. Hence, highly heterogeneous genotypes are not suitable for genetic studies,
and plots need to be excluded from the analysis if >50% of the plants within a plot are
segregating, i.e., they are observably different, and a plot must be excluded when the
main phenotype of the accession is not identifiable within the plot (for example images of
the different categories of heterogeneity scores, see Supplementary File S1: Phenotyping
cards). If possible, producing inbred genotypes by isolating the panicles within 100 µm
mesh pollination bags (“bagging”) before the start of genetic studies is recommended.
When bagging panicles in the field, bag size is important. Bags of size 10 × 15 cm were
found to be best; larger bags can be caught more easily by the wind. After flowering (at
BBCH 70), the bags should be removed to allow the panicles to expand and grow. It is
important that the panicles remain tagged after the removal of the bags to keep information
on which panicle is to be harvested for pure seeds. For example, bags can be tied to the
plant underneath the panicle upon removal.

Heterogeneity is scored by assessing the percentage of plants in the plot that have a
visibly distinct phenotype from the majority of plants in the plot, where four categories are
described as follows (see also Supplementary File S1: Phenotyping cards):

• 1: Most plants are the same (up to 10% different).
• 3: Over half of plants are the same (10–30% different).
• 5: Less than half of plants are the same (30–50% different).
• 7: Over 50% of the plants are different, completely mixed plot; will need to be excluded

from analysis.
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7.2.2. Plot Coverage

Another quality control measure is plot coverage, which can give an indication of the
spatial heterogeneity at the plot level. The importance of recording plot coverage lies in the
aforementioned phenotypic plasticity of most quinoa accessions in response to the space
available around them, which is why this information may be included as a covariate in
analyses of responsive traits.

The plot is assessed using a scoring metric based on percentages, where:

• 1: Up to 20% of the plot is covered, plant establishment is very poor.
• 3: Less than half of the plot is covered, ~30% (20–40%).
• 5: Around half of the plot is covered, ~50% (40–60%).
• 7: Over half of the plot is covered, ~70% (60–80%).
• 9: Over 80% of the plot is covered, plant establishment is very good.

To make the assessment of plot coverage in percentage easier, and if the plot size
allows it, plants can be counted to see how the number compared to the total amount of
plants a plot should have. Alternatively, plot coverage information can be deduced from
plant emergence or UAV data, if available.

7.2.3. Stem Breakage Incidence

Other factors such as plant damage should also be considered in subsequent analyses
of traits. For instance, damage to the stems may be relevant for yield measurements when
the damage causes a loss of yield from affected plants. Stem breaks are often caused by
strong winds, but can also happen after insect damage or some fungal diseases (which
should be checked when stem breakages are observed). Because panicles get detached
from the plant, further progression of their life cycle is prevented. Depending on the timing
of the damage event, the affected panicles may still be harvestable. Stem breakage is an
undesirable trait in a cultivar and is assessed on the basis of the percentage of the plot
affected, where:

• 1: Up to 20% of the plot is affected.
• 3: Up to half of the plot is affected, ~30% (20–40%).
• 5: Around half of the plot is affected, ~50% (40–60%).
• 7: Over half of the plot is affected, ~70% (60–80%).
• 9: Over 80% of the plot is affected.

7.2.4. Stem Lodging and Stem Angle

In contrast to the snapping of stems, stem lodging refers to bent plants lying on or
near the ground, with intact stems. Although the panicles are still harvestable in this
case, depending on the degree to which a plant lodges and how close it is to the ground
the panicle is, they might not be picked up by a combine harvester. In addition, where
panicles are lying on the ground, pre-harvest sprouting and fungal infections may arise.
Often the proportion of the plot that is affected by entirely lodged plants varies. Hence,
for scoring stem lodging, the percentage of the plot affected is recorded using the same
percentage-based categories as described above.

Alternatively, stem vertical angle, i.e., the angle at which the majority of plants in the
plot are leaning towards, measured from the vertical axis, may be scored
(see Supplementary File S1: Phenotyping cards). Here, a scoring system is used, where:

• 1 < 22.5◦ inclination or deviation of the stem from the vertical (i.e., most plants are upright).
• 3 < 45◦.
• 5 < 67.5◦.
• 7 < 90◦ (i.e., most plants are on or very close to the ground).

7.2.5. Panicle Axis Angle

Depending on the environment, or if a treatment (for example salinity) is applied,
genotypes can be observed to have panicles that droop towards the ground. A deviation
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from the vertical may also represent a heat avoidance strategy as was observed in sun-
flower [172]. Similar to stem vertical angle, panicle drooping is assessed for the majority of
the plot and based on the degree at which a panicle deviates from the vertical. Because a
panicle can droop towards the ground while its stem remains vertical, this scoring system
goes up to 180◦ in this case:

• 1 < 45◦ inclination or deviation of the panicle from the vertical (i.e., most panicles are upright).
• 3 < 90◦.
• 5 < 135◦.
• 7 < 180◦ (i.e., most panicles are pointing towards the ground).

7.2.6. Stem Lying Incidence

Stem lying sometimes co-occurs with stem lodging. The cause of stem lying remains
unclear, but it results in the lying of stems on the ground, which may occur at the seedling
stage of emergence (BBCH 00–09). The length of the section of a stem that is growing along
the ground varies, indicating that the plants with stem lying could be classified into distinct
groups. However, during in-field experiments, with multiple plants in a plot, it is apparent
that there are some complications with this phenotype. Some plants exhibit severe stem
lying, whereas others with the same genotype in the same plot have none. Hence, when
stem lying is noted in the plot, the percentage of the plot that is affected should be scored,
not the severity of the lying itself. The scoring categories are therefore the same as those
for stem breakage listed above. Severely affected plots may need to be excluded from
subsequent analyses. Depending on the severity of this phenotype observed in the field,
stem lying may not be necessary to record.

7.2.7. Growth Habit

The architecture of quinoa plants varies greatly, and because this phenotype is partic-
ularly responsive to environmental conditions, the growth habit category for an accession
is also classified at the plot level. Depending on the experiment, growth habit may also be
assessed for individual plants.

The categories shown in Figure 4 were drawn based on their presentation in the
Quinoa Descriptors [38], but the description of the categories was adapted to include the
extent of growth habits that we observed in our diversity panel of approximately 1000
accessions. The feature that differentiates the groups is branching in the lower-third of the
plant as well as the size of the panicles on those branches.

Figure 4. Growth habit of quinoa plants is grouped into four categories based on the branching habits at the base of the plant,
and the size of the panicles of these branches: 1—not branched at base; 3—some branching from the base with no significant
panicles on branches; 5—branching from the base with more significant panicles; 7—main panicle is difficult to identify.

• 1: Not branched at base, usually with a clearly defined terminal panicle.
• 3: Some branching from the base; no significant panicles on branches in the basal area

(thus, this is not worth harvesting).
• 5: Branching from the base with more significant panicles.
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• 7: Main panicle is difficult to identify.

7.2.8. Branchiness

Growth habit is focused on the branching habit at the base of the plant; however, in
this category, we assess the degree of branching across the entire plant. The number of
branches coming from the primary axis is easiest to assess when the plant is in principal
growth stage 9, senescence. Because the phenotyping event is planned for a time where
most plants are at principal growth stage 8, attention should be paid to avoid bias from the
leafiness of the plant when scoring for branching degree. Plants from the middle of the
plot are categorized into:

• 1: Low number or no secondary branches.
• 3: Some branches (30–50% of the primary branch length has secondary branching).
• 5: Branched (50–70% of the primary branch length has secondary branching).
• 7: Highly branched (above 70% of the primary branch length has secondary branching).

7.3. Plant-Level Phenotypes

After assessment of plot-level phenotypes, it is recommended that detailed observa-
tions of representative plants from each plot are made. As representative plants, again we
select individuals from the middle of the plot (to avoid edge effects) which share features
with plants across the entire plot, including the traits outlined in Tables 3 and 4. Depending
on the time available for plant phenotyping, we select 1 to 3 individuals per plot. If there is
a clear segregation of phenotypes in a plot, these plots are to be marked heterogeneous
and are excluded from genetic studies. Representative individuals from each “type” can be
separately phenotyped to maintain a record of how the accession segregated phenotypically.
The phenotypes measured for each plant are divided into quantitative and categorical
traits, as outlined in the following sections.

Table 3. Overview of the quantitative plant-level phenotypes that are measured for representative plants of a plot.

Plant-Level Phenotype Unit Description

Plant height cm

Height of the most representative plants of the plot, usually from the middle of the plot, measured
with a long measuring stick from soil to the tip of the panicle. If more than one distinct phenotype

is present, more than one plant may be recorded in a new row of the spreadsheet, with all
phenotypes that are differing recorded separately

Panicle length cm Length of the primary panicle measured with the same stick. Measured from the base of the
panicle to the tip

Stem diameter near plant base mm Thickness of the stem measured with calipers at the middle of the bottom third of the plant stem
Stem diameter under panicle mm Thickness of the stem measured just underneath the panicle

Number of significant panicles count Count of the number of significant panicles, i.e., larger panicles, near the top of the plant,
harvestable, that provide a major contribution to the seed harvested from the plant

Table 4. Overview of categorical plant-level phenotypes and description of the according scoring metrics.

Plant-Level Phenotype Scoring Metric Description

Growth stage BBCH scale Phenological growth stage; very important to record at mature phenotyping

Seed shattering 1,3,5,7 Grain persistence in the plant at physiological maturity. Assessing how easy seeds fall off the
panicle upon light touch: 1 = no seeds falling to 7 = majority of seeds falling

Panicle shape 1,3,5 Classified into one of the three categories: glomerulate, intermediate, or amarantiform
Panicle density 1,3,5,7 Scored from 1 = lax (loose) with panicle axes easily visible to 7 = tight and compact panicles

Panicle leafiness 1,3,5,7 Scored from 1 = no leaves to 7 = many leaves
Panicle color 13,4,15,16,5,7 Categorized according to the color phenotyping card
Stem color 13,4,15 Categorized into green (13), red (4), or no pigmentation (15)
Stem striae 0,1 Presence (1) absence (0) scoring of stem streaks or stripes

Axil pigmentation 0,1 Presence (1) absence (0) scoring of pigmented axils
Stem leaf shape 1,2 Leaves of the stem are categorized into two groups: rhomboidal (1) and triangular (2)
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7.3.1. Quantitative Plant-Level Phenotypes

An overview of the quantitative traits is shown in Table 3. They are presented based
on the order used during phenotyping in the field.

Plant Height

Plant height is measured from the base of the plant at soil level to the tip of the primary
panicle. We found that the use of metal ranging poles with alternating red and white colors
to be the best option for a height reference because they are sturdy, yet not too heavy, metal
poles with alternating red and white colors which work as height references. Extra markings
and height labels need to be added to the poles using black tape and permanent markers. As
ranging poles are made up of multiple parts that are screwed together, the height of the poles
can be adjusted to the maximum height of the plant in the trial. If representative plants are not
entirely upright, they can be held upright to record their height.

Panicle Length

Panicle length is measured for the primary panicle from the base of the panicle
to its tip. In most commercial varieties, panicles are often extremely distinct and eas-
ily measured. However, in some quinoa accessions with wild phenotypes resembling
Chenopodium hircinum accessions, panicles can be sparse, with the inflorescences spaced
along the length of each branch. In these cases, we grasp the panicle below the lowest
lateral branch with a large inflorescence and bring them together to get an estimate of the
primary panicle.

Stem Diameter

Stem thickness is measured twice, once at the base of the plant and once just below the
panicle. In our protocol, digital calipers are used to measure both. In dense plots or with
large field trials, these measurements can be very time-consuming and are best applied for
studies assessing the likelihood of stem lying, stem-breaking, and lodging.

Number of Significant Panicles

An attractive trait for a commercial variety that is harvested by machine is the presence
of a single primary panicle. However, in many accessions, several additional panicles can
be observed emerging from lateral branches. A significant panicle is a panicle which is
large enough to make an important contribution to the yield obtained from a plant. These
panicles are often on the upper half of the plant, near the primary panicle. The number
of significant panicles should be counted, which is generally equivalent to the number of
primary branches. The “significant panicles” should, together, contribute to an estimated
90% or more of total plant yield.

Categorical Plant-Level Phenotypes

Aside from the phenotypes that are measured, a number of traits are visually assessed
and assigned to defined categories. An overview of the qualitative traits is shown in Table 4.

Seed Shattering

Dehiscence (or seed shattering) is a dispersal strategy of importance to wild plants,
but this trait is a major cause for crop yield losses [173]. Increased persistence of the grain
within the panicle is therefore a priority trait during the domestication process of a crop.
This trait is assessed by lightly tapping 3–5 panicles while holding the other hand or a
piece of paper underneath the panicle to catch the seed that falls off. The number of seeds
that fell may be:

• 1: No seeds falling.
• 3: Some seeds falling.
• 5: Many seeds falling.
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• 7: Majority of seeds is falling, “raining” seeds, and a large number of seeds present on
the ground at measurement.

Panicle Shape

Three categories have been described for the overall shape of quinoa panicles [38],
as illustrated in Figure 5. However, this trait has caused problems, as some panicles
are not easily categorized into the described groups. The three groups were changed to
scores of 1,3,5 instead of the scores previously named 1,2,3 in the Quinoa Descriptors [38]
because quinoa panicles are so diverse that panicles cover a wide spectrum of shapes, rather
than falling into the three distinct groups that are described below, or the two categories
that were previously suggested, glomerulate and amarantiform [123]. The difficulty in
categorizing is causing inconsistencies with scoring. Glomerulate panicles usually have
clusters of glomerules at the end of a cluster of branches emerging from the secondary
axis, as shown in Figure 6. To distinguish between the intermediate and amarantiform
groups, the length of the secondary axis, which is usually packed tightly with glomerules
up to the junction (resembling “fingers”), should be considered. Additionally, intermediate
panicles can have short tertiary branches emerging from the secondary axes, usually
from the bottom half of a “finger”. The glomerules inserted into the short tertiary axes
create “bulbous clusters” and lead to the presence of both, glomerulate and amarantiform
features in an intermediate trait. Generally, it was also observed that panicles fitting into
the intermediate category have their elongated glomerules only starting from a lower
half of the panicle, while the top resembles a triangular shape of glomerulate glomerules.
To improve this classification system in the future, image analysis algorithms are being
developed for the identification of new groups from images of panicle inflorescences.

• 1: Glomerulate—glomerules with globose shape, resembling “bulbous clusters”.
• 3: Intermediate—panicles have both amarantiform and glomerulate traits, resembling

fingers with glomerules.
• 5: Amarantiform—glomerules with elongated shape, resembling “fingers”.

Figure 5. Three distinct groups of observable panicle shapes: 1. Glomerulate, 3. Intermediate,
and 5. Amarantiform.
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Figure 6. An example of a glomerulate panicle with a visible network of branches.

Panicle Density

Panicle density, a trait that can vary greatly with environment (such as temperature),
contributes to the complications with defining panicle shape and is scored separately as follows:

• 1: Lax (loose)—glomerules sparsely spaced, panicle axes easily visible.
• 3: Intermediate—glomerules tighter but with panicle axes still visible.
• 5: Primary axis rarely visible.
• 7: Compact—glomerules tightly packed, no panicle axes visible.

Panicle Leafiness

Within the inflorescences, there are often leaves growing among the flowers
(see Supplementary File S1: Phenotyping cards). Variability between genotypes and
environments is observed for this trait and can be scored as follows:

• 1: Leaves are present in less than one-third of the panicles.
• 3: Leaves are present in more than one-third but less than three-fourths of the primary,

sporadic, and not dense panicles.
• 5: Leaves present in three-fourths to of the entire primary axis, frequent but not dense leafiness.
• 7: Many leaves present throughout the primary axis.

Panicle Color

Color code descriptors with 15 colors for quinoa panicle scoring were previously
provided by [38]; however, scoring for color is highly subjective. We find disagreement
among individuals scoring panicle colors, particularly for differentiating red, pink, and
purple. This problem highlights the need for providing color cards (e.g., Royal Horticultural
Society Colour Chart, Methuen Handbook of Colour, or Munsell Color Chart for Plant
Tissues) as a direct reference when accurate classification of colors is of interest, and in
this case, it is advisable to extract color information from images. In most field trials,
detailed color recording may not be a priority, but recording the most prevalent color is
a useful indicator of phenotypic segregation and quality control as color is a dominant
morphological marker [174]. Therefore, we reduced the number of categories to the
following six:

• Green (13);
• Green with Purple (16);
• Pink/Purple/Red (4);
• Orange/Yellow (5);
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• Dark colored (7);
• Beige/White (i.e., no pigmentation, mostly for mature plants) (15).

Stem Color

For stems, 11 colors were proposed [38]. This wide color variation has not been ob-
served in the field among our diversity panel and is difficult to correctly identify under
field conditions. Stem color is useful to serve as a quality control for validating proto-
cols in genetic analyses because the loci associated with stem color have already been
identified [15]. Therefore, plants only need to be categorized into the following:

• Green (13);
• Red (4);
• No pigmentation (beige, white, yellow) (15).

Stem color can also provide information about the homozygosity of an accession, and
accessions have been observed with red coloration at the leaf–stem intersection, which may
be used as a control for whether crosses have been successful [174]. A lack of pigmentation
is based on panicles and stems that have lost their color owing to senescence. It is not
always possible to time the scoring campaign for color across all accessions because there
can be great variability in the number of days required to achieve maturity.

Stem Striae and Axil Pigmentation

The presence of stronger pigmentation forming stripes on the stems and pigmented
axils are traits that persist and may be used for example for the identification of successful
crosses. If desired, stem striae color can also be recorded. Separate genetic mechanisms to
color may likely regulate the location of the pigment accumulation or synthesis. Hence, it
should be sufficient to score for:

• Presence (1);
• Absence (0).

Stem Leaf Shape Characteristics

Leaf shape characteristics are heritable traits that may be useful to breeders for variety
identification. These traits may also be correlated with irradiation capture, water use
stability or yield stability. They need to be recorded at flowering. As described by [38] stem
leaf shape can be categorized into two groups:

• Rhomboidal (1);
• Triangular (2).

The leaf margin refers to the shape of the edges of the leaf. This trait also summarizes
teeth number, another leaf shape characteristic which can be scored separately if more
detail is required. Leaf margin is categorized into:

• Entire (1);
• Dentate (3);
• Serrate (5).

8. Phenotyping of Disease

Depending on the environment in which a trial is conducted, quinoa may also be
affected by diseases that influence plant health and yield negatively. Therefore, recording of
disease occurrence and scoring for disease severity might be necessary in field trials where
diseases are observed despite taking pest and disease control measures. As infections
can progress rapidly, it is important that the plots of a trial are regularly assessed for
disease throughout the growing season, and controlled for [175]. Trials where disease is
not controlled but representing the studied treatment are independent trials designed for
the phenotyping of disease, typically by the selection of genetically diverse accessions
with variable disease resistance. Disease assessment includes measuring the incidence (the
number of affected plants out of the total assessed) and severity (proportion of plant area
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or fruit volume destroyed by a pathogen) [176]. Observations must be conducted at least
three times: once during phenological growth stage 1, when plants have around nine true
leaves, and before branches develop; a second time during either principal development
4 (development of harvestable vegetative parts), principal growth stage 5 (inflorescence
is visible), or principal growth stage 6 (flowering); and a third time during principal
growth stage 8. To avoid difficulties arising with senescing leaves, observations should be
conducted before principal growth stage 9.

Accurate diagnostics of quinoa diseases, however, are complicated because multiple
pathogens often appear in communities [177]. A field situation is a complex interaction
between the plant and its microbiome. Therefore, incorrect identification of the pathogen
involved can occur if only a single organism is considered. Some plant disease agents
can be identified through their symptoms and classified from infected tissue by skilled
plant pathologists. However, numerous pathogens cannot be distinguished from each
other based on the visual assessment of disease symptoms. In fact, molecular tools and
clear distinctions among quinoa plant diseases were lacking in the past, with only a few
examples properly described. The pathogens identified to affect quinoa include the fungal
pathogens Ascochyta caulina, Cercospora cf. chenopodii, Colletotrichum nigrum, C. truncatum,
Fusarium spp., and Pseudomonas syringae [175]. The predominant and most well-described
pathogen is the oomycete Peronospora variabilis: it causes downy mildew, and its impact
is considered to be one of the most economically important [51,178–186]. The complexity
of diseases can lead to inaccurate diagnosis in field trials. Therefore, we propose for the
in-field phenotyping of disease symptoms to assess all three parts of the plant: foliage,
stem, and panicles. Leaf symptoms should be well-described with respect to detectable
changes in lesion shape (irregular, blotch, spots) (Figure 7(Aa,b); 7(Ca,b), color (pink,
bronze, chlorotic, mix) (Figure 7(Aa–d), other symptoms (surrounding halos, concentric
rings) (Figure 7(Aa,d)), and distinctive signs such as sporulation usually present on the
abaxial side of the leaf (Figure 7(Ba,b)), and chlorotic leaf veins (Figure 7(Bc)). Next,
the type of lesions on a leaf (dots, diffuse or extensive) are recorded (Figure 7(Ca–d)),
followed by the amount of spread which is measured by the percentage of leaf area affected
(Figure 7(D1–5)) in relation to its total area. The scoring could be based on a scale from 1 to
5 (1 = 0–10%; 2 = 11–25%; 3 = 26–50%; 4 = 51–70%; 5 = 71–100%), which is frequently used
as a measurement of disease caused by various pathogens including severity of downy
mildew of quinoa [187].

For the estimation of severity in the field, we suggest a selection of 3–10 representative
leaves. Disease symptoms are often influenced by the age of the plant and position of
the tissue [176,188]. Leaves at the base of the plant could be displaying symptoms of
senescence. In contrast, leaves toward the apex of the plant may display induced resistance
which often occurs not only at the site of the initial infection but also in distal uninfected
parts [189,190]. Therefore, we propose that samples selected from the middle part of the
plants best represent the infection. In the case of stems and panicles, similar principles
should be applied. Examples for visible changes in panicles and stems brought upon by
pathogens are shown in Figure 8. Panicles and seeds can be affected by various pathogens
causing different amounts of rotting, which can result in total harvest loss and contaminated
seed. The example for stem disease in Figure 8B shows a mature stem with necrosis of
diamond shape (which can cause plant lodging), concentric rings, and visible pycnidia.
Another young stem shows pink coloration and white mycelia.
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Figure 7. (A) Lesions on leaf surface: (a) pale or yellow chlorotic lesions with or without a halo and
occasional pink-orange discoloration caused by leaf pathogens, (b) bronze irregular lesions caused by
Alternaria sp., (c) diffuse chlorotic spots caused by P. variabilis and (d) concentric and chlorotic halo
under artificial inoculation with Alternaria sp. (B) Sporulation on lower side leaf surface with (a) black
dots showing downy mildew sporangia, (b) dark gray-violaceous sporulation caused by P. variabilis
and (c) vein discoloration, general chlorosis and pink-orange spots caused by Fusarium sp. (C) Lesion
type on upper surfaces and amount of disease ranging from (a) dots, (b) dots expanding, (c) diffuse,
and (d) extensive. (D) Severity phenotyping scale used for assessing the percentage of the leaf area
affected where 1 = 0–10%, 2 = 11–25%, 3 = 26–50%, 4 = 51–70% and 5 = 71–100%. Leaf examples given
represent different degrees of severity during the infection of Alternaria spp. (Colque-Little and some
images previously published in [51]).

For accurate disease diagnostic, further procedures are needed: samples should
be saved for isolation, microscopic analysis, and molecular identification of the causal
agent. Koch’s postulates, guidelines for determining a causative relationship between a
microorganism and a disease, should be validated. The steps required for the standardized
procedure include (a) description of disease symptoms, (b) isolation of the disease agent,
(c) artificial inoculation of quinoa tissue with the isolated agent, (d) recording of symptoms
on the infected quinoa tissue followed by (e) a re-isolation of the microorganism from
the infected tissue [133,176,191]. More ongoing research is required to identify possible
pathogens, especially newly emerging ones, behind quinoa diseases. Advancement of
molecular diagnostics such as development of rapid DNA extractions and newly designed
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species-specific primers along with advanced remote sensor-based image techniques are
expected to be helpful for fast and more accurate disease detection in the near future.

Figure 8. (A) Examples for panicle diseases, with (a) a panicle infected with Alternaria spp., and (b),
a panicle predominantly infected with Cladosporium spp. at the end of the season. (B) Examples
for stem diseases, showing (a) quinoa black stem caused by Ascochyta caulina with presence of dark
structures (pycnidia), (b) pink stem and light pink mycelia corresponding to Fusarium spp. (pictures
by Colque-Little, (B)(a) courtesy of [182].

9. Harvest and Post-Harvest

When all other phenotypic traits have been collected and plants have reached ma-
turity (BBCH 89), they may be harvested and prepared for post-harvest data collection.
Depending on the trial size, type, and resources available, harvest may be approached
using different methodologies. Irrespective of the method selected, it is important that an
indication of the number of plants that contributed to the yield is available, by counting
the plants when hand-harvesting, harvesting only a set number of plants per plot, or
harvesting the entire plot and using previous field emergence information. Recording the
plant number allows the yields obtained in one trial to be compared with results from
another trial. This is crucial information to collect for international collaborative quinoa
research. The recommended harvest and post-harvest traits are listed in Table 5.
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Table 5. Overview of harvest and post-harvest traits.

Harvest and Post-Harvest Unit Description

Number of plants harvested count

Above-ground dry biomass grams
Cutting plants at the very base with secateurs and drying

the entire plant in an oven until mass is constant. Recording
total dry weight

Below-ground biomass grams If possible, root biomass could also be measured (especially
when plants are growing in sandy soil)

Seed yield for representative plants grams
Seed mass of approximately four representative plants that
were harvested from the center of the plot (seed should be

dried to constant weight)

Total seed yield per plot grams × m−2
Harvesting the panicles remaining per plot while excluding

borders, and adding the weight to that from the four
representative plants, seed dried in oven to constant weight

Seed yield per plant grams
Total harvested seed mass per plant may be calculated from

the seed weight of all plants in the plot divided by the
number of plants harvested

Harvest index Yield/ above-ground biomass
Seed weight (TGW) grams/1000 seeds Thousand Grain Weight (TGW), the weight of 1000 seeds

Seed hectoliter weight grams/100mL Estimation of density, determined by weighing all seeds
fitting into a 100 mL volume

Seed size (average area; average
perimeter) millimeter Seed size outputs from image analysis separated by

semicolon (method options described in Section 9.2)

Seed color (average red; average green;
average blue)

Numeric RGB
equivalent

Seed color output values for red, green, and blue
components, semi colon separated (obtained from image

analysis methods, see Section 9.2)

9.1. Harvest Protocols

When developing harvest protocols, it is important to consider edge effects. Therefore,
when choosing a plant for phenotyping, it is best to select only plants from the inside
of the plot, while disregarding unusually small plants or the typically larger and more
branched individuals at the borders, which might cause a bias in the yield predictions.
Similarly, in plots with uneven emergence, unusually large individuals should not be
selected. Depending on the plot size, it is recommended to harvest a larger number of
representative individuals (20–30 plants) because smaller sample sizes may lead to less
accurate predictions for yield. The number of harvested plants as well as the plot coverage
should always be noted. Main panicles may be harvested separately from secondary
panicles of a plant to obtain an indication about the distribution of seed on a plant.

For calculation of the harvest index, i.e., the ratio of harvested seeds to total dry
above-ground biomass, a subset of plants should be selected for harvest as entire plants
and cut at the base of the plant at soil level using secateurs. Depending on the plot size, 4–6
plants may be used for this evaluation. The plants should be placed in bags and dried in in
an oven at no less than 60 °C for several days (until weight is constant). Once plants are dry,
they can be weighed to obtain shoot biomass before proceeding to threshing and weighing
the seed. This information is extremely important for identifying the best-performing
genotypes, which are those that invest more resources in their seeds rather than to their
above-ground biomass.

Threshing and winnowing are, together, the process of separating the seed from the
chaff or straw and is easiest when the panicle is dry. Before mechanically threshing, the
seed should be loosened from panicles and chaff by hand to facilitate the threshing and
winnowing processes and reduce seed loss during machine threshing. After threshing,
the seeds are weighed to obtain yield. A sample can be taken and weighed to obtain the
Thousand Grain Weight (g/1000 seeds). However, for higher throughput and more detailed
information, the seed scanning method described in the following section is recommended.
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9.2. Seed Phenotyping

Because the seed is the final product, seed properties, especially their nutritional
properties, are important to be considered when selecting varieties of interest. Seed color
was not found to be correlated with significant differences in most nutritional properties,
except perhaps protein and carbohydrate contents. Pereira et al., (2019) [192] have reported
that white seeds had the lowest protein and highest carbohydrate contents compared with
red and black seeds. However, color is of interest because large white seeds are in demand
in the market for quinoa. In some countries, such as Bolivia and Peru, large red or large
black seeds are also desirable. Irrespective of the color, large grain size is the highest
priority for international market [7].

The phenotypes of seed color and grain shape were previously divided into different
categories [38]. However, visual assessment of the seed and assigning it one of four not eas-
ily distinguishable categories for shape is not very precise. With color identified as a highly
subjective trait, in the following section, we present an alternative that saves considerable
time spent on phenotyping these traits without the need for expensive equipment.

9.2.1. In-Field Seed Morphology Descriptors

An image feature extraction algorithm was developed to produce the following seed
morphological descriptors from an image: seed area, perimeter, color, and counts. Although
centralized image collection with controlled lighting and fixed resolution provides the
highest quality images, the collection of images in the field can save time and resources.
This algorithm also provided accurate results on images that were obtained using the
camera of a mobile phone. However, adjustments to the feature extraction methods are
required because images from these cameras are distorted.

Apart from a camera, a backdrop for quinoa seeds is needed. A blue card of fixed
size is best. The blue color provides a color contrast with the quinoa seeds, and the fixed
size allows pixel to mm conversion. A template for this 10 × 10 cm2 square blue card is
provided (Supplementary File S2: Blue card template) and should be cut from weighted
paper of the reference color. Overall, 10–50 seeds are placed on the card, and a photograph
is taken. In the case of in-field image collection, the image may be taken with a camera
held in one hand, while the card with the seeds is held in the other, as shown in Figure 3D.

The measurement of seeds on the blue card comprises three steps: isolation of the
blue card from the scene, rectification of the card to a square of known pixel count, and
segmentation and measurement of the seeds from the card. The image analysis software
CyVerse was made available to the community on CyVerse [193]. In the CyVerse Discovery
Environment, images can be analyzed using the Phytomorph Image Phenomics Toolkit.
After clicking on the app, an analysis name can be assigned and single images or folders
that are uploaded to the CyVerse Data Environment can be selected for analysis. For this,
the required image analysis algorithm must be selected. The algorithm for the method
described here is called “Quinoa Seed Card”. Once the analysis is completed, the user is
notified via email and can return to the Discovery Environment where the outputs are
stored in the user’s database. The outputs can be browsed there or downloaded. The
results include values for average area, average perimeter, and average red, average green,
and average blue components. In addition, images are returned with seeds that were
detected by the algorithm as single seeds, used for analysis, and highlighted in red. This
allows confirmation that the algorithm showed expected performance.

9.2.2. Seed Scanning

For more accurate measurements of seed morphological characteristics, including
size, shape, and color, a high-throughput seed scanning system has been established in
the Sustainable Seed Systems Laboratory (SSSL) at Washington State University (WSU) to
capture images of quinoa seeds. Similar systems may be established elsewhere; however,
users must consider their needs. The SSSL system uses eight flatbed scanners, which
capture images at a resolution of 1200 dots per inch (dpi). System design is focused on the
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ability to queue and initiate four samples on one set of scanners, with the process being
repeated on other set of scanners while the first set of images are captured. This system
allows the analysis of approximately 50 samples per hour and supports data collection for
thousands of samples in a year.

Users should consider their desired throughput when designing a system to best
meet their needs because this will determine the number of scanners required and their
orientation in the workspace. Certain pieces of equipment are required, regardless of
throughput (Supplementary File S3: Equipment List File). The SSSL system uses Epson
Perfection V39 flatbed scanners (Epson America, Inc., Long Beach, CA 90806), which
balance affordability (USD 50–100) with capability (up to 4800 dpi optical resolution;
600 dpi color scan in 30 s). A small subsample (approximately 1–2 g) of each sample is
taken for seed scanning. A sample splitter or other comparable equipment should be
used to collect a representative subsample. Seed samples are weighed before scanning;
however, scanners with integrated balances are available. The SSSL uses an Ohaus Scout
SPX123 Analytical Balance (Parsippany, NJ, USA), with a capacity of 120 g and a precision
of 0.001 g. Seeds are carefully scattered on the scanner, within the field of view, to limit the
number of seeds that are touching. Then, the scanner lid is closed. The underside of the
scanner lid, acting as the image background, has been painted using the flat, matte paint
color “Blueberry Festival”, which can be characterized by red, green, and blue values of 73,
139, and 184, respectively, and HEX #498BB8 (Valspar Paints, Cleveland, OH, USA).

Scanners are connected to a Dell Optiplex 9010 SFF Computer (Intel Core i5-3470
3.2 GHz, 16GB RAM, 2 TB HDD) with USB cables. This machine runs a Linux operating
system (Ubuntu 18.04) to support simultaneous scanner operation and image filing using
Python shell scripts. The system is command-line driven, where QR codes are scanned
using a wireless 1D/2D barcode scanner. The QR codes have embedded information related
to the scan command, scanner identity, and sample identity to facilitate high-throughput
operation and reduce the risk of human errors associated with manual information entry.
Images captured on each scanner are saved, backed up on an external hard drive, and
uploaded to the CyVerse Discovery Environment for image analysis.

Subsequent image analysis provides a robust data set for use in phenotyping and
quantitative analyses. Image analysis is performed in the CyVerse Discovery Environment
using the Phytomorph Image Phenomics Toolkit, the same application that was used for
the analysis of the blue card images described previously. First, a single high-throughput
file path is created with a set of images. Next, the high-throughput file path is selected for
analysis with either the Arabidopsis Seed Method (black background) or All Grains (blue,
lilac, green or white background) single file tool in the Phytomorph Image Phenomics
Toolkit. A high-throughput multifile path is created from the output using .json files. This
high-throughput multipath is then selected for analysis using the JSON compiler in the
multifile tools in the Phytomorph Image Phenomics Toolkit. Finally, a .csv file of results
for each image is available for download. The data include measurements of each seed in
the image, with mean and standard deviations. A tutorial demonstrating this process is
available on the SSSL YouTube channel, SSSL Training - Image Analysis. Available online:
https://www.youtube.com/watch?v=9SK4vkfeJHI (accessed on 15 August 2021).

The CSV file from the seed image analysis contains a large amount of information.
Seed size, shape, and color are quantified. The number of seeds in each subsample is
automatically counted, and this information is combined with the weight of the subsample
to calculate the weight of 1000 seeds (Figure 9). Seed size includes seed area and the length
of the major and minor axis, which are used to calculate seed shape (i.e., eccentricity). Seed
color includes red, green, and blue values that can be used to produce any color. Seed
count is reported as the number of objects in the image. If seeds are touching, the size of
that shape is divided by the average size seed to determine the number of seeds in the
aggregate. Means and standard deviations are reported for each measurement. The mean
values represent an average calculated using the values for each seed, with the standard
deviation representing the variability within the sample. For some measurements, such
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as color, a standard deviation of standard deviations is reported; a standard deviation
for the sample is calculated using the standard deviations of all the seeds in the sample
(Supplementary File S4: QuinoaCollab_NIR_Scan File).

Figure 9. Correlation between thousand seed weight as estimated using image analysis, where the
number of seeds is counted and the weight of those seeds is known, and hand-counted thousand
seed weight.

9.2.3. Seed Nutritional Phenotyping
Near-Infrared Spectroscopy

Quinoa seed composition, especially protein content and composition, can be highly
variable [194,195]. Seed composition can vary depending on processing, when certain parts
of the seed are removed or modified through washing, abrasion, or milling [196]. Therefore,
seed composition analyses and their results must be considered in the context of processing
and physical state of the quinoa seed before analysis. One method to achieve HT analysis
of quinoa seed composition is the use of near-infrared (NIR) spectroscopy, in which, in
theory, any sample measurement can be predicted as long as the sample’s spectral data are
correlated with the desired measurement [197]. This technology has diverse capabilities,
such as phenomic selection and prediction of maize yield from kernels [198], and has been
successfully applied to predict amino acid content in quinoa [199]. In addition to the NIR
methodology, mid-infrared should be considered as a useful technology with practical
applications in quinoa. For example, mid-infrared has been used to classify groups of
quinoa [200] and characterize rheological properties [201].

An NIR calibration requires careful selection of samples to serve as the reference
data, from which multivariate regression equations will be created. Spectral data are
used to predict the target measurement(s). Sample selection should represent the target
population of spectra [197]. One approach is to collect spectral data for as many samples
as possible. These samples should represent the genotypes and environments that will be
routinely analyzed. Next, principal component analysis of the spectral data, combined
with the Kennard–Stone method of sample selection, can identify the best candidates to
include in the calibration [202]. The R package prospectr provides multiple options for
selecting samples for calibration and validation sets using a multivariate spectral data
set. Another approach is to select samples representative of a normal distribution for the
desired measurement, such as protein content.
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Reference data, such as protein content and amino acid composition, should be mea-
sured according to Official Methods of Analysis [203]. Blind duplicates, i.e., multiple
samples from the same seed sample submitted for analysis and acting as quality control,
should be included when possible to estimate and account for errors during calibration
development. Various methods can be used to develop calibration equations, such as
partial-least squares regressions. The calibration metrics, such as standard error of predic-
tion, should be quantified through either internal or external validation processes [198,204].
The development of calibration processes is ongoing. The initial calibration should be up-
dated over time by incorporating outliers into the reference data set or additional products
(market classes, flours, etc.) into the crop analysis profile to improve the calibration(s).

NIR—An Example of Calibration Development for Quinoa

When beginning to develop an NIR calibration, one should consider how the quinoa
samples will be processed before analysis and determine the desired outputs from the
analysis. For example, the WSU SSSL has initiated NIR calibration development with raw
whole quinoa seed, which are unprocessed but cleaned of non-seed material to predict
crude protein, crude fat, ash, and moisture content, in addition to a complete amino
acid profile using a DA7250 (PerkinElmer, Waltham, MA, USA) with an NIR range of
950–1650 nm. The advantage of this approach is that samples require minimal processing
before analysis. The disadvantage is that sample homogenization through milling could
provide a more accurate representation of seed composition because the entire seed is
made available for spectral reflectance. Scatter corrections, such as standard normal variate
(SNV) or multiplicative scatter correction (MSV) can be applied during pre-processing of
spectral data to correct for differences in the sample matrix (i.e., seed surface) [205]. A
non-destructive approach ensures that seed viability is maintained to support subsequent
breeding activities, such as greenhouse seed increases, field trials, and further research and
analyses, such as food science studies.

The SSSL has improved the stock DA7250 NIR calibration twice. The stock calibration
included 27 samples and reference data for moisture, protein, and ash. However, it was not
robust and poorly predicted novel quinoa samples; NIR analysis is best at interpolation
rather than extrapolation. The second version (V2) added samples from the WSU breeding
program materials and field research trials [206]. These samples were randomly selected
across a normal distribution of crude protein content predicted using the stock calibration.
The current NIR calibration (V3) incorporated 37 samples selected from a collection of
diverse genotypes grown in Australia in 2018. Samples were selected using the Kennard–
Stone method, with principal component analysis of the spectral data. The reference data
collection included 10 blind duplicates to measure and account for laboratory standard
error in the calibration.

Eight-fold cross validation was performed in triplicate to measure calibration predic-
tion accuracy metrics, which are reported as an average measure (Table 6). These metrics
provide an indication of how well the calibration may perform. For example, a large range
in reference data values is beneficial for encompassing the possible values of experimental
samples that may be analyzed, and usually contributes to higher prediction accuracy as
measured by the correlation coefficient between measured and predicted values. The
metrics related to the cross validation provide various measures of the calibration predic-
tion accuracy. Although the current calibration includes various seed colors, calibrations
specific to the major quinoa seed colors—white, black, and red—may be more appropriate.
NIR calibrations exist for developed market classes in other crops, such as red and white
wheat. The SSSL will continue to analyze diverse genotypes grown in varying environ-
ments for identifying candidate samples with the potential to improve the accuracy of the
NIR calibration for predicting quinoa seed composition. This will be achieved by either
including samples with novel spectral signatures, or by including data that increase the
range of reference data for particular seed components.
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Table 6. Washington State University Sustainable Seed Systems lab NIR calibration (V3) metrics. The range, minimum
(min), and maximum (max) are calculated using reference data for quinoa samples included in the calibration (n = 175).
Calibration prediction accuracy metrics are reported as an average measure of 8-fold cross validation in triplicate.

Stats from WSU Calibration V3 Data (g 100g−1 Protein)

Range Min Max RMSECV SECV Robust SECV RPDCV R2CV

Alanine 1.99 2.89 4.88 0.022 0.022 0.018 3.036 0.892
Arginine 4.68 4.58 9.25 0.053 0.053 0.044 4.308 0.946

Aspartic acid 3.22 5.51 8.73 0.039 0.040 0.036 3.768 0.930
Cysteine 0.76 1.31 2.07 0.010 0.010 0.010 3.188 0.902

Glutamic acid 7.04 8.22 15.26 0.093 0.093 0.086 3.802 0.931
Glycine 1.33 4.78 6.11 0.041 0.041 0.036 2.447 0.834

Histidine 1.05 1.96 3.01 0.015 0.015 0.014 4.564 0.952
Isoleucine 1.51 2.89 4.41 0.021 0.022 0.019 3.392 0.913
Leucine 2.55 4.3 6.85 0.031 0.032 0.029 3.473 0.917
Lysine 3.14 3.45 6.59 0.029 0.029 0.033 3.290 0.908

Methionine 1.15 1.31 2.46 0.012 0.012 0.009 2.955 0.886
Phenylalanine 1.57 2.71 4.28 0.019 0.019 0.018 3.889 0.934

Proline 1.68 2.80 4.48 0.023 0.023 0.018 2.556 0.847
Serine 1.39 2.89 4.28 0.019 0.019 0.016 3.176 0.901

Taurine 1.96 0.82 2.79 0.012 0.012 0.009 1.669 0.645
Threonine 1.60 2.43 4.02 0.017 0.017 0.016 3.015 0.890

Tryptophan 0.93 0.55 1.48 0.012 0.012 0.009 1.681 0.647
Tyrosine 0.93 2.12 3.05 0.014 0.014 0.013 3.393 0.913

Valine 1.84 3.36 5.20 0.024 0.024 0.023 3.260 0.906
Hydroxylysine 0.18 0.05 0.23 0.004 0.004 0.003 1.591 0.605
Hydroxyproline 0.93 0.29 1.21 0.010 0.010 0.011 1.821 0.699

Stats from WSU calibration V3 data (g 100g−1 sample)
Crude protein 11.95 6.82 18.77 0.394 0.395 0.406 5.521 0.967

Ash 3.32 2.21 5.53 0.154 0.154 0.129 3.084 0.895
Crude fat 6.95 0.00 6.95 0.310 0.311 0.316 3.883 0.934

Crude fiber 13.67 1.44 15.11 0.442 0.443 0.377 4.904 0.958
Moisture 3.76 6.41 10.17 0.183 0.183 0.159 6.579 0.977
TotalAA 10.06 5.84 15.90 0.413 0.413 0.328 4.018 0.938

Range Min Max RMSECV SECV Robust SECV RPDCV R2CV

Hydroxylysine and hydroxyproline are poorly predicted. Lanthionine and ornithine were eliminated from the calibration owing to limited
lab analysis. RMSECV = root mean square error of cross validation; SECV = standard error of cross validation; RPDCV = ratio of reference
data standard deviation to standard error of prediction; R2CV = coefficient of determination of cross validation.

The Nutritional Phenotyping Pipeline at Washington State University

HT analysis of seed composition and characteristics is performed by SSSL at WSU
using a Nutritional Phenotyping Pipeline. The system has been applied to barley, perennial
grains, quinoa, and camelina and has the potential to be applied to diverse crops. The
system is flexible and can accommodate varying sample amounts. Seed characteristics can
be measured using image analysis with as little as 1–2 g of quinoa. With approximately
10 g of quinoa, seed composition can be estimated using a NIR analyzer; however, larger
seed samples of 100–300 g ensure a more robust and representative analysis. This flexibility
supports the analysis of single plant samples up to plot-level samples. Moreover, analysis
of mineral content and composition in whole quinoa seeds is under development using
energy-dispersive X-ray spectroscopy. Sample organization and tracking is maintained
throughout the Nutritional Phenotyping Pipeline using a system that relies on 2D digital
barcodes (QR codes), barcode scanners, and USB drivers. The system is designed for
quality assurance and quality control by automating sample data entry and processing.
Additional information on the pipeline workflow and development as well as videos
detailing each step in the process can be found on the SSSL YouTube channel. Available
online: https://youtube.com/playlist?list=PLdKoK4IZoGTAFYZWCev4vteOErik3CKcS
(accessed on 15 August 2021)
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9.2.4. Detection of Saponins in Quinoa

Most quinoa seeds also contain a large variety of compounds called saponins, some of
which have shown to harbor antinutritive properties, thus making them undesirable for
human consumption. The predominant form of saponins in quinoa are triterpenoid glyco-
sides [207–209]. Saponins have foaming characteristics and are bitter in taste. They have
been found to largely localize on the outside of the seed, making it possible to wash them
off or remove them by abrasion before consumption (reviewed in [210]). The production
of quinoa without those bitter saponins has been a breeding target, and some naturally
non-bitter quinoa accessions have been identified [15]. For breeding and phenotyping
purposes, testing for saponins is desirable. Over 90 different saponins have been found in
quinoa [208]. Saponins are composed of an aglycone backbone with sugar moieties. The
combination of those two make up the large variety. Four of the common aglycones in
quinoa are oleanolic acid, hederagenin, phytolaccagenic acid, and serjanic acid [208].

For phenotyping purposes, a simple detection test may be used that utilizes the
foaming characteristics of saponins. When shaken in water, saponins foam, a property
that is used for the afrosimetric method [211]. Colorimetric methods such as the use of
spectrophotometry can also be used for saponin detection (e.g., [212]). However, these
methods also detect the phytosterols in plants. Colorimetric methods are, therefore, not
worth the extra effort, while it is easier and cheaper to do the afrosimetric test. Jarvis
et al., (2017) [15] validated the results of an afrosimetric test using a more specific detection
method, i.e., gas chromatography–mass spectrometry (GC–MS), on a mapping population,
which segregated for saponins. The afrosimetric test and GC–MS method corroborated the
absence or presence of saponins.

The afrosimetric test can be easily performed as part of a field trial on a large number
of samples according to the following method: five quinoa seeds, free from loose hull, are
placed in a 1.5 mL microcentrifuge tube containing 500 µL of double-distilled water. The
tubes are shaken by hand vigorously for 30 s until a foam appears that is stable in height,
as shown in Figure 10. If foam occurs, it may be semi-quantified by using a caliper and
measuring the foam height. A vortex swirls the sample and does not, on its own, lead
to stable foam heights. The afrosimetric method is not suitable for the quantification of
saponins or investigation of the types of saponins.

Figure 10. Foaming test (afrosimetric method) for presence or absence of saponins on quinoa seeds.

To quantify saponins, GC–MS or liquid chromatography–mass spectrometry (LC–MS)
can be used with appropriate standards. GC–MS includes a derivatization step, which
removes the sugar moieties from the aglycone backbone; hence, GC–MS allows quantifi-
cation based on the aglycone backbone [15]. LC–MS allows detection of the individual
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saponins; however, this quantification is limited by the availability of standards. Both
GC–MS and LC–MS are more laborious and expensive than the afrosimetric test.

9.2.5. Quinoa Seed Longevity

Every stage of seed production, from field selection to harvesting and processing to
seed storage, is crucial for the quality management of seed [213]. Seed longevity is related
to the prediction of seed viability in a storage environment, and depends greatly on its
composition, the environment during seed maturation, and harvesting [214,215]. Moisture
content, temperature, and oxygen are fundamental factors that control seed longevity [216].
Among these factors, elevated seed moisture is the main culprit for loss of seed quality
during storage [217,218].

Both natural and economic resources are wasted owing to inadequate seed storage
if seeds of poor quality are sown [219]. Thus, high quality seeds are ensured at the time
of planting if the seeds maintain their quality during seed production and at the time
of harvesting, processing, and storage. Seeds having higher initial quality have greater
longevity than seeds from the same genotype of lower initial quality [219]. Environmental
conditions, especially higher temperatures and long photoperiods, during seed develop-
ment promote dormancy after harvest [220,221]. As quinoa belongs to the Amaranthaceae
family, its varieties proceed through different types of seed dormancy or sometimes have no
dormancy [222]. The influence of maternal environment on the seed-coat’s characteristics
is associated with the level of dormancy in Chenopodium seeds. The Chilean accession
showing higher level of dormancy had a significantly thicker episperm for all sowing
dates [221]. Some quinoa varieties have no dormancy and in wet environments, seeds
may germinate inside the panicle before harvest [222]. This condition can lead to large
yield losses and the desiccation intolerance of unorthodox seeds leads to different storage
requirements. It is, therefore, important that quinoa varieties are also evaluated for their
dormancy type and that preharvest sprouting is recorded when observed. After harvest,
the viability of seed should be monitored with Tetrazolium tests on regular basis (see [221]).

Cultivated quinoa has small, flat seeds that are highly hygroscopic in nature and absorb
water very quickly, within a day, owing to the porosity of its integument. This moisture gain
can be used as an indicator to predict seed longevity [220]. Despite the potential to grow quinoa
under adverse environmental conditions, its seed quality deteriorates with inadequate storage
conditions, particularly at high temperatures and relative humidity [223,224]. Quinoa seed
loses viability extremely quickly compared with conventional cereals such as maize, wheat,
and rice [225]. There is a need to explore the physiological and biochemical changes associated
with seed longevity under ambient storage conditions. Castellión et al., (2010) [226] found
a strong association between quinoa seed aging and the accumulation of Maillard reaction
products formed by a reaction between amino acids and reducing sugars, which is responsible
for protein aggregation and insolubility. Thus, protein insolubility and water mobility through
the multilayers of the seeds are key indicators for the prediction of seed longevity in quinoa
germplasm [220]. Both pericarp and seed coat are comprised of two layers of cells. In the
pericarp, the inner layer is discontinuous and its cells are tangentially stretched while the large
cells of the outer layer are papillose in shape. The seed coat also consists of two cell layers, the
exotesta and the endotegmen [227]. In contrast, lipid peroxidation is not a good indicator for
seed longevity because of the high oxidative stability of the lipids associated with the high
vitamin E content of quinoa seeds [228].

The pattern of loss of viability among quinoa accessions depends on post-harvest
management, seed provenance, germplasm, and conditions prevailing during seed devel-
opment, where seed maturation is the most sensitive phase for seed viability [222]. Low
seed moisture content and temperature are basic principles for the storage of orthodox
seeds such as many quinoa varieties [219]. The best approach is Dry Chain Technology,
which is aimed at proper drying (natural or artificial drying to safe moisture limits) of
seeds after harvest followed by hermetic packaging to keep it dry until used in the value
chain [218]. Hermetic bags are composed of a plastic that resists the exchange of moisture
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and gases, thus a modified atmosphere can be created by depleting oxygen and enriching
carbon dioxide inside the bags [217]. The popular hermetic bags are Super Bags (GrainPro,
Washington, D.C., USA) and Purdue Improved Crop Storage (PICS) bags, and are being
used in >80 countries to protect grains, legumes, and industrial commodities [229]. A PICS
bag is comprised of a double layer of high-density polyethylene (HDPE) liners inside of a
woven bag, while a Super Bag consists of a single HDPE layer to control post-harvest losses
in cereals [230]. In a recent study conducted at agro-climatic conditions of Pakistan, quality
of quinoa seeds stored in hermetic bags at 8% initial seed moisture content is preserved
in terms of higher germination and vigor and negligible seed deterioration compared
with traditional storage under diverse ambient conditions. Rapid loss of seed viability in
traditional porous bags was owing to moisture absorption from the ambient high relative
humidity, which resulted in seed deterioration [231].

Quinoa seed of initial seed quality of 80% germination and 8% moisture content can
be stored hermetically for six months without loss of viability under ambient conditions
(25–40 °C and 50–60% RH) while after one-year storage germination declines to 15% [231].
Quinoa seed maintains physiological quality for longer periods (up to 300 days) in im-
permeable packaging and under low temperature (4 ± 2 °C) [232]. It is also reported that
quinoa seed with 5% moisture content at 5 °C can be stored for 8 months with maximum
viability [233], and this moisture content is also ideal for long term storage. Seed of 5%
moisture content can be stored for one year at 25 °C with only one percent loss of germi-
nation (according to seed viability equation given by [234]). The moisture content below
which quinoa seed longevity is not further improved lies at 4.1% when stored at 65 °C [234].

10. Conclusions

Advances in quinoa crop improvement can be accelerated through the development
of an international network of quinoa researchers and trial datasets. Collaborations across
members of the Global Collaborative Network on Quinoa (GCN-Quinoa). Available online:
gcn-quinoa.org (accessed on 15.08.2021) would be highly facilitated if all of members will
be able to use the same language, tools and methods for establishing trials, collecting
data, and then sharing datasets. This network initiated in 2015 has connected all the
participants of different FAO–TCP programs. Now, the GCN-Quinoa links 296 members
from all around the world in more than 75 countries. The sharing of data among global
and regional research groups allows deeper exploration of each dataset in the context of its
environment. Owing to the significant effects of environment and management practices
on quinoa phenotypes, the reusability of each dataset greatly depends on the quality of
the metadata recorded, including a detailed profile of environmental parameters, and on
maintaining as many factors constant as is possible. The most important variables that
need consistency among trials are the methods of data collection, which can be achieved
by an international agreement on phenotyping methods describing common protocols
for establishing a dataset with comparable standards, as have been proposed in this
article. The Germinate database is available at Quinoa Germinate Database. Available
online: http://germinate.quinoadb.org (accessed on 15 August 2021) to further facilitate
standardizing global quinoa dataset structures and sharing and analyzing of data.

Quinoa is a remarkable crop with many valuable properties, but it is also a crop that still
needs significant amounts of research and breeding to facilitate its move to become a major or
widely cultivated food crop. It is hoped that this paper will facilitate these efforts by providing
a framework for globally consistent phenotyping, benchmarking the phenotyping of quinoa
plants and easing the comparison of results obtained around the world.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/plants10091759/s1, S1: Phenotyping cards, S2: Blue card template, S3: Scanner Equipment, S4:
QuinoaCollab_NIR_Scan File.
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Abstract: Quinoa stands out as an excellent crop in the Cerrado region for cultivation in the off-
season or irrigated winter season. Here, we tested the effects of different water regimes on the
agronomic characteristics, physiology, and grain quality of different elite quinoa genotypes under
field conditions. The experiment was conducted under field conditions at Embrapa Cerrados
(Planaltina, DF, Brazil). The experimental design was in randomized blocks, in a split-plot scheme,
with four replications. The plots were composed of 18 quinoa genotypes and modified BRS Piabiru
(the currently used genotype), and the split-plots were divided into 4 different water regimes. The
following variables were evaluated: productivity and productivity per unit of applied water (PUAA),
plant height, flavonoids, anthocyanins, gas exchange, chlorophyll, leaf proline, and relative water
content. Our results showed that water regimes between 309 and 389 mm can be recommended for
quinoa in the Cerrado region. CPAC6 and CPAC13 presented the highest yield and PUAA under
high and intermediate WRs, and hence were the most suitable for winter growth under irrigation.
CPAC17 is most suitable for off-season growth under rainfed conditions, as it presented the highest
PUAA under the low WRs (247 and 150). CPAC9 stood out in terms of accumulation of flavonoids
and anthocyanins in all WRs. Physiological analyses revealed different responses of the genotypes to
water restriction, together with symptoms of stress under lower water regimes. Our study reinforces
the importance of detailed analyses of the relationship between productivity, physiology, and water
use when choosing genotypes for planting and harvest in different seasons.

Keywords: Chenopodium quinoa; water use efficiency; phenolic compounds; gas exchange

1. Introduction

Crop development and yield are affected by different environmental factors, and
water restriction is the most important constraint on agricultural yield [1,2]. This is a
particular problem in the Brazilian Cerrado, which has a tropical climate with an average
of 1500 mm of rain, but where approximately 90% of precipitation occurs during the rainy
season (from October to April). The rainy season is followed by a dry season (from May
to September), during which the relative humidity is low, the evaporation very high, and
precipitation is rare. There are three harvest periods in the Brazilian Cerrado: (1) The
main crop season, which occurs during the wet season from October to January; (2) The
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off-season crop, which is grown at the end of wet season without irrigation, is planted
between the months of January to March [3,4], and is harvested in May during the dry
season; and (3) the winter season crop, which is cultivated under irrigated conditions,
with the crop being both planted (April to May) and harvested (August to September)
during the dry season. Both the off-season and winter season require careful selection of
genotypes for grain production; drought-tolerant genotypes (DT) should be selected for
the off-season crop, and high productivity per unit of applied water (PUAA) genotypes
are needed for winter crops as they are grown under irrigation. Obtaining genotypes that
are better adapted to stressful edaphoclimatic conditions in order to resist periods with
water deficiency whilst maintaining the highest possible productivity for each condition is
therefore of great importance in plant breeding programs [5].

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal rich in natural antioxidants,
flavonoids, and anthocyanins [6,7], and these compounds may protect plants against biotic
and abiotic stress [8]. Water stress increases leaf temperature, and reduces crop height,
stomatal conductance, plant biomass, and yield [9,10].

Quinoa has been cultivated for millennia under conditions of low rainfall, as it has
physiological and morphological strategies to overcome water deficit [11]. Moreover,
this crop has been cultivated in different agroclimatic zones as it is well adapted to a
variety of different environments due to its high genetic diversity [11]. Quinoa has mainly
been cultivated in Argentina, Bolivia, Chile, Colombia, Ecuador, and Peru, though high
productivity has also been observed when planted in Kenya as well as the Himalayas and
northern plains of India [12].

In Brazil, research carried out in Embrapa Cerrados led to the selection of the genotype
BRS Piabiru [3], which is the first cultivar in use for quinoa grain cultivation that is adapted
to Cerrado conditions. Although planting quinoa during the main crop is not recommended
due to the high water availability during the harvesting period (which can potentially
result in panicle seed germination [3,5]), quinoa is recommended for growth during the
off-season or irrigated winter season due to its high water use efficiency, drought tolerance,
and adaptation to different environmental conditions.

Here, we therefore analysed growth, yield, and physiological and functional grain
parameters, with the aim of identifying genotypes with potential for growth during the
off-season and winter season for the Cerrado region.

2. Material and Methods
2.1. Experimental Area Characterization

The experiment was conducted between May and September 2017 at the experimen-
tal station of Embrapa Cerrados-Planaltina DF (Brazil), located between the geographic
coordinates: 15◦35′ S and 47◦42′ W with an approximate altitude of 1200 m.

The climate of the region is tropical wet–dry (Aw), according to Köppen’s classifica-
tion [13], with 2 well-defined seasons (dry and rainy). The average annual temperature is
21.3 ◦C and the mean annual rainfall 1400 mm. The experiment was conducted in winter
due to the absence of rainfall during this period, which allowed for effective control of
the amount of water applied. The long-term temperature and rainfall data from the last
20 years (1997 to 2017) are shown in Figure 1 and illustrate the annual dry season during
the months of May to September. Temperature and rainfall data from the study period are
in good agreement with long-term patterns (Figure 1).

The soil of the experimental area is classified as clayey Oxisol (Typic Haplustox) (Soil
Survey Staff 2014), with a soft undulating relief and a clayey texture. The soil has the
following characteristics in the 0–20 cm layer: pH (in water) = 5.71; Ca (mg kg−1) = 543.08;
Mg (mg kg−1) = 103.32; K (mg kg−1) = 56; H + Al (mg kg−1) = 56.82; p (mg kg−1) = 22.87;
organic matter (g kg−1) = 24.7.
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2.2. Experimental Design

Tests with 980 selected genotypes were previously conducted in Cristalina-GO, and
genotypes with an early cycle were selected; early cycles were defined as those of equal to
or less than 110 days as this is the period for growth in the off-season or irrigated winter
season. The experiment was repeated over 4 years; genotypes were sown in the off-season
and winter of 2011, 2012, 2013, and 2014, and morphological characteristics were evaluated
to obtain morphological descriptors of the genotypes. As a result, 18 genotypes with life
cycle equal to or less than 110 days and with seeds larger than 2 mm in diameter were
selected for use in this study: CPAC1, CPAC2, CPAC3, CPAC4, CPAC5, CPAC6, CPAC8,
CPAC10, CPAC11, CPAC12, CPAC13, CPAC14, CPAC16, CPAC17, CPAC18, CPAC19,
and CPAC20, together with the BRS Piabiru cultivar, which was modified by excluding
high-cycle individuals.

The experimental design was in randomized blocks with split-plots with 4 replications.
The plots were composed of the 18 quinoa genotypes and modified BRS Piabiru each
separated by a distance of 1 m, and the split-plots were composed of 4 water regimes (WRs
150, 247, 389, and 480 mm). Seeds of the different genotypes of quinoa were sown manually
under a no-tillage system. After soil analysis, fertilization was carried out in the furrows at
a level of 400 kg ha−1 of the formula 04-30-16 (NPK). Sowing was done with a density of
0.7 g of seeds per linear meter and line spacing of 0.5 m. Nitrogen topdressing was carried
out 30 days after seedling emergence at a dose of 100 kg ha−1 N in the form of urea. In
order to avoid the competition of invasive plants, manual weeding was carried out.

The different water regimes were obtained using a sprinkler irrigator bar 40 m wide,
connected to a spool with adjustable speed. Irrigation was performed homogeneously
for the first 30 days after emergence in order to establish growth of all plants, with a total
applied depth of 126 mm. After this period, the modified line source methodology was
applied [14], using sprinklers with decreasing water flows from the central area to the end
of the bar. The sprinklers were overlapped in order to promote a decreasing gradient of
water from the central area to the edge of the bar.

Each water regime consisted of an experimental unit of 2.5 m2 in area within the plot
(subplot), formed by 5 lines, with 0.5 m spacing. Over the stress treatment 10 irrigations
were carried out, and the accumulated uniform irrigation plus the variable irrigations gave
a total of 150, 247, 389, and 480 mm for the 4 water regimes. The highest level of irrigation
was determined as described in the irrigation monitoring program in the Cerrado [15],
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through replacement of evapotranspiration using agrometeorological indicators of the
region, the soil type, the date of full emergence of plants, and wheat as a reference. Al-
though our experiment was carried out with quinoa, we used wheat as a reference crop for
irrigation, understanding that it has similar water consumption. Irrigation was carried out
approximately every 5 days, according to the climatic conditions and crop phenological
phase. To measure the water depth applied in each irrigation 2 rows of collectors parallel
to the irrigation line were set up.

Thermal images were acquired using a thermal infrared camera (FLIR® T420, FLIR
Systems, Wilsonville, OR, USA) with the following characteristics: thermal spatial reso-
lution of 320 × 240 pixels, spectral response of 7.5 to 13 µm, thermal sensitivity of pixels
from 0.045 ◦C to 30 ◦C, and temperature accuracy of ±2. The camera was mounted on
an unmanned aerial vehicle (XFly, O X800, Bauru, SP, Brazil) at a height of 60 m from the
canopy and the images were performed at the same time and day as the physiological
variables. For the processing of images and to obtain temperature data in the canopies
of quinoa plants, the QGIS software was used [16]. The RGB (red, green and blue) and
thermal images were geo-referenced for the generation of an orthomosaic and later clas-
sified to select only the areas of plant canopies in the useful parcel, avoiding picking up
exposed soil.

2.3. Variables Analyzed
2.3.1. Grain Analysis

Quinoa grain productivity and productivity per unit of applied water (PUAA) were
evaluated for all studied genotypes under 4 water regimes (WRs 150, 247, 389 and 480 mm).
The panicles were harvested by hand, and later placed in a Wintersteiger plot harvester. In
each subplot an area of 2.5 m2 was harvested. Grain moisture was corrected to 13% and the
results were analysed as ton ha−1. The productivity per unit of applied water (PUAA) was
determined by the ratio between the grain yield and the amount of water applied during
the whole crop cycle, analysed in kg ha−1 mm−1. Productivity per unit of applied water
(PUAA) was also evaluated, and calculated using the following equation:

PUAA = Prod/LTD

where
PUAA: Productivity per unit of water applied (kg ha mm−1);
Prod: Grain productivity, in kg ha−1; and
LTD: Total irrigation depth available referring to the amount of water applied during

the crop cycle, in mm.
The weight of 1000 grains was evaluated for 4 genotypes (CPAC4, CPAC11, CPAC19,

and the early BRS Piabiru). The weight of 1000 grains was determined according to the
method described by [17], in which 100 grains from each subplot are weighed using a
semi-analytical balance and the result obtained is multiplied by 10.

The functional quality of the grains was evaluated for all studied genotypes. Func-
tional quality was evaluated by quantification of flavonoids and total anthocyanins and
flavonoids [18]. The grains were ground; subsequently, 5 g was weighed and the antho-
cyanin and flavonoids from the grains were extracted with 30 mL of a solution of ethyl
alcohol and 1.5 N HCl. After homogenization for 1 min, the volume was made up to
50 mL in volumetric flasks. This mixture remained at 8 ◦C for 16 h. After filtration, ab-
sorbances (Abs) were taken at 535 nm for anthocyanin and 374 nm for flavonoids. The
results were expressed in mg/100 g of quinoa grains. The contents of flavonoids 9 factor
76.6) and of anthocyanins (factor 98.2) were calculated according to the formulas: Dilution
Factor (DF) = (100 × volume (mL))/weight (g)); Content of flavonoids/anthocyanins =
(Abs × DF)/factor. Results were expressed in mg/100 g of quinoa grains.
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2.3.2. Physiological Analysis

During the flowering period of the crops, 60 days after emergence the following
variables were evaluated: gas exchange (photosynthesis; stomatal conductance, internal
CO2 concentration in the leaves, and transpiration), leaf chlorophyll (a, b, total), chlorophyl
fluorescence, proline content, relative water content, and plant height. These variables
were analysed for 4 genotypes (CPAC4, CPAC11, CPAC19, and the early BRS Piabiru), with
exception of plant height, which was analysed in all genotypes. Plant height was measured
from the base of the stem to the peak of its inflorescence using a measuring tape. Five
plants per subplot were evaluated.

Gas exchange was measured using an IRGA infrared gas analyzer model LI-6400XT
(LI-COR, Inc., Lincoln, NE, USA) between 08:00 and 11:00 on the youngest fully expanded
leaves. Ambient air temperature and relative humidity were used and the CO2 concen-
tration in the chamber was maintained at 400 µmol mol−1 together with a saturating
photosynthetically active photon flux density (PPFD) of 2000 µmol m−2 s−1. To deter-
mine light saturation, a PPFD curve of 0, 20, 60, 100, 250, 500, 1000, 2000, 2250, 2500, and
3000 µmol m−2 s−1 was obtained under ambient CO2. Maximum fluorescence (F’m) and
basal fluorescence (F’0) were evaluated for light-adapted leaves using the portable open
flow gas exchange system (IRGA-LI-6400XT; LI-COR Inc., Lincoln, NE, USA). The effective
quantum yield of Photosystem II is given by, F’v/F’m = (Fm’ − F0′)/Fm’, according to [19].

The chlorophyll index (a, b, a + b and a/b) was evaluated in the morning with the aid of
a digital ChlorofiLOG, model CFL 1030, from Falker in the youngest fully expanded leaves,
and 10 readings were taken for each treatment.

The relative water content (RWC) was determined according to the methodology
of [20], using leaf discs of 1 cm in diameter obtained from leaves collected predawn
between 03:00 and 05:00. The discs were immediately weighed after collection to determine
the fresh mass (FM). The turgid mass (TM) of the leaf discs was obtained by hydration in
distilled water for 24 h and the dry mass (DM) was obtained after drying in a forced air
oven at 60 ◦C. The RWC was calculated according to the formula.

RWC = ((FM − DM)/(TM − DM)) × 100%,

The proline content was determined according to [21]. Completely expanded young
leaves were collected between 13:30 and 15:00. Samples were extracted by grinding 0.5 g of
fresh leaf material in 10 mL of 3% sulfosalicylic acid. Then, 500 µL of the extract of each
sample was placed in a test tube containing 2.75 mL of distilled water, with the addition of
2 mL of acid ninhydrin, 2 mL of glacial acetic acid, and 100 microliters of glycine (126 mM).
Acid ninhydrin was prepared by warming 1.25 g in 30 mL glacial acetic acid and 20 mL
6 M phosphoric acid. Then, the samples were kept for 1 h in a water bath at 100 ◦C [21].
After cooling the samples by immersion in an ice bath the optical density was evaluated at
515 nm using a Pharmacia Ultrospect III spectrophotometer. The absorbance obtained was
compared with the standard proline curve and the results expressed as µmol of proline/g
of fresh mass (FM).

2.4. Statistical Analysis

Data were subjected to analysis of variance at 5% probability by the F test and the
comparison of means was carried out using the Scott–Knott test and Tukey’s test. The
statistical model was adjusted using the Proc Mixed from SAS [22] using the restricted
maximum likelihood method. For non-significant interactions, factors were analysed
separately (genotype and water regime). Figures were produced using the software Sigma
Plot, version 10 [23].

3. Results
3.1. Productivity

In general, the genotypes responded differently to water regimes, reinforcing the
idea that the productive potential, productivity per unit of applied water (PUAA), and
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responsiveness to irrigation depend on the genotype (Tables 1 and 2). We found a significant
interaction between quinoa genotypes and WRs for productivity (Table 1). For most quinoa
genotypes, the yield was reduced with WR 247, with exception of CPAC3, CPAC8, CPAC9,
CPAC14, and CPAC19 which had reduced yield with WR 389 mm.

Table 1. Productivity (t ha−1) of 18 quinoa genotypes and BRS Piabiru under 4 water regimes.

Genotypes
Water Regime (mm)

480 389 247 150

CPAC1 7.82 aA 8.34 bA 4.06 bB 1.56 bC
CPAC2 8.32 aA 7.89 bA 3.94 cB 1.83 bC
CPAC3 8.02 aA 7.81 bB 6.25 aC 1.94 bD
CPAC4 8.40 aA 8.23 bA 5.21 aB 1.95 bC
CPAC5 8.17 aA 7.90 bA 5.22 aB 1.94 bC
CPAC6 8.50 aA 8.84 aA 5.68 aB 2.46 aC
CPAC8 8.64 aA 7.07 cB 4.50 aC 1.58 bD
CPAC9 8.21 aA 7.01 cB 5.75 aC 2.11 bD

CPAC10 8.56 aA 8.36 bA 5.12 aB 2.61 aC
CPAC11 5.66 bB 6.80 cA 5.40 aB 2.38 aC
CPAC12 8.57 aA 7.83 bA 5.82 aB 2.58 aC
CPAC13 8.85 aA 9.73 aA 4.17 bB 2.60 aC
CPAC14 9.21 aA 6.51 cB 3.88 bB 1.61 bB

BRS Piabiru 7.58 aA 8.14 bA 5.40 aB 1.84 bC
CPAC16 8.51 aA 7.46 cA 4.74 aB 2.33 aC
CPAC17 8.92 aA 8.44 bA 4.80 aB 3.64 aC
CPAC18 8.96 Aa 9.16 aA 4.75 aB 2.21 bC
CPAC19 7.71 aA 6.42 cB 2.53 cC 1.79 bC
CPAC20 7.97 aA 7.08 cA 3.93 bB 2.09 bC

Means followed by the same lowercase letter (column) or uppercase letter (line), do not differ according to the
Scott–Knott test at a 5% probability.

Table 2. Productivity per unit of applied water (kg ha−1mm−1) of 18 quinoa genotypes and BRS
Piabiru under 4 water regimes.

Genotypes
Water Regime (mm)

480 389 247 150

CPAC1 17.18 aB 22.2 aA 16.43 cB 10.41 cC
CPAC2 15.89 aB 21.0 aA 13.02 dB 13.0 cB
CPAC3 18.59 aB 20.8 aB 25.29 aA 13.5 cD
CPAC4 16.89 aB 21.15 aA 21.1 bA 13.03 cC
CPAC5 16.9 aB 21.0 aA 23.9 bA 12.1 cC
CPAC6 17.7 aB 22.72 aA 23.0 aA 16.4 bB
CPAC8 18.01 aA 18.18 bA 18.23 cA 10.52 bB
CPAC9 17.73 aB 18.01 bB 23.3 aA 14.10 cC

CPAC10 17.83 aB 21.49 aA 20.6 bA 15.38 cB
CPAC11 11.1 bC 18.0 bB 21.89 bA 15.85 bA
CPAC12 18.0 aB 20.1 aB 23.56 aA 17.24 bD
CPAC13 19.83 aB 25.9 aA 19.1 bB 17.6 bB
CPAC14 12.69 aB0 16.3 bA 15.71 cA 10.1 cC

BRS Piabiru 15.79 aB 20.92 aA 21.88 bA 14.37 cB
CPAC16 17.74 aA 19.8 bA 19.18 bA 15.57 bA
CPAC17 18.58 aB 21.70 aA 19.44 bB 24.25 aA
CPAC18 18.66 aB 23.56 aA 16.89 cB 14.71 cC
CPAC19 16.08 aA 16.50 bA 11.6 dB 10.25 cB
CPAC20 17.82 aA 18.82 bA 15.94 cA 11.89 cB

Means followed by the same lowercase letter (column) or uppercase letter (line) do not differ according to the
Scott–Knott test at a 5% probability.

Under the highest WR (480 mm) all genotypes obtained similarly high yields, meaning
that the genotypes could not be distinguished. The only exception was CPAC11 (a dwarf
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genotype), which presented significantly lower productivity (Table 1) and the lowest PUAA
(Table 2). However, in the intermediate WR (389 mm), there were major differences among
genotypes, with the genotypes CPAC6, CPAC13, and CPAC18 standing out as having
the highest productivity (Table 1). Under the water deficit regimes there was a clearer
distinction between the genotypes, which were divided into three groups: high, medium,
and low productivity. Under the 247 mm WR, with a reduction of 49% in applied water,
the genotypes presented a high productivity of between 2.53 and 6.26 t ha−1. On the other
hand, under the extremely low water regime (150 mm), the genotypes CPAC6, CPAC10,
CPAC11, CPAC12, CPAC13, CPAC16, and CPAC17 were more productive. The genotypes
CPAC3, CPAC8, CPAC9, CPAC14, and CPAC19 were more sensitive to mild water deficit
(WR 389), showing reduced productivity under this water regime, whilst CPA11 showed
the opposite response, with increased productivity with 91 mm less water applied (Table 1).

3.2. Productivity Per Unit of Applied Water (PUAA)

In general, the lowest PUAA was found for WR 480, with only the genotypes CPAC8,
CPAC16, CPAC19, and CPAC20 presenting similar PUAA at 480 mm and under deficit
conditions (380 and 247 mm, Table 2). The highest PUAA occurred between 247 and
389 mm WR for most quinoa genotypes (Table 2). Comparing WR 480 mm with the
intermediate 389 mm and 247 mm WRs, there was a reduction of 36 and 49% in volume of
total water applied and an increase by 23 and 21% in PUAA, respectively (Table 2). The
genotypes with the highest PUAA in 247 mm were CPAC3, CPAC6, CPAC9, and CPAC12,
and with the exception of CPAC6, the other genotypes had low PUAA in the other WRs
(Table 2).

Under the low water regime of 150 mm the PUAA for CPAC17 was significantly higher
than the other genotypes, and importantly, this variable was similar under intermediate
and low water regimes, meaning that regardless of the water regime its PUAA did not
alter. Although CPAC17 had the highest productivity under WR 150 mm (3.64 ton ha−1)
compared to all studied genotypes (Table 1), it had greater productivity under intermediate
(8.44 ton ha−1) and high (8.92 ton ha−1) WRs. Under the lowest WR (128 mm), however,
overall efficiency was very low as the stress was very high.

3.3. Thousand Grain Weight

The weight of 1000 grains (TGW) of quinoa was evaluated, and there was no significant
interaction between the factors. The effect of the water regimes on TGW is shown in Figure
S1A), where there is an increase in TGW up to WR 389 mm and from this level, there was
no increase in grain weight with the increase in water availability. The CPAC11 and early
Piabiru genotypes showed better results, and CPAC19 had lower grain weights compared
to other genotypes. In this study, a TGW of 2.35 to 2.84 was obtained, depending on the
genotype (Figure S1B).

3.4. Functional Quality

Our study shows a significant interaction between quinoa genotypes and water
regimes and the abundance of flavonoids (Table 3) and total anthocyanins (Table 4). For
flavonoid contents, BRS Piabiru and CPAC2 did not respond to all WRs, but showed lower
values than CPAC9, which was influenced by WRs. For anthocyanin contents, CPAC1,
CPAC11, CPAC16, CPAC18, CPAC19, and CPAC20 presented similar values in all WRs,
and these genotypes had lower values than CPAC9.
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Table 3. Total flavonoid concentrations (mg/100 g) in grains of 18 quinoa genotypes and BRS Piabiru
under 4 water regimes.

Genotypes
Water Regime (mm)

480 389 247 150

CPAC1 81.59 cB 101.62 dA 66.21 dC 88.34 dA
CPAC2 95.97 bA 97.23 dA 85.71 dA 92.21 dA
CPAC3 98.83 bA 51.54 eB 97.12 cA 113.25 cA
CPAC4 80.02 cB 98.31 dA 91.64 cA 96.23 dA
CPAC5 84.07 cB 103.0 dA 74.58 dB 86.80 dB
CPAC6 83.65 cC 115.23 cA 82.81 dC 100.05 dB
CPAC8 96.95 bB 110.72 dA 114.25 bA 93.58 dB
CPAC9 215.22 aB 171.32 aC 205.11 aB 226.02 aA

CPAC10 85.48 cC 110.0 dB 96.32 cC 210.81 bA
CPAC11 89.00 cB 118.59 cA 100.97 cB 113.25 cA
CPAC12 96.17 bB 120.98 cA 84.82 dB 112.51 cA
CPAC13 99.47 bA 111.33 dA 84.73 dB 102.33 dA
CPAC14 115.19 bA 119.74 cA 84.94 dB 104.71 cA

BRS Piabiru 104.15 bA 105.89 dA 101.98 cA 104.56 cA
CPAC16 105.09 bB 124.80 cA 99.48 cB 110.93 cB
CPAC17 115.73 bC 145.76 bA 97.05 cC 118.86 cB
CPAC18 88.27 cB 62.76 eC 94.25 cB 113.57 cA
CPAC19 109.63 bB 119.74 cA 102.59 cB 100.01 dB
CPAC20 119.93 bB 139.03 bA 114.40 bB 115.41 cB

Means followed by the same lowercase letter (column) or uppercase letter (line) do not differ according to the
Scott–Knott test at a 5% probability.

Table 4. Total anthocyanin concentrations (mg/100 g) in grains of 18 quinoa genotypes and BRS
Piabiru under 4 water regimes.

Genotypes
Water Regime (mm)

480 389 247 150

CPAC1 0.80 cA 0.76 dA 0.76 cA 0.80 dA
CPAC2 0.63 dA 0.68 dA 0.62 dA 0.40 cB
CPAC3 0.63 dD 1.0 bB 0.83 cC 1.16 cA
CPAC4 0.59 dB 0.65 eB 0.59 dB 0.76 dA
CPAC5 0.74 cA 0.59 eB 0.54 dB 0.70 dA
CPAC6 0.60 dB 0.73 dA 0.65 dB 0.84 dA
CPAC8 0.58 dB 1.07 bA 0.55 dB 0.57 eB
CPAC9 1.72 aC 1.89 aB 1.44 aD 2.05 aA

CPAC10 1.16 bA 0.73 dB 0.76 cB 0.91 dB
CPAC11 0.61 dA 0.48 fA 0.54 dA 0.61 eA
CPAC12 0.55 dB 0.68 dA 0.50 dB 0.65 eB
CPAC13 0.66 dB 0.63 eB 0.50 dC 0.73 dA
CPAC14 0.83 cB 0.82 cB 0.68 cC 0.94 cA

BRS Piabiru 0.89 cB 1.08 bA 0.61 dD 0.74 dC
CPAC16 0.72 cA 0.65 eA 0.81 cA 0.80 dA
CPAC17 1.03 bB 0.86 cC 0.79 cC 1.18 bA
CPAC18 0.68 dA 0.61 eA 0.72 cA 0.60 eA
CPAC19 0.64 dA 0.63 eA 0.71 cA 0.66 eA
CPAC20 1.13 bA 0.99 bA 1.06 bA 1.05 cA

Means followed by the same lowercase letter (column) or uppercase letter (line) do not differ according to the
Scott–Knott test at 5% probability.

The accumulation of flavonoids in CPAC9 was greater than in BRS Piabiru and all
other genotypes in all water regimes, reaching approximately double the concentration of
flavonoids in most genotypes in both higher and lower water regimes (Table 3).

Similar to that observed for flavonoid accumulation, CPAC9 also accumulated higher
anthocyanin content and had greater concentrations than BRS Piabiru and other geno-
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types under all water regimes, accumulating approximately double the concentration of
anthocyanins (Table 4). In addition, CPAC9 was among the genotypes with the high-
est productivity under both high (8.21 ton ha−1) and intermediate (7.01 ton ha−1) WRs
(Table 1).

3.5. Plant Height

Figure 2A shows quinoa plant height in response to water regimes. In the higher water
regimes (389 and 480 mm), the plants presented greater heights (1.50 and 1.51 m) than the
intermediate (247 mm) and low (150 mm) water regimes, which presented plants with lower
heights of 1.40 and 1.17 m, respectively (Figure 2B). Severe water deficit (128 mm) reduced
plant height by 22%. Comparing among genotypes, genotype CPAC11 was significantly
shorter than all others, with an average height of 0.94 m (Figure 2B).
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3.6. Canopy Temperature

For the leaf temperature variable, no interaction between the factors was obtained
and no significant difference was observed between the genotypes. Thus, the effect of
water regimes on the temperature of the plants was subjected to regression analysis. This
analysis showed a significant relationship between water availability and leaf temperature
(p < 0.05), with the maximum temperature value (35.1 ◦C) for the lowest WR (150 mm)
and the minimum (25.5 ◦C) in WR 480 mm (Figure S2), demonstrating that under severe
drought the canopy of quinoa genotypes showed an increase in temperature of 9.6 ◦C.

3.7. Leaf Gas Exchange

The stomatal conductance and transpiration, as expected, were higher in the high-
water regime and decreased as water restriction occurred, with a reduction of 94, 88, 92,
and 91 % for the genotypes CPAC4, CPAC11, and CPAC19 and the BRS Piabiru precoce,
respectively (Table 5). The different water conditions affected the four analysed genotypes
differently, and CPAC9 had the highest stomatal conductance in the intermediate WR
(247 mm), which represents off-season conditions. The CPAC11 genotype was more efficient
in maintaining stomatal conductance and transpiration, as it had lower values in the high
water regimes but little decrease in the intermediate WR (Table 5).
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Table 5. Stomatal conductance (gs–mol m−2 s−1), transpiration rate (E–mmol m−2 s−1 Internal
carbon (Ci-µmol m−2 s−1), and photosynthetic rate (A-µmol m−2 s−1) of 4 quinoa genotypes (CPAC4,
CPAC9, CPAC11, and Piabiru), under 4 water regimes (150, 247, 389, 480 mm).

Genotypes
Water Regime (mm)

150 247 389 480

gs

CPAC4 0.034 cD 0.235 bC 0.470 bB 0.583 bA
CPAC11 0.040 cC 0.232 bB 0.358 cA 0.342 cA

BRS Piabiru 0.058 aD 0.218 bC 0.516 abB 0.629 aA
CPAC19 0.050 bC 0.329 aB 0.552 aA 0.594 abA

E

CPAC4 1.45 bcD 6.15 aC 8.96 aB 9.88 aA
CPAC11 1.20 cD 4.87 bC 6.43 cA 5.67 cB

BRS Piabiru 3.11 aD 4.76 bC 8.20 aB 9.46 aA
CPAC19 1.71 bD 5.83 aC 7.27 bB 8.38 bA

Ci

CPAC 4 144.0 aC 195.3 aB 239.9 bA 241.2 bA
CPAC11 112.6 bC 198.6 aB 253.6 aA 259.2 aA

BRS Piabiru 129.0 abD 191.3 aC 257.0 aB 270.3 aA
CPAC19 82.5 cC 198.4 aB 255.9 aA 256.9 abA

A

CPAC4 4.9 cD 19.0 cC 22.0 bB 28.1 bA
CPAC11 5.9 bC 20.5 bcB 22.9 bA 20.0 cB

BRS Piabiru 9.0 aD 22.4 bC 32.9 aB 35.4 aA
CPAC19 8.9 aC 27.0 aB 32.9 aA 34.3 aA

Means followed by the same lowercase letter (column) or uppercase letter (line) do not differ according to the
Tukey test at a 5% probability.

We detected increased internal carbon (Ci) under the high water regimes and de-
creased Ci under severe stress, which agrees with the stomatal conductance and transpi-
ration data as the absorption of CO2 is directly related to the degree of stomatal opening.
(Table 5). Similarly, photosynthesis of the four genotypes decreased gradually with re-
duced water availability. In the comparison between the highest (480 mm) and the lowest
(150 mm) WR, reductions in photosynthetic rates of 83, 70, 74, and 75% were observed
for the genotypes CPAC4, CPAC11, CPAC19, and BRS Piabiru precoce, respectively. An
interesting pattern was observed for net photosynthesis, as under the high WR there were
two groups of genotypes. CPAC19 and the BRS Piabiru obtained high values whilst CPAC4
and CPAC11 obtained lower values; however, their values were similar under intermediate
WR and then suffered a drastic reduction in the severe WR. Ci proved to be the least
sensitive parameter and could only distinguish the genotypes under the most severe water
stress regime (WR 150).

3.8. Effective Quantum Yield of Photosystem II and Chlorophyll Index

For the F’v/F’m ratio, the factors varied independently, and no significant difference
was observed between the genotypes. The effect of water regimes on the F’v/F’m ratio of
quinoa plants was therefore analysed using regression. This analysis indicated a significant
relationship between water availability and F’v/F’m (p < 0.05), with a maximum value
(0.52) of F’v/F’m in the highest WR (480 mm) and the minimum (0.43) in WR 150 mm
(Figure S3), indicating that the efficiency of PSII was significantly reduced when the plants
were submitted to the severe stress of WR150 mm. In contrast, chlorophyll index was not
affected by the water regimes, but there were differences between the genotypes, with
CPAC19 having the greatest total chlorophyll index and CPAC11 the lowest principally due
to differences in chlorophyll a. CPAC19 also stood our as having the lowest chlorophyll a
to b ratio (Supplemental Table S1).

3.9. Leaf Proline and Relative Water Content

There was a significant interaction between the quinoa genotypes and the water
regimes for leaf proline content (Table S2). However, in general, proline concentrations
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were relatively insensitive to water restriction, as concentrations only increased under
severe stress (Table S2). We detected no effects of genotype on leaf relative water content
(RWC). Regression analysis revealed a significant relationship between water regime and
RWC and a maximal RWC of 81% at WR 480 mm and minimal RWC of 58% at WR 150 mm
(Figure S4). The 19% reduction in water application of the WR 389 mm resulted in a
minimal reduction in RWC (Figure S4).

4. Discussion
4.1. Productivity and Productivity Per Unit of Applied Water (PUAA)

Irrigation water use efficiency refers to the yield obtained per unit of applied wa-
ter [24] and is a fundamental physiological parameter that indicates the ability of crops to
conserve water in a region under water stress due to drought resistance and high potential
productivity [25]. In our study, the low WR of 150 mm resulted in lower PUAA because
under severe water restriction the quinoa genotypes cannot express their productive poten-
tial, whilst at high WRs (above 480 mm) plants also had a lower PUAA due to an inability
to absorb all supplied water and potentially an intolerance to excess water (Table 2). Under
the high WR, genotypes showed high productivity; however, the grain dry matter per unit
of applied water was low, indicating that there was no consistent relationship between crop
yield and PUAA for this WR (Tables 1 and 2). Thus, the 389 mm and 247 mm WRs showed
the highest PUAA, but the highest productivity was observed under the WR 480 mm and
389 mm. Thus, WR 389 mm can be indicated for cultivating quinoa under an irrigated
system in the Cerrado, as there is a trade-off in the relationship between productivity and
water saving.

Quinoa plants can control the relationship between photosynthetic rate and tran-
spiration, even with low leaf water potentials [26], and by limiting transpiration and
inducing stomatal closure, they can increase PUAA and influence productivity under water
stress [27]. In our study, with a 49% reduction in water applied throughout the crop cycle
there was a 42% average yield loss over all genotypes (Table 1), indicating both drought
tolerance and efficient water use, as this grain yield was obtained using half the water
normally needed to meet the demands of the crop. Quinoa seeds can be obtained when
little water is available in the vegetative stage, producing an average of 1.2 to 2.0 t ha−1

with half the required irrigation [28,29]. On the other hand, when a low irrigation strategy
was used during all phenological stages this resulted in a 75% reduction in seed yield of
the quinoa cultivar ‘Belen 2000’ [28,29].

Our work obtained higher yield values than others reported in the literature, and un-
der all WRs the genotypes with high productivity were CPAC13, CPAC6, CPAC3, CPAC12,
and CPAC17 and the genotypes with lower yield potential were CPAC19, CPAC11, and
CPAC14 [30,31]. Under higher WR (480 mm) the genotypes did not differ, with the excep-
tion of CPAC11, which presented the lowest productivity and low PUAA; however, CPAC11
was also the only dwarf material used in this study (see below) (Figure 2, Tables 1 and 2).
For the 150 mm WR the CPAC17 genotype was superior to the other genotypes, and whilst
productivity was altered there were no changes in efficiency between WR 150 and WR
389 mm (Table 1), meaning that it is a suitable genotype for use in situations with limited
water availability such as the off-season.

Under high and intermediate water regimes, the highest PUAA was observed for
CPAC3, CPAC6, and CPAC12 between WR 480 and WR 247 mm (Table 2) and considering
that they were amongst the genotypes with highest productivity, these genotypes are
suggested for the winter season. Specifically, CPAC6 exhibited reduced productivity only
under the 247 mm WR (Table 1) and presented the highest PUAA of 26.7 kg ha−1 mm−1.
This value is 32% higher than the PUAA of WR 480 mm (Table 2). CPAC13 presented
higher productive potential and productivity than BRS Piabiru under a moderate water
regime (389 mm), with 9.73 t ha−1 for CPAC13 and 8.14 t ha−1 for BRS Piabiru, respectively.
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4.2. The Effects of Water Regime and Genotype on Grain Quality Indicators

In addition to productivity indicators of grain quality such as the concentrations of
flavonoids and anthocyanins and 1000-grain weight should also be taken into account when
selecting genotypes (Tables 3 and 4, Figure S1). Our results show that the accumulation of
flavonoids and anthocyanins in quinoa plants was more influenced by genotype than by
the WRs. In particular, CPAC9 accumulated these compounds under both higher and lower
water regimes and accumulated nearly double the concentration of the other genotypes
under all WRs. In addition, CPAC9 is among the genotypes with greater productivity
and PUAA under high and intermediate WRs (Tables 1 and 2). The authors of [32], when
studying the levels of flavonoids, phenolic acids, and betaines in the Andean grains of
quinoa, kaniwa, and kiwicha, found flavonoid contents ranging from 36.2 to 144.3 mg/100 g,
which are similar than those found here. In other crops such as peanuts, depending on
the genotype and drought period, concentrations of phenolic compounds in seeds may be
between 60 and 220 mg/100 g [33]. Further studies focusing on the biosynthesis of phenolic
compounds and oxidation processes under water stress will provide more information on
the genotypic variation of phenolic content in grains [34]. Grain weight is also affected by
water restriction. With a water supply of 150 mm, there was a 14% decrease in TGW for the
four genotypes analysed, similar to a previous study where TGW in irrigated plants was
significantly higher (5.5 g) than in rainfed plants (4.2 g) [28,29]. Indeed, when water stress
is applied during the grain filling period, it generally reduces the grain yield, the number
of grains per plant, and the individual weight of the grains [35].

4.3. Low Water Availability Leads to Reduced Plant Height

The heights of the quinoa genotypes in this study ranged from 0.99 to 1.53 m, which are
superior to those in literature [36]. Our results support previous studies demonstrating that
a reduction in irrigation resulted in a significant decrease in plant height by 0.55 and 0.80 m
for Bolivian quinoa [37]. Here, we detected a decrease in cultivated quinoa plant height
under 70% irrigation deficit in relation to control plants, similar to that observed by [38]. The
reduction of plant size and leaf area under stress conditions is directly related to a decline
in dry mass when compared to plants maintained under adequate soil water potential
conditions [39]. The low water potential of the soil limits water absorption capacity, and this
quickly suppresses the rate of cell expansion and division of growing tissues [40]. Moreover,
under severe water deficit stomata close and the consequent reduction of photosynthesis
results in a decrease in dry mass production [39]. Plant height can also be used as a criterion
to determine the susceptibility of quinoa genotypes to drought, as the longer the cycle,
the larger the plant. Short-to-medium cycle cultivars are desirable, and would provide
the possibility of more crops per year in irrigated systems [2] and enable off-season and
winter planting. A shorter crop cycle also represents a method of escape from water stress
under Cerrado conditions, besides contributing to the definition of the sowing season,
such that the grain maturation occurs when the humidity is reduced, thus avoiding seed
deterioration [2]. Amongst the studied genotypes, CPAC11 was significantly shorter.
Whilst this is ideal for avoiding lodging, this genotype also showed the lowest productivity
in most WRs under the planting density we employed. This may be related to reduced cell
expansion, which results in a reduction in leaf area and, consequently, less photoassimilates
for translocation to the grain [41]. In addition, water deficit affects carbohydrate utilization,
altering the efficiency with which photoassimilates are used in the growth and development
of new plant organs [41]. This genotype (CPAC11), however, may not have expressed
its productive potential considering that it is the only dwarf material used in this study
(Figure 2) and may need a higher planting density per square meter.

4.4. Physiological Parameters

Abiotic stresses generally result in reduced rates of photosynthesis and transpiration
that can ultimately contribute to reduced growth and productivity [41], making assessment
of physiological parameters in the field an important tool in screening for stress tolerance.
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For this reason, we analysed a number of physiological parameters in a subset of the quinoa
genotypes. Remote sensing of leaf temperature by thermal imaging can be a reliable way to
detect changes in the physiological state of plants in response to different biotic and abiotic
stresses [42]. Indeed, canopy temperature has been used successfully in breeding programs
for drought-prone environments [43,44], as genotypes that maintain transpiration will tend
to have lower canopy temperature than other genotypes under the same environmental
conditions in the field [45]. Here, reduced water availability led to increased canopy
temperature, reflecting the stomatal closure and reduced transpiration that we detected
using gas exchange analysis. However, we were not able to detect differences between the
genotypes using this parameter (Figure S2), despite the fact that differences in transpiration
were detected between genotypes at each WR (Table 5). It may be the case that larger
differences in transpiration between genotypes are required to result in alterations in leaf
temperature that can be measured using this technique.

Stomatal closure is a common response to water restriction where water deficit af-
fects guard cell turgidity and stomatal aperture, resulting in decreases in the rates of
transpiration and assimilation of CO2 and increased leaf temperature [46–48]. Gas ex-
change parameters such as net photosynthesis, transpiration and stomatal conductance are
therefore sensitive indicators of water deficit in plants that are useful in the evaluation of
genotypes adapted for growing in environments with limited water availability. Our data
are consistent with previous studies, since the photosynthetic rate presented a behaviour
similar to that observed for stomatal conductance and transpiration, reflecting the opening
and closing of stomata under different water conditions [49], and quinoa is known to
suffer both stomatal and mesophyll limitations under drought stress [50] These results also
suggest that the reduction in photosynthetic rates in the most stressed water regimes are
related to partial stomatal closure and a consequent reduction in CO2 assimilation (Table 5).
Water stress is considered to be severe when stomatal conductance values are below 0.1
mol.m−2 s−1 [47], and therefore in this study all genotypes were under severe stress in
the 150 mm WR (Table 5). Similar values for stomatal conductance and effects of water
restriction in quinoa have been reported elsewhere; for example stomatal conductance de-
creased from 0.213 mol.m−2 s−1 under irrigation to 0.091 mol.m−2 s−1 under water deficit
in one study [51] whilst an investigation of 10 genotypes in the field without irrigation
that received around 160 mm of water reported values between 1.0 and 0.18 mol.m−2

s−1 and a clear relationship between maintenance of stomatal conductance and higher
photosynthetic rate [52].

Analysis of gas exchange also revealed differences in the responses of the genotypes to
alterations in water availability and relationships with productivity. CPAC4 and CPAC11
appear most sensitive to water restriction as they presented the lowest net photosynthesis
under the 150 mm and 247 mm regimes. Interestingly though, whilst CPAC19 showed
greater photosynthesis under all water regimes, this was not reflected in greater produc-
tivity, indicating that other factors, such as plant morphology and the capacity to use
photoassimilates for grain filling also has an important impact. This is also seen in the rela-
tionship between water regime, photosynthesis and productivity for individual genotypes;
for example, the increased photosynthesis shown by CPAC4 between WR389 and WR480
did not translate into greater productivity, reinforcing the importance of parameters such
as PUAA for selecting genotypes under irrigated conditions (Tables 1, 2 and 5).

Gas exchange measurements may not always be able to detect the deleterious effects
of water restriction on chloroplast function parameters such as the effective quantum yield
of photosystem II potentially useful tools [53]. Here we detected decreased F’v/F’m with
low water availability (WR 150 mm, Figure S3); this decrease in plants stressed by drought,
in comparison with well-hydrated plants, is mainly due to the lack of CO2 inside the leaf
and it is under this WR that we detected large decreases in Ci for all genotypes (Table 5).
However, this parameter responded little to the median level of stress (389 mm), despite
the fact that this WR provoked changes in several gas exchange parameters (Table 5), and
furthermore we did not detect any differences between the genotypes (Figure S3). Indeed,
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measurements of chlorophyll a fluorescence tend to have low sensitivity to mild stresses,
for example, 18 days of suspension of irrigation were required to reduce Fv/Fm in two
greenhouse-grown quinoa genotypes [53]. In contrast to F’v/F’m, chlorophyll indices
proved to be unaffected by WR but showed differences between genotypes (Table S1),
and lack of an effect of drought and flooding on chlorophyll in quinoa has previously
been reported [52]. Despite the lack of an effect of stress on chlorophyll, these indices
may prove useful for selection of genotypes due to the fact that chlorophyll abundance
is typically positively related to photosynthetic potential and productivity [54]. In this
sense of the four genotypes analysed CPAC19 stood out due to greater total chlorophyll
and a lower chlorophyll a:b ratio that may indicate greater light absorption capacity by
photosystem II [55].

A lack of water in the soil increases the risk of the rate of transpiration exceeding the
rate of water absorption and transport, resulting in a situation of water deficit. Partial
stomatal closure can reduced transpiration, but under water stress, plants often also
accumulate compatible solutes or osmoprotectors including proline, glycine, betaine, and
sugars [56]. The accumulation of compatible solutes reduces cellular osmotic potential,
thereby permitting water absorption and maintaining turgor pressure and physiological
processes [57]. The accumulation of proline may therefore be an important characteristic
for the selection of drought-tolerant plants [58] and indeed seed or leaf treatment of quinoa
plants with free proline can increase growth under water stress [59] whilst a number of
studies have connected compatible proline accumulation with drought and salt tolerance
in this species [49]. However, whilst we detected increased proline concentrations in
quinoa in response to water stress, this only occurred under the most severe water regimes,
meaning that it could not be used to discriminate between the genotypes under water
regimes that reflect Cerrado conditions (Table S2). Despite morphological alterations,
stomatal control and osmotic adjustment water restriction may eventually affect leaf water
status. Leaf relative water content (RWC) can therefore be used to indicate the balance
between water supply and transpiration [60], and in the case of F’v/F’m, we did not detect
differences between the genotypes for this parameter (Figure S4). However, RWC did
serve to indicate the degree of stress to which the plants were subject, as the RWC values
detected below 389 mm correspond to those associated with the beginning of wilting
(Figure S4, [20] and are similar to those observed in greenhouse grown plants during
suspension of irrigation [53].

5. Conclusions

Through experiments performed under different water regimes here we have shown
that quinoa has excellent potential for planting as an off-season and winter crop in the
Cerrado region. Several genotypes presented advantages in relation to the currently used
BRS Piabiru genotype; the choice of genotype will depend on farming practices, nutritional
content, and weather conditions. CPAC13 and CPAC6 are particularly suited to growth as
a winter crop under irrigated conditions, and CPAC17 under off-season rain-fed conditions,
whilst CPAC9 appears advantageous in terms of phenolic compounds in the grains. The
accumulation of flavonoids and anthocyanins in quinoa genotypes was more influenced
by quinoa genotype than by the WRs. Analysis of physiological parameters provided
information regarding the mechanisms involved in stress tolerance in different quinoa
genotypes, which is essential if we are to develop strategies to maintain or increase plant
productivity in environments with water limitation. The results of this work show that
the water regimes for quinoa can be reduced without a significant reduction in grain yield.
This increase in dry matter accumulation efficiency per unit of water applied in quinoa
means it is a crop that can be cultivated under Cerrado conditions, for both the off-season
and winter season, under relatively low levels of irrigation whilst obtaining high yields.
This fact, coupled with proper water management this can result in higher yield per area,
which is desirable for areas under irrigated cultivation where irrigation is a costly practice.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10081591/s1, Figure S1. Effects of water regimes in quinoa genotypes on 1000 grain
weight- TWG (A). Weight of 1000 grains- TWG in four quinoa genotypes under four water regimes (B).
Means followed by the same letter do not differ according to the Tukey test at 5% probability. Figure
S2. Effects of water regimes (150, 247, 389 and 480 mm) on leaf temperature. Figure S3. Effects of
water regimes (150, 247, 389 and 480 mm) on the effective quantum yield of photosystem II (F’v/F’m)
in quinoa geno-types. Figure S4. Effects of water regimes (150, 247, 389 and 480 mm) on the relative
water con-tent (RWC) in quinoa genotypes. Table S1: Chlorophyll a, b, a/be a + b measured in four
quinoa genotypes independent of water regime (150, 247, 389 and 480 mm). Table S2: Proline content
(µ mol g−1 FM) in leaves of four quinoa genotypes (CPAC4, CPAC 9, CPAC 11 e BRS Piabiru Pre-coce)
under four water regimes (150, 247, 389, 480 mm).
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Abstract: Quinoa is an ancestral crop in the Andean region, characterized by its adaptability to
different agroclimatic conditions, great nutritional value, and broad genetic variability. A preliminary
approach for understanding the genetics of quinoa materials entails a morphologic characterization,
which can provide the basis for the selection of materials that satisfy the needs of farmers and
consumers. Therefore, this study aimed to evaluate the phenotypic characteristics of thirty genetic
C. quinoa accessions for the selection of outstanding accessions in terms of yield and grain quality.
A randomized complete block design was used, with nine replications for each accession under
greenhouse conditions. Nine quantitative and twelve qualitative descriptors were evaluated with
descriptive analysis, Spearman correlation variance, and multivariate and cluster analysis. The
results showed that the accessions with heights greater than the average (>176.72 cm) and long
panicles (>57.94 cm) presented lower yields and smaller seed sizes, thus decreasing the grain quality.
The multivariate and cluster analyses established groups of accessions with good yields (>62.02 g of
seeds per plant) and stable morphological characteristics. The proposed selection index, based on
yield components and morphological descriptors, indicated four accessions as potential parents for
quinoa breeding programs in Colombia.

Keywords: grain quality; ancestral crop; Chenopodium quinoa; morphologic descriptors; selection
index; yield; pseudocereal

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal that is considered one of the
most complete foods for humans. It is grown in South America, from Colombia to southern
Chile. However, the greatest diversity is found in Peru and Bolivia [1,2]. This species
presents high phenotypic variability that can be easily recognized by the pigmentation of
the plant, inflorescences and seeds, earliness diversity, shape and size of grain, compaction
of the panicles, and resistance to adverse factors, such as drought, frost, excess humidity,
salinity, and diseases among others. This variability explains the ability of this species to
adapt to different agroclimatic conditions [3–5].

According to the Food and Agriculture Organization of the United Nations (FAO) [6],
in recent years (2000–2019), there has been a significant global increase in the area cultivated
with quinoa crops, mainly in Peru and Bolivia, with increases between 36% and 72%,
respectively [4,7]. In Colombia, quinoa production has increased by more than 1100 tons
since 2017 [8]. The departments where quinoa is grown include Cundinamarca, Cauca,
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Nariño, and Boyacá. The latter is in the central, eastern part of Colombia and has a collection
of quinoa germplasm [9]. However, information on the morphological characteristics and
grain yield of these accessions is lacking.

Therefore, morphoagronomic characterizations using quantitative and qualitative
descriptors of domestic and introduced quinoa materials in Colombia are essential to
efficiently using genetic variability to increase the productivity of crops under different
environmental conditions for the commercialization of grains or derived products in
response to global demand for this pseudocereal.

In Colombia, studies on the morphoagronomic characterization of quinoa are scarce.
Torres and collaborators carried out a morphological evaluation of 19 accessions on the
Bogotá Savanna, finding high variability in terms of grain yield, biomass, and earliness [10].
Veloza and collaborators found differences in the materials Piartal, Nariño and Bolivia
in terms of yield, protein content, stalk coloration, panicle shape and physiological ma-
turity [11]. In the Department of Boyacá, Infante and collaborators [12] carried out a
morphological characterization of six varieties of quinoa, finding that adult plants have
constant morphological characteristics, such as the presence of striae, pigmented axillae,
and number of teeth on leaves. Morillo et al., 2020 [9] reported the existence of high
morphological variability in 19 quinoa materials from the Department of Boyacá, where
the more variable characteristics were the color of axillae and striae, plant height, number
of panicles, seed yield per plant, and weight of 1000 grains.

The morphoagronomic characterization of quinoa accessions will facilitate the se-
lection of materials that will improve production in regions with specific environmental
conditions, initiate certified seed registration processes, discriminate accessions, determine
potential uses, form core collections, identify duplicates in collections, and promote use
in conservation and genetic improvement programs [9]. This study aimed to evaluate
phenotypic characteristics with qualitative and quantitative descriptors of thirty accessions
of C. quinoa to select outstanding accessions from the seed collection in the Department of
Boyacá, Colombia.

2. Results

The climatic conditions of the study region were typical of tropical zones, character-
ized by few fluctuations in the photoperiod and average temperatures. The minimum
temperature during this study ranged between 7.43 and 10.00 ◦C, and the maximum was
between 17.80 and 20.00 ◦C, with an average temperature between 13.43 and 14.75 ◦C, and
the average relative humidity was 78%. The daily illumination that the accessions received
during the experiment was approximately 12 h.

2.1. Morphologic Characterization Using Quantitative Descriptors

The nine quantitative descriptors evaluated in the quinoa accessions had broad vari-
ation. The plant height had a mean of 176.7 cm, where the Quinua beteitiva accession
exhibited the highest height (PH = 248.2 cm), and the largest panicle diameter (PD = 35.4 cm)
(Table 1). However, the variables yield, seed weight, and seed diameter were zero because
grains were not formed. In contrast, the accession with the lowest height was Quinua
Peruana (PH = 111.9 cm), with PL = 39.0 cm, PD = 20.0 cm, NP = 6.8, and NT = 9.8, the
lowest values for these variables, with respect to the other evaluated accessions. However,
this accession presented the largest seed diameter (GD = 2.63 mm) and a higher-than-
average yield value (Y = 62.02 g). On the other hand, Amarilla de maranganí had the
highest weight of 1000 seeds with a value of 0.40 g and a seed diameter higher than average
(GD = 2.57 mm). Quinua Blanca de Jericó Tuta2 presented the longest panicle length
(PL = 72.4 cm) and plant height, 220.4 cm, but the yield was below average (Y = 18.17 g)
(Table 1).
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The Tukey test (p < 0.05) for all the quantitative variables, shows differences between
the accessions evaluated. The best yields per quinoa plant were achieved by the accessions
Quinoa primavera with 87.53 g, Quinoa real with 68.55 g, Quinoa semiamarga with 66.63 g,
and Quinoa peruana with 62.02 g. The variables weight of the seeds (WS) and diameter of
the seeds (GD) presented lower standard deviations (Table 1).

The analysis of variance detected statistically significant differences (p < 0.05) between
the evaluated accessions for the characteristics plant height, stem diameter, length and
diameter of the panicle, number of panicles, number of teeth on the leaf, yield, and seed
weight and diameter.

The Spearman correlation analysis (p ≤ 0.05) between the quantitative variables
showed that there were high and significant correlations between the weight (WS) and
diameter (GD) of the seeds (r = 0.89), the length (PL) and height (PH) of the plants (r = 0.88),
seed weight (WS) and yield (Y) (r = 0.82), and seed diameter (GD) and yield (Y) (r = 0.71).
There were also negative correlations between yield (Y) and panicle length (PL) (r = −0.51),
and yield (Y) and plant height (PH) (r = −0.50) (Figure 1).
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Figure 1. Spearman correlation analysis among the quantitative variables in the 30 quinoa accessions.

The principal components analysis showed that 68.6% of the total variance was
explained by the first two components (CP1 = 54.6% and CP2 = 14.0%) (Figure 2a). The
variables that made the greatest contribution to the variation of CP1 included plant height,
length, diameter, and number of panicles. The weight of 1000 seeds, seed diameter and
stem diameter stem contributed more to the variation in CP2. On the other hand, the
variables associated with weight and seed diameter correlated more with yield than the
variables plant height, stem diameter, number of teeth on the leaves, and the variables
associated with the panicle (Figure 2a).

The cluster analysis of the quantitative variables grouped the accessions into five
clusters (Figure 2b). However, the groups were not established according to the collection
area or place of origin. The first group had the accessions that presented the highest values
for seed weight (0.32–0.40 g), seed diameter (2.16–2.63 mm) and yield (46.47–87.53 g).
The second group had the Quinua beteitiva accession, which had the greatest height
(PH = 248.2 cm) and panicle diameter (PD = 35.4 cm) but did not develop seeds. The
accessions in the third group presented yields between 12.28 and 48.75 g, seed diameters
from 1.87 to 2.36 mm, weights of 1000 seeds from 0.17 to 0.28 g, and stem diameters from
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3.2 to 4.3 cm. The accessions in the fourth group included Quinua dulce de Tuta and
Quinua semiamarga, with heights between 183.8 and 189.2 cm, panicle diameters between
2.2 and 2.3 mm, and yields between 55.49 and 66.63 g. Finally, group five had the accessions
with the lowest values for yield (12.28 to 41.17 g), seed diameter (1.85 to 2.23 mm), and
seed weight (0.16 to 0.25 g). These analyses were consistent with the principal component
analysis.
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Figure 2. (a) Principal component analysis biplot. The variables that contributed to yield were
weight and diameter of the seeds; (b) Hierarchical cluster analysis of quinoa accessions considering
quantitative variables.

These results were used to infer that the quantitative variables of yield, plant height
and variables associated with the seeds, such as weight and diameter, were the most
discriminative parameters, differentiating between the accessions evaluated in this study.
Therefore, with these variables, it is possible to select materials to start breeding programs
for quinoa.
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2.2. Morphologic Characterization Using Qualitative Descriptors

When evaluating the qualitative variables, it was observed that, after germination
and during the development of seedlings, the stem color was generally green, although,
in some accessions, the color changed during flowering to shades of purple (Q. ceniza,
Q. Sotaquirá, Tunkahuan—ICA, Amarilla de maranganí, Q. Peruana, Blanca de Jericó de
Toca, Tunkahuan Tibasosa). For stem shape, all accessions had angular stems with striae
(Figure 3a,b), which were green in 99% of the plants. Only three plants of the Quinua
ceniza presented a purple color. Further, 20% of the evaluated plants had pigmented axillae
(Figure 3c) that were purple in all cases (Tunkahuan, Amarilla de maranganí, Blanca dulce
Soracá, Peruana, Quinua Siachoque, Piartal de Tibasosa, Blanca de Jericó de Toca, Quinua
cremosa Malvinas). The seedlings had calcium oxalates that varied between white, pink,
purple and purple (Figure 3h,i). The purple accessions included Quinua ceniza, Quinua
colorada, Tunkahuan, and Quinua Siachoque. These oxalates were observed only until the
flowering stage began and subsequently disappeared.

The leaves were green until physiological maturity. Then, in all accessions, they
became yellow, starting from the basal leaves towards the apical ones, until senescence.
The shape of the leaves had four types: lanceolate, rhomboidal, triangular, or oval, which
is a polymorphic characteristic in the same plant. The most common forms were lanceolate
in the apical branches, and triangular, oval, or rhomboidal in the basal leaves. (Figure 3g).
The edge of the leaves was serrated, entire and dentate. In the basal leaves, 93% had
serrated leaves, while in the apical leaves, 83% of the plants were serrated. The most
common growth habit was branched up to the first third (61%), and a simple habit was
observed at 37%.
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edge; (g) Triangular shaped leaves with serrated edge; (h) White calcium oxalates on the upper surface and underside of the
leaf; (i) Pink calcium oxalates on the upper surface of the leaf.

The panicles demonstrated high variation for color that depended on the accessions
and stage of development. Thus, the panicle colors observed at physiological maturity were:
purple, pink, yellow, orange, red, green, and a mixture between these colors (Figure 4a–e).
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For panicle shape, 93% of the plants were glomerulate, while the intermediate and ama-
rantiform forms were less common, appearing in only 7% of the plants. Panicle density
was 61% loose, 29% intermediate, and 10% compact. Further, 95% of the plants had yellow
flowers and 5% had white flowers.

There were four grain shape types: lenticular, cylindrical, ellipsoidal, and conical.
Eighty three percent of the plants had a cylindrical grain shape, 7% were ellipsoidal, 6%
were lenticular, and 4% were conical. For grain edge, 48% of the plants had a wavy edge,
26% were smooth, and 21% were intermediate (Figure 4g–i). The color of the episperm
was also variable: 69% of the plants had a transparent episperm, 13% were white, 7% were
black, and 6% were beige. The color of the perigonium presented orange, black, brown,
and beige variations (Figure 4f). For seed germination capacity, good vigor was observed
in 86% of the accessions. However, in accessions such as Quinua negra, the seeds required
approximately 15 days for germination, while the average for the other accessions was 24 h.
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The multiple correspondence analysis showed that 36.1% of the total variance was
explained by the first two components, CP1 (19.0%) and CP2 (17.1%). The first compo-
nent grouped the accessions according to characteristics such as fuchsia calcium oxalates,
amarantiform panicle shapes, orange perigonia pink granules at bloom, and pink pani-
cles at bloom. The second component was grouped according to transparent episperm,
intermediate density, compact panicle, and white granules at flowering. Figure 5 shows
the distribution of variables according to their contribution to the total variance in the first
two components.
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Figure 5. Multiple correspondence analysis showing the contribution of variables, ordering the
accessions according to the qualitative variables.

The cluster analysis of the qualitative variables formed seven groups (Figure 6). The
first one had the accession Quinua beteitiva, which did not develop grains but developed
panicles, which were lax and fragile. The second group was defined by orange panicles
at flowering, purple granules at flowering, purple calcium oxalates, purple striae, and
compact panicles. The third group was characterized by green panicles at bloom, green
granules at bloom, white calcium oxalates, and intermediate panicle density. The fourth
group was represented by Quinua negra, which had a conical grain shape and black
perigonium and episperm. The fifth group had Quinua primavera and Quinua real,
grouped by pink panicle at physiological maturity and intermediate panicles. Group six
was characterized by green panicles at green bloom and wavy grain borders. Group seven
contained 15 of the 30 accessions and did not present qualitative variables that defined the
grouping, but most of the plants had a beige perigonium color, glomerulate panicle shape,
white oxalate color, and lax panicle density.
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In general terms, the qualitative variables that contributed significantly to the selection
or discrimination of accessions included grain color and panicle density because of the
presence and coloration characteristics of structures, such as axillae, striae, and panicles,
that were highly variable between and within the evaluated quinoa accessions.

2.3. Morphologic Characterization Taking into Account the Joint Analysis of Qualitative and
Quantitative Descriptors

The factorial analysis of mixed data considered all quantitative and qualitative vari-
ables and discriminated the accessions with outstanding morphologic characteristics. This
analysis showed that the contribution of the variables to the first two components was
38.36%. The variables that contributed positively to CP1 (25.81%) included yield, weight,
and diameter of the seeds (quantitative variables), yellow striae, white calcium oxalates,
and purple axillae (qualitative variables) (Figure 7a). For CP2 (13.05%), the quantitative
variables were yield and number of teeth on the leaves, and the qualitative variables were
fuchsia calcium oxalates, uncolored axillae, and beige perigonia.
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Figure 7. (a) Mixed factor analysis of the contribution of the variables, ordering the accessions
according to the qualitative and quantitative variable; (b) Cluster analysis, showing nine groups of
accessions formed according to the qualitative and quantitative variables.
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The cluster analysis formed nine groups (Figure 7b). The first group had the acces-
sions Amarilla de Maranganí and Quinua peruana, which were characterized by below
average seed weight and diameter (0.39 g and 2.59 mm), and panicle height and length
(PH = 176.7 cm and PL = 57.9 cm). In the second group, ash quinoa was characterized
by purple striae, grey perigonia and black episperm. Group three was characterized by
plant heights between 175.4 to 202.9 cm, seed diameters from 2.06 to 2.23 mm, purple
oxalates, and lax panicles. The fourth group had the accession Quinua beteitiva, which
had a plant height that was higher than average, 248.2 cm, and did not produce grain.
Group five was made up of the accessions Quinua Siachoque, Mezcla Siachoque 2, and
Susunaga, which presented yields between 12.28 and 29.08 g of seeds per plant, weights of
1000 seeds from 0.16 to 0.23 g, and glomerulate, lax panicles. The accessions in group six
were characterized by yellow striae, an average plant height of 181.4 cm, 10–15 panicles
per plant, and seed diameters of 0.26 mm. Group 7 was made up of eleven accessions and
did not present qualitative and quantitative variables that defined this grouping. However,
these accessions had lower than average yields, that is, less than 37.16 g of seeds per
plant, plant heights between 159.1 and 220.4 cm, and seed diameters from 1.87 to 2.36 mm.
Quinua negra represented group 8, characterized by lower-than-average stem and seed
diameters (3.1 cm and 1.7 mm), with a conical grain shape. Finally, group 9 was made
up of the accessions Quinua primavera and Quinua real, which presented, on average,
Y = 78.04 g of seeds per plant, PH = 130.9 cm, and PL = 42.9 cm.

The joint analysis of the morphologic descriptors proved to be robust and grouped
the accessions according to the principal qualitative and quantitative variables, identifying
promising accessions with the potential to start a breeding for quinoa in Colombia.

2.4. Promising Accessions Selection Index in Breeding Programs

The selection index confirmed the results obtained with the factorial analysis of mixed
data, which established that the high-yield accessions were Quinua primavera, Quinua
Peruana, Quinua real, and Amarilla de maranganí. These accessions were characterized by
small sizes, large grains and good yield, which are ideal characteristics for the commer-
cialization of quinoa grain in Colombia. The accessions Q. siachoque, Mezcla Siachoque 2,
Blanca de Jericó Tuta2, and Q. beteitiva did not meet the needs of farmers because they
had higher plant heights with no or little grain production (Figure 8).
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3. Discussion

The quinoa from the seed collection of the Department of Boyacá, Colombia were
phenotypically characterized to select elite accessions to improve quinoa production in the
region. The life cycle of the evaluated quinoa accessions was approximately six months,
with a photoperiod and average temperature that were constant in the study area. The
yield had high variability between the accessions. In general, the accessions with plant
heights higher than average (>176.7 cm) presented lower yields, as reported by [13]), who,
when evaluating quinoa materials in southern Italy, found negative correlations between
plant height and yield. [14] also observed a decrease in growth with the formation of grains
in the Department of Cauca, Colombia in the Tunkahuan, Blanca de Jericó, and Blanca
de Soracá varieties. This was probably due to the fact that the increase in plant growth
coincides with the beginning of the reproductive stage, where the energy produced by
plants is distributed in the growth and the beginning of panicles. Some genotypes use this
energy only for growth, and grains do not develop properly because of the source–sink
relationship [15,16].

It has been reported that longer panicles could provide higher grain yield than shorter
ones [17,18]. However, this trend was not observed in the studied accessions. The Blanca
de Jericó Tuta2 accession presented the longest panicle length, PL = 72.4 cm, and a below
average yield (Y = 18.17 g). Quinua Peruana had the shortest panicle length, PL = 39.0 cm,
and obtained an above average yield (Y = 62.02 g). This suggests that this descriptor
could be useful in the selection of accessions with better yield. Additionally, the seed
characteristics, such as weight and diameter, were correlated with yield. It should be
noted that these two variables are important for the commercialization of quinoa and are
commonly used as criteria for the selection of materials for the improvement of quinoa [19].

On the other hand, although qualitative variables constitute a fundamental tool to
determine the adaptation strategies of plants and are used as varietal descriptors [20], in this
study, these traits had broad genetic variability, as represented in the different colorations
of the striae, axillae, panicles and seeds. In addition, these traits were highly variable
within the same accessions, that is, there was high heterogeneity in the characteristics
associated with these variables. This behavior was also observed in quinoa materials
evaluated in the Rio Grande do Sul region of Brazil [21] and in cultivars of Quinua Blanca
de Jericó, expressed in different pigmentations within individuals in structures such as
panicles and stems. These variations allow plants to adapt more quickly to environmental
conditions [22]. However, these variables are the basis for genetic improvement programs
because, if there is no variability, no selection can be made, since all individuals respond in
the same way to the evaluated conditions. Therefore, the existence of phenotypic variability
associated with qualitative or quantitative morphological characteristics will allow the
selection of materials that respond to the needs of farmers, producers, and consumers.

The joint analysis of the quantitative and qualitative variables differentiated the
accessions with higher yields and identified promising genetic lines. The groupings
of the accessions Quinua amarilla de maranganí, Quinua peruana, Quinua primavera,
and Quinua real remained constant in all analyses, meaning they have high potential
for the extensive production of quinoa grain because their yields are higher and they
present stable morphological characteristics, such as grain color and panicle density. For
phenotyping quinoa with important agronomic traits, the quantitative variables that should
be considered are yield, plant height, stem diameter, panicle length, weight of 1000 seeds,
and grain diameter, while qualitative variables are panicle density and grain color since
they are useful for the selection of materials with potential for quinoa production.

The broad variability in the morphological traits observed in this study may have
been due to the facts that farmers maintain mixtures of different materials in the same crop.
In Colombia, selection parameters have not been defined for quinoa materials because
of a lack of knowledge. Therefore, farmers have marketing difficulties because of a loss
of grain quality and decreases in production caused by a lack of selection of planting
material and pure materials. Thus, these findings regarding the high variability in both
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qualitative and quantitative descriptors suggest that they can be very useful in breeding
programs. In addition to increasing the productivity of crops, it is possible for accessions
to demonstrate great capacity to adapt to different environmental conditions, because the
evaluated materials have the advantage of agroecological adaptation to the region since
they have been cultivated in the region [23].

However, there are additional morphological characteristics for the good commer-
cialization of the quinoa grain in Colombia, such as small size of plant, erectness, and
uniformity, which facilitate the harvesting process, a single terminal panicle with com-
pact glomeruli, and large, white grains [9,24]. Therefore, the proposed selection index
confirmed the outstanding accessions (Quinua primavera, Quinua Peruana, Quinua real,
and Amarilla de maranganí) using these descriptors since these characteristics are decisive
when estimating the commercial quality of crops, with the advantage that these accessions
have already been cultivated in the environmental conditions of the region.

Finally, our results suggest that, for Colombia, it is essential to continue with the
characterizations of quinoa accessions using morphological descriptors and to include
biochemical and molecular descriptors because of the large number of mixtures present in
cultivars, allowing efficient selection if pollination is controlled and accessions that exhibit
undesirable characteristics to be eliminated, thereby obtaining a variety that responds to the
needs of farmers, producers, and consumers through the development and implementation
of adequate breeding schemes.

4. Materials and Methods

A total of 30 accessions of quinoa (C. quinoa) were evaluated, which belong to the seed
collection of the Department of Boyacá (Table 2). The morphoagronomic characterization
was carried out under greenhouse conditions in the city of Tunja, located at an altitude of
2690 m.a.s.l., with an average temperature of 13 ◦C, relative humidity of 78%, and a 12:12
photoperiod. The germination of the seeds was carried out in the nursery with a mixture
of humus and peat in a 2:1 ratio. By accessions, 16 alveoli were sown whereby three seeds
were placed that were taken randomly, after 20 days of growth when the seedlings had
six true leaves. They were transplanted to the greenhouse beds, and thinning was carried
out when more than two plants grew per alveolus. The accessions were sown under a
randomized complete block design (RCB) of three plants per block (three blocks) for a total
of nine repetitions for each accession, with conventional agronomic management. The
harvest was carried out manually when the plants reached physiological maturity.

Table 2. Sites of origin of the evaluated quinoa (C. quinoa) accessions.

Accessions Location Coordinates

1 Quinoa real Ventaquemada 5◦22′00.4′′ N 73◦31′16.9′′ W
2 Quinoa aurora Soracá 5◦30′06.9′′ N 73◦20′00.5′′ W
3 Quinoa ceniza La colorada Tunja 5◦34′44.7′′ N 73◦20′36.0′′ W
4 Quinoa beteitiva Beteitiva 5◦54′39.1′′ N 72◦48′31.2′′ W
5 Quinoa sotaquirá Sotaquirá. Vereda Bociga 5◦45′57.6′′ N 73◦14′52.2′′ W
6 Quinoa negra La colorada Tunja 5◦34′44.7′′ N 73◦20′36.0′′ W
7 Tunkahuan ICA ICA Surbatá 5◦47′45.5′′ N 73◦04′20.2′′ W
8 Blanca de Jericó Tuta Tuta 5◦41′26.6′′ N 73◦13′39.1′′ W
9 Amarilla de maranganí Pasca 4◦18′32.8′′ N 74◦17′59.6′′ W

10 Quinoa colorada La colorada Tunja 5◦34′44.7′′ N 73◦20′36.0′′ W
11 Blanca dulce de Soracá Soracá 5◦30′06.9′′ N 73◦20′00.5′′ W
12 Piartal Chocotá Chocontá 5◦08′44.3′′ N 73◦41′07.0′′ W
13 Quinoa dulce de Tuta Tuta 5◦41′26.6′′ N 73◦13′39.1′′ W
14 Quinoa semiamarga Duitama 5◦49′36.3′′ N 73◦02′03.9′′ W
15 Quinoa peruna Cómbita 5◦38′01.9′′ N 73◦19′28.4′′ W
16 Quinoa siachoque Siachoque 5◦30′45.3′′ N 73◦14′44.3′′ W
17 Blanca de Jericó Tuta2 Tuta 5◦41′26.6′′ N 73◦13′39.1′′ W
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Table 2. Cont.

Accessions Location Coordinates

18 Piartal Tibasosa Tibasosa 5◦44′40′′ N 73◦14′16′′ W
19 Blanca de Jericó Tunja Tunja 5◦31′4′′ N 73◦23′48′′ W
20 Blanca de Jericó Toca Toca-Vda Tuaneca 5◦34′03.6′′ N 73◦11′24.2′′ W
21 Cremosa malvinas Siachoque 5◦31′00.8′′ N 73◦14′59.7′′ W
22 Tunkahuan Tibasosa Tibasosa 5◦44′40′′ N 73◦14′16′′ W
23 Tunkahuan siachoque Siachoque-Finca San Antonio 5◦31′55.6′′ N 73◦16′10.6′′ W
24 Mezcla Siachoque 1 Siachoque 5◦31′00.8′′ N 73◦14′59.7′′ W
25 Mezcla Siachoque 2 Siachoque 5◦31′00.8′′ N 73◦14′59.7′′ W
26 Mezcla Siachoque 3 Siachoque 5◦31′00.8′′ N 73◦14′59.7′′ W
27 Quinoa primavera Siachoque-Sabana de Bogotá 4◦24′56.3′′ N 74◦06′06.0′′ W
28 Quinoa galindo Cómbita 5◦38′01.9′′ N 73◦19′28.4′′ W
29 Col-quinua Cómbita 5◦38′01.9′′ N 73◦19′28.4′′ W
30 Susunaga Cómbita 5◦38′01.9′′ N 73◦19′28.4′′ W

Twenty-one morphologic descriptors were evaluated, of which nine were quantitative
and twelve qualitative, defined by the FAO for quinoa [6] (Table 3). Measurements were
taken on nine individuals of each accession.

Table 3. Morphologic descriptors used for the characterization of quinoa accessions from the Department of Boyacá.

Qualitative Acronyms Quantitative Acronyms Unit of Measurement

Calcium oxalates color (CO) Plant height (PH) cm
Strie color (SC) Stem diameter (SD) cm
Axil color (AC) N ◦ teeth per leaf (NT) #

Color of the granules at flowering (CGF) Panicle length (PL) cm
Panicle color at flowering (PCF) Panicle diameter (PD) cm

Flower color (FC) N ◦ plant panicles (NP) #
Panicle shape (PS) Yield per plant (Y) g

Panicle density (PDE) Weight of 1000 seeds (WS) g
Grain shape (GS) Grain diameter (GD) mm

Episperm color (EC)
Grain edge (GE)

Perigonium color (PC)

For the selection of accessions with important and highly productive agronomic
characteristics, the program R was used to analyze selection indices (RIndSel: R software
to analyze Selection Indices) to obtain Smith’s linear phenotypic selection index [25]. The
following variables were weighted: yield, plant height, seed diameter and grain color, as
described below:

I.S = Yield (0.95) − Plant height (0.94) + Grain diameter (3.70) + Grain color (1.31).

The variables yield, grain diameter, and grain color were expressed positively since
plants with more grams of seeds per plant, a greater seed diameter and light grain colors are
sought. The plant height was expressed negatively since low-bearing accessions are sought.

Statistical Analysis

For the quantitative variables, a descriptive analysis was carried out. Then, the as-
sumptions for the parametric analyzes were verified, and the analysis of variance (ANOVA)
was carried out. To determine the significant differences between treatments, a Tukey mul-
tiple comparison test was performed with p < 0.05. These analyses were performed using
R Core Team [26] and the missMDA package [27]. The Spearman correlation was esti-
mated and plotted using the R package “corrplot”: Visualization of a Correlation Matrix
(Version 0.84) [28]. For the multivariate analysis, a hierarchical grouping with principal
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components (HCPC) was carried out with the algorithms in the factoextra package of the R
program [29], which were plotted on a two-dimensional plane using the FactoMineR pack-
age [30]. The dendrogram was done using the main components, Euclidean distance, and
Ward’s minimum variance hierarchical grouping method with the FactoMineR package [30]
in the R program [26].

For the qualitative variables, frequency analyses were performed with Infostat [31],
a multiple correspondence analysis with the algorithms in R program’s factoextra pack-
age [29], and the dendrogram obtained with the components, Euclidean distance, and
Ward’s minimum variance hierarchical grouping method, using the FactoMineR pack-
age [30] in the R program [26]. For the joint analysis of the quantitative and qualitative
variables, a factorial analysis of mixed data was carried out with the factoextra package in
the R program. Additionally, a dendrogram was generated using the Euclidean distance
and hierarchical grouping method of Ward’s minimum variance with the FactoMineR
package [30]. Finally, the selection index was calculated with an accessions percentage of
5% and the variance-covariance matrix for the variables yield, plant height, seed diameter,
and grain color using the RindSel program. The index for each of the accession was plotted
in Microsoft Excel 2013.

5. Conclusions

The characteristics, such as seed diameter, panicle density, plant height, and grain color,
allowed for the selection of quinoa accessions with better yield and desirable agronomic
characteristics. The broad phenotypic variability in the accessions, in terms of both grain
quality and yield, constitutes a fundamental tool for recording varieties that improve the
positioning of quinoa in Colombia. In addition, this study revealed relationships between
yield and morphological characteristics, which could be useful for the selection of parental
lines in future breeding programs that seek to generate quinoa hybrids in Colombia. Our
results indicated that the accessions Quinua primavera, Quinua Peruana, Quinua real, and
Amarilla de maranganí represent the most promising parents for the future development of
breeding programs that aim to respond to the needs of farmers, producers, and consumers
in Colombia.
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Abstract: The journey of the Andean crop quinoa (Chenopodium quinoa Willd.) to unfamiliar environ-
ments and the combination of higher temperatures, sudden changes in weather, intense precipitation,
and reduced water in the soil has increased the risk of observing new and emerging diseases associ-
ated with this crop. Several diseases of quinoa have been reported in the last decade. These include
Ascochyta caulina, Cercospora cf. chenopodii, Colletotrichum nigrum, C. truncatum, and Pseudomonas
syringae. The taxonomy of other diseases remains unclear or is characterized primarily at the genus
level. Symptoms, microscopy, and pathogenicity, supported by molecular tools, constitute accurate
plant disease diagnostics in the 21st century. Scientists and farmers will benefit from an update
on the phytopathological research regarding a crop that has been neglected for many years. This
review aims to compile the existing information and make accurate associations between specific
symptoms and causal agents of disease. In addition, we place an emphasis on downy mildew and its
phenotyping, as it continues to be the most economically important and studied disease affecting
quinoa worldwide. The information herein will allow for the appropriate execution of breeding
programs and control measures.

Keywords: causal agents; downy mildew; pathogenicity; Peronospora; resistance factors; severity;
quinoa diseases; quinoa disease assessment

1. Introduction

Agriculture is affected by global climate change. Non-traditional crops with high
nutritional value and the ability to cope with abiotic stress are of special interest in today’s
world. Quinoa (Chenopodium quinoa Willd.) is an ancient crop that exhibits remarkable
tolerance to frost, salt, and drought. Moreover, it is highly nutritious and has a vast genetic
diversity resulting from its fragmented and localized production over the Andean region.
The recent introduction and cultivation of quinoa in novel environments has resulted in
a wider spectrum and higher intensity of infectious diseases. Oomycetes and fungi are
the two most important eukaryotic plant pathogens [1]; their predominance on the quinoa
pathobiome is also evident.

Diseases of quinoa have been reviewed previously [2–6]. However, an update is
necessary because new emerging diseases of the quinoa mycobiome are being discov-
ered. Taxonomy based on the morphological characteristics and nomenclature of fungi
is relatively conserved and informative when high-level classifications (genus level) are
considered. However, there is uncertainty when lower-level phylogenies (species level) are
considered due to the fast-evolving traits and phenotypic plasticity of fungi [7]. As a result,
DNA and molecular sequence-database comparisons techniques have been employed,
along with various DNA fingerprinting and more advanced and complex methods such as
whole-genome sequencing, for the identification of plant pathogens [8,9].

The universal nuclear ribosomal primers developed by White et al. (1990) for PCR
amplification of the internal transcribed spacer (ITS) region have become a key component
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the description and characterization of fungal diversity [10]. In addition to ITS, various other
markers exist for multi-locus sequencing. It is commonly used by combining ITS with other
relevant genomic regions (e.g., COX I, calmodulin, and TEF1 gene regions). It has proven
helpful and necessary for the accurate identification of microbial plant pathogens [11–13].
Such molecular approaches should be paired with pathogenicity assessments, including the
description of disease symptoms, isolation and artificial inoculation of quinoa tissue, recording
of symptoms, and re-isolation. These tests are known as Koch’s postulates [14–16]; their
validation discriminates an opportunistic association from a pathogenic-type interaction.

This review aims to provide an updated overview of microbial plant pathogens
causing disease in quinoa, focusing on the morphological characterization and molecular
identification of the causal agents. Research carried out in the Andean countries some
decades ago provides insightful and valuable reports, described herein. We compiled and
analyzed existing information, with a marked emphasis on downy mildew.

2. Downy Mildew of Quinoa
2.1. Nomenclature and Distribution

The oomycete Peronospora variabilis Gäum. 1919 [17] is the causal agent for downy
mildew on C. quinoa (www.indexfungorum.org, accessed on 10 June 2021) and C. album L.
The genus Peronospora belongs to the Peronosporaceae family (Peronosporales order), which
are highly physiologically specialized, biotrophic organisms. Phytopathogenic oomycetes
are eukaryotic microbes with filamentous vegetative growth and spores for reproduction
(fungus-like). Molecular analysis revealed they are among the Stramenopiles (or heterokont),
closely related to golden-brown algae and diatoms [1,18–20]. Fundamental features are:

1. Oomycetes cell walls are mostly composed of glucans, in contrast to chitin from
fungi [14].

2. Most oomycetes are insensitive to azole fungicides (e.g., ketoconazole) because they
do not have the ergosterol pathway needed to activate the azole-fungicide mode of
action [21–23].

3. During their vegetative state, oomycetes are diploid compared to haploid or dikaryotic
fungi [1].

Due to taxonomic confusion, downy mildew was previously classified as Peronospora
farinosa and considered as such by most studies for about 50 years [24–26]. Byford
(1967a,b) [27,28] investigated cross-inoculation experiments and concluded the division of
three formae speciales (f. spp.) Table 1.

Later, a phylogenetic study on P. variabilis of C. quinoa and C. album from different
geographical regions showed that both are located in the same phylogenetic cluster with
no evidence to separate them into different taxa [29–32]. Morphological, molecular, and
biological host specialization analyses revealed that a narrow species concept is more
appropriate for the downy mildews. The available evidence strongly suggests that the
host range of P. variabilis is limited to C. quinoa and C. album [29], that of P. effusa is limited
to spinach [33,34], and more recently that of P. chenopodii has been shown to be limited
to C. hybridum L. (maple leave goosefoot), P. chenopodii-ambrosioides to C. ambrosioides L.
(Jesuit’s tea, Payqu), P. chenopodii-ficifolii to C. ficifolium Sm. (fig leave goosefoot) [13], P.
chenopodii-polyspermi to C. polyspermum L. (many-seeded goosefoot), and P. schachtii to sugar
beet [26]. In older literature, P. farinosa was used as the causal agent of downy mildew of
quinoa. However, the species name “farinosa” had been ascribed to an unrelated genus
(Atriplex) and is no longer valid as a species name for Peronospora [35].
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Table 1. Peronospora species current identity and classification by Byford [27,28].

Host (Genus/Species) Pathogen
Current Identity

Byford Classification (f. spp.)
P. farinosa formae speciales

Beta spp. P. schachtii [26] P. farinosa f. sp. betae
C. álbum + C. quinoa P. variabilis [29,30] P. farinosa f. sp. chenopodii

Spinacia oleracea P. effusa [33,34] P. farinosa f. sp. spinaciae

The earliest report of downy mildew infecting quinoa in South America came
from Martin Cardenas (1941), who found it infecting quinoa in Cochabamba, Bolivia,
and identified it as P. farinosa [36]. P. variabilis has been documented throughout the
world (Figure 1) [26,29–32,37–52] wherever quinoa is cultivated. It is expected to become
ubiquitous in all quinoa cropping areas as oospores found in seeds have also been seen
in old dried leaves [32,53,54]. Moreover, C. album (known as goosefoot, fat hen, or lamb’s
quarters) [55] is frequently infected by downy mildew throughout Europe because it is
conspecific [56] with the P. variabilis from C. quinoa. Therefore, it is likely to be a reservoir
for the pathogen and an alternative host [29,52,56]. Other Chenopodium species, such as
C. murale L. (nettle leaf goosefoot), C. ambrosoides L. (Indian goosefoot, Mexican tea), C.
berlandieri Moq. (pit seed goosefoot), and C. ficifolium Sm. (fig leaf goosefoot), were reported
to harbor the pathogen based on morphological identification [39,45,57] and molecular
COX2 bar coding for C. berlandieri var macrocalycium (Table 2). These reports require
further investigation to confirm the accurate identity of the pathogen. Cross-infection
reported so far is solely that of P. variabilis isolated from C. album and C. quinoa [52].
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2.2. Infection Biology and Disease Symptoms

Based on various scientific studies, we assembled a hypothetical disease cycle for P.
variabilis (Figure 2).

Figure 2. Proposed disease cycle of quinoa downy mildew caused by Peronospora variabilis (Photos: C. Colque-Little). Picture
of haploid gamets adapted from Judelson [58].

When mature sporangia fall on compatible leaf tissue with free moisture and rela-
tive humidity (more than 85%), the infection begins. Spores from pathogenic oomycetes
produce an adhesive vesicle on the spore side in contact with the host (ventral) at early
infection stages (Figure 3F). Next, a germ tube that faces the host is produced and grows
chemotropically toward a suitable penetration site. In most downy mildews, the hyphae
enter the leaf via stomatal pores [58] (Figure 3C). The formation of an appressorium-like
swelling (penetration structures that exert pressure) on histopathological samples was
observed under a microscope [52,59]. It penetrated the stomata (Figure 3B,D) but did
not directly penetrate the cuticle [49,59]. Spores are chemotaxically and mechanically
dependent on the stomatal aperture [60,61].
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Figure 3. Quinoa leaf infections caused by P. variabilis sporangiogenesis during the early stages of asexual reproduction.
(A) Sporangium forming germ tube (gt) and faint penetration hyphae towards the mesophyll. (B) Extracellular matrices (em)
secreted from germinating sporangium (sp) and appressorium-like (als) structure penetrating stomata. (C) Sporangium,
forming germ-tube (gt) and appressorium like structure in water. (D) Sporangiophore (spr) emerging from stomata.
(E) Sporangiophore holding sporangia, emerging from lower epidermis. Scale bar: 20 µm. (F) Hypothetical P. variabilis
sporangiogenesis timeline (Photos: C. Colque-Little). Illustration in timeline created with Biorender.com.

Stomata colonization happens relatively quickly. Once an appressorium is established,
the secretion of extracellular matrices during the germination of the sporangia appears, as
reported elsewhere (Figure 3B) [59]. The hyphae ramify intercellularly, forming haustoria
(feeding structures) through the leaf tissue five to six days after penetration (Figure 3A–F). The
sporangiophores emerge from the leaf’s surface around the seventh day, carrying asexual
lemon-shaped sporangia (Figure 3E,F). Seven to ten days after the primary infection,
sporangia are disseminated to other leaves by wind and water [40,59] (Figure 3F). They
are assumed to be of importance for spreading the disease during the growing season at
this stage [62]. In general, Peronospora species require moderate temperatures (10 ◦C–20 ◦C)
for optimal sporulation [63,64]. While the disease is developing, several asexual cycles
(reproduction of sporangia) may occur. Secondary infection demonstrated that the disease
could spread rapidly in the field if the optimal conditions are present [54].

Infected leaf tissue manifests lesions and signs on both sides of the leaf. Sporulation
becomes apparent mostly on the leaf surface. Symptoms on infected plants vary depend-
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ing on genotype, growth stage, and environmental conditions (Figure 4A−D). Classic
symptoms include pale or yellow chlorotic lesions on the leaf surface (Figure 3E) and dark
gray-violaceous sporulating areas, mostly on the lower surface (Figure 3F). The lesions can
be several and small in some cultivars, whereas in others the lesions are extensive, diffuse,
and irregular (Figure 4G). Lesions turn pink, red, purple, or light-brown, depending on the
plant’s pigments (red-violet and yellow betalains [65,66]). A hypersensitive response has
also been observed (Figure 4E,G). The sporulation presence differs considerably, probably
due to cultivar responses and the pathogenic capability of the specific isolate [52,54,67].

Figure 4. (A) Quinoa crop severely damaged by downy mildew. (B–D). Infected varieties in the
fields of the main quinoa growing areas of Bolivia. (E) Adaxial leaf side belonging to different
quinoa genotypes artificially infected with downy mildew. (F) Abaxial side of the leaves showing
sporulation. (G) Differences in disease symptoms, ranging from hypersensitive reactions causing
pale yellowish spots (left) to high susceptibility with chlorotic lesions covering the whole leaf (right)
(Photos: C. Colque-Little).

Downy mildew primarily affects the foliage, but it is possible to find it colonizing
different organs and tissues of quinoa plants. However, its symptoms are less obvious and
sporulation is inexistent. Therefore, polymerase chain reaction (PCR) was used to amplify
P. variabilis DNA. Taha (2019) gathered a composite of quinoa seedlings at different growth
stages, subdivided them into different organs, and detected P. variabilis DNA on 0.8% of
the root samples, 83% on the cotyledon and leaf, and 42% on steam samples. The PCR was
also positive for 60–80-day-old plants’ inflorescences [68]. In addition, scanning electron
microscopy was capable of visualizing P. variabilis on petioles [59], and the mycelium was
seen as in the intercellular spaces of the leaf midrib of 80-day old plants [69]. Since the
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pathogen was detected at early and late growth stages of the quinoa plant, it was thought
to present a systemic mode of infection [68]. However, other researchers argue [69] that the
germinated oospores-mycelium spreads through intercellular parenquimatic spaces (next
to xylem but not wood vessels) of the hypocotyl acropetally, towards the plant’s aerial
parts, and is finally inserted into the developing seed. For clarification of the mode of
infection of P. variabilis, more research is needed.

2.3. Morphology and Reproduction

Peronospora variabilis hyphae are coenocytic (hyphae without septae) and multinucle-
ate, resulting from nuclear divisions within the cell without an accompanying division of
the cytoplasm (cytokinesis). Sporangiophores are 240−580 µm long, slender, arborescent,
dichotomously ramified five to six times in a sharp angle, ending in two to three straight to
slightly curved branches (Figure 5A). Ultimate branchlets are in pairs or single, flexuous to
curved 8−23 (av. 12.3) µm long, with obtuse tips (Figure 5C) [29]. Sporangia are pedicellate,
deciduous, olivaceous with a grayish tint, broadly ellipsoidal to ellipsoidal (av. 27.7 µm
long × 21.0 µm wide (Table 3), ending in an apical translucid papilla [47]. Taxonomic
measurements such as spore lengths and widths can vary depending on the homogeneity
of the conidium population, the origin of the isolates, the spore subpopulation, or different
roles or times in the pathogen’s life history [70]. Measuring that variability under the
microscope allows researchers to estimate the mean length/width with a reasonable level
of resolution when a minimum of 41–71 spores are measured for the Peronospora genus [71].
Even though P. variabilis, infecting C. quinoa and C. album, is conspecific [56], sporangia
found in C. album were slightly bigger. Further research is needed to figure out why this
difference exists. Table 3 illustrates this variability from measurements taken by various
researchers [26,29,31,46,47,49,51,54,72] and the average of their measurements is provided
as a reference (Figure 5B,D).

Table 3. Peronospora variabilis sporangium sizes when isolated from C. quinoa and C. album.

P. variabilis Sporangium Isolation Origin

C. quinoa C. album
av. Length ×Width (µm) av. Length ×Width (µm) Reference

25.5 × 17.5 Khalifa and Thabet 2018 [49]
22 × 23.13 Yin et al., 2018 [72]
27.5 × 20 Gül, 2021b [51]

28.8 × 21.8 Danielsen & Ames, 2004 [54]
30.7 × 23.8 Choi et al., 2010 [29]

31 × 23 Testen et al., 2012 [46]
28.5 × 23.5 Choi et al., 2014 [47]

29.5 × 23 Choi et al., 2008 [26]
30 × 25 Kara et al., 2020 [31]

27.7 × 21.0 30.1 × 24 av. size
1.32 1.25 av.ratio

Peronospora variabilis can reproduce asexually (sporangiogenesis) and sexually (oospore
formation and germination). It has been reported to be heterothallic and requires two
compatible partners for oospore formation (mating). When eight single-lesion isolates
coming from different regions of Peru and Bolivia were crossed in all possible combinations
using a detached leaf assay, the existence of two mating types, P1 and P2, was apparent [73].
Sexual cycles start with a male (antheridium) and a female (oogonia) gametangia. These
structures can be observed in the leaf mesophyll of plants sown 45 days earlier [69] and
have the appearance of swollen hyphal tips [74]. Once in contact, both swell, especially
the oogonia. Next, synchronous meiosis occurs within each one, and a pore develops
between them. A single haploid nucleus is then transmitted from a male to a female. After
fecundation, the development of an oospore starts by establishing a thick multi-layered

385



Plants 2021, 10, 1228

wall. During maturation, the ribosomes and cytochromes disappear. The combination of
their lowered metabolism, thick wall, and lipid-rich cytoplasm make them effective resting
structures. Walls are usually hyaline, yet contain a brownish pigment, and their thickness
ranges between 3 and 6 µm in most Peronosporales [58]. Peronospora variabilis oogonia
(isolated from C. album) are subglobose with an average diameter of 43.5 µm [26,31]. The
oospore shape is globose to ovoid; their color varies from transparent to golden brown to
brown [53,75].

Ooospore diameter has been reported to range from 18.2 to 44.5 µm on average [53,69,75]
when isolated from C. quinoa, compared to 25 to 44.5 µm on average when isolated from C.
album [26,54]. These differences may be due to interactions with the host, environmental
conditions, the age of the spore, or the pathogen races [53] (Figure 5 Aa,D). Oospores can
survive inhospitable environments, such as freezing, desiccation, starvation, and microbial
degradation [19]. They permit the completion of the pathogen life cycle and enhance its
fitness by providing a mechanism for genetic variation [58]. Resting structures are often
the source of initial infection. El-Assiuty (b) et al. (2019) hypothesize that oospores bearing
tissues (cotyledons, leaves, and the perianths of seeds) shed during the life cycle of quinoa
plants may play a role in the persistence of oospores in soil.

Danielsen and Ames (2004) [54] detected oospores in the pericarp (external tegument
of the episperm) using ultra-microtome cuts (Figure 5F). El-Assiuty (a) et al. (2019) con-
firmed their occurrence in examined seed samples, revealing a 90% presence in the perianth,
87% in the seed coat, 3% in the embryo, and 2% in the perisperm [53].

To follow the passage of P. variabilis inside tissues, El-Assiuty (b) et al. (2019) con-
ducted histopathological/microscopic investigations at different plant growth stages. After
planting the surface-sterilized seed of a downy mildew susceptible variety, the observations
started. Oospores were present in the radicle-pith three days after germination, inside
the cortex of hypocotyls, and in the mesophyll of cotyledons seven days after planting.
Oospore germination started with two undulating germ-tubes located opposite to one
another. They develop in the cortex tissue of juvenile seedlings 15 days post-planting [69].
This research is consistent with what has been found for other downy mildew diseases
such as Plasmopara viticola, the mature oospores of which germinated for 3−7 days under a
favorable regime of rainfall and temperature [76].

Moreover, oospores were detected in all tissues of quinoa plants that had been sown
45–120 days previously [53,69]. They were also seen on leaves of senescent infected plants,
artificially inoculated with a single Danish isolate under greenhouse conditions, suggesting
that the isolate had both mating types present (Figure 5E. Colque-Little, unpublished). In
addition, they have been found in old infected leaves collected in Andean regions of quinoa
production (Peru, Bolivia) [54] and fresh leaf tissue collected in Pennsylvania, USA [77].

Greenhouse experiments with oospore-infected seed samples sown in high and low
relative humidity showed a significant difference in visible seedling infections among
samples under high humidity and with a large oospore density in most cases. However,
oospore density seems to be more critical for seedling infections when the relative humidity
is low [75,78,79]. The number of oospores can be estimated using the seed washing
method [54,80,81]. Briefly, the seed is soaked in water under agitation. Seeds are removed
with cheesecloth, the solution centrifuged, the supernatant discarded, and the pellet is
dissolved in sterile water. The number of oospores is counted using a hemocytometer
under the microscope. Calixtro (2017) quantified the number of oospores present on
susceptible seeds and found it was three times greater than the number on tolerant varieties
demonstrating that host genotype is an important factor [82].
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Figure 5. Peronospora variabilis spores isolated from C. quinoa. (A) Sporangiophore with lemon-shaped
sporangia. (Aa) Oospores–sporangia size comparison. (B) Oospore on top of dried leaf tissue. Scale
bars: 20 µm (Photos: C. Colque-Little). (C) Schematic representation of oospore localization in quinoa
seed. o = oospore; pe = pericarp; en = endosperm; p = perisperm (illustration adapted from Danielsen
and Ames (2004) [54] and Prego et al. (1998) [78]).

2.4. Peronospora variabilis Genotypic Diversity and Virulence Profiling

Peronospora variabilis is a genetically diverse group [30] with multiple population
structures, in light of three facts:

1. Chenopod hosts have a vast degree of genetic diversity and plasticity [83,84].
2. Peronospora variabilis has great adaptability (climatically and geographically), hence

its worldwide geographic presence [54].
3. The occurrence of sexual reproduction permits genotypic pathotype expansion [4].

Quinoa cultivation areas of the Andean region have resulted in severe infections un-
der field conditions. Swenson (2006) collected 43 isolates from eight Bolivian regions [44].
Phylogenetic fingerprinting relationships revealed high genotypic diversity within a ge-
ographical region. The most recent fungal and oomycete identification initiatives were
carried out using DNA sequencing [12]. A group of P. variabilis herbarium and isolates
from different geographic locations (Argentina, Bolivia, Denmark, Ecuador, and Peru) were
phylogenetically analyzed based on ITS rDNA sequences. The majority of the Danish
and South American isolates were separated into two major clusters [29]. P.variabilis was
detected in 31 out of 33 quinoa seed lots destined for human consumption and origi-
nated in six different countries. Subsequently, ITS and Cox2 phylogenetic relationships
were examined to determine whether geographical differences occurred. ITS-derived
phylogeny showed no genetic differences, but the Cox2 phylogeny indicated that geo-
graphical differences existed between US and South American samples [32]. In another
study, researchers characterized 40 isolates from P. variabilis originating in the Andean
highlands (Peru and Ecuador) and Denmark (Jutland, Sealand) using universally primed
PCR (UP-PCR) fingerprinting analysis. A separation between the Danish and Andean
isolates in two distinctive clusters was found, together with genotypic variations between
isolates within each cluster [30].

In the future, the next step might be the virulence profiling of P. variabilis, achieved
through the sequencing of its genome, followed by transcriptomic analysis. Progress in
genome sequencing technologies can provide genome data to better understand how mi-
crobes live, evolve, and adapt. Indeed, the genome of three races of P. effusa (downy mildew
of spinach) was recently sequenced, assembled, and annotated to gain insights into its gene
repertoire and identify infection-related genes [9]. The genomes of microbial pathogens
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can vary greatly in size and composition; this also includes when closely related species
are considered. In the case of Peronospora, species greatly vary between 45.6 to 159.9 Mb
when estimates are made using image analysis of nuclear Feulgen staining [85]. Whether
genome sizes have an impact on the lifestyle of Peronospora species is still unknown [86].

Another way to elucidate genotypic and phenotypic variation within pathogen pop-
ulations is to use virulence-phenotypic assays with a standard set of differential hosts.
Spinach downy mildew has such a set composed of 11 cultivars, maintained with the help
of the international working group on P. effusa (IWGP) [86–88].

This organization invites researchers to use the set to identify new isolates that can
later be nominated, tested for various criteria, and then given a race designation [86–88]. An
international system for monitoring the virulence of P. variabilis has not yet been developed.
However, Ochoa et al. (1999) made the first step towards this from a collection of twenty
P. variabilis isolates that corresponded to different Ecuatorian ecoregions [40]:

1. An area where quinoa cultivation was not regularly practised. The least virulent
strains were present here and were identified as virulence group 2 (V2).

2. A region where landraces and newly released cultivars were introduced. Only the
most virulent strains belonging to group 4 (V4) were present here.

3. Fields located where landraces and newly released cultivars have been cultivated for
many years. Here, all four virulence groups were present.

Ochoa et al. (1999) investigated seedlings under controlled environments from 60
selected genotypes and the above-mentioned P. variabilis collection; quinoa lines were
selected for consistent compatible/incompatible reactions. Based on these results, four
resistance factors (R1, R2, R3, and R4) were postulated [40]. It was most likely that two
mating types are present. areasall difference exists. However, these genotypes are exclusive
to the National Ecuadorian collection and thus not available for research. The measurements
of severity and sporulation of downy mildew from reference cultivars (Puno, Titicaca, and
Vikinga) and many other genotypes used by Colque-Little et al. (2021) are comparable
to the 1−5 scale developed by Ochoa et al. (1999) (Table 4 and Figure 6). Therefore, we
suggest that the presence of resistance factors could be preliminarily hypothesized on
reference cultivars. Importantly, the seed of these cultivars is commercially available
(Quinoaquality.com, Denmark) and could be established as an international reference set.

Table 4. Set of quinoa cultivars and Chenopodium album postulated for profiling the virulence of Peronospora variabilis.

Cultivar Hypothesized
Resistance Factors

Response to Downy Mildew Origin
% Severity % Sporulation

C. album R1, R2, R3, R4 5 0.04 Denmark
Puno R1, R2, R3, R4 11 0.2 Denmark

Rosa Blanca R1, R2, R3 32 17 Bolivia
Blanca R1, R2, R3 46 47 Bolivia
Titicaca R1, R2 52 40 Denmark
Vikinga R1 70 69 Denmark
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Figure 6. Set of reference cultivars postulated for profiling the virulence of Peronospora variabilis, including C. album and two
Bolivian cultivars with intermediate reactions. Leaves from three-week-old artificially inoculated plants. Numbers in red
indicate the percentage of severity on the adaxial side, and those in purple indicate the percentage of sporulation on the
abaxial side [52]. Numbers in green (incompatible response) and blue (compatible response) correspond to Ochoa’s scale:
0 = no symptoms; 1 = 2−5-mm lesion with truncated mycelium in the mesophyll of the leaf; 2 = 4−8-mm chlorotic lesions
with minor sporulation; 3 = medium-sized and confined chlorotic lesions with sporulation mainly on the abaxial side of
the leaf; 4 = large, not clearly confined chlorotic lesions with sporulation mainly on the abaxial side of the leaf; 5 = mild
chlorosis with abundant sporulation on both adaxial and abaxial sides of the leaf (Ochoa et al., 1999 [40], Colque-Little et al.,
2021 [52]). Both assessments are comparable in terms of severity and sporulation; thus, the existence of resistance factors is
hypothesized in this set of reference cultivars.

2.5. Disease Assessment under Controlled Conditions and in the Field

Reliable identification, followed by the assessment of disease, is the first step in
efficient management. It is also an important component in the development of disease-
tolerant quinoa varieties. It allows for crop-loss assessments and screening for host–
pathogen interactions. Assessment methods must be in close agreement with the goals of
the trial(s). Evaluations might differ according to the experimental setup. For seedlings,
detached leaves and plantlets under controlled conditions and a disease assessment scale
can be used (Figure 6). For the assessment of diseased plants in the field, it is necessary to
take into account:

1. The phenological stage of the plants. Age-related resistance becomes relevant for
biotrophic pathogens, which require healthy plant tissue to complete their cycle. [89,90].
The observation of symptoms should reflect the progression of the disease through
periodical records, rather than observing its percentage of occurrence or incidence.
For the quinoa/downy mildew interaction, it has been demonstrated that disease
incidence has a low heritability H2 = 0.4 and a low correlation with severity and
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sporulation (0.67 and 0.65, respectively) [52]. Therefore, incidence or whole plant
scores are unsuitable for this type of trial. To measure the area under the disease curve
progression (AUDPC), a minimum record of three to four observations of disease
severity is essential. A similar study has highlighted the importance of measuring
the disease severity over time for other interactions, such as Phytophthora infestans
infecting potatoes. The objective is to capture low, medium, and high infection levels
in all the genotypes, including the susceptible ones [91].

Calixtro (2017) recorded high variability in the area under the disease progress curve
(AUDPC) within the same quinoa accession during different phenological stages. The
higher AUDPC values were seen at 104 days after sowing with favorable disease condi-
tions [82].

Therefore, we suggest assessing downy mildew as soon as the first symptoms of the
disease are visible. The first reading could be when nine pairs of leaves (BBCH 1–1.9) have
emerged or beforehand in cases where disease symptoms are visually observed. Time
intervals among subsequent readings depend on whether the disease advances slowly
or quickly [91]. Other observation points could be during development (BBCH = 4) or
visible inflorescence (BBCH = 5–5.9) and the last one at complete anthesis (BBCH 6–6.9).
The phenological growth stages mentioned here correspond to the international quinoa-
based coding system BBCH (Biologische Bundesanstalt Bundessortenamt und Chemische
Industrie) [92].

2. The vegetative cycle of the plants. Late-maturing quinoa genotypes will display some
degree of resistance [93] by increasing the latent period of the pathogen. Thus, readings for
severity were taken ten days after infection instead of five in a recent study, in which a late
cultivar Blanca was compared with the Danish cultivars Puno, Titicaca, and Vikinga [52]
(Figure 7). Puno matures ten days later than Titicaca [94]. Cultivar Blanca is considered
susceptible when additional time is given [52] (Figure 7). Vegetative cycle effects were
also shown in another study that analyzed the mean-based cluster of inter-ecotype
F2:6 population crosses and identified the following three clusters [48,95,96]:

(a) Cluster one: consisting of late, mildew-resistant, high-yielding lines;
(b) Cluster two: consisting of semi-late lines with intermediate yield and

mildew susceptibility;
(c) Cluster three: consisting of early to semi-late accessions with low yield and

mildew susceptibility.

Therefore, for a proper comparison, quinoa lines with similar vegetative cycles should
be screened in the same experiment or statistical adjustments should be carried out as part
of the analysis. In addition, a positive control (susceptible variety) and a negative control
(resistant variety) might be beneficial in the analysis.

3. Sampling method and sample size. Depending on the size of the experiment, there is
no need to take severity readings in all the quinoa plants. Instead, consider the plot
level and take readings on representative samples. Normally, 6−10 plants per plot are
sufficient [54,91]. Next, an estimation of the percentage of affected foliage is required.
Given the size of the plants and abundant foliage, it is not feasible to analyze the entire
foliage; thus, it is recommended to perform scoring on individual leaves of the chosen
plants [54]. Danielsen and Munk [97] evaluated various field assessment methods to
predict yield losses due to downy mildew. The three-leaf method resulted in the highest
negative correlation to yield (r =−0.736). Furthermore, disease progression relies on the
successful infection of the host. It is often assumed that the susceptibility of host tissue
is constant. However, in reality, it is a function of plant age and leaf position [14,98,99].
These responses might result from inducible plant defense responses, which occurs
at the starting interaction site but also in distal, uninfected parts [99–101]. For these
reasons, we suggest randomly choosing three leaves from the middle part (lower third,
middle third, and upper third), as illustrated in Figure 8. Avoid the lower and upper
extremities of the plant because they are prone to senescence/defoliation [97] and plant
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defense responses, respectively. Next, estimate the percentage of affected leaf area using
the attached scale [79] (Figure 9). The average value from the score of the three leaves
becomes the percentage of severity for each plant.

Figure 7. Reference cultivars’ responses to infection with Peronospora variabilis, measured in mean
severity under greenhouse conditions. Source: Colque-Little et al. [52].

2.6. Yield Losses and Management

The losses caused by downy mildew depend on the plant’s phenological phase at
the time of infection and the amount of resistance that the cultivar has [102]. Infection
of susceptible cultivars may result in severe yields losses if the pathogen has favorable
weather conditions, particularly high relative humidity [54]. If the infection occurs in the
plant’s initial growth stages, susceptible crops could completely fail; in less susceptible
cultivars, the loss may fluctuate between 20% and 40% [4]. In a conventional intensive
agriculture system of Cajamarca (Peru), between five to seven fungicide applications were
needed to control the infection during the agricultural campaign [103].

Due to the high capability of P. variabilis for the proliferation and latent infection
on C. quinoa and C. album, the scenario for low-input farming has only two options for
disease control:

1. tolerant crop varieties; and
2. cultural practices (options on the list below).

Alternative cultural practices:

(a) Policymakers, smallholder farmers, and other stakeholders need resources for collec-
tive action for the establishment of a seed supply chain with quality standards (low
levels of key seed-borne diseases). Experiences with complementary intervention
such as capacity building and technical assistance have shown this influence in an
appropriate conceptual model of sustainable production [104].

(b) The detection of P. variabilis on the seed is achieved using a simple method [32,54]. In
the case of the presence of an oospore, treat the seed with a systemic fungicide [105].
For small samples, alternative treatments such as a hot water bath (50 ◦C–60 ◦C)
could be considered for 10 to 30 min, as this method has been applied successfully to
eradicate seed-borne pathogens of spinach [106]. After or without treatment, the ad-
dition of beneficial microbes by priming the seed with products such as commercially
available Trichoderma can enhance the growth of the plants [107].

(c) Adjusting the space between rows and individuals, making the area less dense and
increasing space between plants. In areas where the RH is as high as 80%, the
minimum should be a 0.5-m space between rows and 0.15 m between plants [5].
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(d) Avoiding excess water in the field;
(e) Implementing effective weed control, especially of alternate host C. album;
(f) Practicing crop rotation;
(g) Spraying the plants around 45 days after planting in areas with endemic infection

as a preventive measure [69]. Use oomycete sensitive chemical control measures
(e.g., Alietti) at principal growth stages, e.g., leaf development, inflorescence emer-
gence, flowering, and fruit development [14,54,92]. Fungicides could be applied,
alternating between systemic and contact products, starting with systemic products.
Bio-pesticide or plant extracts could replace fungicides with a uniform and preventive
application [5]. Inducers of resistance are an alternative [108].

Figure 8. Modified from Danielsen and Munk (2004) [97]. Three-leaf field assessment method for
quinoa-downy mildew at different growth stages.
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2.7. Genetics of Resistance to Downy Mildew

For agriculture, field or host resistance is still the most important way of controlling
diseases because it leads to the most cost-effective ratio for the grower [109–111].The re-
sponse to downy mildew in a diversity panel of 132 quinoa genotypes resulted in strong
phenotypic variation with high disease trait heritability (H2 = 0.78 for severity, H2 = 0.82 for
sporulation). This variability was paired with the analysis of 603,871 SNPs in 61 genotypes
with FarmCPU [52]. A single variant on chromosome 4, located above a threshold with a
lack of siginificant marker trait wide associations. A single variant on chromosome 4, lo-
cated above a threshold with a lack of significant marker-trait wide associations, suggested
a polygenic architecture for the downy mildew interaction in agreement with other stud-
ies [43,48,49,95,104,112–115]. However the interactions of the host resistance pathway with
a biotrophic pathogen (e.g., P. variabilis) are complex. The interaction oscillates between
compatible (susceptible) and incompatible (resistant) states, because the genes involved
can introduce quantitative variations, adding different levels of reactio to the extreme
responses adding different levels of reaction to the extreme responses [116]. The same
study phenotyped hypersensitive responses, most probably corresponding to R-genes,
and very low sporulation on resistant genotypes, which could correspond to defeated
R-genes [52] (Figure 3E,G). Indeed, Gabriel et al. (2012) characterized the quinoa/downy
mildew pathosystem in field experiments and discussed the presence of R-genes, multiple
r genes, defeated R-genes, and combinations, with the most common interaction being
that corresponding to field resistance [93]. The deployment of different genes depends on
many factors, such as pathogen isolate aggressivity [40] and environmental conditions. For
quinoa downy mildew, it was demonstrated that the variance for genotype-by-experiment
interaction σ2 G E was large, reflecting that even minute environmental changes can trigger
a genotype to respond differently to the disease (Figure 10) [52]. The degree of resistance
that the plant displays is determined by these changes interacting with the host genetic
composition [116]. Furthermore, segregation in an F2 mapping population derived from a
cross of saponin-free and bitter genotypes suggested that downy mildew resistance has a
dominant inheritance [117].

Plants 2021, 10, x FOR PEER REVIEW 17 of 37 

 

 

demonstrated that the variance for genotype-by-experiment interaction σ2 G E was large, 
reflecting that even minute environmental changes can trigger a genotype to respond 
differently to the disease (Figure 10) [52]. The degree of resistance that the plant displays 
is determined by these changes interacting with the host genetic composition [116]. 
Furthermore, segregation in an F2 mapping population derived from a cross of saponin-
free and bitter genotypes suggested that downy mildew resistance has a dominant 
inheritance [117]. 

Therefore, field phenotyping experiments of P. variabilis infections using diverse 
quinoa genotypes should include multiple environments and points in time. Using mixed 
modeling to detect quantitative trait loci (QTLs) by considering them as random samples 
from a population of target environments and time could be one alternative [118]. Under 
controlled conditions, it would make sense to use elite diversity panels with replicates, 
reference cultivars, and genetically diverse pathogen isolates in a series of experiments 
that are designed randomly. 

The characterization of a south American panel demonstrated robust differences 
between the genotypes for all disease traits [52] (Figure 11). Moreover, at least five 
cultivars that were released by Bolivian breeding programs [112,119], which included 
downy mildew tolerance, showed moderate to low severity and reduced the reproduction 
of the pathogen. Interestingly, the incidence (Figure 11A,C) and severity of cultivars 6, 17, 
and 18 might have classified them as susceptible, but their ability to prevent the pathogen 
from multiplying conferred them some degree of resistance [110] (Table 5). Indeed, the 
Danish variety Titicaca was classified as susceptible through the solely detached leaf 
sporulation assay [48]. When the assessment was done as a function of both parameters, 
by calculating the ratio (R = %sporulation/%severity), Titicaca’s R = (40/52) = 0.77 showed 
that it is not completely susceptible (Table 5). This finding suggests that the scoring of 
both parameters in plantlets can contribute to better disease assessments of cultivars. 

Therefore, we propose using the (R = % sporulation/% severity) ratio to better rate 
elite genotypes in breeding programs. Using the data set from a previous study [52], the 
ratio was calculated. Histograms separated the diversity panel into six groups and 
derived a ratio-based scale (Figure 10). The bimodal distribution displayed by the 
histograms is consistent with previous findings for P. variabilis field interactions [44]. 

 
Figure 10. Ratio calculated from mean averages of sporulation/severity for the South American
diversity panel. The names inside the histogram bars correspond to reference and representative
cultivars for each group. Source: calculated with the data set from Colque-Little et al. (2021) [52].

394



Plants 2021, 10, 1228

Therefore, field phenotyping experiments of P. variabilis infections using diverse
quinoa genotypes should include multiple environments and points in time. Using mixed
modeling to detect quantitative trait loci (QTLs) by considering them as random samples
from a population of target environments and time could be one alternative [118]. Under
controlled conditions, it would make sense to use elite diversity panels with replicates,
reference cultivars, and genetically diverse pathogen isolates in a series of experiments that
are designed randomly.

The characterization of a south American panel demonstrated robust differences
between the genotypes for all disease traits [52] (Figure 11). Moreover, at least five cultivars
that were released by Bolivian breeding programs [112,119], which included downy mildew
tolerance, showed moderate to low severity and reduced the reproduction of the pathogen.
Interestingly, the incidence (Figure 11A,C) and severity of cultivars 6, 17, and 18 might have
classified them as susceptible, but their ability to prevent the pathogen from multiplying
conferred them some degree of resistance [110] (Table 5). Indeed, the Danish variety Titicaca
was classified as susceptible through the solely detached leaf sporulation assay [48]. When
the assessment was done as a function of both parameters, by calculating the ratio (R =
%sporulation/%severity), Titicaca’s R = (40/52) = 0.77 showed that it is not completely
susceptible (Table 5). This finding suggests that the scoring of both parameters in plantlets
can contribute to better disease assessments of cultivars.

Figure 11. Disease traits estimated means fitted on a generalized linear mixed model (GLMM) for a
diversity panel, comprising gene bank accessions (landraces), cultivars (Bolivian-bred cultivars), and
check varieties (reference cultivars). (A) Severity of infection, (B) sporulation, and (C) incidence of
infection. Error bars represent 95% confidence intervals. Adapted from Colque-Little et al. (2021) [52].
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Table 5. Phenotypic infection traits and Ratio for representative cultivars and reference varieties.

Name % Severity % Sporulation Spo/Sev Ratio % Incidence Ratio Based
Classification

C. album 5 0.4 0.08 45 Resistant

Puno 11 0.2 0.02 42 Resistant

Cv6 (Rosa Blanca) 32 17 0.53 59 Highly tolerant

Cv17 (Canchis) 41 30 0.73 73 Mildly resistant

Cv18 (Pandela Roja) 45 29 0.64 74 Mildly resistant

Cv16 (Kurmi) 45 50 1.1 56 Susceptible

Blanca 46 47 1 79 Mildly susceptible

Cv8 (Blanquita) 50 69 1.4 67 Very susceptible

Titicaca 52 40 0.77 81 Mildly resistant

Cv3 (Ayrampu) 52 63 1.2 77 Susceptible

Cv20 (Aynoka) 58 63 1.1 83 Susceptible

Cv21 (Mariqueña) 71 84 1.2 82 Susceptible

Therefore, we propose using the (R = % sporulation/% severity) ratio to better rate
elite genotypes in breeding programs. Using the data set from a previous study [52], the
ratio was calculated. Histograms separated the diversity panel into six groups and derived
a ratio-based scale (Figure 10). The bimodal distribution displayed by the histograms is
consistent with previous findings for P. variabilis field interactions [44].

Quinoa cultivation in South America occurs in agro-climatological polar regions.
These regions have been classified according to their soil type, rainfall, and temperature
as Northern, Central, Southern highlands, and Andean slopes (Table 6) [4,96,112,119].
The Andes have heterogenic topography; their altitude ranges between 3200 and 6500 m
above sea level; hence, there are variations in temperature and humidity [120]. Indeed,
temperature decreases at a rate of 0.7 ◦C for every 100-m increase in altitude in Chile’s
Tarapaca region. Therefore the coastal Atacama littoral plains differ from mountain sites
(e.g., Los Condores) which enjoy fog oases and lomas vegetation [121]. A similar situation
is expected for the slopes in the Andes of Bolivia, Peru, and Ecuador.

Table 6. Eco-regions for quinoa production in South America.

Temperature
Eco-Region Soil Altitude m.a.s.l Rainfall (mm) Max. Min. Av.

Northern Highland
shores of Lake Titicaca

Rich in organic
matter 3500–4000 500 14 4 7

Central Highland Slightly acid 3300–4100 350 17.7 −2 8.7

Southern Highland Arid and poor soils 3200–4000 50–200 18 −11 5.7

Andean Slopes Variable 800–3200 3500–700 12 3 7.6
Coastal/Lowland

Northern,
Central, and

Southern

Variable Sea level to
Mountain range 40 > 2000 23

21
17

−8
7
6

4.5
14
11

Within the sub-regions, temperatures vary depending on location (coast or foothills), not shown. Source: elaborated with information
from Gandarillas et al. (2015) [112]; Seiler et al. (2013) [120]; Cereceda et al. (2008) [121]; http://germoplasma.iniaf.gob.bo (accessed on 15
April 2020).

Quinoa ecoregions were inferred from information provided by passport data
(germplasma.iniaf.gob.bo-GRIN global, accessed 15 April, 2020) and the characterization of
Bolivian and Coastal ecoregions [112,120,121]. The information is summarized in Table 5.
Disease traits data (mean values of severity and sporulation) from the South American diversity
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panel [52] were analyzed with the Tuckey test for their relationship with the seed-ecoregion
collection site. For this analysis, we used Inti-Yupana for R [122], and the results pointed at
significant differences for the variables. The graph represents data from means of sporulation
only because data from means of severity was very similar (Figure 12).

Even though the sample size from the central highlands was overrepresented and the
Coastal sample size was underrepresented, significant differences (p = 0.05) for severity
and sporulation were detected. The most resistant genotypes from the South American
diversity panel came from the coastal/lowland and northern highlands ecoregions. The
northern highlands are the most humid since they are close to Lake Titicaca. This ecoregion
is suitable for pathogen infections and disease pressure. This outcome is in agreement
with previous reports [4,48,54,93,95]. The Danish cultivar Puno was found to be resistant,
as reported elsewhere [48]. Moreover, principal component analysis of genome-wide
association studies (GWASs) demonstrated that Puno is genetically close to Chilean coastal
lines and separated from highlander genotypes [52]. The central highlands showed the
largest quantity of susceptible genotypes, likely because they were also the most numerous.
However, a few genotypes with a large amount of sporulation came from the southern
highlands of Bolivia (i.e., G16, G17, and G82) [52] (Figures 11B and 12B).

Figure 12. (A) Modified map of germplasm bank accession across South America by elevation Source: Colque-Little et al.
(2021) [52] and modified map of Bolivian ecoregions for quinoa production. Source: Gandarillas et al. (2015) [6]. (B) Mean
sporulation on diversity panel related to quinoa ecoregions calculated with Tukey test (p = 0.05). Different letters (a,b,c)
represent significant differences between the sporulation produced by genotypes coming from different ecoregions when
infected with P. variabilis.

In conclusion, the genetic improvement of quinoa for downy mildew tolerance is
possible because resistance is present in multiple genotypes, but a virulent pathotype
might overcome it. Other options to consider are discovering, transforming, and deploying
resistant alleles existent in wild species such as C. albums [52,123,124]. Because tolerant
varieties seem to delay and reduce the disease progression, inducers of resistance [125,126]
could be a feasible option [108].
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3. Ascomycete Fungi
3.1. Fungi Identified by Molecular and Morphological Approaches
3.1.1. Ascochyta Leaf Spot and Black Stem (Ascochyta hyalospora and A. chenopodii)

At least two Ascochyta species infect quinoa, causing quinoa leaf spot (described
below) and black stem (described in next section). Quinoa leaf spot is either caused by
Ascochyta hyalospora or A. chenopodii. A. hyalospora Coole and Ellis is an Ascomycete, class
Dothideomycetes, order Pleosporales. It was first found as a seed-borne pathogen of
C. quinoa from the Bolivian central highlands, for which a blotter test (seed incubation
method on well-soaked filter papers [127]) revealed 8%−26% of infection. It was identified
morphologically, followed by pathogenicity tests causing whitish leaf spots 5 dpi, followed
by pycnidia at 10 dpi, and necrosis on leaves and stem of C. quinoa and C. album plants [128].
Testen et al. (2013) isolated a fungal pathogen from quinoa fields in Pennsylvania, USA,
and through DNA sequencing of the ITS1-2 region matched it to Ascochyta sp., and reported
that it resembled the morphological characteristics of A. chenopodii and A. caulina, which
at the time of identification had no DNA bar-codes available for comparison. However,
the ITS1-2 sequences from Testen et al. (2013) were not released as GenBank sequence
data [129]. Thus, it is still not possible to make the comparison.

Ascochyta hyalospora pycnidia are globose to subglobose, usually 17.5 to 25 µm in
diameter [128], and contain sub-hyaline to light-brown-colored conidia. The conidia are
cylindrical to ovoid, measuring 19 × 7.5 µm [129] and 25 × 10 µm [128] on average. They
often have one to two septa and less commonly have three septa. Boerema (1977) noted that
the conidia formed on leaf spots after artificial inoculation were longer (35 µm) and often
had two or three septa (Figure 13E,F). Lesions on the leaves are of irregular shape, and are
bronze to reddish-brown with darker edges. Spots eventually turn necrotic. Thereafter,
numerous black pycnidia, distributed randomly in each lesion, can be seen [129].

Figure 13. Leaves showing symptoms of infection caused by A. hyalospora (A) on the adaxial side of the leaf and (B) on the
abaxial side. (C) Stems showing pycnidia and brown stalk. (D) Stem showing pycnidia. (E) A. hyalospora conidia (Photos:
Testen, 2020) [77]. (F) A. hyalospora: (a) pycnidium (×200); (b) conidiogenous cells of pycnidium (×1000); (c) conidia from
pycnidium (×400); (d) bi and tri-septate conidia from pycnidium on an inoculated stem of C. quinoa (×400); (e) conidia from
pycnidium on leafspot of inoculated leaf of C.quinoa (×400). Source: photos (A−E) provided by A.L. Testen. F. Adapted
from [128].

The stems show necrosis, and the pycnidia are visible to the naked eye (Figure 13A−D).
The seeds turn brown, and pycnidia are observed at the stereomicroscope [128,130]. Ascochyta
leaf spots have been considered of minor importance in the Andean region [3,4,6,131]. In 2014,
large-scale cultivation (12,000 ha) of quinoa started in China [132], where the production
was affected. Infected foliage decays and falls, leaving the plant defoliated [5]. Effects on
quinoa production in the USA have not yet been assessed [129]. Experiments in Bolivia
showed that the germination rates of seeds from infected plants were reduced by 6% to
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10%. Moreover, the disease was transmitted to seedlings [5]. One possibility for control
would be the use of high-quality seeds, since the pathogen is seed-borne [130].

3.1.2. Quinoa Black Stem (Ascochyta caulina)

Molecular and phylogenetic analysis of representative isolates from quinoa black-
stem revealed that its causal agent is Ascochyta caulina (van der Aa and van Kesteren
1979). Its sexual teleomorph stage is called Neocamarosporium calvescens (de Gruyter et al.
2009), previously known as Pleospora calvescens. The taxonomic status of P. calvescens
has changed recently, based on multigene analyses. It has been established in the genus
Neocamarosporium Crous and Wingfield in 2014, which comprises 15 species, including
N. betae, N. chenopodii, and N. calvescens. These species share the same large phylogenetic
branch with N. calvescens [133–137]. Ascohyta caulina in its asexual form belongs to the
family Didymellaceae and has often been confused with A. hyalospora [137]. Previously, it
has also been found to infect eight species of Atriplex and eight species of Chenopodium,
including C. album [138].

Another report [139] on A. caulina was accomplished through a morphological de-
scription of the isolate found on quinoa seeds of cv. Cochabamba of Bolivian origin (stored
at the Gene Bank of the Research Institute of Crop Production in Prague-Ruzyně). For
pathogenicity tests, the isolate was inoculated in seedlings, and symptoms were repro-
duced. Interestingly, quinoa seeds from the University of Copenhagen, Denmark, analyzed
simultaneously, were free of A. caulina [139]. This finding might indicate that the disease is
not present in Denmark. A. hyalospora pycnidia are rigid structures, grayish-white or light
brown, spherical or pear-shaped, and have a single chamber. They are 162× 134 µm in size,
on average. Conidia are elliptical or fusiform, light brown, oblong at the top and flat at the
base, and measure 17 × 6 µm on average [137]. Conidia usually have one septum, which is
erect or curved (Figure 14D). The optimal conditions for its germination are between 15–25
◦C, RH = 60%. Compared to A. hyalospora leaf spots, black stem lesions were more likely to
develop under cooler conditions [140]. Pathogenicity tests on detached stems of C. quinoa
showed typical symptoms 10 dpi and were densely covered with pycnidia. At 15 dpi, typi-
cal symptoms appeared on the stems of plants inoculated in outdoor conditions. Detached
inoculated leaves of C. quinoa developed visible symptoms 8 dpi and were grayish white.
However, necrotic lesions are rarely seen on the leaves in the field [137] (Figure 14A).

Figure 14. Typical symptoms of quinoa black stem in the fields of China. (A) Symptoms induced by inoculation of A. caulina
on C. quinoa (left of midrib) and on C. album (right of midrib). (B) 10 dpi diamond shaped lesion on quinoa stem with
presence of pycnidia. (C) Necrotic quinoa stem prior to lodging; (D) morphological characteristics of conidia and pycnidia
of A. caulina. Source: illustrations based on pictures from Yin et al. [114].
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Quinoa black stem primarily infects the stem; lesions are recorded at the flowering
stage up to maturity. Symptoms first appear at the lower and middle parts of the stalk,
subsequently moving upwards. They are diamond-shaped, pale or tan, and present slight
depressions, as the plants are prone to drying and consequent shrinkage. The diameter of
the lesion averages 7.9 cm.

The stem lesions turn necrotic in later stages and are accompanied by abundant small
round protrusions of black pycnidia (Figure 14B,C). In severe cases, lesions wrap around
the stem, causing lodging, foliar chlorosis, leaf abscission, and the development of “empty”
and sterile grains on the panicle [137].

Quinoa black stem is considered a newly emerging disease in Chinese regions (Jin-
gle County, Shanxi province), where the disease was severe. The incidence was around 80%
and the yield was reduced by 45% [137,140]. The fungicides mancozeb and azoxystrobin
are shown to have a strong inhibitory effect on conidia germination, whereas tebucona-
zole and difenoconazole were most effective towards mycelial growth in tests performed
in vitro [137].

Sixteen European countries concentrated integrative approaches for the biological
control of the weed C. album from 1994 to 1999. The European Research Programme
(COST-816) concerted the use of a combination of A. caulina with ascaulitoxin for this
purpose [141,142]. Experiments using A. caulina as a microbial herbicide were up to 70%
successful in reducing field conditions, as it was able to kill its host in one week [143–146].

3.1.3. Cockerel Eye/Quinoa Cercorporoid Leaf Spot

Quinoa leaf spot was first reported in Ecuador (2009) and given the Spanish common
name “ojo de gallo”, or cockerel eye, because of the symptoms exhibiting a dark center
and round shape. It was then associated with Cercospora spp. [147]. The genus Cercospora
was established by Fresenius (1863) and belongs to the family Mycosphaerellaceae, class
Ascomycota. A comprehensive list of cercorporoids assembled in Poland included a species
under the name Cercospora chenopodii Fresenus, 1863, found on C. album [148].

Testen et al. (2013) amplified the ITS1-2 region of strains isolated from quinoa field
plots located in Pennsylvania, USA, and identified them as Passalora dubia (Riess) U.
Braun (GenBank EF535655). Conidia were septate, hyaline, and measured 25−98 µm
long × 5−10 µm wide—with an average of six cells per conidium (Figure 15D). Disease
symptoms of leaves were round to oval with a diameter of less than 1 cm, and were brown
to gray-black with darker brown or reddish borders (Figure 15A−C). In addition to quinoa,
P. dubia has also been isolated from C. album [77,149].

Figure 15. (A,C) depict symptoms of P. dubia on leaf tissue. (B) Comparison of “cockerel eye” and leaf spot symptoms.
(D) Conidia of P. dubia. Source: pictures (A–C) provided by Testen and (D) Testen [77].
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A pathogen identified as P. dubia has been tested as a microbial herbicide for the
biocontrol of C. album in Europe. It was shown to reduce C. album’s dry weight by 20% [143].

3.1.4. Cercospora Leaf Spot Caused by Cercospora cf. chenopodii

Cercospora leaf spot, infecting quinoa in Shanxi, China, was classified as Cercospora cf.
chenopodii based on multi-loci sequencing and phylogenetic analysis using LSU rpb2 and ITS
as target genes. The qualifier “cf” indicates a provisional identification [150], even though
most diagnostic characteristics correspond to C. chenopodii. At the early onset, the lesions were
nearly round and pale yellow to light brown. Later, the lesion became grayish brown, with a
slightly elevated surface, a yellow halo, and an average diameter of 5.4 mm. The pathogen’s
conidia were observed to be septate and hyaline to brown. They were 40.01 × 7.99 µm on
average. They contain an average of four cells per conidium (Figure 16C). Spore suspensions
made in glycerin causes disease symptoms 5 dpi, spreads quickly, and produces large
yellow lesions, which causes defoliation 10 dpi. Optimum temperatures for infections are
22–26 ◦C, with a high relative humidity (75−80%) [151]. Based on multigene phylogeny
(LSU, rpb2, ITS, cmdA, and other genes), various Passalora species have been proposed
to be re-classified as Cercospora Fresen. P. dubia is included in this phylo-group and is
considered synonymous with Cercospora cf. chenopodii [151–153].

Figure 16. (A,B) Foliar symptoms of Cercospora leaf spot. (C) Condidia of Cercospora. Source: illustrations adapted from
Yin et al. (2019) [151].

3.1.5. Quinoa Anthracnose Caused by Colletotrichum nigrum and C. truncatum

Stem lesions have been observed on quinoa plants growing in Ames, Iowa (USA).
Symptoms are recognized as oval to linear, slightly narrow at the ends, light in color,
silvery-white to dark gray, and are slightly sunken in lesions. They contain setose acervuli.
Two isolates (CQ1, CQ2) were cultured in V8 media for the subsequent examination for
their morphological characteristics and DNA barcoding [154].

CQ1 mycelia were gray, sparse and flat. They produced abundant sclerotia and
conidia. The conidia were cylindrical, hyaline, and aseptate. The size of 50 conidia
averaged 21× 4.3 µm. CQ2 mycelia were gray to dark and fluffy. They produced abundant
sclerotia, acervuli, and conidia. The conidia were falcate, hyaline, and aseptate. The size,
averaged from 50 conidia, was 26.8 × 2.4 µm [154]. Both isolates have been identified by
multigene sequencing, and the multiple sequence alignment of vouchered CBS isolates
generated a maximum likelihood phylogenetic tree. Based on this information, CQ1 was
identified as Colletotrichum nigrum and CQ2 as Colletotrichum truncatum. The sequences’
GenBank vouchers are: MN581860, MK675238, MF682518, and MK118057 [154].

For the completion of Koch postulates, 40-day-old quinoa plants (PI 634920) were
inoculated on stems and leaves. Two weeks later, the stems showed bleached to tan
sunken areas on wounded sites. After an extra week under humid conditions, the plants
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inoculated with C. nigrum produced acervuli (asexual stage) and sclerotia, whereas C.
truncatum produced only acervuli. Infected stems were cultured in artificial media. The
morphological characteristics of grown mycelia matched those of the initial inoculum
used on the plants. Inoculated detached leaves developed brownish, circular lesions. This
disease may cause lodging and emerge in new quinoa production areas, resulting in yield
losses [154].

3.2. Fungi Identified by Morphological Approaches
3.2.1. Brown Stalk Rot

Brown stalk rot was observed in C. quinoa growing in rotation with potatoes in the
highlands of Puno, Peru, in 1974 and 1975. The organism was isolated from diseased
stems of C. quinoa bearing pycnidia. As a practical first step for identification, the alkaline
substance 1 M NaOH was added dropwise. Its purpose was to demonstrate the presence
of substance “E” (a colorless metabolite from exigua) in malt extract agar cultures of the
fungus to distinguish it from Phoma exigua var. exigua [155]. The test gave a positive result
for P. exigua var. foveata, and comparative morphological characteristics with the causal
agent of potato gangrene were carried out [156]. As both were similar and pathogenicity
tests on potatoes were positive, the quinoa brown stalk rot’s causal agent was identified
as Phoma exigua var. foveata (Foister) Boerema. Furthermore, isolates were sent to the
Dutch Protection Service and the Commonwealth Mycological Institute (UK) for final
confirmation [157].

Symptoms were described as follows: small lesions on the higher third of the stem
progress until reaching the upper part. At this stage, pycnidia are visible, the foliage wilts,
the panicle does not form grain, and the brown stalk is prone to break (Figure 17A). The
pycnidia are globose and dark brown; their size ranges between 101−116 µm in diameter.
The ostiole is 30 µm in diameter, and the pycnidiospores are hyaline, ellipsoidal, unicellular,
and biguttulated (small drop-shaped).

Figure 17. (A) Brown stalk rot. (B) Diamond-shaped symptoms bearing pycnidia. Source: illustra-
tions adapted from Alandia et al. [4].
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Their average size ranged between 6 × 2.2 µm in artificial media and 6.8 × 2.3 µm
when coming from infected stems. Cross-inoculations, aided (and not aided) with mechan-
ical wounds, were performed on potato plants and tubers, tomato plants, beetroot, sugar
beets, and quinoa. Quinoa plants showed symptoms 3 dpi, potatoes and tomato plants
showed foliar blight, potato tubers got black rot, whereas beetroot and sugar beets showed
no symptoms. Overall, mechanical wounds increased the rate of infection, but pycnidia
were rarely observed. The disease developed better at 3–5 ◦C than at 15–20 ◦C [157].

Based on in vitro experiments, it was hypothesized [157] that the highlands of South
America are the geographic origin for the potato gangrene fungus Phoma exigua var. foveata
because it is as pathogenic to potatoes as the virulent European isolates. However, on
C. quinoa and C. album, it was more pathogenic. After inoculation, it caused a brown
discolored area of rotting tissue, 1−3 cm long on both hosts, four dpi. On older leaves of
both Chenopodium spp., concentric leaf spots of 0.5−1.0 cm in diameter were visible. The
European strain caused similar spots, but one week later [158].

3.2.2. Quinoa Diamond Black Stem/“Mancha Ojival del Allo”

Diamond black stem was observed in C. quinoa in the highlands of Puno, Peru, in
1974 and 1975. The disease is primarily present in the stem, with diamond-shaped lesions
(2−3 cm), whitish to gray in the center, with brown edges and a vitreous halo. They bear
pycnidia. At a later stage, the lesions join around the stem, causing it to collapse [133]
(Figure 17B).

3.2.3. Sclerotium in Quinoa

Stem rot affecting quinoa plants was observed at the Experimental Station of Kayr’a
(Cuzco, Peru) during 1997. The mycelium was cultured, and pathogenicity tests were
carried out on three-month-old plants of quinoa, amaranth, potato, frejol, sunflower, and
Lupinus mutabilis. All plants were infected, and quinoa was the most susceptible. Morpho-
logical comparison with Sclerotinia from potatoes allowed the morphological identification
of Sclerotinia sp., currently known as Whetzelinia sp. Inoculation with ascospores was
followed by mycelial growth after 17 days. Dark sclerotia measuring between 4−9 mm
appeared five dpi in PDA cultured at 10 ◦C. Apothecia developed 53 dpi at 16 ◦C and
12 days later produced ascospores. The fungi caused dry rot in the stem’s neck in quinoa,
leaves wilted, and the disease moved towards the panicle [159].

3.2.4. Damping-Off

1. Sensitivity of Pythium zingiberum and P. butleri oospores: Soil inoculation of oospores
of P. zingiberum and P.butleri on soil caused damping-off of susceptible C. quinoa
seedlings after ten days of incubation at 30 ◦C [160].

2. Seedling damping-off caused by Fusarium avenacearum and Pytium aphaniderma-
tum: The fungi were isolated from infected stems of quinoa seedlings grown in
a greenhouse. Microbes were morphologically described and the cultured fungi
were inoculated on C. quinoa cv. Cochabamba. Pathogenicity tests confirmed that P.
aphanidermatum and F. avenaceum were the causal agents of the damping-off of quinoa
seedlings under greenhouse conditions. The seedling infection was significantly
higher up to the first pair of leaves, showing that quinoa is most susceptible to the
pathogens before emergence. However, the sum of post-emergence damping-off was
significantly lower than that observed in sugar beets and higher than that observed in
cabbage plants, except for F. avenacearum, which also produced marked susceptibility
at the first true leaves stage. In addition to the two pathogens, Ascochyta caulina,
Fusarium spp., and Alternaria spp were also isolated from infected tissue but could not
infect quinoa seedlings during pathogenicity tests [139].

3. Pathogenicity tests on seedlings infected by Rhizoctonia solani and Fusarium spp.
Rhizoctonia solani was isolated from the field in Peru. Pathogenicity tests performed
in a greenhouse showed that R. solani prevented seed germination. It also created
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sunken lesions on the stems of old plants at ground level. Fusarium spp. reproduced
wilting in old plants [4,161]. Quinoa seedling damping-off (Figure 18A) was observed
during field experiments conducted at the experimental station of Nihon (Japan).
It occurred from emergence until the four-leaf stage and increased under high soil
moisture conditions. Rhizoctonia spp. (Figure 18B) and Fusarium spp. (Figure 18C)
were identified morphologically from the symptomatic lesions [162].

4. Pathogenicity tests on seedlings caused by Sclerotium rolfsii Sacc Sclerotium rolfsii was
isolated from diseased seedlings of C. quinoa in a field of Southern California. The
susceptibility of C. quinoa to S. rolfsii was demonstrated in vitro and under greenhouse
conditions [163].

Figure 18. (A) Quinoa seedlings affected by damping-off. (B) Rhizoctonia spp hyphae. (C) Fusarium spp. spores. (D) Healthy
quinoa seedlings growing under low soil moisture conditions. Source: illustration adapted from Isobe et al. (2019) [155].

4. Chemical Control for Oomycetes and Fungi

The control of oomycete and fungal diseases continues to rely mainly upon chemical
measures for conventional agriculture. Fungicides can be effective only on a few closely
related pathogens, in which case they are designated as narrow -spectrum fungicides,
are often systemic, and usually have a single-site activity. In contrast, broad-spectrum
fungicides can control a wide range of unrelated pathogens. In the case of oomycetes,
16 chemicals with different modes of action, translocations in the plant, types of activity,
and risks of developing resistance, are available. A summary is presented in Table 7.
However, sexual recombination, resulting in high pathogenic genetic diversity, as well as
the migration rate, including low dispersal (within a few meters), increases local epidemics
and the appearance of new pathogen genotypes in local populations. These facts will
continuously affect sensitivity to fungicides, requiring the repeated adaptation of control
strategies [105]. Several different target-site fungicides can achieve the chemical control of
fungal pathogens in a mixture or in an alternating regime on the same crop. The most recent
fungicides of this type are phenyl-pyrroles (P.P. fungicides) and dimethylation inhibitors
(DMIs). They are considered the most effective chemicals registered to control diseases
caused by Ascomycetes [164–166], depicted in blue on Table 7. The table aims to provide
a general reference. The choice of fungicide is highly dependent on the availability and
conditions of the particular fields to be treated.
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Table 7. Major fungicide groups and key active ingredients, application site, and resistance risk. Adapted from Gisi and
Zierotski (2015) [105]; Lebeda and Cohen (2021) [165]; Plimmer, (2003) [166]; and Masielo et al., (2019) [164]. Rows in blue
correspond to fungicides that are effective against Ascomycetes.

Mode of
Trans-

location

Fungicide Group and Key
Active Ingredients

Resistance
Risk a Foliar Seed Soil Type of

Activity
Translocation

in Plants
Biochemical

Mode of Action

Fully
Systemic

Phenylamides:
Metalaxyl, mefenoxam,

oxadixyl, benalaxyl,
kiralaxyl, ofurace

High
√ √

Preventive,
curative,
eradica-

tive

Apoplastic,
symplastic,
translami-

nar

Inhibition of rRNA
synthesis

Partially
Systemic

b Quinone outside
inhibitors:

Azoxystrobin, fenamidone,
famox,

adone, trifloxystrobin:
kresoxin-methyl,
Pyraclostrobin

√ √
Preventive translaminar

apoplastic

Inhibition of
mitochondrial
respiration at

enzyme complex
III

Non-
Systemic

b Multisites:
For example, mancozeb;
chlorothalonil, copper,

cu-oxychloride,
cu-hydroxide; folpet; thiram,

chlorothalonil

Low
√

Preventive Multi-site
inhibition

Non-
Systemic

Carboxylic acid amides:
Dimethomorph, flumorph;

iprovalicarb,
benthiavalicarb;
mandipropamid

Moderate
√

Preventive Translaminar
Cell wall synthesis,

Ces3A cellulose
synthase inhibition

Fully
Systemic

Cyanoacetamide, oximes
(cymoxanil) Moderate

√ √ Preventive,
curative

Apoplastic,
symplastic,
translami-

nar

Inhibition of
mitochondrial

respiration at the
enzyme complex

III

Non-
Systemic Dinitroanilines (fluazinam) Moderate Preventive Inhibition of ATP

production

Fully
Systemic Phosphonates (fosetyl-Al) Moderate

√ Preventive,
curative

Apoplastic,
symplastic,

Inhibition of spore
germination,
retardation of

mycelia

Partially
Systemic

Quinone inside respiration
inhibitors:

Cyazofamid, amisulbrom

Medium to
hight

√ √
Preventive,
curative,
eradica-

tive/

Translaminar

Fully
Systemic Benzamides (fluopicolide) Mod.

√ √ Preventive,
curative

Apoplastic,
symplastic,
translami-

nar

Delocalization of
spectrin-like

proteins

Benzamides, carboxamides
Ethaboxam, zoxamide Low

Systemic Hymexaxol
(heteroaromatics)

√ √ Fungal RNA and
DNA syntheses

Contact bThiadiazoles (Etridiazole)
√ Preventive,

curative
Lipid structure of

Mitochondria

Resistance
inducer Acibenzolar-S-methyl.

√
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Table 7. Cont.

Mode of
Trans-

location

Fungicide Group and Key
Active Ingredients

Resistance
Risk a Foliar Seed Soil Type of

Activity
Translocation

in Plants
Biochemical Mode

of Action

b Demethylation inhibitor
fungicides (DMIs):

Imidazoles, triazolinthiones,
triazoles

prothioconazole, prochloraz,
terbuconazole,
difenoconazole

√ √ Preventive,
curative

Sterole biosynthesis
in membranes

b PP fungicides
(Phenylpyrroles)

phenylpyrroles Fludioxonil

√ √ Preventive,
curative Signal transduction

Fully
Systemic

Carbamates: Propamocarb,
prothiocarb

Preventive,
eradica-

tive
Apoplastic

Multi-site inhibition
Affecting the

membrane
a Nomenclature according to Fungicide Resistance Action Committee mode of action code list, 2014, www.frac.info (accessed on 10 June
2021). b Quinone outside inhibitors and multi-sites are broad-spectrum fungicides, including activity against fungi.

5. Bacteria
5.1. Bacterial Leaf Spot Caused by Pseudomonas spp.

Bacterial leaf symptoms are small irregular spots both in leaves and stems. In leaves,
they turn dark brown with concentric rings and a wet halo; in stems, they become necrotic,
causing a deep lesion and wilting [133].

5.2. Bacterial Leaf Spot Caused by Pseudomonas syringae

Bacteria were isolated from symptomatic leaves and inoculates on surface sterilized
leaves of quinoa cv. Piartal. Between three to fice dpi, leaf spots were visible (Figure 19).
The bacteria colonies were identified at the species level via morphology and molecula
tools using a Bruker Daltonik MALDI Biotyper system (Germany). The coucher for the
identified bacteria was uploades to the NCBI database as txid317 [167].

Figure 19. Symptoms of bacterial leaf spot on quinoa. Source: illustration adapted from Fonseca-
Guerra et al. [167].
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6. Viruses

Pathogenicity assays for the identification of viruses under greenhouse conditions
require indicator plants. These plants show distinctive and consistent reactions to virus
infections. Many plant viruses can be transmitted to indicator plants via mechanical
infection or insects. Nicotiana (tobacco) and Chenopodium are hosts for a great number of
viruses [168]. Therefore, C. quinoa could be infected with the viruses that infect host plants
that grow next to it.

1. Chenopodium mosaic virus: Seedlings of C. quinoa were found to contain a highly
infectious, seed-borne virus that may remain latent. The virus was restricted to
the Chenopodiaceae and was similar to the soybean mosaic virus in morphology and
physio-chemical properties [169].

2. Amaranthus leaf mottle virus (ALMV): Successful infections were achieved on C.
quinoa, which exhibited chlorotic local lesions and severe systemic mosaic, leaf defor-
mation, wilting, stunning, and finally collapse of the plants. Transmission via Aphis
gossypii was confirmed 2 to 3 weeks after the 1-day inoculation access period [170].

3. Arracacha virus A: AVA is common in arracacha (Arracacia xanthorrhiza) in the region
of the Peruvian Andes. AVA was not transmitted by Myzus persicae, but was trans-
mitted by the inoculation of sap and is best propagated in C. quinoa and Nicotiana
clevelandii [171–173].

4. Ullucus virus C: UVC is a comovirus prevalent in Ullucus tuberosus grown at high
altitudes in the Bolivian and Peruvian Andes. It was transmitted mechanically to C.
amaranticolor and C. quinoa. It caused a systemic infection. UVC was not transmitted
by either aphid species (Aphis gossypii or Myzus persicae) or through seeds of C. quinoa.
However, it was transmitted through leaf contact between infected and healthy plants,
causing chlorosis [173].

5. Potato virus S (PVS): Chenopodium quinoa plants displayed symptoms of PVS infection
14 days after artificial inoculation with PVS [174,175].

6. Potato Andean latent virus: APLV was found to infect both C. quinoa and C. amaranti-
color [176].

7. Cucumber mosaic virus (CMV): Partially purified extracts from leaves of Phytolacca
americana caused marked inhibition of CMV infection on C. quinoa [177].

8. Tobacco mosaic virus: TMV has successfully infected C. quinoa [178].
9. Passiflora latent virus (PLV): Chenopodium quinoa plants presenting systemic symp-

toms after inoculation with PLV showed high concentrations of virus particles in their
cytoplasm, mitochondria, and chloroplasts [179]

10. Plantago asiatica mosaic virus (PIAMV): Mechanical inoculation with infected sap of
Lilium leaves on C. quinoa yielded chlorotic or necrotic local lesions [180].

11. Carnation latent virus: C. quinoa is an indicator species for the carnation latent
virus [181].

12. Chlorotic leaf spot virus: Sap inoculation on C. quinoa resulted in a satisfactory
infection [182].

7. Conclusions and Future Directions

The growing interest in quinoa has prompted research on all aspects of this crop.
From the perspective of phytopathology, it is essential to collaborate as quinoa cultivation
has been introduced to many countries worldwide and continues to enter new regions.
Therefore, it faces different challenges in each area. The impact on final seed yield has not
been quantified for many diseases yet, as they have only been identified causing symptoms
on plant tissue, but it is essential to turn our attention to this aspect.

Determining the mycobiota in quinoa grain food is of prime importance. The presence
of seed pathogens associated with mycotoxins is concerning. These secondary metabolites
are generally produced by fungi belonging to the genera (Alternaria, Aspergillus, Fusarium
and Penicillium) [183,184]. The latter two pathogens from this list have been isolated from
quinoa plants. Thus, mycotoxin production may occur in the field or during post-harvest,
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storage, or processing [185]. Indeed, a recent comparative study [183] of mycotoxin oc-
currence in quinoa grains cultivated in South America, and North Europe found a large
array of mycotoxins on Northern European grain. Mycotoxins were predominantly associ-
ated with Fusarium spp. (e.g., butenolid, aurofusarin, equisetin, culmorin), Alternaria spp.
(e.g., tenuazonic acid and altersetin), Cladosporium spp. (e.g., Cladosporim), and Penicillium
spp. (e.g., ochratoxin A, flavogaucin, and mycophenolic acid). Unspecific metabolites were
also found in modest amounts. Cleaning seeds provided a considerable reduction (ca.
50%) in the content of mycotoxins, but overall the North European grains had considerably
more mycotoxins compared to South American grains even after cleaning. Weather con-
ditions, cultivation method and post-harvest treatments could explain mycotoxins array
presence differences on grain examined. The resilience of Andean grains to the growth of
mycotoxin-producing fungi could be due to their adaptation to their natural centre of origin.
Something that drastically changes when quinoa is cultivated in other latitudes [186,187]. It
could also be argued that high saponin-containing quinoa grains may prevent the growth of
fungi [188] or serve as a fungistatic. Therefore, monitoring seed quality during post-harvest
should become a routine procedure. The implementation of this practice will highlight the
fragility of organic quinoa production in new temperate environments.

It is essential to standardize the descriptions of diseases, taking into account the
following suggestions:

- Morphological identification paired with molecular tools for accurate descriptions of
causal agents, published in scientific journals, as well as the sharing of knowledge
within quinoa networks and conferences.

- The performance of inclusive pathogenicity tests and Koch’s postulates to clarify the
type of interaction observed (e.g., pathogenic, endophytic/symbiotic, or saprophytic.).

- Standardized protocols for disease propagation and assessment methods for severity
after infection.

- The development of strategies for seed sanitation.
- There exist several research centers located in areas where quinoa is traditionally

grown, and recently a pilot global collaborative network on quinoa (GCN-Quinoa)
(www.gcn-quinoa.org, accessed on 10 June 2021) has been established [189]. These
networks primarily share knowledge on cultivation and plant breeding. Knowledge
sharing in relation to quinoa diseases should also be considered.

- More research on methodologies for the rapid, high throughput screening of quinoa
seeds and plants for the presence of economically important pathogens of quinoa is
needed. This would be useful for detecting causal agents early in disease development
and ensuring certified pathogen-free quinoa seeds. Moreover, phone apps with deep
learning models for diagnosing various plant diseases and pest attacks are becoming
interesting tools, which may be useful in the future.
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148. Świderska-Burek, U. Preliminary List of Cercosporoid Fungi from Poland. Mycotaxon 2007, 102, 5–8.
149. Testen, A.L.; McKemy, J.M.; Backman, P.A. First Report of Passalora Leaf Spot of Quinoa Caused by Passalora Dubia in the United

States. Plant Dis. 2013, 97, 139. [CrossRef]
150. Sigovini, M.; Keppel, E.; Tagliapietra, D. Open Nomenclature in the Biodiversity Era. Methods Ecol. Evol. 2016, 7, 1217–1225.

[CrossRef]
151. Yin, H.; Zhou, J.; Lü, H.; Chang, F.; Qin, N.; Zhai, S.; Xing, K.; Zhao, F.; Zhao, X. Identification of the pathogen causing Cercospora

leaf spot on quinoa. Acta Phytopathol. Sin. 2019, 49, 408–414.
152. Videira, S.I.R.; Groenewald, J.Z.; Nakashima, C.; Braun, U.; Barreto, R.W.; de Wit, P.J.; Crous, P.W. Mycosphaerellaceae–Chaos or

Clarity? Stud. Mycol. 2017, 87, 257–421. [CrossRef]
153. Videira, S.I.R.; Groenewald, J.Z.; Braun, U.; Shin, H.-D.; Crous, P.W. All That Glitters Is Not Ramularia. Stud. Mycol. 2016, 83,

49–163. [CrossRef]
154. Pal, N.; Testen, A.L. First Report of Quinoa Anthracnose Caused by Colletotrichum Nigrum and C. Truncatum in the United

States. Plant Dis. 2020, 105, 3. [CrossRef]
155. Boerema, G.H.; Höweler, L.H. Phoma Exigua Desm. and Its Varieties. Pers. Mol. Phylogeny Evol. Fungi 1967, 5, 15–28.
156. Logan, C.; Khan, A.A. Comparative Studies of Phoma Spp. Associated with Potato Gangrene in Northern Ireland. Trans. Br.

Mycol. Soc. 1969, 52, 9–17. [CrossRef]
157. Otazu, V.; Salas, B. Brown Stalk Rot of Chenopodium Quinoa Caused by Phoma Exigua Var. Foveata. Fitoatologia 1977, 12, 54–58.
158. Otazú, V.; Boerema, G.H.; Mooi, J.C.; Salas, B. Possible Geographical Origin of Phoma Exigua Var. Foveata, the Principal Causal

Organism of Potato Gangrene. Potato Res. 1979, 22, 333–338. [CrossRef]
159. Daza Vera, E. Enfermedad Micotica En Quinua. SITUA 1995, 29–32.
160. Ikeda, A.; Ichitani, T. Density of Pythium Zingiberum Oospores in Relation to Infection of Chenopodium Quinoa Seedlings. Bull.

Univ. Osaka Prefect. 1985, 37, 13–18.
161. Barbosa, J.; Ames, T.; Jacobsen, S. Reduccion de La Germinacion y Muerte de Plantas de Chenopodium Quinoa Causadas Por Rhizoctonia

y Fusarium; Centro Internacional de la Papa, Universidad Agraria la Molina: Lima, Peru, 2000.
162. Isobe, K.; Sugiyama, T.; Katagiri, M.; Ishizuka, C.; Tamura, Y.; Higo, M.; Fujita, Y. Study on the Cause Damping-off in Quinoa

(Chenopodium Quinoa Willd.) and a Method for Suppressing Its Occurrence. Jpn. J. Crop Sci. 2019, 88, 117–124. [CrossRef]
163. Beckman, P.M.; Finch, H.C. Seed Rot and Damping-off of Chenopodium Quinoa Caused by Sclerotium Rolfsii. Plant Dis. 1980, 64,

497–498. [CrossRef]
164. Masiello, M.; Somma, S.; Ghionna, V.; Logrieco, A.F.; Moretti, A. In Vitro and in Field Response of Different Fungicides against

Aspergillus Flavus and Fusarium Species Causing Ear Rot Disease of Maize. Toxins 2019, 11, 11. [CrossRef]
165. Lebeda, A.; Cohen, Y. Fungicide resistance in Pseudoperonospora cubensis, the causal pathogen of cucurbit downy mildew. In

Fungicide Resistance in Crop Protection: Risk and Management; CABI: Wallingford, UK, 2012; pp. 44–63.
166. Plimmer, J.R. Encyclopedia of Agrochemicals; Wiley-Interscience: Hoboken, NJ, USA, 2003.
167. Fonseca-Guerra, I.; Chiquillo, C.; Padilla, M.J.; Benavides-Rozo, M. First Report of Bacterial Leaf Spot on Chenopodium Quinoa

Caused by Pseudomonas Syringae in Colombia. J. Plant Dis. Prot. 2021, 128, 871–874. [CrossRef]
168. Walkey, D.G. Applied Plant Virology; Springer Science & Business Media: Berlin, Germany, 2012.
169. Dias, H.F.; Waterworth, H.E. The Identity of a Seed-Borne Mosaic Virus of Chenopodium Amaranticolor and C. Quinoa. Can. J. Bot.

1967, 45, 1285–1295. [CrossRef]
170. Segundo, E.; Lesemann, D.E.; Martín, G.; Carmona, M.P.; Ruiz, L.; Cuadrado, I.M.; Velasco, L.; Janssen, D. Amaranthus Leaf

Mottle Virus: 3′-End RNA Sequence Proves Classification as Distinct Virus and Reveals Affinities within the Genus Potyvirus.
Eur. J. Plant Pathol. 2007, 117, 81–87. [CrossRef]

171. Kenten, R.H.; Jones, R.A.C. Arracacha Virus B, a Second Isometric Virus Infecting Arracacha (Arracacia Xanthorrhiza; Umbelliferae)
in the Peruvian Andes. Ann. Appl. Biol. 1979, 93, 31–36. [CrossRef]

172. Jones, R.A.C.; Kenten, R.H. A Strain of Arracacha Virus B Infecting Oca (Oxalis Tuberosa: Oxalidaceae) in the Peruvian Andes.
Phytopathol. Z. 1981, 100, 88–95. [CrossRef]

173. Brunt, A.A.; Barton, R.J.; Phillips, S.; Jones, R.A.C. Ullucus Virus C, a Newly Recognised Comovirus Infecting Ullucus Tuberosus
(Basellaceae). Ann. Appl. Biol. 1982, 101, 73–78. [CrossRef]

174. Hiruki, C.; Shukla, P. Intracellular Location of Potato Virus S in Leaf Tissue of Chenopodium Quinoa. Can. J. Bot. 1973, 51, 1699–1702.
[CrossRef]

175. Herrera, V.V.; Juárez, E.R.; Muñiz, R.B. Detección de Virus Por Serología y Plantas Indicadoras En El Tubérculo-Semilla y Plantas
de Cultivo de Meristemos En Papa (Solanum Tuberosum L.) Var. Alfa. Rev. Mex. De Fitopatol. 2003, 21, 176–180.

176. Gibbs, A.J.; Hecht-Poinar, E.; Woods, R.D.; McKee, R.K. Some Properties of Three Related Viruses: Andean Potato Latent,
Dulcamara Mottle, and Onions Yellow Mosaic. Microbiology 1966, 44, 177–193. [CrossRef]

177. Tomlinson, J.A.; Walker, V.M.; Flewett, T.H.; Barclay, G.R. The Inhibition of Infection by Cucumber Mosaic Virus and Influenza
Virus by Extracts from Phytolacca Americana. J. Gen. Virol. 1974, 22, 225–232. [CrossRef]

414



Plants 2021, 10, 1228

178. Murray, R.R.; Emblow, M.S.; Hetherington, A.M.; Foster, G.D. Plant Virus Infections Control Stomatal Development. Sci. Rep.
2016, 6, 34507. [CrossRef]

179. Bos, L.; Rubio-Huertos, M. Intracellular Accumulation of Passiflora Latent Virus in Chenopodium Quinoa. Neth. J. Plant Pathol.
1971, 77, 145–153. [CrossRef]

180. Hammond, J.; Bampi, D.; Reinsel, M.D. First Report of Plantago Asiatica Mosaic Virus in Imported Asiatic and Oriental Lilies
(Lilium Hybrids) in the United States. Plant Dis. 2014, 99, 292. [CrossRef]

181. Hollings, M.; Stone, O.M. Chenopodium Quinoa Willd. as an Indicator Plant for Carnation Latent Virus. Plant Pathol. 1965, 14,
66–68. [CrossRef]

182. Pfaeltzer, H.J. Chenopodium Quinoa, a Herbaceous Test Plant for Chlorotic Leaf Spot Virus in Apple. Neth. J. Plant Pathol. 1968, 74,
12–16. [CrossRef]

183. Jelinek, C.F.; Pohland, A.E.; Wood, G.E. Worldwide Occurrence of Mycotoxins in Foods and Feeds—an Update. J. Assoc. Off. Anal.
Chem. 1989, 72, 223–230. [CrossRef]

184. Miller, J.D. Mycotoxins in Small Grains and Maize: Old Problems, New Challenges. Food Addit. Contam. 2008, 25, 219–230.
[CrossRef]

185. Magan, N.; Aldred, D. Post-Harvest Control Strategies: Minimizing Mycotoxins in the Food Chain. Int. J. Food Microbiol. 2007,
119, 131–139. [CrossRef]

186. Ramos-Diaz, J.M.; Sulyok, M.; Jacobsen, S.-E.; Jouppila, K.; Nathanail, A.V. Comparative Study of Mycotoxin Occurrence in
Andean and Cereal Grains Cultivated in South America and North Europe. Food Control 2021, 108260. [CrossRef]

187. Kolakowski, B.; O’ROURKE, S.M.; Bietlot, H.P.; Kurz, K.; Aweryn, B. Ochratoxin A Concentrations in a Variety of Grain-Based
and Non–Grain-Based Foods on the Canadian Retail Market from 2009 to 2014. J. Food Prot. 2016, 79, 2143–2159. [CrossRef]

188. Woldemichael, G.M.; Wink, M. Identification and Biological Activities of Triterpenoid Saponins from Chenopodium Quinoa. J.
Agric. Food Chem. 2001, 49, 2327–2332. [CrossRef]

189. Murphy, K.M.; Bazile, D.; Kellogg, J.; Rahmanian, M. Development of a Worldwide Consortium on Evolutionary Participatory
Breeding in Quinoa. Front. Plant Sci. 2016, 7, 608. [CrossRef]

415





plants

Article

How Does Mechanical Pearling Affect Quinoa Nutrients and
Saponin Contents?

Sifeddine Rafik 1,2, Mohamed Rahmani 2, Juan Pablo Rodriguez 3 , Said Andam 2, Amine Ezzariai 4,
Mohamed El Gharous 1, Salwa Karboune 5 , Redouane Choukr-Allah 6 and Abdelaziz Hirich 4,*

Citation: Rafik, S.; Rahmani, M.;

Rodriguez, J.P.; Andam, S.; Ezzariai,

A.; El Gharous, M.; Karboune, S.;

Choukr-Allah, R.; Hirich, A. How

Does Mechanical Pearling Affect

Quinoa Nutrients and Saponin

Contents?. Plants 2021, 10, 1133.

https://doi.org/10.3390/

plants10061133

Academic Editors: Cataldo Pulvento

and Didier Bazile

Received: 31 March 2021

Accepted: 12 May 2021

Published: 3 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Agricultural Innovation and Technology Transfer Center (AITTC), Mohammed VI Polytechnic
University (UM6P), Ben Guerir 43150, Morocco; sifeddine.rafik@um6p.ma (S.R.);
mohamed.elgharous@um6p.ma (M.E.G.)

2 Department of Food and Nutritional Sciences, Section of Agricultural and Food Industries, Agronomic and
Veterinary Medicine Hassan II Institute, Rabat 10112, Morocco; rahmanimohammed@yahoo.fr (M.R.);
andamsaiid@gmail.com (S.A.)

3 International Center for Biosaline Agriculture, Directorate of Programs, Dubai 14660, United Arab Emirates;
jprodriguezcalle@yahoo.fr

4 African Sustainable Agriculture Research Institute (ASARI), Mohammed VI Polytechnic University (UM6P),
Laayoune 70000, Morocco; Amine.Ezzariai@um6p.ma

5 Department of Food Science and Agricultural Chemistry, McGill University, 21111 Lakeshore Road,
Sainte-Anne-de-Bellevue, QC H9X 3V9, Canada; salwa.karboune@mcgill.ca

6 Department of Horticulture, Agronomic and Veterinary Medicine Hassan II Institute, Rabat 10112, Morocco;
redouane53@yahoo.fr

* Correspondence: abdelaziz.hirich@um6p.ma

Abstract: Agriculture is facing many challenges, such as climate change, drought, and salinity,
which call for urgent interventions for fast adaptation and crop diversification. The introduction
of high-value and stress tolerant crops such as quinoa would be a judicious solution to overcome
constraints related to abiotic stress and to increase land productivity and farmers’ incomes. The
implementation of quinoa in Morocco has not been supported by a full valorization program to
control the quality of quinoa seeds. The novelty of this work is to assess the pearling operation as an
efficient method of saponins removal as well as the determination of total residual saponins. This
study aimed to evaluate the effects of several pearling durations on nutrient and saponin content of
quinoa seeds of three tested varieties (Puno, Titicaca, and ICBA-Q5). Five pearling durations were
tested (0, 2, 4, 6, 7, and 8 min) using a locally manufactured pearling machine. The results indicated
that a pearling duration of two minutes was enough to reduce total saponin content from 0.49% to
0.09% for Puno variety, from 0.37% to 0.07% for Titicaca variety, and from 0.57% to 0.1% for ICBA-Q5
variety. Our results showed that pearling slightly reduced protein, total fat, and moisture contents for
all varieties except for Puno, where total fat content slightly increased with the pearling. Puno variety
had the highest seed content in terms of protein and total fat; the ICBA-Q5 variety had the lowest.
Titicaca had the highest bran content in terms of protein and total fat, ICBA-Q5 had the highest bran
content in terms of ash and the lowest bran content in terms of protein and total fat, and Puno had the
lowest bran content in terms of ash. Pearling had no significant effect on macronutrient contents in
the processed seed, but it resulted in a very highly significant difference for most of them in the bran
except for Mg and S. Regarding seed content in terms of micro-nutrients, statistical analysis showed
significant differences between varieties in terms of Zn, Cu, and Mn contents, but no significant
difference was recorded for Fe or B. Pearling had no significant effect on seed micronutrient contents.
Therefore, to retain maximum nutritional content in the quinoa and maintain quinoa integrity, it is
necessary to limit the pearling duration of quinoa to two minutes, which is enough to reduce saponin
content below the Codex Standard threshold (0.12%).

Keywords: pearling; postharvest; saponin; minerals; processing; seed bran; quinoa seeds quality; nutrition
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1. Introduction

Water scarcity and drought are becoming direct consequences of climate change on a
global scale in addition to soil salinization, especially in the Middle East and North Africa
region (MENA) [1,2]. The introduction of salt-tolerant crop species is being considered as
a great alternative to overcoming these environmental challenges. In this regard, quinoa
(Chenopodium quinoa Willd.) is one of the plants with significant potential to maintain
food security in countries suffering from arid conditions. Several research works have
been conducted to introduce, develop, and promote quinoa crops around the world. The
number of countries cultivating this staple crop has increased rapidly, from eight in 1980 to
more than 120 countries in 2018 [3].

Regarding Morocco, quinoa was introduced for the first time in the Khénifra region in
1999 within the framework of the BAFI/BYU-IAV Hassan II project where 14 accessions
were tested for adaptation trials [4]. Then, several research trials were carried out, especially
in Agadir [5–7] and Rehamna [8–11], where several parameters were taken into account,
such as irrigation frequencies, water quality, and soil nature. The Food and Agriculture
Organization of the United Nations (FAO) recognized, in 2013, quinoa as a leading crop for
food security and sustainability in the context of global change [12]; this initiative aimed to
improve access and awareness of the quinoa value chain and accelerate the development
of this crop around the world.

Quinoa is not only receiving attention worldwide due to its adaptability to different
agro-environmental growth conditions, but also its high nutritional quality [13]. Over the
last 20 years, quinoa (Chenopodium quinoa Willd.) has become a popular food, particularly
in Europe and North America [14], because of the growing interest in vegetarian diets,
its high nutritional quality, and the increase in people suffering from celiac disorders.
Several studies have shown that quinoa is a very interesting food, because of its complete
nutritional characteristics [15]. It is a starchy dicotyledonous seed named a pseudo-cereal.
The protein content of quinoa seeds is substantial (12% to 20%) compared to corn (10%),
rice (8%), and wheat (13%). In addition, a valuable characteristic of quinoa is the quality
of its amino acid composition as well—especially the presence of lysine (5.1–6.4%) and
methionine (0.4–1.0%). These amino acids are not abundant in vegetable diets [16,17].
Furthermore, starch is the major component of quinoa seeds and represents about 52–69.2%
of the dry weight basis [18,19]; it is genuinely located in the perisperm. Quinoa is also
considered a good source of fat; fat varies from 2% to 10% of quinoa depending on the
variety [20]. Compared to other cereals, quinoa has high levels of calcium, phosphorus,
magnesium, iron, zinc, potassium, and copper [16,21]. Some studies showed that the
antioxidant properties of quinoa seeds and flour can be used as taken advantage of when
used as ingredients to enrich food preparations. For instance, they can be used in meat
industries that require antioxidants from natural sources to substitute synthetic antioxidants
because of their negative effects [22,23].

The quality of quinoa is considered as one of the most crucial aspects that should
be taken into consideration in order to justify its consumption and its manufacturing on
an industrial scale. Nevertheless, quinoa quality in Morocco is facing many technical
constraints, such as the bitter taste, which is a major organoleptic default. This sensorial
limitation is explained by the lack of control of operations that aim to remove saponin from
seeds and the dosage of residual saponin. Quinoa’s saponins are considered anti-nutritional
factors that cause bitterness. Additionally, saponins may cause digestive irritation [24].
Besides, saponins’ concentration and distribution in seeds are variables depending on
varieties and climatic conditions [25]. According to the quinoa standard (step 8 before
publication), the Environmental Working Group (EWG) agreed to a saponin content of
0.12% as a maximum. This threshold was adopted from the Bolivian standard “Andean
Standard NB 0038 for processed quinoa seeds” [26], measured through the afrosimetric
method (foam test) developed by Koziol et al. [27]. However, a standardized method for
total saponin quinoa dosage has not yet been officially published. The presence of saponins
requires processing in order to eliminate saponins partially or totally. They are mainly
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present in the pericarp (86%), which explains why external abrasion is one of the best
options for saponin removal [28,29]. Many methods have been developed for saponin
removal; the most commonly adopted one is the mechanical abrasion process. It is an
operation based on physical frictions to remove the bran. It allows obtaining a by-product
(seed bran) which is rich in saponins and other nutrients. This process must eliminate
saponins while preserving seed nutrients and physical properties. The optimization of the
process can be done by adjusting a set of parameters involved in the mechanical abrasion
operation, such as the duration of the abrasion (pearling time) and milling performance.
This research focused on pearling duration as a principal factor to optimize the pearling
process. The optimal pearling duration will allow saponin elimination, and preservation of
the overall nutrient profile (macronutrients and micronutrients) and morphological aspects.
Moreover, this research investigated the behavior of three quinoa cultivars in response to
the pearling process.

2. Results
2.1. ANOVA Results

Table 1 summarizes results of the ANOVA (analysis of variance) of investigated
parameters for both processed seeds and seed bran. Pearling had no significant effect
on macronutrient contents in the processed seeds of any variety. It caused a very highly
significant difference (p < 0.001) for most of the micronutrients except for Mg, S, and Fe.
Pearling duration caused significant differences (p < 0.001) in 1000 seed weight, moisture,
and saponin content for all quinoa varieties. However, there was no significant effect on
the nutritional contents of quinoa seed varieties.

2.2. Physical Parameters
2.2.1. Pearling Efficiency

Pearling efficiency (PE) is defined as the ratio between processed seeds and raw seeds.
Figure 1 shows the variation in PE after 8 min of pearling. Presented data indicate that
pearling efficiency varies from one variety to another, and Puno variety has the highest
pearling rate and Titicaca has the lowest.

Figure 1. Variation of pearling efficiency per variety. Error bars indicate the standard deviation.
Treatments without a common letter are significantly different at p < 0.05.
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2.2.2. 1000 SW

Figure 2 presents the variation of 1000 SW in response to pearling time. The obtained
data clearly indicate that average SW decreases with the pearling as a result of seed
polishing and bran removal. After 2 min of pearling, average seed weight decreased
by 10, 3, and 19% for Puno, Titicaca, and ICBA-Q5 varieties, respectively. However, it
decreased by 18, 21 and 23% after 8 min of pearling for Puno, Titicaca, and ICBA-Q5
varieties, respectively.

Figure 2. Variation of 1000 SW in response to pearling duration. Error bars indicate the standard
deviation. Treatments without a common letter are significantly different at p < 0.05.

2.2.3. Morphological Aspects

Figure 3 shows morphological aspects of Puno seed in response to the pearling process.
The obtained pictures show the effects of mechanical friction during the abrasion. After
6 min of pearling, quinoa seeds start to have some damage, and the abrasions mill the
embryo and start damaging the perisperm. After 2 min of pearling, the pericarp is entirely
removed, and the seed becomes transparent.

Figure 3. Optical microscopy images of raw (0 min) and treated seeds of Puno Variety after different pearling durations.
Pearling duration: (A). Raw seed (0 min); (B) 2 min; (C) 4 min; (D) 6 min; (E) 7 min; (F) 8 min. (Bar length: 500 µm).

2.3. Chemical Parameters

Table 2 summarizes the results of Tukey’s HSD post hoc test, indicating homogenous
groups using small letters.
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Table 2. Results of Tukey’s HSD post hoc test for both processed seeds and seed bran—the effects of pearling on the
nutritional content of quinoa seeds.

Variety/Product PD
Proximate Analysis Macro-Nutrients Micro-Nutrients

PR A TF M N P K Mg Na Ca S Fe Zn Cu Mn B

Puno

Processed
seeds

0 a a b a a a a a a a a a b a a a
2 a b ab ab a a b ab ab b a a ab a bc ab
4 a b a b a a b ab b b a a ab a ab ab
6 a b a bc a a b ab b b a a ab a bc ab
7 a b a c a a b ab ab b a a ab a bc ab
8 a b ab bc a a b b ab b a a ab a c b

Seed bran

2 d a c a c a a a a a c a a a b a
4 cd b c a c a b ab a a bc a a a ab b
6 bc c b a b a c b a b ab a a a a b
7 ab c ab a ab b c b a b a a a a ab b
8 a c a a a b c b a b a a a a ab b

ICBA-Q5

Processed
seeds

0 a a a a a a a a a a a a a a a a
2 a a a ab a a a a a a a a a a a a
4 a a a ab a a a a a a a a a a a a
6 a a a ab a a a a a a a a a a a a
7 a a a b a a a a a a a a a a a a
8 a a a b a a a a a a a a a a a a

Seed bran

2 a a a a a a a a a a a a a a a a
4 a a a a a a a a ab a a a a a a a
6 a a a a a a a a b a a a a a a a
7 a a a a a a a a ab a a a a a a a
8 a a a a a a a a ab a a a a a a a

Titicaca

Processed
seeds

0 a Ash b a a a a a a a a a b a a a
2 a b ab ab a a b ab ab b a a ab a bc ab
4 a b ab b a a b ab b b a a ab a ab ab
6 a b ab bc a a b ab b b a a ab a bc ab
7 a b ab c a a b ab ab b a a ab a bc ab
8 a b ab bc a a b b ab b a a ab a c b

Seed bran

2 d a c a d b a a a a a a b c ab a
4 cd b c a cd b b b b b a a b bc a a
6 bc c b a bc a c b bc c a a ab ab ab a
7 ab c ab a ab a c b c d a a ab a ab a
8 a c a a a a c b c e a a a a b a

PD: pearling duration; PR: protein; A: ash; TF: total fat; M: moisture; N: nitrogen; P: phosphorus; K: potassium; Mg: magnesium; Na:
sodium; Ca: calcium; S: sulfur; Fe: iron; Zn: zinc; Cu: copper; Mn: manganese; B: boron. Treatments without a common letter are
significantly different at p < 0.05.

2.3.1. Proximate Analysis

Figure 4 shows the variations of protein, ash, total fat, and moisture content in pro-
cessed seeds and seed bran (by-product) in response to pearling duration. Statistical
analysis revealed very highly significant differences (p < 0.001) between tested varieties
in terms of protein, ash, and total fat, but pearling duration affected only seed moisture.
Pearling slightly reduced protein, total fat, and moisture contents for all varieties except
for Puno, where total fat content slightly increased with the pearling. However, for quinoa
bran, the findings are different from the processed seeds: both variety and pearling showed
very highly significant differences for most of the parameters. Protein and total fat content
increased when pearling duration increased for all tested varieties, whereas ash content
decreased with pearling duration. The data indicate that the Puno variety had the highest
protein and total fat contents in the seeds; the ICBA-Q5 variety recorded the lowest. Titicaca
had the highest bran contents of protein and total fat; ICBA-Q5 had the highest bran content
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of ash, and the lowest bran content of protein and total fat; and Puno had the lowest bran
content of ash.

Figure 4. Cont.
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Figure 4. Variations of protein, ash, total fat, and moisture contents in processed seeds and seed bran in response to pearling
duration. Error bars indicate the standard deviations.

2.3.2. Macronutrient Content

Macro-nutrient variations in response to pearling duration are presented in Figure 5.
Pearling had no significant effect on macronutrient contents in the processed seeds, but it
had resulted in very highly significant differences (p < 0.001) for most of the macronutrient
contents in the bran except Mg and S. The variety effect was obvious and significant for all
macronutrients and for both processed seeds and bran. Regarding processed seeds, the
highest contents in terms of N, P, and S were recorded for Titicaca; the highest content
in terms of K, Mg, and Na for ICBA-Q5; and the highest content in terms of Ca for Puno.
Most of the macronutrient contents in seed bran decreased with pearling, except N and P
whose contents increased with the pearling.

Figure 5. Cont.
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Figure 5. Variations of macronutrient contents in processed seeds and seed bran in response to pearling duration. Error
bars indicate the standard deviations.

2.3.3. Micronutrient Contents

The effects of pearling on micronutrient contents for the tested quinoa varieties are
presented in Figure 6. Statistical analysis showed significant differences (p < 0.001) between
varieties in terms of Zn, Cu, and Mn contents in processed seeds. Pearling duration had
no significant effect on micronutrient contents in processed seeds. Nevertheless, for seed
bran, there were very highly significant differences between tested varieties in terms of
micronutrients. Pearling had a significant effect only on Zn, which increased with the
increased pearling duration.
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Figure 6. Cont.
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Figure 6. Variations of micronutrient contents in processed seeds and seed bran in response to pearling duration. Error bars
indicate the standard deviations.

2.3.4. Saponin Content

Figure 7 shows the variations of saponin contents for processed seeds in response to
several pearling durations. According to statistical analysis, saponin content in processed
seeds was affected only by pearling duration; no significant difference was recorded
between varieties. However, the interaction between variety and pearling duration factors
was significant, which indicates that the tested varieties responded differently to the
pearling process. For instance, the ICBA-Q5 variety responded very well to pearling, as it
had the highest saponin content in raw seeds (0 min) and the lowest in processed seeds
(6 min), and consequently the highest saponin removal.

Figure 7. Variations of saponin contents in processed seeds in response to pearling duration. Error bars indicate the standard
deviation. Treatments without a common letter are significantly different at p < 0.05.
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2.4. Pearson Correlation

Pearson’s correlation analysis was conducted for all investigated nutrients in processed
seeds and seed bran separately, by correlating all the physicochemical parameters (pro-
ductibility and growth) with the varieties used. The obtained results are shown in Figure 8.

Figure 8. Pearson correlations among all chemical parameters for processed seeds (a) and seed brans (b).

The analysis revealed a strong positive correlation between groups of parameters
G1 (N, protein content) and G2 (Na, Mg, Mn, Ca, ash content, and K). Strong negative
correlations were found between moisture and P, saponin, and time. On the other hand, no
correlation between time, Mn, K, saponin, Ca, and K was observed (Figure 8a).

For the obtained seed brans (Figure 8b), a strong correlation was found between N,
protein content, and total fat. A strong negative correlation was observed between time,
ash content, K, moisture, P, and S. No correlation between moisture and Ca was observed.

2.5. Principal Component Analysis (PCA)

Results of PCA (Figure 9) indicate that the first two components represent over 69%
of the variability. PCA axis 1 was largely determined by B, Mn, S, Ca, Na, and K. Among
them, B and Ca had the highest positive correlation (r = 0.927–0.975). Variation along PCA
axis 2 was highly determined by P, fat content, N, and protein content. P and fat content
had the highest positive correlation (r = 0.932–0.937).

The PCA graph of variables showed that the pearling duration was correlated nega-
tively with saponin, moisture, Ca, Na, Mg, and Ca. On the other hand, this key parameter
was correlated positively with the rest of the parameters.
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Figure 9. PCA analysis of investigated parameters for processed seeds.

3. Discussion

Since its introduction to Morocco in the 2000s, Quinoa has been seen as a rustic
and stress-tolerant crop with several potentialities to replace cereals and other traditional
crops in marginal environments, mainly those affected by drought and salinity. A deep
understanding of the nutritional profiling of quinoa and the high amount of saponin reveal
the importance of processing in order to remove saponins and produce a palatable seed.
Regarding the morphological aspects of quinoa seeds, the quinoa seed is disc-shaped,
approximately 2 mm in diameter, and 0.5 mm in thickness. The size of a quinoa seed
depends on several factors, such as quinoa cultivar and abiotic conditions (climate, soil,
etc.). In fact, the whole quinoa seed is divided into three main structural components:
perisperm, embryo, and bran. The bran is defined as the out layer that surrounds the
embryo. The embryo entirely covers the perisperm, the innermost layer, as a headband.
The bran is eliminated during abrasion (manual or mechanical) because it contains 86%
saponins compared to other grain fractions [29]. The embryo and perisperm contain 11%
and 3% of saponins, respectively [29].

The special structure of quinoa seeds requires special scarification methods, and
the dehulling rates change when milled for the same rate of duration using different
equipment [30]. Hence, it is necessary to have a balance between the pearling duration
and the nutritional contents of quinoa. For all used varieties, the thousand-seed weight of
quinoa seeds decreased with increase pearling duration due to the removal of the external
layer of quinoa [31]. Some research works have mentioned that the average diameter
can reveal some quinoa characteristics, such as hardness coefficient and saponin content.
Otherwise, the higher the hardness coefficient of quinoa, the more saponins are present [32].
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The average thousand-seed weight was negatively correlated with the pearling duration.
Our finding indicates that after 2 min of mechanical abrasion, a high percentage of saponins
were removed.

There are two main processes of saponin removal. The first one is a wet method based
on washing. It increases seed moisture, which then requires drying to prevent mold growth,
and enhances the seed’s shelf life (while raising the cost of seed processing) [10]. The second
method, which is the commonest one, is a dry method based on abrasion that removes
the outer bran layer by mechanical scarification. Often, processing operations involve a
preliminary washing step following abrasion to further reduce the level of saponins [33].
Nevertheless, for some bitter quinoa varieties that contain higher amounts of saponins, if a
wash operation is skipped, the embryo may be damaged as the next outer layer after the
bran, which is totally eliminated [34]. Quinoa’s embryo is the richest nutritional source;
it contains 57% of the protein, 49% of the fat, 20% of the sugar, 45% of the dietary fiber,
and 51% of the ash of the whole grain [29]. Hence, removal techniques that keep the
embryo intact preserve the complete nutritional profile of quinoa. Abrasion alone after
30 s reduced saponin levels from 1.19% to 0.45%. However, after an additional 2 min, the
saponin level was reduced slowly to 0.21% [33]. Our results showed the same tendency
of reducing saponins for the three studied varieties. Two minutes of mechanical abrasion
was enough to reduce saponins below 0.12% which is the accepted threshold for quinoa
consumption [35]. On the other hand, washing alone augmented the saponin percentage
of oleanolic acid, while diminishing phytolaccagenic acid. Although abrasion decreased
the percentage of oleanolic acid, it increased the percentage of phytolaccagenic acid [33].
These variations are correlated with the chemical structure of the specific saponin and
the location within the bran layer. Furthermore, hydrating the quinoa without manual
abrasion increased the saponin levels from 3.3% to 3.6% [32]. The mechanical polishing
permitted a reduction of saponins from 2% to 0.4% for Titicaca variety, and from 1.4% to
0.5% for Puno, decreases of 80% and 64% of the initial saponin respectively [36].

The protein contents of the studied quinoa cultivars were equal to 14.4%, 12.8%, and
7.9% (dry weight basis) for Puno, Titicaca, and ICBA-Q5, respectively. Puno and Titicaca’s
protein contents were consistent with the protein content (9.5–15.7%, dry weight) reported
by Nowak Verena [37]. However, protein content for each variety did not change during the
mechanical abrasion. The protein loss increased in terms of seed weight when the pearling
duration was higher (after 4 min of mechanical abrasion). The decrease in weight can be
explained by the fact that the protruding scutellum of the pericarp of quinoa was scoured
away [38,39]. Furthermore, when pearling duration was greater than 6 min, protein loss
became greater, since it is primarily present in an embryo, which accounts for 57% of total
quinoa protein [37]. Our finding indicates that the embryo and endosperm were milled at
this stage of the pearling process.

The fat contents of quinoa cultivars were equal to 3.7%, 4.5%, and 2.2% (dry weight
basis) for Puno, Titicaca, and ICBA-Q5, respectively. All contents fit within the range of
the total lipid content of quinoa [40]. The increase of total fat after 2 min of mechanical
abrasion is explained by the structure and nutritional distribution of quinoa kernels, as 49%
of the total fat content of quinoa is present in the embryo, whereas the pericarp contains
just 5% of the total fat [29,30]. Moreover, we noticed a decrease in fat content after 6 min of
mechanical abrasion, as the bran was removed and the embryo was ground. The obtained
results are aligned with another study showing that a dehulling rate of 8.6% can decrease
fat content by 7.6% [41].

The ash contents for the three studied varieties fit within the range reported in the
literature [40]. The ash content of treated seeds decreased with the increase of the pearling
duration. After 2 min of mechanical abrasion, the ash content decreased sharply for all
studied varieties. The decrease of ash content is explained by the fact that the pericarp,
where most of the minerals are mostly concentrated, was removed. On the other hand, the
seed bran obtained from two minutes of mechanical abrasion is highly rich in minerals,
and the ash contents were equal to 18.0%, 17.3%, and 16.7% (dry weight basis) for Puno,
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Titicaca, and ICBA-Q5, respectively. In another study, Ando et al. [29] reported that the
ash content was about 9.2% (dry weight basis) in the bran after pearling. That is relatively
lower than the content found in this work, which can be explained by the use of different
pearling processes and equipment.

A suitable pearling duration is the one that results in saponin content lower than
the threshold required from the CODEX standard [35]. Thus, two minutes of mechanical
abrasion was the best pearling duration. In this study, we found that K was the most
abundant macroelement for Puno, Titicaca, and ICBA-Q5. The remaining macroelements,
by abundance, were P, followed by Mg, Ca, S, and then Na. Regarding micronutrients,
Fe was the most abundant element with concentrations in raw seeds of 55.2 mg/kg for
Puno, 61.8 mg/kg for Titicaca, and 36.81 mg/kg for ICBA-Q5. Our findings in this regard
are in agreement with results reported by many other studies where K and P were the
dominant macroelements, followed by Mg and then Ca. Fe was the dominant micronu-
trient [29,36,42]. The quinoa cultivated in Morocco is characterized by higher amounts
of K, Ca, and Mg compared to other studies focusing on mineral profiling of quinoa
seeds [29,42,43]. Mhada et al. [36] explained that these high contents are mainly due to
calcareous soil rich in K, Ca, and other elements.

Our results suggest that protein and mineral contents were not affected by pearling,
which indicates that protein and most of minerals are mostly located in the endosperm
and embryo, which confirm the finding reported by Prego et al. [44]. According to
Konishi et al. [45], the P, K, and Mg are located in embryonic tissue. In particular, P’s
origin is attributed to phytic acid, and the origins of Mg and K to phytate. The same
authors also reported that K and Ca were present in the pericarp [45]. Furthermore, they
found that Ca is scarcely found in embryonic tissues of quinoa seeds. It occurred mostly
in the pericarp and seed coat, as well as the boundary between perisperm and embryo. It
is associated with carboxyl groups of pectin molecules in the cell wall to form Ca-pectin
complexes [44], which confirms the finding of this study that showed decreases in Ca
of 58%, 64%, and 14% for Puno, Titicaca, and ICBA-Q5, respectively. Moreover, the de-
creases in K (56%, 56%, and 16% for Puno, Titicaca, and ICBA-Q5, respectively) can be
explained by the fraction located in the pericarp; the K fraction located in the embryo
was not eliminated. According to Ando et al. [29], milled quinoa had lower K, Mg, and
Ca, and higher P. Nevertheless, the authors also found that Fe, Zn, Cu, and Mn contents
remained stable [29]. This disagreement may be explained by some differences in terms
of genetic material, since they worked with another variety (quinoa Real) and a lower
degree of polishing by the pearling machines used for seed processing [29,36]. Accord-
ing to a previous study conducted with the same pearling machine, the authors found
that the pearling process had no effect on macronutrients and protein content, except for
Ca, which declined by 28% for Puno variety [10,11]. However, micronutrient contents
were significantly reduced. The pearling process resulted in significant losses for most
micronutrients—by 60%, 57%, 2%, and 6% for Cu, B, Fe, and Zn, respectively; however,
there was no significant reduction in terms of Mn [10,11].

During the pearling process, an important portion of the nutrients is wasted in the
produced seed bran; therefore, its valorization is essential. All seed brans generated from
the three studied varieties are rich in nutrients compared to the raw seeds. This is explained
by the fact that the pericarp has high mineral content, as all produced seed brans contain
high ash content. In fact, the research findings demonstrate the richness of quinoa seed
brans. However, their valorization will mainly depend on several parameters (saponin
contents, microelement contents, and microelement contents), and their usage scope is
vast: they can be valorized in food, cosmetic, pharmaceutical, or agronomic industries.
Recently, many studies were conducted to valorize saponins in different sectors. For
instance, the effect of saponins on pests was studied. Some recent studies suggested the
implementation of saponins as an ingredient for the storage of food and grains in order
to preserve their sanitary quality. In fact, saponins rupture the internal mucous cells of
pest’s intestines by forming complexes with digestive enzymes such as proteases [46].
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According to Zegarra [47], the acaricidal activity was evaluated from saponins present in
bitter quinoa varieties. The author indicated that the Markjo variety shows bioactivity close
to a commercial acaricide product. Furthermore, saponins have a tremendous inhibitory
effect on fungi such as botrytis cinerea [48]. Quinoa saponins and polyphenols have high
antioxidant effects and free radical scavenging activities, as well as an anti-inflammatory
effect [49]. Drugs that contain saponins improve the body’s immune response significantly
through the enhancement of absorption and their hemolytic properties. Saponins grabbed
worldwide attention due to their anti-carcinogenic characteristics and cholesterol-lowering
effects [50]. In food industries, saponins have a positive effect on the physical stabilization
of oil/water (O/W) emulsions. Moreover, they contribute to preserving liquids from
oxidation, and they can be incorporated as foaming agents in beverage industries [50,51].

4. Materials and Methods
4.1. Seed Material

Quinoa seeds (Chenopodium quinoa Willd) grown in Berrechid, Morocco (2018 harvest)
were used in this experiment. Seeds of three varieties of quinoa (Puno, Titicaca, and
ICBA-Q5) were used after threshing and winnowing operations to study the effects of
several pearling durations on seed nutritional and anti-nutritional properties. Quinoa
seeds were not unisized before the pearling process, since it is not important to ensure
this additional postharvest operation as well as simulating the real conditions that will be
adopted by farmers.

4.2. Quinoa Pearling Machine Design

The pearling machine used in the experiment was locally manufactured by Benrim
farm (Figure 10). It is equipped with two motors. The first one is designed to turn a
drum with a rotation speed of 750 rpm. The second one is more powerful (3000 rpm) and
designed to extract the fine dust produced during the pearling process. The rotating drum
is made of an 80 cm long perforated inox steel and has six baffles distributed throughout
the drum.

Figure 10. Design of the quinoa pearling machine used in the present experiment.
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4.3. Pearling Treatments and Machine Operating Mode

The machine operates on a semi-industrial scale—a minimal quantity of 8 kg per
sample is required. In this trial, five pearling durations were tested (0, 2, 4, 6, 7, and 8 min)
for the three selected varieties; 0 min corresponds to raw seeds. Each combination pearling
duration x variety was repeated 3 times. For each duration, a 500 g sample was taken,
and a quantity of the seed bran recovered for each step was measured. During seed
processing, the speed of rotation and friction (seed-seed, seed-drum, and seed-baffles)
gradually increased the temperature of the seeds to 40 ◦C and decreased the moisture from
13% to 10%. After carrying out the pearling process, we collected 99 samples, including
45 processed quinoa samples, 45 seed bran samples, and 9 samples of the untreated raw
seeds of the three tested varieties.

4.4. Physical Analysis

A precision electronic balance (reading to 0.001 g) was used to determine the 1000 SW
by weighing 100 seeds in triplicate and then extrapolating this weight to get 1000 SW [52].
Pictures of seeds were taken using optical microscopy Nikon Eclipse Lv100nd.

4.5. Chemical Analysis

After processing, quinoa samples were ground to a fine powder using FOSS CT
293 Cyclotec grinder with a range of screens of 0.3 mm.

The moisture content was measured by drying 100 g of the sample at 105 ◦C for 48 h
according to ICC Standard 110/1. The protein, fat, and ash contents were determined
according to AOAC procedures [53].

For the evaluation of protein content, a macro-Kjeldahl method (N × 6.25) was used.
The fat content was determined by Soxhlet method, using hexane solvent for the extraction
for 4 h [54].

The ash content was determined according to the AOAC 923.03 standard. Micro-
nutrients were determined after sample mineralization. Representative samples (0.25 g)
were digested with 7.5 mL of nitric acid (HNO3) in a DigiPrep system for two hours at
100 ◦C. After digestion, the solutions were filtered through 45 µm filters, and the filtrates
were diluted to 50 mL with deionized water and acidified (2% HNO3) in order to undergo
the analysis by ICP-OES using Agilent technologies 5110 ICP-OES [10].

All measurements were performed in triplicate.

4.6. Saponin Determination by Liebermann–Buchard Colorimetric Assay

The protocol allows the determination of triterpene saponins from quinoa seeds. The
principle of the assay is based on the reaction between the Liebermann–Burchard (LB)
reagent and the triterpene molecules by developing a color [55].

4.6.1. Determining the Wavelength for the Dosage

A series of absorbance readings were taken in different wavelengths to get the wave-
length corresponding to the maximum absorbance. We found that the maximal absorbance
corresponds to 528 nm.

4.6.2. Dilutions for Range Preparation

According to Table 3, a series of standard solutions (0.2, 0.3, 0.5, and 0.8 mL) were taken,
and the mixed solutions were prepared by the method described above for measuring
absorbance values.
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Table 3. Dilution series for the standard curve determination.

0.8 mg/mL Fd =
V f
Vi =

1( mg
ml )

0.8( mg
ml )

= 1, 3
1 mL of the stock solution

and 0.3 mL of ethanol.
1 mL of the diluted
solution is taken.

0.5 mg/mL Fd =
V f
Vi =

1( mg
ml )

0.5( mg
ml )

= 2
0.5 mL of the stock solution

and 0.5 mL of ethanol.
1 mL of the diluted
solution is taken.

0.3 mg/mL Fd =
V f
Vi =

1( mg
ml )

0.3( mg
ml )

= 3.3
0.3 mL of the stock solution

and 0.7 mL of ethanol.
1 mL of the diluted
solution is taken.

0.2 mg/mL Fd =
V f
Vi =

1( mg
ml )

0.2( mg
ml )

= 5
0.5 of the stock solution
and 4.5 mL of ethanol.

1 mL of the diluted
solution is taken.

4.6.3. Saponin Extraction

Five grams of the defatted quinoa powder (Soxhlet extraction by using hexane solvent
for 4 h and repeated three times) was taken in 50 mL of ethanol. The mixture was then
shaken vigorously for 30 min to extract total saponins. Then, the mixture was filtered using
a filter paper (Fironi standard—Plisse). The filtrate was collected and topped up to 50 mL
with ethanol.

4.6.4. Development of the color

The saponin content determination was carried out according to the method applied
by Irigoyen et al. [55], by adding 1 mL of the diluted solution to 3.5 mL of the Lieberman-
Buchard reagent (16.7% acetic anhydride in concentrated sulfuric acid). The solution was
vortexed and stored in the dark for 30 min at room temperature. The absorbance of the
solution was measured at 528 nm in a spectrophotometer (Agilent 8453 Spectrophotometer,
Los Angeles, CA, USA). Figure 11 shows the development of the color for each dilution.

Figure 11. Different concentrations of the colored solutions.

4.6.5. Calibration Curve Preparation

Regarding the preparation of the stock solution of the standard, oleanolic acid (97%)
(Sigma-Aldrich, St. Louis, MO, USA) was used as the pure standard for triterpene saponin;
10 mg of OA was dissolved in 10 mL of pure ethanol to obtain a stock solution concentration
of 1 mg/mL [56].

The range of absorbance obtained after dilutions was between 0.2 and 1 mg/mL
which corresponds to an absorption of 0.246 to 1.055 (Figure 12). Beer–Lambert’s law is
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applicable in the straight part of the trace, and the range of linearity is between 0.2 and
0.8 absorbance units.

Figure 12. Calibration curve of oleanolic acid at 528 nm.

From the calibration curve, X is calculated as the following:

x
(mg

ml

)
=

y − 0.0789
1.0627

(1)

The concentration of saponins is calculated according to the following equation:

Concentration
(

g
100g

DM
)
=

x
(mg

ml
)
× VD × 10−3 × 100 × 100

(1 + x(Fat))× Sample weight (g)× (100 − Moisture)
(2)

4.7. Statistical Analysis

Statistical analysis was carried out using R version 3.6.2 software. A two-way analysis
of variance (ANOVA) was used to assess the effects of the pearling process on each variety
(physical and chemical parameters). The level of significance was set to p < 0.05.

Pearson’s correlation coefficient was evaluated according to the linear correlations
between any two parameters. If the obtained coefficient was −1 or +1, there was a perfect
negative or positive linear relationship, respectively. The value of 0 denotes no correlation
between the two variables. Generally, a correlation could be statistically significant at a
95% confidence interval (p < 0.05).

Principal component analysis (PCA) was used to investigate the potential correlation
matrix between all the measured parameters and the pearling time, as well as the data
groupings after the pearling treatment.

5. Conclusions and Recommendations

One of the limiting factors facing quinoa valorization and consumption in Morocco
and other countries is the seed content of saponin. Furthermore, traditional ways of
removing saponins using manual abrasion and washing require intensive labor and thus
increase production costs. Therefore, developing mechanical dry pearling tools for saponin
removal will solve two interlinked challenges—reducing the processing costs and saving
water, thereby increasing farmer’s income.

In our study, we tested three quinoa varieties grown in Morocco and polished with a
locally manufactured machine. As most cleaning and saponin removal is done under wet
or humid methods, our method by dry abrasion had advantageous results, which can be
beneficial for farmers and processors.
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The findings of this study clearly indicate that two-minute pearling was enough to
remove saponins and keep their concentration below the consumption threshold, while at
the same time preserving both physical and nutritional quality of the seeds. This study
highlights the potentialities of the locally manufactured machine to be used in other regions
in Morocco or in other countries, especially as it is a low-cost tool and could be easily
operated by smallholder farmers.
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Abstract: The nutraceutical interest in quinoa (Chenopodium quinoa Willd.) seeds is associated
with the presence of macronutrients, micronutrients, minerals, vitamins, and polyphenols. In
particular, polyphenols contribute to the health-promoting effects of this food crop, and their levels
are influenced by environmental conditions. Production of quinoa is recently being explored in
temperate climate areas, including Italy. The aim of this research was to assess the profile of bioactive
compounds in seeds of two quinoa varieties, Regalona-Baer and Titicaca, grown in northern Italy,
compared to that of seeds of those varieties grown in Chile and Denmark, respectively. High-
performance liquid chromatography-diode array detector (HPLC-DAD) analysis of phenolic acid and
flavonoid profiles, both in their free and soluble conjugated forms, showed that the main differences
between Regalona grown in Chile and Italy were for the free vanillic acid and daidzein contents, while
the two Titicaca samples mainly differed in quercetin derivative levels. The total phenolic index was
comparable in Titicaca and Regalona, and only a slight decrease in this parameter was found in seeds
of the two varieties grown in Italy. The in vitro antioxidant activity of seed extracts, evaluated by
means of three different assays, indicated that it correlated with flavonol (quercetin derivative) levels.
In conclusion, the results indicate that, although environmental conditions alter the polyphenolic
profile and biological activities, it is possible to grow good-quality quinoa in northern Italy.

Keywords: antioxidant activity; Chenopodium quinoa; conjugated phenolics; flavonoids; phenolic
acids; nutraceutical properties

1. Introduction

Quinoa (Chenopodium quinoa Willd.) seeds have an excellent nutritional profile [1,2],
due to their remarkably high protein content, well-balanced content of essential amino
acids comparable, in terms of quality, to that of casein [3], and the presence of dietary fiber,
vitamins, and unsaturated fatty acids, e.g., linoleic and α-linolenic acids [2–6]. Quinoa
seeds are considered an excellent example of a “functional food”, able to exert health-
promoting effects also due to the presence of secondary metabolites [6]. These include
phenolic acids and flavonoids [7], as well as terpenoids, steroids, and large amounts of
α- and γ-tocopherol, which are known antioxidants [8]. For some of these specialized
metabolites, a clear role in preventing various human diseases, such as neurological and
other chronic disorders, has been recognized, as a result of their effects on cell signalling
and metabolism [6,9,10].
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Quinoa cultivation remained, for a long time, exclusive to Andean populations, es-
pecially from Bolivia and Peru [11], and, to a lesser extent, from Chile and Ecuador. The
wide genetic diversity of this species, resulting from its fragmented and localized cultiva-
tion over the centuries in the Andean region, together with its high tolerance to extreme
environmental conditions and abiotic stresses [12,13], has led to the differentiation of five
major ecotypes, based on their ability to adapt to specific agroecological conditions [11].
Nevertheless, in recent decades, with the boom in demand for “superfoods”, the interest in
this ancient Andean halophytic seed-producing crop has become global, and its cultivation
has been growing accordingly. In less than twenty years, the global demand for quinoa
grew to such an extent that it led to the triplication of the Andean areas dedicated to its cul-
tivation [14]. Moreover, the adaptability and stress tolerance of this plant is being exploited
to establish cultivations outside the Andean territories [11,15]. As a consequence, the num-
ber of countries growing quinoa has rapidly risen starting from the 1980s, and, nowadays,
more than 95 countries are cultivating or testing quinoa as a crop [16]. In the early 1990s,
quinoa began to be cultivated in Europe, and the crop has been successfully tested in
several Mediterranean countries, such as Greece, Morocco, Spain, and Italy [17–20].

The main concern about the introduction of this crop was related to its high sensitiv-
ity to photoperiods during the reproductive phase [21]. The best results were achieved
with the sea level/coastal ecotype from central and southern Chile, since it is the best
adapted to temperate environments. Using these Chilean quinoa lines, a new variety,
called Titicaca, was bred in Denmark [22]. Titicaca is one of four European quinoa cultivars
(with Puno, Jessie, and Zeno) originating from different gene pools and already tested
in various countries, including Germany [23] and Italy, where several field trials have
been carried out at different latitudes to test the adaptability of the crop to varying envi-
ronments [21,23,24]. Pulvento et al. [25] reported good plant performance and tolerance
to high temperatures and water deficit, typical conditions of southern Italy, for cultivars
Regalona-Baer and Titicaca.

Several studies point to the importance of environmental and/or agronomical factors
in affecting the nutritional properties of quinoa. For example, Reguera et al. [26] showed
that amino acid profiles, total protein content, mineral composition, and phytate content
varied in seeds of three cultivars (Salcedo-INIA, Titicaca, Regalona) grown in three different
countries (Spain, Peru, and Chile). However, the impact of agroecological conditions and
crop management techniques on quinoa seed quality in terms of functional bioactive com-
pounds (e.g., phenolics) has been little explored. Miranda et al. [27] reported that seeds of
several quinoa genotypes grown in different geographical locations in Chile contained vari-
able amounts of phenolics and flavonoids. Considering that these secondary metabolites
are plastically produced in plant tissues as an acclimation response to environmental cues,
their concentrations in plant tissues are the combined result of several factors, including
genetic components, environmental conditions, and the complex interplay between the
two [28–30]. In the present work, we checked this hypothesis by analysing the phenolic
profiles of quinoa seeds of the same variety from different agroecological environments and
verified if the antioxidant activity (AA) of seed extracts likewise changed. Such analyses are
useful to identify the environmental conditions that modulate the health-promoting char-
acteristics of quinoa seeds. To this purpose, we evaluated the composition in bioactive free
and soluble-conjugated phenolic acids and flavonoids and the AA of seeds of two quinoa
varieties, the Chilean Regalona-Baer and the Danish-bred Titicaca, grown in northern Italy
and compared them with those of seeds of the same varieties grown in Chile and Denmark.
The present results could help to establish the best conditions (genotype/geographical
cultivation zone) leading to seed enrichment in functional compounds and to reinforce the
notion that good-quality quinoa can be grown in Italy.
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2. Results and Discussion
2.1. Free and Soluble-Conjugated Total Phenolic Content (TPC) and Total Flavonoid Content
(TFC) in Quinoa Seed Extracts

Phenolic acids and flavonoids in seed extracts were quantified by analysing the free
and soluble-conjugated forms (and not the insoluble ones) because they represent the
fractions of dietary phenolic compounds that are more rapidly absorbed by the stomach
and small intestine and for which important health benefits have been reported [31].

Total phenolic content (TPC) and total flavonoid content (TFC) were evaluated in
extracts of the four seed samples enriched in the solvent-extractable (free; F) and in both
the acid-hydrolysed (AH) and base-hydrolysed (BH) soluble-conjugated forms (Figure 1).
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As concerns TPC (Figure 1A), AH was the richest fraction, with levels reaching
1.7–1.8 mg GAE/g DW of seed powder, followed by the BH fraction (0.6–0.8 mg GAE/g
DW), while much lower levels were observed in the free form (0.2–0.3 mg/g DW). In
both the F and BH fractions, no significant differences in TPC were observed between RI,
RC, TI, and TD. By contrast, the Danish-grown Titicaca seeds (TD) had about twice the
concentration of AH soluble-conjugated phenolics as compared with the same cultivar
grown in Italy. As regards Regalona, the TPC in this fraction (AH) was very similar
in both Chilean- and Italian-grown seeds, and not significantly different from that of
TD (Figure 1A). This suggests that the conjugated form of soluble phenolics is mainly
linked through ether bonds, such as the glycosidic one, which is acid hydrolysable. The
distribution of TPC into the three fractions in the quinoa seeds analysed here is in line
with that reported by Tang et al. [32] in a white seed quinoa, but not with that by Gómez-
Caravaca et al. [33] for genotypes Kancholla and Witulla. These authors reported that most
phenolic compounds present in their seed extracts were in the free form, but it should be
underlined that these authors used a different analytical method, i.e., HPLC-DAD-ESI-TOF-
MS, which could explain the discrepancies. Although Repo-Carrasco-Valencia et al. [7]
observed a huge variation in the proportion of soluble (free and conjugated) phenolics
(ranging from 7 to 61%), among the ten genotypes taken into consideration, we did not
observe large differences in the total amounts of soluble phenolics between the two T and R
varieties. It should be pointed out that the TPC in the AH fraction might be overestimated,
since several authors [32,34] indicated that, under acid hydrolysis, the degradation of free
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sugars can give rise to furan derivatives, which react with the Folin–Ciocalteu’s reagent.
Thus, the distribution of phenolic compounds between the free and AH conjugated forms,
resulting from the TPC determination, only provides a rough estimate, which must be
confirmed through more specific analytical techniques.

As concerns TFC, both the relative distribution in the three forms and the pattern
within each fraction were similar to those of TPC; the conjugated forms were more abundant
than the free ones, even though, in this case, the levels of AH and BH soluble flavonoids
were comparable (Figure 1B). In plants, it is known that flavonoids are mostly conjugated to
various types of molecules. The abundance of flavonoids in both the AH and BH fractions
indicates that these were linked via both ether and ester bonds; in the former category,
glycosides represent the most widespread form, while the latter suggest their linkage
to organic acids and proteins, as demonstrated by Koistinen et al. [35]. As concerns the
comparison among samples, the pattern of TFC in the free and AH fractions was very
similar to that of TPC, with AH forms again higher in TD than in TI. Danish-grown Titicaca
showed the highest TFC in the BH fraction, while no differences were found between the
other three samples (Figure 1B). Based on these results, both genotype and environmental
conditions seem to exert their effect mainly on the conjugated form of phenolics, leaving
the free form almost unchanged. Moreover, they indicate that TI had the lowest level of
phenolics conjugated through ether linkages.

2.2. Chromatographic Analysis of Free and Soluble-Conjugated Phenolic Compounds in Quinoa
Seed Extracts

The three fractions were subjected to high-performance liquid chromatography-
diode array detector (HPLC-DAD) analysis to identify and quantify single phenolic com-
pounds. These include phenolic acids (both hydroxycinnamic and dihydroxybenzoic acids),
flavonols, flavan-3-ols, and isoflavones (Figure 2).
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Figure 2. Chromatogram of HPLC-DAD separation of (A) standard phenolic acids and flavonoids, and (B) representative
chromatographic profiles of free (upper line), base-hydrolysed (middle line), and acid-hydrolysed (bottom line) fractions of
one seed extract (TI).

In the free fraction, vanillic and ferulic acids were the major hydroxycinnamic acids
detected in all samples, the former being about 10-fold more concentrated than the latter
(Figure 3). Seed extracts of Chilean Regalona had a vanillic acid content about twice that of
the same genotype grown in Italy, and of both TD and TI, whose concentrations were very
similar. As for ferulic acid levels, no differences were observed between the two cultivars,
no matter where they were grown (Figure 3).
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Figure 3. Free phenolic acid and flavonoid concentrations in quinoa seed extracts. RI: Regalona grown in Italy; RC: Rega‐
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The prevalence of vanillic acid as the main representative of the phenolic acid class
in the free form is in line with the results of Tang et al. [32] in a white seed quinoa, even
though significant variations in the relative amounts of single phenolic acids in different
quinoa genotypes and varieties were also reported by Repo-Carrasco-Valencia et al. [7].
Nevertheless, a comparison with the results from these authors is not easy, since they
reported the soluble phenolic acid content without distinguishing between the free and the
soluble-conjugated fraction.

As concerns flavonoids, epicatechin, quercetin, and kaempferol derivatives (quercetin-
3-O-rutinoside, quercetin-3-O-glucoside, kaempferol-3-O-glucoside, and kaempferol-3-O-
rutinoside) and the isoflavones daidzein and genistein were detected in the free fraction
(Figure 3). Significant differences among samples were observed only in some cases. In
particular, TD seeds showed higher levels of quercetin-3-O-glucoside and quercetin-3-
O-rutinoside compared to seeds of the same cultivar grown in Italy (two- and four-fold,
respectively), and compared to both Regalona extracts. In Regalona seeds, a higher level of
these two quercetin derivatives was found in Italian samples as compared to Chilean ones.
Conversely, the latter showed the highest daidzein levels among all samples, and no differ-
ences in this isoflavone were found among other seeds. All seed extracts contained very
low amounts of kaempferol derivatives, whose differences were of no biological relevance,
nor were any differences observed as concerns genistein and epicatechin (Figure 3). Thus,
the agroclimatic conditions in which the Chilean Regalona seeds were produced seem
to be particularly favourable for the accumulation of daidzein since, in this sample, the
highest daidzein/genistein ratio (=6) was found. This value is very close to that observed
by Lutz et al. [36] in some commercial quinoa seeds and suggests that, under certain
environmental conditions, a seed with a good phytoestrogen-like activity can be obtained.

In the AH conjugated fraction, p-coumaric and ferulic acids did not vary considerably
among samples (Figure 4). The ferulic acid concentration was very similar to that found
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in the free fraction, while p-coumaric acid was not detected in the free form. As concerns
flavonoids, the aglycones quercetin and kaempferol were found as the main representatives,
and TD was confirmed to be the richest in these flavonols (about three-fold higher than in
TI), while no differences were detected between the two Regalona samples (Figure 4).
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Figure 4. Phenolic acid and flavonoid concentrations in the acid-hydrolysable soluble-conjugated fraction of quinoa seed
extracts. RI: Regalona grown in Italy; RC: Regalona grown in Chile; TI: Titicaca grown in Italy; TD: Titicaca grown in
Denmark. Data are the means± standard error of two independent determinations with three biological replicates. Different
letters within the same parameter indicate statistically significant differences at p ≤ 0.05.

Phenolic acids and flavonoids were also detected in the BH soluble conjugated fraction.
Both p-coumaric and ferulic acids were present, and the latter was detected at higher levels
than in the AH fraction (Figure 5).

Vanillic acid was present at similar levels to those of the free fraction, while conjugated
ferulic acid was over ten-fold more concentrated than in the free form. Thus, the results
indicate that a relevant portion of these polyphenols is conjugated through ester bonds
with soluble cellular components, such as short peptides and/or low-molecular weight
oligosaccharides. It is known that ferulic and p-coumaric acids are covalently bound to
mixed-linkage (1→3, 1→4)-β-D-glucans and to hemicelluloses, forming the soluble dietary
fiber [37]. Being a dicot species, quinoa cell walls contain mainly xyloglucans in their
matrix. The extractability of hemicelluloses during the preparation of crude seed extracts
using sonication has been demonstrated [38] as well as the binding of ferulic acid to short-
chain hemicelluloses [39]. Thus, the crude extracts used in this study probably contain
soluble feruloylated and/or coumaroylated xylo-oligosaccharides, which could explain
the presence of high levels of aglycone components in our BH fraction. Several health-
promoting activities have been reported for these short-chain feruloylated oligosaccharides,
including an immunomodulatory effect [40]. As concerns the comparison among samples,
the results indicate that concentrations of vanillic and p-coumaric acids did not differ
significantly between Regalona and Titicaca, no matter where they were grown, while for
ferulic acid, a 55% higher concentration was found in RC compared to seeds of the same
genotype grown in Italy; no differences were found between it and TD or TI seeds.
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Figure 5. Phenolic acid and flavonoid concentrations in the base-hydrolysed solubleconjugated fraction of quinoa seed
extracts. RI: Regalona grown in Italy; RC: Regalona grown in Chile; TI: Titicaca grown in Italy; TD: Titicaca grown in
Denmark. Data are the means± standard error of two independent determinations with three biological replicates. Different
letters within the same parameter indicate statistically significant differences at p ≤ 0.05.

Quercetin-3-O-rutinoside (or rutin) and kaempferol-3-O-glucoside were identified
as the main flavonols in the BH fraction. As regards the former, the pattern was similar
to those in the free and AH conjugated fractions, with DT being richer than the Italian-
grown counterpart, while RI had a slightly, but significantly, higher rutin content than
RC; no differences were observed for kaempferol-3-O-glucoside among the four samples
(Figure 4).

Some authors have investigated the phenolic composition of different quinoa vari-
eties, and phenolic acids and flavonoids were reported to exist both in their aglycone and
glycosidic forms [32,41,42]. On average, the concentrations of these compounds found in
our work were similar to those found by other authors [41,43], but lower compared to other
reports [33]. These discrepancies are not surprising, since several parameters were demon-
strated to have a great impact on the extraction efficiency of these metabolites from plant
material, such as sampling, solvent-to-solid ratio used for extraction, duration of extraction,
and sonication treatment applied, among others [44]. The use of more advanced separative
techniques, such as the HPLC-DAD-ESI-TOF-MS utilized by Gómez-Caravaca et al. [33],
allowed these authors to identify more compounds, which are not detectable with other
techniques, and this can also explain the differences.

Hirose et al. [45] reported that quinoa and buckwheat contain several quercetin and
kaempferol derivatives, which are not present in any of the widely consumed cereals. They
also compared the flavonoid pattern and in vitro antioxidant capacity of seeds cultivated
in Japan with those of seeds from Bolivia and Peru. Results indicated that the major
differences between the two groups of seeds were found for quercetin and kaempferol
derivatives, which were significantly higher in Japanese-grown seeds compared to South
American ones, and this was accompanied by a significantly higher antioxidant capacity.
Seasonal variations in the pattern of flavonol glycosides observed by these authors allowed
them to hypothesize that sunlight was the factor that mostly influenced the accumulation of
quercetin glycosides [45]. Thus, it is possible that variations in quercetin and its derivatives
between Titicaca and Regalona grown at different latitudes may be due to differences in
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day length and light quality/intensity. Even though the effect of latitude on flavonoid
accumulation has yet to be fully clarified, due to the complexity of latitude itself as a
parameter to be investigated [29], many studies have concluded that northern climates
may have a positive impact on the biosynthesis of flavonoids in plants, although there
are variations in the response among species and within individual flavonoid groups.
Flavonols, especially moieties of quercetin or kaempferol, have been reported to accumulate
in response to increased UV-B radiation [46], which typically characterizes the higher
latitudes in the Northern Hemisphere. The prominent role for this subclass of flavonoids in
regulating plant–environment interactions has been demonstrated, particularly as concerns
the acclimation of plants to different light exposures [47]. In general, flavonoids may play
prominent roles as scavengers of reactive oxygen species (ROS) generated by adverse
conditions [48,49], and quercetin derivatives, due to their chemical characteristics, are
particularly efficient in buffering alterations in ROS homeostasis [28]. Moreover, several
reports indicate that they strongly affect phytohormone (auxin and ABA) signalling, due
to their ability to affect the activity of a wide range of proteins [50,51]. Thus, the higher
accumulation of quercetin derivatives in Titicaca seeds grown in Denmark compared to
seeds of the same cultivar grown in Italy and to both Regalona samples might be the result
of an acclimation mechanism to long light exposures, typical of the higher latitudes. The
bioavailability and therapeutic potentials of quercetin and its derivatives in plant-based
foods have been extensively investigated [52], and several studies demonstrated that they
play relevant roles both in the prevention and treatment of chronic diseases, including
cardiovascular and neurodegenerative ones and some types of cancer [53–55]. Thus, the
enrichment of quinoa seeds in flavonol derivatives could represent an added value able to
reinforce the well-known nutraceutical properties of this plant.

2.3. Antioxidant Activity of Quinoa Seed Extracts

The AA of the three fractions of Regalona and Titicaca seed extracts was evaluated
using three different in vitro assays, i.e., FRAP, TEAC, and ORAC (Figure 6).
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The results obtained by the TEAC and ORAC assays univocally show that the frac-
tions enriched in soluble-conjugated phenolic acids and flavonoids possess a higher
AA compared to the free fraction (Figure 6A,B). FRAP provided the same results (data
not shown). Although this may derive, at least in part, from the above-cited overes-
timation due to the formation of 5-hydroxymethyl-2-furfural, which displays AA [34],
it has been widely demonstrated that soluble-conjugated polyphenols and/or feruloy-
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lated/coumaroylated short oligosaccharides are able to greatly contribute to the antioxi-
dant capacity of grains [56,57]. As concerns the comparison among samples, the results
obtained with the TEAC/FRAP and ORAC assays are slightly different. For all fractions
(free, AH, BH), the former assay (Figure 6A; FRAP data not shown) revealed that TD had a
slightly, but significantly, higher AA compared to TI and to both Regalona extracts, which,
conversely, did not differ from each other. According to ORAC, no differences among
samples were observed in the free fraction, while for the AH one, TD was confirmed to
have the highest AA; no differences were found between the two Regalona samples grown
in Chile and in Italy (Figure 6B). In the BH fraction, a statistically significant difference
emerged between the Italian-grown Regalona and both RC and TD, even though the bi-
ological relevance of this difference is questionable. Thus, it can be concluded that the
higher amount of flavonol derivatives in Danish-grown Titicaca might contribute to the
higher antioxidant activity, given the strong redox capacity associated to this subgroup
of flavonoids.

For an overall comparison among samples, the total phenolic index (TPI) and the total
antioxidant index (TAI) were calculated as the sum of the individual phenolic compounds
and AA, respectively, detected in all fractions.

As shown in Figure 7A, despite a different distribution between the free and soluble
conjugated forms, the results clearly indicate that the Chilean Regalona and the Danish
Titicaca show a very similar TPI, while seeds of these cultivars grown in Italy respond to
the different climatic/environmental conditions with a 20% lower accumulation of the
main phenolic compounds compared to their counterparts. The results of the two-way
ANOVA indicate that the area of cultivation significantly contributed to the variance of
TPI (78%, p = 0.005), while neither the genotypes nor their interaction had a significant
impact on the variation (p = 0.13 and 0.56, respectively). As for the TAI resulting from the
ORAC assay (Figure 7B), it was only slightly lower (15%) in RI compared to RC, while a
greater difference (40%) was observed between TD and TI; similar results were found for
the TEAC assay (data not shown). These results confirm that the total antioxidant activity
only weakly correlates with the TPI, as it is more tightly related to the specific composition
in antioxidants; in fact, single compounds or classes of compounds can provide a greater
contribution compared to others. The two-way ANOVA indicated that the total antioxidant
index did not vary significantly depending on genotype (p = 0.61), while the cultivation
area, as well as its interaction with genotype, provided a significant contribution (p < 0.0001
and p = 0.0031, respectively).
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In conclusion, the present results suggest that, both in terms of phenolic profiles
and AA, genotype-dependent differences are not very relevant as far as Titicaca and
Regalona are concerned, both of which are adapted to temperate climates, belong to the
coastal ecotype, and were bred from gene pools originating from southern/central Chile.
The results also indicate that agroecological conditions can, to some extent, alter these
phytochemical profiles and the biological activities; in particular, light/UV-B intensity may
have contributed to higher flavonol levels in seeds from Denmark [58,59]. Nonetheless,
the changes are quite small and corroborate previous data [25], demonstrating that both
Titicaca and Regalona can be successfully cultivated in Italy, where they maintain good
growth, productivity, and nutritional properties.

3. Materials and Methods
3.1. Chemicals and Reagents

The following chemicals and reagents were purchased from Sigma-Aldrich Italia
(Milan, Italy): Folin–Ciocalteu’s phenol reagent, 6-hydroxyl-2,5,7,8-tetramethyl-chroman-2-
carboxylic acid (Trolox), 2,2-azinobis (3-ethylbenzothiazoline-6-sulfonic acid; ABTS), AlCl3,
NaNO2, FeCl2, FeCl3, FerroZine®, fluorescein, 2,2-azobis(2-amidinopropane) dihydrochlo-
ride (AAPH), phosphoric acid (85–87%, w/w), hydrochloric acid (37%, w/w), monobasic
sodium phosphate (>98%), sodium hydroxide beads (>98%), and HPLC-grade solvents.
Pure standards of phenolic acids (4-hydroxybenzoic, gallic, caffeic, chlorogenic, ferulic,
p-coumaric, sinapic, syringic, trans-cinnamic, and vanillic acids) and flavonoids (quercetin,
quercetin-3-O-glucoside, quercetin-3-O-rutinoside, quercetin-3-O-galactoside, kaempferol,
kaempferol-3-O-rutinoside, catechin, epicatechin, daidzein, and genistein) were purchased
from Extrasynthese (Genay Cedex, France). The IUPAC names for these compounds are
indicated in Table S1. All standards (>99.5% purity in powder form) were prepared as
stock solutions at 1 mg/mL in methanol and stored in the dark at −18 ◦C for less than
three months.

3.2. Plant Material and Extraction Procedure

Seeds of quinoa cultivars Regalona-Baer (opaque white) and Titicaca (pale yellow)
harvested in 2017 were used. Seeds of cv. Regalona collected from plants grown in Italy
(RI) were purchased from Dall’Ara & Lolli farm (Campiano, Ravenna, Italy; 44◦18′10′′ N,
12◦12′07′′ E; mean annual temperature 14.4 ◦C, max 19.0 ◦C, min 8.3 ◦C; total annual
precipitation 646.0 mm), while seeds of the same cultivar grown in Chile (RC) were pur-
chased from the seed company Semillas Baer (Temuco, Chile; 38◦44′23′′ S, 72◦36′00′′ W;
mean annual temperature 10.9 ◦C, max 17.3 ◦C, min 5.9 ◦C; total annual precipitation
1355.2 mm). Seeds of quinoa cv. Titicaca grown in Italy (TI) were kindly supplied by
D. Vanuzzi (Tuttoquinoa) and collected from plants grown in Sale (Alessandria, Italy;
44◦58′54′′ N, 8◦48′37′′ E; mean annual temperature 13.5 ◦C, max 18.6 ◦C, min 8.5 ◦C; total
annual precipitation 501.5 mm), while Titicaca seeds from plants grown in Denmark (TD)
were kindly supplied by S. Jacobsen (Copenhagen, Denmark; 55◦38′46′′ N, 12◦17′53′′ E;
mean annual temperature 8.9 ◦C, max 19.2 ◦C, min −3.4 ◦C; total annual precipitation
848.8 mm).

The extractions were performed in triplicate, following the procedure described by
Tang et al. [32], with slight modifications. Seeds were ground in a knife mill for 4 × 30 s
(A11 basic, IKA Werke GmbH & Co. KG, Staufen, Germany) and in a mortar to obtain
a fine and homogeneous powder. The seed powder was then subjected to the “coning
and quartering” sampling procedure, and three technical replicates were carried out. A
3-g aliquot of fine powdered sample was transferred in a 50-mL tube, mixed with 10 mL
of 70% MeOH acidified with HCl (0.1%, v/v), and kept on an orbital shaker (Duomax
1030, Heidolph Instruments, Schwalbach, Germany) at 200 rpm for 3 h at RT; after a
15-min ultrasound extraction (Elma Schmidbauer GmbH, Singen, Germany), the mixture
was centrifuged for 30 min at 4000 rpm, and the supernatant, containing all extractable
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compounds, was collected. The procedure was repeated twice, and supernatants were
combined to form the crude extract (CE).

Preparation of Free (F), Base-Hydrolysed (BH), and Acid-Hydrolysed (AH) Soluble Fractions

To obtain the free (F) fraction, the CE was evaporated to dryness, re-suspended with
2 mL of acidified water (pH = 2), and subsequently extracted with 2 mL of a diethyl
ether/ethyl acetate mixture (1:1, v/v) three times. The organic phases were merged,
evaporated to dryness, re-suspended in 2 mL of 70% MeOH, filtered through 0.2-µm nylon
syringe filters, and stored at −80 ◦C until analysis.

The aqueous phases were also pooled and subjected to base and acid hydrolyses to
obtain the base-hydrolysed (BH) and acid-hydrolysed (AH) fractions, respectively. A 2-mL
volume of 10 N NaOH was added to 8 mL of aqueous phase, and the mixture was stirred
for 1 h under N2 flow and brought to pH 2 with concentrated HCl. The resulting solution
was then subjected to the extraction with diethyl ether/ethyl acetate mixture as previously
described. The combined organic phases were evaporated to dryness, re-suspended with
2 mL of 70% MeOH, filtered through 0.2-µm nylon syringe filters, and stored at −80 ◦C
until analysis.

The same volume of the aqueous phase was subjected to acid hydrolysis, by adding
1.6 mL of 12 N HCl, and the mixture was stirred for 1 h at 85 ◦C in a water bath. The
resulting solution was extracted three times as previously described, and the combined
organic phases were evaporated to dryness, re-suspended with 2 mL of 70% MeOH, filtered
through 0.2-µm nylon syringe filters, and stored at −80 ◦C until analysis.

3.3. Determination of Total Phenolic Content and Total Flavonoid Content

The total phenolic content (TPC) assay was carried out using the Folin–Ciocalteu
reagent according to the procedure described by Singleton and Rossi [60], with modifi-
cations. A mixture containing 100 µL of diluted extract fractions or standard and 440 µL
of Folin–Ciocalteu’s reagent (diluted 1:10 with water) was incubated for 10 min at RT.
Then, 440 µL of 7.5% sodium carbonate was added and the mixture was incubated in the
dark for 60 min at RT. Gallic acid was used as a standard, and a calibration curve was
built, in the 1–25 ppm range. Absorbance was measured at 765 nm using a double-beam
spectrophotometer (V-630 Jasco, Jasco Europe s.r.l., Cremella, Italy) and used to calculate
TPC, expressed as mg gallic acid equivalents (GAE) g−1 DW of seed powder.

The total flavonoid content (TFC) assay was carried out according to the procedure
described by Zou et al. [61], with modifications. A mixture containing 100 µL of diluted
extract fractions or standard and 440 µL of 0.066 M NaNO2 was left to react for 5 min at
RT. Then, 60 µL of 0.75 M AlCl3 was added, and the mixture was incubated for 5 min.
Lastly, 400 mL of 0.5 M NaOH was added, and the mixture was incubated for 6 min at
RT. The absorbance was measured at 510 nm, and the TPC of samples was calculated by
interpolating with the calibration curve built with catechin as a standard, in the 1–25 ppm
concentration range. Results are expressed as mg catechin equivalents (CE) g−1 DW of
seed powder.

3.4. HPLC Determination of Phenolic Compounds

The chromatographic method was adapted from Tang et al. [32], with some modifica-
tions. The extracts were injected into a Jasco (Tokyo, Japan) HPLC-DAD system, which
consisted of a PU-4180 pump, an MD-4015 PDA detector, and an AS-4050 autosampler. The
stationary phase was an Agilent (Santa Clara, CA, USA) Zorbax Eclipse Plus C18 reverse-
phase column (100 × 3 mm I.D., 3.5 µm). The mobile phase was a mixture of solvent A
(water/formic acid 95/5, v/v) and solvent B (methanol/acetonitrile 95/5, v/v), with a
composition gradient ranging from 95% to 5% of solvent A and flowing at 0.7 mL/min.
Injection volume was 20 µL for all determinations, and analyte detection was carried out
with a diode array detector (DAD) by monitoring at 280, 329, and 360 nm. Quantification
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was performed with pure standards using calibration curves ranging between 1.25 and
30 µg mL−1 (r2 ≥ 0.9634).

3.5. In Vitro Antioxidant Activity Assays

The ABTS assay was carried out essentially as described by Thaipong et al. [62]. After
incubating 950 µL of 7.4 mM 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
in methanol with either 50 µL of methanolic Trolox solution at different concentrations
(0.05–1.00 mM), methanol (blank solution), or the diluted sample in the dark at RT for
2 h, the absorbance of the solution was read at 734 nm in the V630 spectrophotometer.
Calibration curves were set up by plotting the discoloration ratio (i.e., [Abs without TX/Abs
with TX] − 1) as a function of Trolox concentration. The antioxidant capacity of the sample,
expressed as Trolox equivalents (TEs), was calculated by interpolating with the calibration
curve. The oxygen radical absorbance capacity (ORAC) assay was carried out on sample
fractions essentially as described by Moore et al. [63], using a Viktor X3 multilabel plate
reader (Perkin Elmer, Turku, Finland). Trolox equivalents (TEs) were calculated from the
relative area under the curve of the emission intensity vs. time plots.

The ferric reducing antioxidant power-ferrozine (FRAP-FZ) assay was performed as
described by Mandrone et al. (2015) [64].

3.6. Statistical Analysis

Statistical analysis was performed using GraphPad (San Diego, CA, USA) Prism
Software v. 5.0. Comparison among samples was conducted through one-way analysis
of variance (ANOVA) with Tukey’s multiple comparison test, and values of p ≤ 0.05
were considered statistically significant. Two-way ANOVA was carried out to analyse the
genotype x cultivation area interaction.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/plants10061046/s1, Table S1: Common and IUPAC names of the phenolic compounds analysed
in the study.
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Abstract: Quinoa (Chenopodium quinoa Willd.) is receiving increasing attention globally due to the
high nutritional value of its seeds, and the ability of this crop to cope with stress. In the current
climate change scenario, valorization of crop byproducts is required to support a climate-smart
agriculture. Furthermore, research works characterizing and evaluating quinoa stems and their
putative uses are scarce. In this work, straw yield and composition, and the relative feed value of
five quinoa varieties, were analyzed in two consecutive years (2017–2018) under field conditions in
Southwestern Europe. High temperatures were recorded during the 2017 growing season resulting in
significantly decreased straw yield and improved feed value, associated with compositional changes
under elevated temperatures. Crude protein, ash, phosphorus, and calcium contents were higher
under high temperatures, whereas fiber contents decreased. The relative feed value was also higher
in 2017 and differed among varieties. Differences among varieties were also found in straw yield,
and contents of phosphorus, potassium, and calcium. Overall, the results presented here support a
sustainable quinoa productive system by encouraging straw valorization and shedding light on the
mechanisms underlying heat-stress responses in this crop.

Keywords: quinoa; stems; high temperatures; food security; climate smart agriculture; quinoa
by-products

1. Introduction

In the twenty-first century, climate change has become one of the most critical global
challenges, and is particularly crucial for the agricultural and livestock sectors [1–4]. This
phenomenon is associated with increments of atmospheric greenhouse gas (GHG) emis-
sions and the increase in the mean global temperature, in addition to alterations in the
precipitation regime, affecting food and feed production, and its nutritional composi-
tion [1,3,5–8]. Because these changes represent a serious threat to global food security, it
is necessary to understand how crops respond to elevated temperatures and how their
tolerance to heat stress can be improved [9]. In particular, the Mediterranean climate com-
prises the western edges of continents between latitudes of 30◦ and 45◦ [10–12]. Regions
with a Mediterranean climate are characterized by hot and dry summers, mild wet winters,
and low and irregular rainfall. Because of climate change, severe droughts, increased
temperatures, and salinity problems are predicted to be more frequent in the near future in
these areas [13].

In addition, the current rapid growth in the global population is expected to lead to a
sharp increase in demand for food in coming decades [14]. Furthermore, available land
for agriculture and water resources is increasingly scarce following soil degradation and
other land uses [4,15]. Hence, agriculture in the twenty-first century must meet increasing
food demand with fewer resources, while GHG emissions should be reduced. Within this
context, it is necessary to introduce crops with lower irrigation requirements (e.g., in South
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Europe alone, more than 60% of freshwater is used by agriculture [13]) and better adapted
to less favorable soil conditions, in addition to valorizing crop byproducts. The latter can
be achieved if these materials are first well characterized, shedding light on the effects of
climate change on the nutritional value of plants.

Quinoa (Chenopodium quinoa Willd.) is an ancient crop from South America that has
expanded globally because of the increasing interest in the nutritional composition of its
seeds. This has contributed to its selection as one of the crops destined to contribute to food
security in the next century, according to the FAO (Food and Agricultural Organization) [16].
Quinoa has also been studied for its potential use as a forage crop because of the high
nutritional value of the whole plant for livestock [17]. However, this use has been little
explored. In contrast, quinoa seeds are well known for being gluten-free, because of
their high-quality protein and because they are one of the few plant foods that contain all
nine essential amino acids, with a wider amino acid profile than cereals or legumes [18].
Quinoa is an annual C3 plant belonging to the Amaranthaceae family [19], with remarkable
adaptability to unfavorable growing conditions [20]. It is a facultative halophytic plant
species that is also tolerant to the combined effect of high temperatures and salinity [21–23],
and is considered an environmental stress-resilient crop plant [17].

Quinoa has been cultivated for thousands of years in the Andean region comprising
Peru, Bolivia, Colombia, and Ecuador although currently its cultivation has expanded
globally [6,24]. Indeed, there is a remarkable interest in growing quinoa at European
latitudes [25]. In the Mediterranean region, quinoa has been cultivated in Spain, Italy,
Greece, and Portugal. In Spain, quinoa cultivation has been expanded significantly in recent
years, particularly in the southern part of the country. Interestingly, one of the consequences
of the massive expansion of quinoa cultivation is the generation of residues composed
of quinoa plant straw, for which possible uses have been little explored [15,26]. Only
recently has the use of quinoa straw been evaluated for animal feed [15,17] or generation
of renewable energy [15,26].

Thus, in this study, aiming to further explore possible uses of quinoa crop byproducts,
and therefore contribute to the implementation of sustainable quinoa cultivation under
Mediterranean conditions, the straw production and composition of five quinoa varieties
were evaluated in a field located in Southwestern Spain, where episodes of elevated temper-
atures are frequent. Differences in straw biomass and composition were expected to occur
based on the developmental differences of the genotypes tested. Furthermore, the impact
of high temperatures under field conditions was analyzed. These results will contribute to
a better understanding of how temperature stress might influence straw production.

2. Results
2.1. Straw Yield and Biomass Partitioning

As observed in Figure 1, the straw yield varied significantly according to the year
and variety. Interaction between both factors was also significant. The mean straw yield
was significantly higher in 2018 (2.2 t ha−1) than that in 2017 (1.7 t ha−1), except for Roja
and Duquesa, which achieved lower yields in 2018. Marisma reached the highest mean
stem yield among varieties (2.8 t ha−1), and was remarkably high in 2018 (3.9 t ha−1).
Biomass partitioning was evaluated by determining the HI index, which was significantly
influenced by the variety and the year (Figure 2). The average HI in 2017 (0.49) was lower
than that in 2018 (0.53), mainly due to the 20% HI reduction achieved in 2017 by Roja (0.40)
and Duquesa (0.45). The highest average HI (0.55) was achieved by Jessie (short cycle),
whereas the lowest HI was obtained by the varieties with longer life cycles (Roja: 0.48 and
Duquesa: 0.50). HI was not correlated with straw yield.

456



Plants 2021, 10, 955

Figure 1. Straw yield (t. ha−1) of five quinoa varieties during the two years (2017 and 2018) of field experiments. Error bars
represents the standard deviation. Different uppercase letters in the same variety indicate a significant difference between
years according to Student’s t-test at p < 0.05. In each year, different lowercase letters indicate significant differences among
varieties according to Tukey’s test at p < 0.05.

Figure 2. Harvest index (HI) of five quinoa varieties during the two years (2017 and 2018) of field experiments. Error
bars represent the standard deviation (SD). Different uppercase letters in the same variety indicate a significant difference
between years according to Student’s t-test at p < 0.05. In each year, different lowercase letters indicate significant differences
among varieties according to Tukey’s test at p < 0.05.

2.2. Crude Protein (CP), Crude Fibre (CF), and Ash Content

The CP and CF contents were significantly influenced by the year, whereas no signif-
icant differences were found according to the variety (Table 1). The CP content in 2017
(12.8%) was 52.3% higher than that in 2018 (8.4%). On the contrary, the CF content was
significantly higher in 2018 (33.8%) compared to 2017 (28.0%). The average ash content
differed significantly according to the variety. The average ash content varied from 11.5%
(Roja) to 16.6% (Jessie) with no different found between years.
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Table 1. Crude protein (CP), crude fiber (CF), and ash content (%) of straw of five quinoa varieties during the two years
(2017 and 2018) of field experiments.

Variety CP1 (%) CF2 (%) Ash (%)
2017 2018 Mean 2017 2018 Mean 2017 2018 Mean

Pasto 11.7 7.6 9.7 29.8 32.5 31.1 15.1 15.7 ab 15.4 abc
Marisma 13.5 8.1 10.8 27.8 32.3 30.0 16.7 14.6 ab 15.6 ab

Jessie 12.7 10.5 11.6 24.7 30.1 27.4 17.4 15.9 a 16.6 a
Roja 13.2 6.9 10.0 30.3 39.2 34.7 13.0 12.6 b 12.8 c

Duquesa 13.1 8.4 10.8 27.6 35.0 31.3 14.4 13.0 ab 13.7 bc

Mean 12.8 A 8.4 B 10.6 28.0 B 33.8 A 30.9 15.3 14.3 14.8
HSD 4.0 5.3 4.4 6.5 16.2 7.8 4.6 3.2 2.6

Significance
Year (Y) ** * n.s.

Variety (V) n.s. n.s. n.s. n.s. n.s. n.s. n.s. * **
Y × V n.s. n.s. n.s.

CP1: crude protein; CF2: crude fiber. Variety means denoted by different lowercase letters in the same column are significantly different at
p < 0.05 according to Tukey’s test. Year means followed by different uppercase letters are significantly different at p < 0.05 according to
Tukey’s test. HSD: critical value for comparison. n.s.: not significant; significant at * p < 0.05; ** p < 0.01, respectively.

2.3. Fibre Composition

Significant higher neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid
detergent lignin (ADL) contents were determined in 2018 (55.4%; 40.5%; 6.5%, respectively)
compared to 2017 (44.1%; 30.8%; 5.2%, respectively), as shown in Table 2. The variety
showed a significant influence on the ADF and the ADL content. The average ADF content
ranged from 31.6% (Jessie) to 40.9% (Roja), whereas the average ADL content varied
from 5.3% (Marisma) to 6.5% (Roja). Interactions between the year and variety were not
significant. The hemicellulose (HEM) contents only showed significant differences in
2017 according to the variety, ranging from 11.2% (Marisma) to 15.2% (Jessie). Significant
differences were also found in cellulose (CEL) contents in 2017 according to the variety,
ranging from 20.6% (Jessie) to 29.2% (Pasto). The mean CEL content was significantly
affected by the year and the variety. It was higher in 2018 (34.0%) than in 2017 (25.6%), and
ranged from 25.3% in Jessie to 34.5% in Roja. Neither the HEM nor the CEL contents were
significantly affected by the year × variety interaction.

Table 2. Fiber composition of straw of five quinoa varieties during the two years (2017 and 2018) of field experiments.

Variety NDF1 (%) ADF2 (%) ADL3 (%) HEM4 (%) CEL5 (%)
2017 2018 Mean 2017 2018 Mean 2017 2018 Mean 2017 2018 Mean 2017 2018 Mean

Pasto 47.2 52.2 49.7 34.2 38.0 36.1 ab 5.1 ab 6.0 5.5 ab 13.0 ab 14.2 13.6 29.2 a 32.0 30.6 ab
Marisma 41.4 53.7 46.7 30.3 37.9 34.1 ab 4.5 b 6.1 5.3 b 11.2 b 15.8 13.5 25.8 ab 31.8 28.8 ab

Jessie 41.8 51.7 47.6 26.6 36.6 31.6 b 6.0 a 6.6 6.3 a 15.2 a 15.0 15.1 20.6 b 30.0 25.3 b
Roja 48.3 63.6 46.7 34.0 47.8 40.9 a 5.9 a 7.0 6.5 a 14.4 a 15.8 15.1 28.1 ab 40.8 34.5 a

Duquesa 42.1 55.7 48.9 28.8 42.1 35.5 ab 4.6 ab 7.0 5.8 ab 13.3 ab 13.6 13.5 24.2 ab 35.1 29.7 ab

Mean 44.1 B 55.4 A 49.8 30.8 B 40.5 A 35.6 5.2 B 6.5
A 5.9 13.4 14.9 14.2 25.6 B 34.0

A 29.8
HSD 11.4 19.5 10.0 9.3 16.2 8.3 1.4 1.4 0.9 3.1 4.2 2.5 8.3 15.1 7.7

Significance
Year (Y) ** ** ** n.s. **

Variety (V) n.s. n.s. n.s. n.s. n.s. * * n.s. ** * n.s. n.s. * n.s. *
Y × V n.s. n.s. n.s. n.s. n.s.

NDF1: neutral detergent fiber, ADF2: acid detergent fiber, ADL3: acid detergent lignin, HEM4: hemicellulose, CEL5: cellulose. Variety
means denoted by different lowercase letters in the same column are significantly different at p < 0.05 according to Tukey’s test. Year means
followed by different uppercase letters are significantly different at p < 0.05 according to Tukey’s test. HSD: critical value for comparison.
n.s.: not significant; significant at * p < 0.05; ** p < 0.01, respectively.

2.4. Mineral Composition

As can be observed in Table 3, the N, P, and Ca contents differed significantly according
to year, and all of them were higher in 2017. The variety had a significant influence on the
P, K, and Ca contents, but not on the N and Mg average contents, which were 1.7% and
0.64%, respectively. The average P content ranged from 0.17% (Roja and Duquesa) to 0.24%
(Jessie). K showed average contents from 4.4% (Roja) to 6.0% (Jessie), and the average of
Ca content varied between 0.8% (Roja) and 1.6% (Pasto).
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Table 3. Mineral composition of straw of five quinoa varieties during the two years (2017 and 2018) of field experiments.

Variety N (%) P (%) K (%) Ca (%) Mg (%)
2017 2018 Mean 2017 2018 Mean 2017 2018 Mean 2017 2018 Mean 2017 2018 Mean

Pasto 1.9 1.2 1.5 0.23 0.15 b 0.19 ab 4.3 b 5.1 4.7 ab 1.6 a 1.5 a 1.6 a 0.62 0.68 0.65
Marisma 2.2 1.3 1.7 0.28 0.15 b 0.22 ab 4.6 ab 5.0 4.8 ab 1.8 a 1.1 abc 1.5 ab 0.82 0.69 0.76

Jessie 2.0 1.7 1.9 0.23 0.25 a 0.24 a 6.1 a 5.8 6.0 a 1.1 b 1.2 ab 1.2 bc 0.63 0.77 0.70
Roja 2.1 1.2 1.6 0.25 0.09 b 0.17 b 4.6 ab 4.1 4.4 b 0.9 b 0.6 c 0.8 d 0.60 0.45 0.53

Duquesa 2.1 1.3 1.7 0.22 0.12 b 0.17 b 5.1 ab 4.9 5.0 ab 1.1 b 0.9 bc 1.0 cd 0.63 0.55 0.59

Mean 2.0 A 1.3 B 1.7 0.24 A 0.15 B 0.20 5.0 5.0 5.0 1.3 A 1.1 B 1.2 0.66 0.63 0.64
HSD 0.6 1.0 0.5 0.10 0.09 0.06 1.7 2.6 1.4 0.4 0.5 0.3 0.38 0.34 0.26

Significance
Year (Y) ** *** n.s. * n.s.

Variety (V) n.s. n.s. n.s. n.s. ** * * n.s. * *** ** *** n.s. n.s. n.s.
Y × V n.s. ** n.s. ** n.s.

Variety means denoted by different lowercase letters in the same column are significantly different at p < 0.05 according to Tukey’s test.
Year means followed by different uppercase letters are significantly different at p < 0.05 according to Tukey’s test. HSD: critical value for
comparison. n.s.: not significant; significant at * p < 0.05; ** p < 0.01 and *** p < 0.001, respectively.

Interactions between year and variety were significant for the P and Ca contents.
In addition, the P content was relatively similar in both years in the short cycle variety
(Jessie), whereas in the other varieties, the P content was considerably higher in 2018,
especially in Roja (medium-long cycle), for which differences were found to be higher than
60%. Regarding the Ca content, differences between years were small in Jessie and Pasto,
whereas in 2018 the Ca content decreased by more than 18% in the other varieties.

2.5. Relative Feed Value

The year showed a significant influence on the digestible dry matter (DDM), the
dry matter intake (DMI) and on the relative feed value (RFV), which were higher in 2017
(Table 4). The variety significantly influenced the DMI and RFV values, achieving the
highest values in the short cycle variety Jessie (64.3 and 131.0, respectively), and the lowest
values in the medium-long cycle varieties (Roja; 57.1 and 99.4, respectively). Interaction
between the year and the variety was not significant.

Table 4. Straw forage quality of five quinoa varieties during the two years (2017 and 2018) of field experiments.

Variety DDM1 DMI2 RFV3

2017 2018 Mean 2017 2018 Mean 2017 2018 Mean

Pasto 2.6 2.3 2.4 62.3 59.3 60.8 ab 124.2 106.3 115.2 ab
Marisma 2.9 2.3 2.6 65.3 59.4 62.3 ab 147.5 104.1 125.8 ab

Jessie 2.9 2.3 2.6 68.2 60.3 64.3 a 152.7 109.3 131.0 a
Roja 2.5 1.9 2.2 62.4 51.7 57.1 b 120.9 77.9 99.4 b

Duquesa 2.9 2.2 2.5 66.5 56.1 61.3 ab 147.1 94.9 121.0 ab

Mean 2.7 A 2.2 B 2.5 64.9 A 57.4 B 61.1 138.5 A 98.5 B 118.5
HSD 0.7 0.7 0.5 7.2 12.7 6.5 49.6 51.4 31.5

Significance
Year (Y) ** ** **
Variety

(V) n.s. n.s. n.s. n.s. n.s. * n.s. n.s. *

Y × V n.s. n.s. n.s.

DDM1: digestible dry matter; DMI2: dry matter intake; RFV3: relative feed value. Variety means denoted by different lowercase letters in
the same column are significantly different at p < 0.05 according to Tukey’s test. Year means followed by different uppercase letters are
significantly different at p < 0.05 according to Tukey’s test. HSD: critical value for comparison. n.s.: not significant; significant at * p < 0.05;
** p < 0.01, respectively.

3. Discussion

The use of quinoa straw has the potential to contribute to the development of a
cleaner agriculture. This byproduct has been used and studied for agricultural purposes
as feed and bedding material, in addition to bioenergy or biomaterial production [27,28].
Quinoa cultivation has experienced a rapid increase in the past decade, in parallel with
its expansion to many different geographical areas around the world [29]. However,
quinoa straw use has been little explored because the interest in this crop has focused
mainly on seed yield. Thus, the current study aimed to evaluate variations in quinoa
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straw characteristics linked to genetic differences under Mediterranean field conditions,
to implement alternative uses of this crop and therefore contribute to the development
of sustainable agriculture. This study was performed in two consecutive years showing
different climatic conditions, which included average differences in Tmax during the quinoa
growth period of 5 ◦C. Generally, elevated temperatures inhibit quinoa plant growth by
impacting quinoa flowering [19,30–32]. Heat stress can limit the source and sink capacity of
plants, reducing growth and development [33]. Indeed, the higher temperatures registered
during the first year resulted in a reduction of straw yield in 2017 (1.7 t ha−1) compared to
2018 (2.1 t ha−1) (Figure 1), especially in short-medium cycle varieties, such as Marisma,
which doubled its yield in 2018. On the contrary, long-cycle varieties, such as Roja or
Duquesa, showed lower straw yields in 2018, which may point to a differential response
depending on the developmental stage affected by high temperatures. In cereals, such
as wheat, it has been reported that heat stress is an important factor that reduces straw
yield, because photosynthesis is altered [34,35]. Nonetheless, further analysis should be
performed to determine the exact impact of heat stress on the vegetative growth and its
influence on straw yield, particularly in quinoa. It should be noted that the high straw
yield achieved by Marisma (2.8 t ha−1, on average), especially in 2018 (3.9 t ha−1), was well
correlated with a higher seed yield, as previously reported [36], which is interesting from
an agronomical perspective because seed yield penalties should be avoided. Intriguingly,
the two-year average straw yield (1.9 t ha−1) achieved in this work was lower than those
previously reported for Mediterranean field conditions (3.0 t ha−1 for Titicaca; 7.4 t ha−1 for
Regalona) [37], and similar to those obtained by Asher et al. (2020), although at the bottom
of the range (0.5–9.1 t ha−1). The results reported earlier can be partially explained by the
lower HI obtained in these works, which resulted in higher straw yield per seed yield. This
was probably a consequence of the different environmental conditions, and differences in
the planting density and/or in the genotypes used, that resulted in detrimental effects on
seed yield but positive effects on vegetative growth [38,39]. In the current study, the higher
temperatures registered in 2017 also had a significant impact on the HI in medium-long
cycle varieties (Roja and Duquesa). Due to the longer vegetative stage of Roja and Duquesa,
flowering coincided with higher Tmax and lower RH, increasing the probability of flower
damage causing a HI decrease (Figure 2). On the contrary, the shortest-cycle genotype
Jessie showed the highest HI (0.55) in 2017, which was related to its ability to escape from
high temperatures at flowering stage, which resulted in the maintenance of its sink capacity
but larger straw yield penalties. In general, as shown in Figure 2, the average HI was 0.51,
which is similar to the HI reported in modern wheat varieties (0.3–0.6) [39,40], and higher
than those reported for grain legumes and canola [41]. Nonetheless, no correlation between
straw yield and HI was found, in contrast to the findings of previous studies [42,43].

The straw composition differed between years as observed in Tables 1–4, probably
influenced by the high temperatures of 2017. This effect has been previously studied in
the main products of different crops [44–48], although the impact on byproducts, such as
straw, has been little explored. In fact, the current study is pioneering in its evaluation of
the effect of high temperatures on quinoa straw yield and composition. Furthermore, the
CP content range in the straws obtained in this study (6.9–13.5%) was slightly higher than
that obtained by Asher et al. (2020) under Mediterranean conditions (5.1–10.6%).

As can be observed in Table 1, the CP content was considerably higher in 2017 (52.7%).
Because of the higher average straw yield of 2018, the lower straw CP content achieved in
2018 could have been a consequence of a dilution effect. However, in 2017 the CP content
was also higher in the medium-long cycle varieties, which also achieved higher straw
yields. Therefore, high temperatures could lead to higher straw CP content independently
of the straw yield. Interestingly, no correlation was found between CP content and the
other parameters analyzed in this study, except for the straw N content. It should be
noted that the high CP content observed here (particularly in 2017) was also higher than
the contents found in cereal (2.9%) or legume (7.4%) straws [49], which is important
when the aim is to use this byproduct for animal feed. In contrast, the CF content was
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reduced about 20% in 2017 without a significant effect linked to the variety (Table 1). Plant
fiber includes the cell wall used for providing mechanical support to the plant, and the
vascular system in which fluids are transported [50,51]. The response observed in the CF
content was likely related to a change in composition due to the heat stress impact on the
biosynthesis-related pathways of cell wall components [52–54]. Actually, a steeper decrease
was detected in the ADF content (with an average reduction of 24%), and in the cellulose
content (which showed an average decrease of 25%) (Table 2). The two-year average of
NDF was slightly lower than the values determined by Asher et al. 2020 (41.4–63.6% and
44.4–71.3%, respectively), whereas the lignin was higher than the values reported by these
authors (5.3–7.0% and 5.03–7.83%, respectively). This effect raises an interesting aspect
related to the straw composition as lignocellulosic biomass, which is now considered
an important fiber resource for renewable energy and biomaterial production [55]. By
comparison, the ash content did not change between years, achieving values close to 15%,
restricting quinoa straw’s use as a solid biofuel (for which ash should not exceed 1.5%) [56].

When analyzing the increased mineral and protein contents in 2017, the changes could
point to a detrimental effect of higher temperatures in nutrient translocation into the seed
as observed in wheat [33]. However, the protein and mineral contents were also higher
in quinoa seeds in 2017 [36]. It is known that the environmental conditions can affect
nutrient levels of quinoa seeds [57]. In the current study, the straw N and P contents were
significantly lower in 2018, which could be related to a dilution effect linked to higher
yields, similar to that described in cereal grains [58]. However, those differences were even
higher in Roja and Duquesa, which achieved higher yields in 2017. Furthermore, the straw
Ca content was significantly lower in 2017, especially in Roja and Duquesa. Therefore,
differences in mineral nutrient contents were probably more related to a still unknown heat-
induced adaptation mechanism (and/or to the effect caused by the interaction between
nutrients) than to a direct effect caused by nutrient dilution. The effect of heat stress
on cellular osmotic adjustments due to the increased transpiration rates when elevated
temperatures occur should also not be discounted; this could result in increments in the
mineral and protein content [59,60]. Interestingly, the mineral composition of quinoa straw
was richer from a nutritional perspective compared with the mineral composition of cereal
straws commonly used for animal feed [61]. For instance, Ca or Mg contents in wheat
straws were reported to be, on average, 0.18% and 0.06%, respectively whereas quinoa
contents were, on average, 1.2% and 0.64%, respectively (Table 3).

The relative feed value (RFV) developed by the Universities of Minnesota and Wiscon-
sin and the American Forage and Grassland Council (AFGC), is an index widely used to
determine the forage quality, which combines significant nutritional factors (including vol-
untary intake and digestibility) [62,63]. When evaluating the changes in composition of the
quinoa straw, a significant impact on the RFV was detected, which resulted in the increase
in this index in 2017, due to the lower NDF and ADF, improving the straw nutrient intake
and digestibility (Table 4). Considering the AFGC classification method [62], the mean
value for the RFV in 2017 (138.5) would indicate that this byproduct would be classified as
a forage type I (125–151), which is considered acceptable. In 2018, the mean value (98.5)
would correspond to a low-quality forage (being classified as a type IV forage (87–102).
Therefore, based on these results, in addition to the higher CP and mineral contents (higher
than those found in winter cereals, which is the straw most frequently used in animal feed),
it can be considered that the quinoa straw obtained in 2017 possesses a higher nutritional
value. Nonetheless, further research is required to determine the exact impact of heat stress
on straw yield and composition. Based on the results presented here, elevated tempera-
tures, which are expected to continue increasing due to the continuation of the warming
period [64], may positively impact straw composition in a genotype-dependent manner.

Overall, the results here presented show that Marisma is the variety with the best
cultivation potential in terms of straw yield for this particular area (Southwestern Spain),
despite suffering important yield penalties linked to the elevated temperatures suffered
in 2017 [36]. Furthermore, the straw composition analysis performed shows that quinoa
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straw is a valuable resource for animal feed, biofuel, or biomaterial production. To enhance
quinoa straw valorization, it is crucial to evaluate the straw yield and compositional
changes related to the genotype and environment, and to understand the relationships
among biomass, seed, and straw yield. Our results, together with the previously reported
changes in chemical composition of cereal straws, highlight that quinoa straw yield and
composition may be affected by agronomic and genotypic factors, and environmental
and climate conditions [50,55]. Within the current climate context in which more frequent
episodes of elevated temperatures in the Mediterranean area are expected to occur, and
considering that the effects of heat stress on plants trigger complex responses that result
in the alteration of growth and development, thereby changing physiological functions
and reducing seed/grain formation and plant yield [33,65], further studies should be
undertaken to evaluate the impact of heat stress on straw yield and composition, with the
aim of selecting the best adapted quinoa cultivars for a particular area of cultivation. More
importantly, this work points to the many possibilities offered by the use of quinoa straw
as an agricultural byproduct that can greatly contribute to sustainable agriculture.

4. Materials and Methods
4.1. Location, Climate and Soil Characteristics of the Experimental Site

A two-year field experiment was conducted during 2017–2018 at the experimental
farm of the Center for Scientific and Technological Research of Extremadura (CICYTEX),
located in Southwest Spain (lat. 38◦51′10′′ N; long. 6◦39′10′′ W). Data of monthly mean
minimum and maximum temperature (Tmin and Tmax), and the rainfall during the crop
cycle (Supplementary Figure S1) were obtained from the weather station located at the
experimental farm. The soil was a sandy loam, neutral (pH 6.9), presenting 0.38% organic
matter, 0.24% total N, and 93.4 ppm and 57.9 ppm of available P and K, respectively.

4.2. Layouts of Experiments, Plant Material and Crop Management

Five European varieties of quinoa (Pasto, Marisma, Jessie, Roja, Duquesa) were eval-
uated in a randomized complete block design with four replications: Jessie (short cycle;
~120 d); Pasto and Marisma (medium cycle; ~135 d); Roja and Duquesa (medium-long
cycle; ~145 d). The plot size was formed by four rows 0.75 m apart and 10 m long. Sowing
was conducted mechanically in early February, at a dose of 4 kg ha−1. Weeding was carried
out by hand when required. Irrigation was carried out by sprinkling to maintain the soil
under non-limiting water conditions. The crop was fertilized at the rate of 150, 100, and
100 kg/ha of N, P2O5, K2O, respectively. Plants were harvested by hand at physiological
maturity (in the middle of June for Jessie, and early July for the other four varieties). The
sampling area was 3 m2. A stationary thresher was used to collect the seed. The straw
samples were ground through a 1 mm screen for further analysis.

4.3. Analysis and Measurements

Data were expressed on a dried weight (dW) basis. Analysis of moisture, crude protein
(CP), and ash contents were conducted following the AOAC Official Methods [66]. The
mineral content was assessed following the official methods of the Spanish Ministry of
Agriculture [67]. P was analyzed by a UV-VIS spectrophotometer (Hitachi U-2810). K was
determined using flame atomic emission spectroscopy, and Ca and Mg by flame atomic
absorption (SpectrAA 110, Agilent). The crude fiber (CF), neutral detergent fiber (NDF),
acid detergent fiber (ADF), and acid detergent lignin (ADL) values were analyzed following
the Ankom procedure (ANKOM Technology, Fairport, NY, USA), using a fiber analyzer
(ANKOM 2000) and F57 Ankom filter bags (porosity: 25 µm). Hemicellulose (Hem) and
cellulose (Cel) contents were calculated as follows:

Hemicellulose (Hem) = [NDF% − ADF%]

Cellulose (Cel) = [ADF% − ADL%]
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Relative feed value (RFV) was calculated as calculated from the digestible dry matter
(DDM) and the dry matter intake (DMI) (live weight: LW, %) according to the following
equations:

DDM (%) = 88.9− [0.779 × ADF%]

DMI (Live Weight : LW %) = 120/[NDF%]

RFV = [DMD × DMI]/1.29

Harvest index (HI) was calculated as the ratio between the grain yield (G) and the
yields of straw plus grain (G + S), in order to determine the biomass partitioning index, as
previously reported [36].

4.4. Statistical Analysis

All measured and derived data were processed using a two-way analysis of variance
(ANOVA), including the year, the variety, and their interactions in the model. The year was
treated as a fixed factor. Normality and equal variances could be assumed, according to the
results of the Shapiro Wilk test and Levene’s test, respectively. For better interpretation of
the data, additional one-way ANOVA was carried out for each year separately. When the F
ratio was significant (p < 0.05), Tukey’s test was performed and used to compare means.
Student’s t-test was used to determine statistically significant differences between years for
each variety. Analyses were performed using the Statistix 8 analytical software.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10050955/s1, Figure S1: Monthly rainfall and maximum (Tmax) and minimum (Tmin)
mean temperature registered at the experimental station during the quinoa growth period of 2017
and 2018.
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Abstract: The broad distribution of quinoa in saline and non-saline environments is reflected in vari-
ations in the photosynthesis-associated mechanisms of different ecotypes. The aim of this study was
to characterize the photosynthetic response to high salinity (0.4 M NaCl) of two contrasting Chilean
genotypes, Amarilla (salt-tolerant, salares ecotype) and Hueque (salt-sensitive, coastal ecotype). Our
results show that saline stress induced a significant decrease in the K+/Na+ ratio in roots and an
increase in glycine betaine in leaves, particularly in the sensitive genotype (Hueque). Measurement
of the photosynthesis-related parameters showed that maximum CO2 assimilation (Amax) in control
plants was comparable between genotypes (ca. 9–10 µmol CO2 m−2 s−1). However, salt treatment
produced different responses, with Amax values decreasing by 65.1% in the sensitive ecotype and
37.7% in the tolerant one. Although both genotypes maintained mesophyll conductance when stom-
atal restrictions were removed, the biochemical components of Amarilla were impaired to a lesser
extent under salt stress conditions: for example, the maximum rate of ribulose-1,5-bisphosphate
carboxylase/oxygenase (RubisCO; Vcmax) was not as affected in Amarilla, revealing that this enzyme
has a higher affinity for its substrate in this genotype and, thus, a better carboxylation efficiency. The
present results show that the higher salinity tolerance of Amarilla was also due to its ability to control
non-diffusional components, indicating its superior photosynthetic capacity compared to Hueque,
particularly under salt stress conditions.

Keywords: Na+, K+, CO2 assimilation; stomatal restrictions; non-diffusional; diffusional; RubisCO
activity

1. Introduction

At present, about one-third of the world’s irrigated land [1] is affected by salinity,
which reduces plant growth and crop yield [2]. As the main food crops are rather sensitive
to this stress, tolerance to salinity has become an important agronomical trait for breeders,
physiologists, and agronomists [3]. The salinity of soils is predominantly caused by salt
transported by irrigation water [4]. On the other hand, due to climate change, well water is
becoming the main water resource for irrigation in many parts of the world, and several
studies have indicated that this method is linked to potential risks of soil salinization [5–7].
An increase in the soil concentration of Na+ and other ions, such as Ca2+, Cl−, and K+,
causes a decrease in the soil water potential, which limits the water absorbed by roots and
induces water stress [8]. Specific ion toxicities are due to the accumulation of sodium, chlo-
ride, and/or boron in the tissue of transpiring leaves to damaging levels. The accumulation
of injurious ions may inhibit photosynthesis and protein synthesis, inactivate enzymes,
and damage chloroplasts and other organelles [9]. Under normal physiological conditions,
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plants maintain a high cytosolic K+/Na+ ratio. Given the difference in negative membrane
potential at the plasma membrane (–140 mV), a rise in extracellular Na+ concentration will
establish a large electrochemical gradient that favors the passive transport of Na+ into cells
through the activation of K+ transporters/channels and through non-selective channels
that are sensitive to Ca2+. The permeation of Na+ via voltage-independent cation (VIC)
channels is inhibited by an increase in extracellular Ca2+ concentration [10]. Overaccu-
mulation of Na+ in the cytosol inhibits protein synthesis, enzyme activity [1], and many
photosynthetic processes [11,12]. Therefore, maintaining its water supply and excluding
Na+ from photosynthetic organs are crucial mechanisms used by tolerant plants to ensure
an adequate rate of carbon fixation under salt stress [13]. It is well known that a reduction
in stomatal conductance negatively affects the CO2 assimilation rate as well as the water
balance in leaves [3,14].

Excess salt affects plant growth due to an increase in soil osmotic pressure and in-
terference with plant nutrition. A high salt concentration in the soil solution reduces the
ability of plants to acquire water, which is referred to as the osmotic or water-deficit effect
of salinity [9]. A decrease in CO2 assimilation is a widely reported effect of salt [15]. In
many cases, this decrease is associated with the negative effect of salinity on diffusional
mechanisms. These mechanisms depend on the gradient between the external and internal
CO2 concentrations (mesophyll and chloroplasts), on the stomatal conductance in the
gaseous phase (gs), and on the mesophyll conductance in the liquid phase (gm) [15–18].

However, salt also affects non-diffusional mechanisms, which are typically associated
with electron transport and the activity of enzymes in carboxylation cycles; key enzymes in
these processes include ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) [19,20]
and those involved in the regeneration of ribulose-1,5-bisphosphate (RuBP) [21,22].

Most authors agree that diffusional factors are predominant in affecting the CO2
assimilation rate [15,23]. For example, Flexas et al. [24] reported that the conductance of
the mesophyll in grapevine was strongly correlated with the rate of photosynthesis. In
olive trees (Olea europaea), this occurs in the leaves of stressed plants with a conductance
greater than 50 µmol m−2 s−1 [22]. According to the aforementioned study, the combined
reduction in stomatal and mesophyll conductance in different salt-stressed olive cultivars
increases the difference in CO2 concentration between the environment and chloroplasts.
These results indicate that the low concentration of CO2 in chloroplasts caused by decreased
stomatal and mesophyll conductance is the main limiting factor of photosynthesis.

Quinoa (Chenopodium quinoa Willd.) has evolved a number of adaptive responses to
saline stress conditions, such as the increased elasticity of cell walls, low water potential,
osmotic adjustment, reduction in the foliar area, the presence of papillae with calcium oxalate,
the production of organic solutes [25–28], the adaptation of physiological functions such as
photosynthesis [2,29], the regulation of the water status [29], ionic partitioning [30,31], and
changes in stomatal conductance [3,16,27].

There are an increasing number of studies on CO2 assimilation in quinoa [2,16,26,32,33],
although few have characterized the importance of diffusional and non-diffusional mech-
anisms. This species is particularly diverse at the genetic level [34], a consequence of
its broad distribution in both saline and non-saline environments. This diversity could
allow some ecotypes to thrive under saline stress conditions due to improved rates of
photosynthesis [30].

Thus, it is possible to postulate that saline-tolerant ecotypes have better control of
CO2 diffusion mechanisms than those that are less tolerant to this stress. Therefore, the aim
of this study was to evaluate the differences in the photosynthetic processes between two
contrasting quinoa ecotypes, as well as to analyze the relative importance of non-diffusional
factors in the two ecotypes when subjected to salinity conditions.
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2. Materials and Methods
2.1. Plant Material

The two quinoa ecotypes used in this study, Amarilla and Hueque, have been previ-
ously characterized as tolerant and sensitive to salinity, respectively [30]. The Amarilla
ecotype comes from the salt flat area in the northern highlands, and Hueque originates
from the wet area at sea level in southern Chile.

Disinfected seeds (2% sodium hypochlorite for 7 min) were germinated in 330 mL
pots using perlite as the substrate. Pots containing 4 plants each were arranged over
a tray containing water or solution nutritive and connected to it by means of a cotton
wick to ensure water supply by capillarity. The plants were watered with sodium-free
nutrient solution or 0 M (0.25 dS m−1) until the third pair of leaves developed (45 days
after sowing (DAS)). At this stage, half of the pots of each ecotype were transferred to a
modified Hoagland 2 solution containing 0.4 M NaCl (38.1 dS m−1). This concentration
corresponds to the LD50max for quinoa, as determined previously by Delatorre-Herrera and
Pinto [30]. To avoid a saline shock, 0.4 M NaCl was applied in increments of 0.1 M per day.
Control plants were irrigated with solution nutritive in a semi-hydroponic system (Schlick
and Bubenheim [35], modified by Delatorre and Pinto [30]); for this purpose, filtered water
with an electrical conductivity of 0.25 dS m−1 with a pH of 6 was used. When the plants
developed their fourth or fifth pair of true leaves (70–75 DAS), they were placed in a shaded
field, where the average temperature of the day was 20 ± 5 ◦C, and the maximum light
intensity was 1500 µmol m−2s−1 of photosynthetically active radiation (PAR).

2.2. Na+ and K+

Sodium (Na+) and potassium (K+) contents were determined in samples of root, stems,
and leaves taken from the bottom, middle, and top parts of the stem. Once collected, the
material was dried at 70 ◦C for 48 h and then finely ground. Na+ and K+ were extracted by
digesting 0.1 g of each sample in 15 mL of 0.5 M HCl for 2 days. The concentrations of Na+

and K+ were determined according to the procedure described by Hunt [36] using a flame
photometer (Jenway Model PFP 7, Cole Parmer, Vernon Hills, IL, USA).

2.3. Proline and Glycine Betaine

Proline (Pro) content was determined spectrophotometrically (Spectrophotometer,
Genesys, Thermo Scientific, Waltham, MA, USA) in tissue with a dry weight of 100 mg
using the method described by Bates et al. [37]. A standard curve was constructed with
proline (M.W. 115.13 g mol−1, Sigma-Aldrich, Santiago, Chile).

The content of Glycine Betaine (GB) was determined according to Grieve and Grat-
tan [38] but modified for quinoa. Briefly, tissue with a dry weight of 100 mg was stirred
in 4 mL of water for 24 h at 25 ◦C, after which it was filtered and stored at 4 ◦C until
analysis. For the determination of quaternary compounds, 50 µL samples were thawed,
diluted in 50 µL of 2 N sulfuric acid, and cooled to 0 ◦C for 1 h. Then, 40 µL of KI-I2
reagent (15.7 g iodine and 20 g KI in 100 mL of water) was added and gently stirred in
a vortex. This solution was stored at −4 ◦C for 16 h, after which it was centrifuged at
10,000 rpm for 15 min. The supernatant was carefully removed, and the precipitate was
dissolved in 1.6 mL of 1,2-dichloroethane, shaken vigorously by vortexing, and left to stand
for 2.5 h at room temperature. GB content was detected at 365 nm. The standard curve was
constructed with betaine (M.W. 117.15 g mol−1, Sigma-Aldrich, Santiago, Chile).

2.4. Determination of CO2 Assimilation
Gas Exchange

Gas exchange measurements were performed between 09:00 and 15:00 using a gas
exchange chamber connected to a portable infrared analyzer (Licor 6200, LI-COR, Lincoln,
NE, USA). The relative humidity of the chamber ranged from 40% to 50%, and the leaf
temperature was 25 ± 2 ◦C. Measurements were made on fully expanded mature leaves
(middle part of the stem). Each measurement was repeated three times on the same leaf
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(one leaf per plant and 6 plants per treatment). These measurements were taken when 50%
of the plants had grown the fourth or fifth pair of true leaves (70–75 DAS).

(i) A/PFD curves

The photon flows (PFDs) used were 0, 20, 90, 120, 150, 300, 500, 700, 1200, 1500, and
2500 µmol photons m−2s−1. The light source was a halogen lamp, and the different PFDs
were obtained by placing neutral filters between the lamp and the photosynthetic chamber.

The temperature in the photosynthetic chamber was 25 ± 2 ◦C. During measurements,
the CO2 and the O2 concentrations in the chamber were maintained at 360 µL L−1 and 20%,
respectively (CO2 and O2, certified gas, INDURA S.A, Alto Hospicio, Chile).

The gross photosynthesis rate (A), the apparent quantum efficiency (Φ), photosyntheti-
cally active radiation (PAR), the rate of assimilation at saturating light intensity (Amax), and
mitochondrial respiration in darkness (Rd) were obtained from the A/PFD curves adjusted
to a non-rectangular hyperbole-type equation, according to the procedure described by
Lambers et al. [39]. The straight section of the curve was adjusted to a polynomial equation
whose intersection on the x-axis corresponds to the light compensation point, and the slope
is the apparent quantum yield.

(ii) A/Ci Curves

Measurements were made at light saturation (1500 µmol photons m−2s−1). The
relative humidity of the chamber ranged from 40% to 50%, and the leaf temperature
was 25 ± 2 ◦C. The CO2 concentrations used were 50, 350, 500, 700, 900, 1200, and
1500 µL L−1, and the assimilation response to these intensities was adjusted to the Farquhar
model [40,41] with PHOTOSYN software (version 1.1.2, Dundee Scientific Ltd., Dundee,
UK). Parameters such as the maximum rate of RubisCO activity (Vc,max), the transport
of electrons at light saturation (Jmax), and the triose phosphate transport rate (TPU) were
obtained from this model, which expresses the ratio of the assimilation rate (A) to the
internal concentration of CO2 (Ci) for each of the three factors affecting assimilation.

When carboxylation is limited only by the activity of RubisCO, then Wc can be
described by the model developed by Farquhar et al. [40], which is based on gaseous
exchange measurements.

When the transport of electrons limits photosynthesis due to the effect of RuBP
regeneration, Wj can be expressed according to Farquhar and Von Caemmerer [41]. The
potential rate of electron transport (Jp) was calculated using the expression developed by
Harley et al. [42].

(iii) Determination of the linear transport rate of electrons

To measure photosystem II (PSII) efficiency, the IRGA 6200 chamber was adapted
by introducing a Hansantech PEA modulated pulse fluorometer sensor at one end. The
parameters were calculated according to the methodology described by Maxwell and
Johnson [43].

Quantum yield (ΦPSII) can be used to calculate the linear transport rate of electrons
(J), which corresponds to photosynthetic capacity in vivo, according Genty et al. [44]. A
factor of 0.84 is assumed for leaf absorbance in C3 plants [45], although this absorbance may
change slightly with temperature (this experiment was conducted at foliar temperatures of
25 ± 3 ◦C).

The photochemical energy used for photosynthesis or photochemical quenching (qP)
and non-photochemical quenching (NPQ) were calculated using equations described by
Genty et al. [44].

2.5. Removal of Stomatal Effects

To remove the stomatal effect on CO2 assimilation (A), the methodology described by
Centritto et al. [15] was used. For this purpose, a set of A/Ci curves were generated for both
ecotypes. The procedure employed can be divided into four phases: In phase (I), stomatal
restriction (R) was induced by lowering the concentration of CO2 from 350 to 50 µL L−1 and
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allowing gs to decrease to values close to 15 mmol m−2s−1. Subsequently, in phase (II), the
CO2 concentration was raised to 1500 µL L−1, and measurements of the A/Ci curve were
made until 50 µL L−1. In phase (III), a CO2 concentration of 50 µL L−1 was maintained
for a minimum of 40 min, which depended on the stomatal behavior of each ecotype and
treatment; in this way, stomatal opening was activated. Phase (IV), the final phase, was
initiated once stomatal conductance began to rise above 600 mmol m−2 s−1. This raised the
CO2 concentration to 1500 µL L−1, and A/Ci was measured with no stomatal restrictions
(nR). A value of 600 mmol m−2 s−1 was used based on the data of Jacobsen et al. [26], who
reported a gs of 600 mmol H2O m−2 s−1 in quinoa without water restrictions. The times
used in each stage are detailed in Table 1.

Table 1. Times of application of different concentrations of environmental CO2 to induce the closure
and opening of stomata.

Stage I Stage II Stage III Stage IV

Initial Period
Closed Stomata

With Stomatal
Restriction (R)

Induction Period
Open Stomata

No Stomatal
Restriction (nR)

Time
min [CO2] Time

min
[CO2]
µL L−1

Time
min

[CO2]
µL L−1

Time
mins

[CO2]
µL L−1

0 350 21 1500 107 50 152 1500

8 350 28 1200 132 50 162 1200

13 50 32 900 147 50 167 900

37 700 172 700

47 500 177 500

54 350 182 350

60 200 187 200

67 100 192 100

72 50 204 50

2.6. Determination of Mesophyll Conductance (gm)

Mesophyll conductance (gm) was determined according to the procedure described by
Harley et al. [42] using the following parameters: assimilation rate (A), light compensation
point (Γ), electron transport rate (J), and dark respiration (Rd).

2.7. Rate Carboxylation and Electron Transport In Vivo

The RubisCO activity rate at RuBP saturation (Vc,max), the maximum electron transport
rate (Jmax), the maximum rate of assimilation at saturating PFD, and CO2 (Amax) and
mitochondrial respiration in light per unit of foliar area (Rd) were obtained using the model
described by Farquhar et al. [40]. From this model, A was determined using Equation (1):

A = vc − 0.5vo − Rd (1)

where vc and vo are the rates of carboxylation and oxygenation of RubisCO, respectively,
and 0.5 is the stoichiometric relationship between the O2 absorbed by RuBP oxygenase and
the photorespiratory evolution of CO2 [41]. Additionally, vc cannot be greater than the
minimum rate of carboxylation of RubisCO (Ac), and the rate of electron transport limits
the regeneration of RuBP (Aj).

2.8. Data Analysis

A 2 × 2 factorial design was used, arranged in completely randomized blocks (Bi).
The first factorial level was NaCl concentration (Cj) (0 M and 0.4 M NaCl), and the second
level was the ecotype (Ak) (Amarilla and Hueque). Each treatment had 6 replications, and

471



Plants 2021, 10, 927

the experimental unit consisted of 2 pots, each with 4 plants (8 plants). Duncan’s multiple
comparison one-way analysis of variance (ANOVA) was performed using Infostat V 2016
(Universidad de Cordoba, Cordoba, Argentina) p < 0.01 was considered significant.

3. Results
3.1. Stress Indicators

When comparing the control plants of the two ecotypes, Hueque had a higher concen-
tration of GB in the roots. When exposed to 0.4 M NaCl, the GB content increased in both
ecotypes, and it was higher in Hueque. Figure 1a shows that in the salt-tolerant ecotype
(Amarilla), the GB content was higher in the leaves than in the roots. In the roots, salt stress
had no effect on GB content, whereas in the leaves, GB content increased significantly. The
leaf/root ratio of GB content in Amarilla control plants was 3.64, while in stressed plants,
it rose slightly to 4.34, which could indicate that this ecotype is not severely stressed by
high salinity. In the salt-sensitive ecotype (Hueque), the constitutive concentration of GB
was also higher in the leaves than in the roots. In the roots, the salt stress caused a decrease
in the GB content; in contrast, GB rose significantly in the leaves. The leaf/root ratio of GB
was 2.12 in Hueque control plants and 7.95 in stressed plants, which means that the GB
synthesis in leaves was more sensitive to salt signals coming from roots.

Figure 1. Effect of salinity on glycine betaine (a) and proline (b) content in the roots and leaves
of quinoa plants. Different letters denote significant differences (p ≤ 0.05). Average values were
calculated based on 4 samples per treatment (mean ± SE).
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The Pro content in the control plants did not differ much between the two ecotypes.
Exposure to 0.4 M NaCl increased the Pro content in all tissues tested in both ecotypes,
and it was highest in Hueque. Figure 1b shows that in the tolerant ecotype, the content of
Pro was significantly higher in the leaves than in the roots under both control and saline
conditions. The leaf/root ratio of Pro in control plants was 6.53, and in salt-exposed plants,
it fell to 2.53; this decrease was mainly due to the Pro increase in the roots. In Hueque,
the content of Pro was greater in the leaves than in the roots. Applying salt did not cause
changes in Pro levels in the roots, whereas in leaves, the Pro content rose significantly.
The leaf/root ratio of Pro in control plants was 3.02, and when exposed to 0.4 M NaCl, it
was 2.40.

3.2. Na+ and K+ Content

The tolerant ecotype accumulated in root 64.6% more Na+ than the sensitive one in
control conditions. Under salt stress, this difference decreased to 33% in both ecotypes
because the sensitive ecotype accumulated proportionally more sodium than the tolerant
one (7.4 versus 3.4 times, respectively) (Figure 2a). However, the plants showed no changes
in the leaf Na+ level, regardless of salt exposure. The K+ content in roots was similar in the
control plants of both tolerant and sensitive ecotypes and decreased significantly under
salt stress. Under high concentrations of soil salt, the K+ content decreased in the roots and
was maintained in the leaves in both ecotypes (Figure 2b).

Figure 2. Effect of salinity on the content of Na+ (a) and K+ (b) in Amarilla and Hueque ecotypes of
quinoa. Different letters denote significant differences (p ≤ 0.05). Average values were calculated
based on 4 samples per treatment (mean ± SE).
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3.3. Effect of Salinity on CO2 Assimilation under Different Light Intensities

The A/PFD curves are shown in Figure 3. In the absence of salt stress, both ecotypes
had a similar quantum yield performance and assimilation rate at light saturation. The
Amax values for Amarilla and Hueque were 9.98 and 9.05 µmol CO2 m−2s−1, respectively
(Table 2). However, the intensities at which light saturation reached were significantly
different between the ecotypes: CO2 assimilation saturated at 957 PAR µm−2s−1 in Hueque
and at 1262 µmol PAR m−2s−1 in Amarilla (Table 2).

Table 2. The effect of salinity on different photosynthetic values of Amax and gs were obtained from
curves of Figure 3 determined at the light saturation point and 350 µL CO2 L−1.

Ecotype NaCl
(M)

Saturation Intensity
(µmoles PAR

m−2 s−1)

Amax
µmol CO2
m−2 s−1

%
Fall

gs
mmol H2O

m−2 s−1
% Fall

Amarilla 0 1262 c 9.98 310
Amarilla 0.4 685 ab 6.22 37.7 256 17.4

Hueque 0 957 b 9.05 471
Hueque 0.4 420 a 3.16 65.1 201 57.3

* Different letters indicate significant differences (p ≤ 0.01).

Under saline conditions (0.4 M NaCl), both ecotypes presented a drastic decrease in
CO2 assimilation rates with respect to control plants (Figure 3). For example, the decrease
in Amax was 37.7% in the tolerant ecotype but 65.1% in the sensitive one (Table 3). On the
other hand, at light intensities exceeding the corresponding light saturation point, saline
conditions induced photoinhibition in both ecotypes. This was very drastic in the sensitive
ecotype, in which assimilation was almost null at 2500 µmol photons m−2s−1 (Figure 3).

Figure 3. CO2 assimilation curves of two quinoa ecotypes subjected to salinity conditions. Empty
symbols and continuous lines correspond to treatments without salt, while filled symbols with dotted
lines correspond to 0.4 M NaCl treatments. Different letters denote significant differences (p ≤ 0.05).
Average values were calculated based on 3 leaves taken from 6 plants per treatment (mean ± SE).

The analysis of the main photochemical parameters (Table 3) shows that the photo-
chemical efficiency (ΦPSII) and rate of linear electron transport (J) were negatively affected
by salt stress in both ecotypes. ΦPSII decreased by 18.1% for Amarilla and 29.2% for
Hueque. J changed by 17.4% and 27.7% for Amarilla and Hueque, respectively.
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Table 3. Harvested energy efficiency (ΦPSII) and rate of linear electron transport (J).

Ecotype NaCl ΦPSII Significance J Significance

Amarilla 0 M 0.27 c 167.6 c

Amarilla 0.4 M 0.22 b 138.4 b

Hueque 0 M 0.24 bc 147.9 bc

Hueque 0.4 M 0.17 a 106.9 a
* Different letters indicate significant differences (p < 0.01).

3.4. Determination of Non-Restrictive (nR) and Restrictive (R) Stomatal Conductance

Figure 4 shows the evolution of Ci and gs at different timepoints, CO2 concentrations,
and NaCl treatments for both ecotypes according to the procedure proposed by Centritto
et al. [21]. This enabled us to determine the times and CO2 concentrations required to
induce the rates of stomatal conductance, both restrictive (R) and non-restrictive (nR).

Figure 4. Curves of each ecotype used to determine the times necessary to induce stomatal opening. The continuous
line represents the internal concentration of CO2 (Ci), and the dotted line is stomatal conductance. The line parallel to
the x-axis represents the minimum limit required for open stomata. Lines parallel to the y-axis define the measurement
periods. R—measurements with stomatal constraints; nR—measurements with no stomatal constraints. The induction
period corresponds to the time interval required to induce stomata opening by applying a concentration of 50 µL CO2 L−1.
Internal concentrations correspond to IRGA measurements with respect to the application of a specific environmental CO2

concentration, applied according to the time sequences described in Table 1.

Once the CO2 concentration was lowered to 50 µL L−1 (phase III), the stomata opened
after approximately 1.5 h (90 min). This allowed similar stomatal conductance behaviors
to be maintained between non-stress and 0.4 M NaCl conditions in both ecotypes. The
maintenance of Ci at values equal to or less than 50 µL L−1 caused a rapid response in the
tolerant ecotype in control and saline conditions (Figure 4a,b). Thus, the method initially
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reduced the conductance to values close to 0.1 mol H2O m−2s−1, which then increased to
1.5 and 1.6 mol H2O m−2s−1 in the tolerant ecotype (at 0 and 0.4 M NaCl, respectively). In
Hueque, the initial value was 0.09 mol H2O m−2s−1, which then increased to 1.2 mol H2O
m−2s−1 at 0 M NaCl and 2.1 mol H2O m−2s−1 at 0.4 M NaCl. It was also observed that
Hueque presented a higher gs as well as a greater duration of stomatal opening in saline
conditions (Figure 4c,d).

These data are consistent with the assimilation rates observed in plants with stomatal
restriction (R) and without stomatal restriction (nR) (Table 4). In the salt-tolerant ecotype
under control and nR condition, Amax increased from 13.8 to 21.43 µmol CO2 m −2 s−1,
which means that, in this case, the elimination of the stomatal restriction accounted for
55.7% of the assimilation rate. This effect was repeated in plants subjected to saline stress
under the nR condition, but in this case, stomatal restriction accounted for only 25.4% of
the increase in Amax (Table 4).

In the sensitive ecotype under non-salt conditions, the elimination of stomatal restric-
tion did not induce a significant increase in Amax (6.7%), which suggests that this ecotype
involves another resistance mechanism, such as mesophyll resistance. However, when
salt-sensitive plants were treated with salt, elimination of stomatal restriction induced a
41.2% increase in Amax. In both ecotypes, elimination of stomatal restriction induced a
decrease in gross respiration under both control and salt stress conditions (Table 4).

Table 4. The effect of salinity Amax, Gross Respiration and Carboxylation efficiency parameters of tolerant and sensitive
ecotypes of quinoa, obtained from A/Ci curves (Figure 5).

Ecotype NaCl CONDITION Amax Sig. Gross Resp. Sig. Carbox. Sig.

M µmol CO2
m−2 s−1 ± SD µmol CO2

m−2s−1 ± SD Efic. ± SD

Amarilla 0 R 13.8 1.03 cd −4.09 1.39 ab 0.135 0.036 d
Amarilla 0.4 R 12.8 0.94 c −4.8 1.15 a 0.117 0.034 d
Amarilla 0 nR 21.49 2.93 f −2,9 1.12 cd 0.127 0.026 d
Amarilla 0.4 nR 16.05 2.46 e −3.42 1.3 bc 0.071 0.033 b
Hueque 0 R 13.75 2.82 cd −3.25 1.11 cd 0.096 0.026 c
Hueque 0.4 R 7.3 0.82 a −3.2 0.31 cd 0.023 0.005 a
Hueque 0 nR 14.67 3.2 de −1.95 0.95 e 0.07 0.027 b
Hueque 0.4 nR 10.31 1.62 b −2.51 0.98 de 0.036 0.008 a

R: with stomatal restriction; nR no stomatal restriction; Amax: Maximum assimilation rate; Gross resp.: Gross respiration (dark and
photorespiration); Carbox. Efic.: Carboxylation efficiency; Different letters indicate Significance level (p ≤ 0.01).

The analysis of carboxylation parameters (Table 4) showed that the carboxylation
efficiency in Amarilla control plants under non-restrictive stomatal conditions (nR) was
not significantly altered (p > 0.05). However, in salt-stressed plants with nR, carboxylation
efficiency was reduced by 44.1% compared to that observed in control plants, which may
be associated with the effect of mesophyll conductance (gm). In the salt-sensitive ecotype,
salt stress caused decreases in carboxylation efficiency of 76% and 48% for R and nR,
respectively.

On the other hand, the unaltered maximum rates of RubisCO activity (Vcmax) and
Triose Phosphate Transport (TPU) (Table 5) indicate that, in the tolerant ecotype, the
reduction in CO2 assimilation caused by salt was not due to RubisCO activity or the supply
of inorganic phosphate to chloroplasts. Differently, Vcmax, TPU in Hueque fell by 36.6%
and 17.9% in R and nR conditions, respectively, showing that CO2 assimilation was affected
by these factors (Table 5).
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Table 5. The effect of salinity on the main photosynthetic parameters of tolerant and sensitive ecotypes of quinoa using the
model of Farquhar et al. (1980).

Ecotype NaCl CONDITION Jmax Sig. Vcmax Sig. TPU Sig.

M µmol CO2
m−2 s−1 ± SD p ≤

0.01
µmol CO2
m−2 s−1 ± SD p ≤

0.01 ± SD p ≤
0.01

Amarilla 0 R 152.66 62.62 d 32.76 6.41 c 10.56 2.77 d
Amarilla 0.4 R 120.53 20.61 c 29.75 4.57 bc 9.27 1.49 cd
Amarilla 0 nR 122.52 23.61 c 33.4 9.77 c 9.93 1.83 cd
Amarilla 0.4 nR 122.59 24.82 c 29.55 5.06 bc 9.69 1.57 cd
Hueque 0 R 115.15 24.66 c 27.68 4.94 b 8.96 1.83 bc
Hueque 0.4 R 72.29 13.55 a 18.86 2.72 a 5.68 1.26 a
Hueque 0 nR 94.66 21.29 b 25.67 6.55 b 7.88 2.07 b
Hueque 0.4 nR 75.67 17.51 a 19.26 5.62 a 6.47 1.74 a

R: with stomatal restriction; nR without stomatal restriction; Vc,max is: Maximum rate of RubisCO activity; Jmax is the transport of
electrons at light saturation and TPU is triose phosphate transport rate. Different letters indicate Significance level (p ≤ 0.01).

The quantum efficiency of PSII (ΦPSII) determined by the ratio of variable fluorescence
(FV) and maximum fluorescence (Fm) (FV/FM) did not reveal an effect of salinity on the
photochemical components of photosynthesis in either ecotype subjected to salt stress
(Table 6). This means that photosystems I and II were not damaged. Therefore, it is unlikely
that the decreases in the assimilation of CO2 and TPU are affected by the supply of ATP or
NADPH.

Table 6. Quantum efficiency of PSII.

ECOTYPE M NaCl ΦPSII Significance *

Amarilla 0 0.82 b

Amarilla 0.4 0.78 ab

Hueque 0 0.79 ab

Hueque 0.4 0.77 a
* Different letters indicate significant differences (p ≤ 0.01).

4. Discussion
4.1. Effect of Salt on Stress Indicators

With respect to stress indicators, the present results confirm those of the previous
studies in quinoa using the same or other ecotypes under similar salt conditions [16,30,46].
Pro accumulation has been reported in several southern Chilean quinoa accessions in
response to 300 and 450 mM NaCl; genotypes considered tolerant to salt stress accumulated
3–5-fold more Pro than control plants, while the more sensitive ones exhibited moderate
increases [19,46–48]. Several reports on glycophytes and halophytes have indicated that
accumulation of GB depends on the genotype and salt stress intensity, and a positive
correlation between GB levels and salt tolerance has been reported [49,50]. Our results
concur with these previous studies, as increases in the GB and Pro contents were observed
in the leaves of both ecotypes in response to salt stress; however, in this case, it was
the sensitive ecotype that presented a greater accumulation of both osmolytes. While
many studies have indicated a positive relationship between GB and/or Pro accumulation
and plant stress tolerance, some have argued that increases in these compounds are a
product of, non- adaptive response to, salt stress [16]. In drought-stressed corn, increased
ABA content was followed by an elevation in betaine aldehyde dehydrogenase (BADH)
activity, leading to GB accumulation [51]. Moreover, BADH and P5CS genes, related
to GB and Pro biosynthesis, respectively, were upregulated in response to treatments
with salt or chromium combined with salt in quinoa [50,52,53]. In addition, exogenous
applications of GB and Pro in crop species such as rice and tomato help mitigate the effects
of environmental stresses, including water and salt stress [47], meaning that they may have
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a role in adaptive responses to abiotic stresses. The salt-sensitive ecotype (Hueque) had a
higher constitutive concentration of GB, and under salt stress conditions, the GB content
in leaves was significantly enhanced and was higher than that in Amarilla. Under saline
conditions, GB biosynthesis in most plant species occurs in the chloroplast [48]. Thus, GB
production may be overstimulated in leaves, thereby increasing the shoot/root ratio of
GB, as observed in Hueque. In this salt-sensitive ecotype, high foliar levels of GB may
contribute to the maintenance of growth by acting as a nitrogen donor [54], contributing to
osmotic homeostasis [55], and protecting the plant from oxidative damage, in combination
with Pro [56]. In the sensitive ecotype (Hueque), the situation seems to be similar at the
root level because, while GB decreased, Pro increased to levels that were 50% higher than
those in the tolerant plant, which maintained its GB content under salt stress.

Our results for Na+ and K+ contents agree with those reported by Adolf et al. [3] in
two contrasting quinoa varieties, salt-tolerant and -sensitive, namely, Titicaca and Utusaya,
respectively. They found that the Na+ content in the leaves increased drastically in plants
treated with 0.4 M NaCl, and the increase was more pronounced in the salt-tolerant plant
(Titicaca) compared to the more sensitive one (Utusaya). The significant increase found
in leaf Na+ content in these two genotypes could be due to the duration of salt treatment
(42 days of salt treatment vs. 15 days in our experimental design).

The salt treatment also caused a significant increase in the K+ concentration in the
xylem of both ecotypes, but there were no differences in K+ between treated and untreated
plants. Our findings are similar in that there were no differences in leaf K+ content
between control and salt-treated plants. Our findings are similar to those reported by
Orsini et al. [16] in that there were no differences in leaf K+ content between control and
up to 450 mM NaCl salt-treated plants of the coastal ecotype accession BO78. Potassium
ions are essential for enzyme activity, protein synthesis, photosynthesis, osmoregulation,
transport of phloem solutes, and the maintenance of the cation–anion balance in the cytosol
and vacuoles. Recently, K+ was also proposed to be a secondary messenger [57]. Thus,
the ability of plants to retain K+ under salt stress has emerged as an important trait for
salt tolerance. By contrast, Na+ is toxic in glycophytic plants, but not in halophytes [58].
Sodium ions cause multifactorial responses, such as osmotic stress [59,60], the inhibition of
vital enzymes [61,62], and competition with K+. Under salt stress, accumulated ions, such
as Na+, Cl–, and K+, are used for osmotic adjustment in the aerial portions of halophytic
plants [63], thus facilitating water uptake and transport and, presumably, lowering the
metabolic cost required to produce large amounts of organic osmolytes, as previously
described by Hariadi et al. for other quinoa genotypes [31].

At the root level, both tolerant and sensitive plants had similar responses in salinity
conditions, decreasing the uptake of K+ and increasing the absorption of Na+; the latter
was especially pronounced in the tolerant ecotype (Amarilla). In some cases, Na+ can
replace K+, particularly in its osmotic functions in vacuoles under K+ starvation conditions.
Halophytes require less K+ for growth than glycophytes [1,10], demonstrating a link
between the ability to replace K+ with Na+ and salt tolerance [64], which is consistent with
the results found in this study, in which the salt-tolerant ecotype had higher levels of Na+.
In barley, a high concentration of Na+ allows plants to osmotically adapt to and maintain
turgor under high salinity, which is a metabolically inexpensive mechanism for osmotic
adaptation. However, this new Na+/K+ homeostasis could create a greater demand for
organic solutes for osmotic adjustment, thereby compromising the energy balance of the
plant [65]. In salt-tolerant barley cultivars [66], K+ was reported to be the main contributor
to cytoplasmic osmolality, whereas in salt-sensitive genotypes, GB and Pro compensated
for reduced cytosolic K+ levels.

4.2. CO2 Assimilation and Stomatal and Mesophyll Conductance

In both ecotypes, the decrease in CO2 assimilation due to salinity was accompanied by
a decrease in stomatal conductance. However, this decrease in gs was greater in Hueque,
(57%, Table 2), than in Amarilla, where was only 17.4%. These values are consistent with
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those reported by Centritto et al. in olive [15] and by Killi and Haworth in quinoa [2].
These authors concluded that the reduction in stomatal conductance in these species is
the principal factor in reducing CO2 diffusion, inducing a decrease in the internal CO2
gas pressure and thus reducing the rate of photosynthesis. In Hueque, the magnitude of
the decrease in gs (57.3%) due to salt treatment was proportional to the decrease in net
CO2 assimilation (65.1%). However, in Amarilla, reduction in CO2 assimilation (37.7%)
was not accompanied by a proportional reduction in gs (17.4%). Thus, assuming a direct
relationship between CO2 assimilation and gs, in the tolerant ecotype, only 46% of the
reduction in CO2 assimilation caused by salt can be explained by the reduction in stomatal
conductance. By contrast, in the case of Hueque, 90% of the reduction in CO2 assimilation
can be associated to the gs reduction. This finding suggests that in the tolerant ecotype
the CO2 assimilation rate depends less on gs than in the case of the sensitive one. This
in turn suggests that, in this ecotype, another diffusional mechanism may be involved
in controlling CO2 assimilation, such as mesophyll conductance (gm) for example. This
possibility is also supported by Bongi and Loreto [19], who indicated that gm was reduced
under saline stress conditions in olive.

Despite the different behaviors of the ecotypes, gs was low in both when treated
with NaCl, suggesting that Na+ did not interfere with K+ stomatal signaling or guard
cell osmoregulation [61], which is consistent with the exclusion of Na+ from salt-stressed
quinoa [62]. This concurs with the data shown in Figure 2, which shows that the K+ content
of leaves did not change under saline conditions.

Calculations of mesophyll conductance (Table 7) in control conditions indicate that
at 350 µL CO2 L−1 and light saturation, gm was 57 mmol H2O m−2s−1 in Amarilla, rep-
resenting 18% of gs, but was 38 mmol H2O m−2s−1 (< 8% gs) in Hueque. This indicates
that in favorable conditions, the relative importance of gm in CO2 diffusion is greater in the
tolerant ecotype than in the sensitive one. However, with the application of saline stress,
the gm values were significantly reduced in both ecotypes, falling by 49% in Amarilla (57
to 29 mmol m−2 s−1) and 47% (38 to 20 mmol m−2s−1) in Hueque (Table 7). Nevertheless,
these gm values only account for 11% and 10% of gs, respectively, which shows that under
salt stress conditions, in both ecotypes, stomatal conductance exerts much greater control
over CO2 assimilation, and gm is of marginal importance.

Table 7 also shows gm values obtained under conditions without stomatal restriction.
In both ecotypes and conditions (R and nR), the increase in salinity (0.4 M NaCl) caused
a reduction in gm, results similar to those found by Delfine et al. [23] in spinach (Spinacia
oleracea). However, after eliminating stomatal constraints under non-salt conditions, gm
increased in both ecotypes, but the change was more significant in the tolerant plants
(61% in Amarilla versus 21% in Hueque). This is consistent with Delfine et al. [23], who
demonstrated that gm was not irreversible in olive, as we show here for quinoa [2]. On
the other hand, under saline conditions and with stomatal restrictions, both ecotypes had
gm values that were similar to those obtained without stomatal restriction. This finding
confirms that, in quinoa, gm is not a relevant factor in determining the diffusion of CO2 in
salt conditions.

Table 7. The effect of salinity on mesophyll conductance (gm) determined at the light saturation
point, with and without stomatal restriction.

Ecotype NaCl (M) With Stomatal Restriction (R) No Stomatal Restriction (nR)

gm
mmol H2O m−2 s−1 % Fall gm

mmol H2O m−2 s−1 % Fall

Amarilla 0 57 92
Amarilla 0.4 29 49.0 32 65.2

Hueque 0 38 46
Hueque 0.4 20 47.4 20 56.5
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4.3. Effect of Salinity on Non-Diffusional Parameters

The effect of salinity on CO2 assimilation, measured by the internal CO2 concentration
and the effect of diffusion factors, is shown in Figure 5a,b. In both ecotypes stomatal
limitations (R) strongly affected assimilation rates, especially upon the addition of 0.4 M
NaCl. However, the ecotypes had different responses: while A increased in Amarilla, with
the removal of stomatal constraints (nR), Hueque did not show the same response. This is
similar to the observations reported in Table 2, which shows that Hueque has little control
over stomatal opening mechanisms, which is apparently an important factor in decreasing
the CO2 assimilation rate. However, above 900 µmol CO2, Amarilla had a CO2 assimilation
rate in saline conditions similar to that of control plants in unrestricted conditions. Thus,
the better response of Amarilla may be due to greater photochemical efficiency and greater
RubisCO activity, while in Hueque, difficulties arise as a result of diffusion and lower
energy efficiency (Tables 5 and 6).

Figure 5. Evolution of CO2 assimilation based on internal CO2 concentration in the leaves of the
quinoa ecotypes Amarilla (a) and Hueque (b) under limiting and non-limiting stomatal conditions.
Different letters denote significant differences (p ≤ 0.01). Average values were calculated based on 3
leaves taken from 6 plants per treatment (mean ± SE).

The results for CO2 assimilation in both ecotypes under restrictive (R) and non-
restrictive (nR) conditions (Figure 4) indicate that, under restrictive conditions, there is little
variation between salt-free and saline treatments in the tolerant ecotype (with conductance
less than 300 mmol H2O m−2s−1). This result reaffirms earlier observations in this work:
in the tolerant ecotype, the assimilation rate does not appear to be limited by stomatal
conductance since Amax is only reduced by 7.2%. This is confirmed by the data of the A/Ci
curve under non-restrictive conditions (Figure 3). The values show an increase of 55.7% in
Amax without salt, whereas with salt, there is a smaller increase in the assimilation rate of
8.7% (Table 5). This result shows that the main limiting factor in the tolerant ecotype is non-
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diffusional. This finding, in addition to the resistance of the mesophyll, which contributes
to the decrease in A, is consistent with the first conclusions of this study (Table 2).

Table 8 shows some photochemical parameters obtained from A/PFD curves: Quan-
tum Requirement (QR), Light compensation points (LCP) and Rate of dark respiration
(DR). The obtained values reveal that the quantum requirement rose with salinity, and the
increase was greater in Hueque (168%) than in Amarilla (27%). This demonstrates that salt
induced a decrease in the effectiveness of photosynthesis in the sensitive ecotype, which
was caused by the increase in the QR and decrease in Jmax, Vcmax, and TPU. These results
are similar to those found by Killi and Haworth [2], where salinity resulted in a lower
Vcmax of RubisCO and a lower Jmax for the regeneration of RuBP.

Table 8. Effect of salinity on the QR, LCP and DR of two quinoa ecotypes.

Parameters
Amarilla (Tolerant) Hueque (Sensitive)

0 M 0.4 M Difference % 0 M 0.4 M Difference %

Quantum Requirement (QR)
µmol photons/µmol CO2

35.2 44.6 9.43 27 28.7 76.9 48.27 168

Light compensation
points(LCP)

Photons
15.2 59.5 44.3 291 15.9 15.6 −0.30 −2

Rate of dark respiration (DR)
µmol CO2

−0.432 −1.33 −0.898 208 −0.553 −0.202 0.351 −63

Light compensation point (LCP) also differs between the two ecotypes. Hueque shows
virtually no changes with the addition of salt, which together with decreased mitochondrial
respiration, could reflect the absence of mechanisms to tolerate salinity. In contrast, the
tolerant increased LCP and the mitochondrial respiration, which reflect that this ecotype
increases its energy requirements to activate possible mechanisms that allow it to tolerate
this environmental stress. The greater tendency towards photoinhibition and the lower
LCP of Hueque, reveals an acclimatization to the lower light intensities typical from the
southern part of Chile, compared to the high light intensities found in northern highlands
where Amarilla is acclimated. To verify this assertion, several photochemical parameters
were determined. The data show that control Amarilla and Hueque plants have statistically
equal quantum efficiencies. While there is a tendency to decrease ΦPSII, salt application
does not cause significant changes in quantum efficiency (FV/Fm) in either ecotype with
respect to its respective control.

Table 5 shows the Jmax values found in Amarilla (120–152 µmol m−2s−1) are very
similar to the average of 109 C3 species (134 µmol m−2s−1; [67]) but much higher than
those found by Centritto et al. [15] in olive trees (79.5 µmol m−2s−1). Killi and Haworth [2]
observed values from 72–152 µmol m−2s−1 in quinoa, and significant falls in saline condi-
tions. In our study, the salt sensitive ecotype has the lower values (72–115 µmol m−2 s−1),
demonstrating that in this ecotype exposure to saline stress causes reductions in Jmax, and
that the decrease in A could also be associated with the transport of electrons. It is striking
that comparing this parameter between 0 M and 0.4 M NaCl with and without stomatal
restriction produces a significant reduction in Hueque, but not in Amarilla, indicating that
the difficulties in the sensitive ecotype could be due to carboxylation, given by an effect
on Jmax, which would indicate a problem on the supply of ATP and NADPH. According
to Killi and Haworth [2], the reductions in Vcmax found in salt-stressed quinoa would
be compatible with the altered carboxylation of RubisCO [68,69] and/or by the reduced
content of RubisCO [70]. Salt stress also reduced the regenerative capacity of RuBP in
quinoa indicative of reduced RuBP availability [69] and expression [71,72], particularly in
salinity.

In the case of Hueque, the parameters evaluated highlight that in addition to the high
incidence of gs on the rate of CO2 assimilation, there is also an effect caused by RubisCO,
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which is seen by comparing carboxylation efficiencies and Vcmax, between salt and control
growth conditions. Similarly, Jmax and the TPU also play a role.

The Vcmax values in Amarilla quinoa under control conditions found here were
lower (29–33 µmol m−2s−1) than those reported by Wullschleger [67] (average values of
64 µmol m−2s−1 for 109 species) and Killi and Haworth [2] (values from 60 to 160 µmol
m−2s−1 in quinoa). However, the decreases in Vcmax observed in plants sensitive to saline
stress in our study, as well as the results of Killi and Haworth [2] in quinoa treated with
salt, indicate that differences in reported values may be associated with the particular
characteristics of the different ecotypes used. The tolerant plants had higher Vcmax values
than sensitive ecotypes. In this regard, Manter and Kerrigan [73] indicated that, in woody
species, the values ranged between 31.2 and 42.2 µmol m−2s−1 and were associated with
low mesophilic conductance, similar to the two Chilean quinoa ecotypes used in our study.
In addition, salinity also induced reductions in Vcmax and Jmax, corroborating the loss
of photosynthetic ability. The reductions in Vcmax found in quinoa with salt stress are
compatible with poor carboxylation by RubisCO [2,69,74].

The ability to maintain intact membranes and photosystems may enable Amarilla to
maintain photosynthesis even in saline conditions. In the cells of photosynthetic organisms,
salt stress leads to a decrease in cell volume, induces osmotic stress, and inhibits the
photosynthetic electron transfer process [75–77], and in Synechococcus cells, PSII and PSI
are both inactivated due to changes in the K+/Na+ ratio [76]. In our experiments, salt
treatment led to a 10.5-fold reduction in the level of K+ in the roots of the salt-tolerant
ecotype (Amarilla) and a 34.6-fold reduction in the more sensitive ecotype (Hueque).
The lower supply of this element could mean that PSII is more inactivated in Hueque
than in Amarilla, as shown by the CO2 assimilation rates (Table 2), resulting in high Na+

and Cl− fluxes into cells, disrupting ion homeostasis, and leading to the accumulation
of reactive oxygen species (ROS) [76,78,79], which is associated with membrane lipid
peroxidation [80,81] and can adversely affect photosynthesis [81].

Control of oxidation is achieved through the synthesis of antioxidants such as polyphe-
nols, which are divided into several subgroups, among which are the flavonoids (including
flavonol glycosides and isoflavones) [82]. Tocopherol and carotenoids are known to be
very important for the scavenging of lipid peroxides in Synechocystis 6803 [83]. Flavonol
glycosides constitute the most abundant phenolics in quinoa seeds and leaves [84]. Several
phenolic acids, including hydroxycinnamic acid and hydrobenzoic acid derivatives, have
been identified in quinoa seeds and leaves [85]. Furthermore, the highest activity was
observed in red-violet quinoa varieties containing both betacyanins and betaxanthins, with
significant capacity/activity also exhibited by the yellow ecotype. These varieties or eco-
types are characterized by a high dopaxanthin content, whose dihydroxylated substructure
is a powerful antioxidant [83]. Our results show that both ecotypes significantly increase
the GB content as a mechanism to protect photosynthetic activity. Some plant varieties
are able of biosynthesize GB, exhibiting a greater tolerance to abiotic stress, and often
have enhanced growth and yield relative to varieties that do not accumulate GB [86]. The
increased GB accumulation mainly occurs in the chloroplast and is responsible for initiating
a network of interactions between the plant’s photosynthetic apparatus, its “stress” and
“growth” hormones, and reactive oxygen species. The increased abiotic stress tolerance of
plants able to accumulate GB appears in large part to be due to the ability of chloroplast-
produced GB to protect the photosynthetic apparatus [86]. In particular, the accumulation
of GB in the chloroplast in response to a stress signal protects enzymes and lipids that
are required to maintain both the flow of electrons through thylakoid membranes and the
continued assimilation of CO2 [87,88].

It is probable that the Amarilla ecotype also has other mechanisms for membrane pro-
tection, such as the presence of trehalose [89]. Trehalose can act as a structural component
when incorporated into glycolipids, thereby stabilizing membranes [50,89,90].
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5. Conclusions

The Calvin cycle requires energy inputs that come from the photochemical phase,
and the data show that electron transport is not strongly affected in the tolerant ecotype,
which had higher J and Jmax values than those found in the sensitive ecotype. This allows
NADPH and ATP to maintain their contributions to the production of triose phosphates
(TPU), which, according to our results, do not differ from the treatment without salt. This
suggests that the Amarilla ecotype maintains its rate of RuBP under salinity conditions.
On the other hand, the Quantum Requirement (QR), light compensation points, and
the dark respiration rate are increased, which may be the result of an adaptation of the
photochemical apparatus through membrane protection, as seen by the increase in GB.

In the sensitive ecotype (Hueque), the CO2 assimilation rate was affected in both the
biochemical and photochemical components; in this respect, Vcmax, TPU, Jmax, J, ΦPSII,
and QR dramatically decreased. Light compensation points and the dark respiration rate
were not affected.

Another mechanism that was activated in the short term in response to salt treatment
in both ecotypes was the exclusion of Na+ towards the leaves and growth centers. Both
ecotypes retained Na+ in the roots and restricted its entry to the leaves. This mechanism
must be associated with the compartmentalization and blocking of excess Na+ not only in
the vacuoles of quinoa leaves (tissue tolerance) but also in those of root cells (ion exclusion),
mechanisms that are important for protection in response to ionic toxicity induced by salt
at the cellular level.
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Abstract: Chenopodium quinoa is a pseudocereal species identified as a potential crop to mitigate
world food security. It has the ability to adapt to diverse agro-ecosystems ranging from sea level
to over 4000 masl. Its cultivation in Morocco began in 1999, as it is tolerance to drought, salinity,
and frost, and it can grow on marginal soils. It has exceptional nutritional value, as it is rich in
proteins, essential amino acids, mineral nutrients, trace elements, vitamins, and unsaturated fatty
acids. The present study aims to evaluate the adaptation of 14 quinoa varieties and lines from
four different origins through fourteen agro-morphological characters. The experimental trials
were conducted at five contrasted agro-climatic sites across the central part of Morocco. The data
analysis showed high variability among the tested varieties and between sites for all assessed traits.
The Meknes (foot-hill plain) site was the most productive; its grain yield reached 78.6 qx/ha. At the
Rabat (coastal land) and Berrechid (continental plain) sites, grain production was respectively 56.4
and 45.9 qx/ha. The SW2 Moroccan line produced the highest grain yield that reached 78.3 qx/ha
across sites. The Danish variety Titicaca presented the best harvest index (HI = 0.69) as well as the
best “thousand kernel weight” (TGW = 3.4 g). As the mildew infection evaluation, the Vikinga
and Titicaca varieties ranked the most sensitive to Peronospora farinosa. The germination rates of the
harvested seeds were prejudiced by the sites’ high temperatures and were low in Tinejdad (oases
site) and El Kbab (mountain plateau). The best average germination rate across sites was that of the
Puno variety (84.5%). According to the Additive Main effects and Multiplicative Interaction analysis
(AMMI), 23% of the grain yield variability is due to the genotype, while 32% is due to the site by
the variety interaction contribution to the production variability. AMMI analysis also ranked the
varieties according to their productivity and stability value. Accordingly, two varieties that have
yielded above the overall average (42.7 qx/ha) are considered stable; those are Riobamba and W11,
which is a local selected line. Titicaca, ILLPA, Atlas cultivars and the SW2 local line presented the
best grain yield in one of the experimental sites but performed not as well on the others.

Keywords: quinoa; agro-morphological traits; genotype × environment interaction; AMMI; yield;
stability

1. Introduction

Global warming in recent decades reached a critical level exposing some populations
at risk, particularly in terms of the food supply. Food security is also threatened by
population growth and rainfall decrease. Grain crops statistics predict a yield decrease
between 3.1 and 7.4% for every 1 ◦C temperature increase unless breeders create new
varieties for warmer environments [1]. Thus, there is a great challenge to overcome by
exploring and expanding new crops that have a better adaptation to the harsh climates.

Quinoa is a pseudocereal native to the Andean highland of the South. It gained world-
wide attention because of its tolerance to abiotic stresses [2] such as drought, heat, frost,
and salinity [3]. It expends progressively in different parts of the world; it is growing in
more than 95 countries [4]. The high resistance to the abiotic stresses in quinoa results from
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its vast genetic diversity and harsh environmental conditions prevailing in its zone of ori-
gin [5]. It sustains five ecotypes based on their adaptation ability to specific agro-ecological
environments: sea level from Southern Chile, Andean valleys, Yungas from the subtropical
rainforest, Salar from the Lake Titicaca highland in Southern Bolivia, and Altiplano from
the Andean high plateaus (ca. 4000 m) [6].

Quinoa is also known for its high nutritional value; its seeds are exceptionally rich in
proteins and essential amino acids. Temperature and photoperiod are the two main factors
that affect significantly quinoa production [7]. Quinoa yield is generally insignificant in
regions where the temperatures go higher than 32 ◦C [4,8]. According to Bertero et al., [9],
the genotype’s performance depends largely on the cultivar genetic makeup, the envi-
ronment, and their interaction. In general, quinoa shows high genotype × environment
interaction (GEI) under multi-environments trials (MET). Such significant GEI affects breed-
ing efficiency strength [10]. Understanding and assessing genotype and GEI effects are
required to enhance the selection efficiency in crop breeding [11]. Furthermore, MET has
the advantage of helping identify genotypes that have large adaptations or the ones that
adjust to a specific environment [12].

Several statistical analyses are used to evaluate the yield performance of genotypes
across the environments such as the regression coefficient of the GEI effects on the environ-
mental [13], the coefficient of variation (CV) [14], the non-parametric stability [15], the har-
monic mean of the genotype relative performance value [16], and the AMMI—Additive
Main effects and Multiplicative Interaction model [17]. There are different crops that
benefit from these approaches, including corn [18], rice [19], bread wheat [20], maize [21],
and quinoa [22,23]. AMMI analysis allowed us to analyze the GEI effects in multi-location
trials. This method has the advantage of generating outputs that can help easily diagnose
the varietal adaptability and yield stability [24].

Quinoa was selected among half a dozen species as elite to enhance crop diversity of
the cropping systems in Morocco. The quinoa introduction’s main objective was to improve
the food security of mountain sustenance farmers in climate change and overgrazing
occurrence. Since then, quinoa became the focus of several studies, germplasm productivity,
and adaptation evaluation, screening for diseases and abiotic stresses tolerance, water-
use efficiency and drought tolerance, genetic and molecular characterization, etc. [25–27].
Consequently, quinoa cultivation has expanded across several regions and environments
in Morocco; hence, there is a real need to provide well-adapted cultivars to farmers
and producers for different regions. Therefore, the main objectives of the present study
are to evaluate the productivity and stability of 14 quinoa genotypes (11 varieties and
three Moroccan lines) under field conditions at five contrasting environments and to
interpret the genotypes adaptation through the tested cropping conditions and through
14 evaluation descriptors.

2. Material and Methods

We conducted the experiments at five sites during the 2017–2018 cropping seasons.
Table 1 summarizes the specifications of the experimental locations, the quinoa genotypes
under evaluation, the type of environmental climates (oceanic to semi-desert), and altitude
ranges (low to high) of the sites. The field experiment design was a randomized complete
block with four replications. The elementary plot size varies according to the available
land space for the trial. Six rows represented the elementary plots in Rabat and El Kbab,
four rows represented the elementary plots in Berrechid and Tinejdad, and three rows
represented the elementary plots in Meknes. The row length was respectively 1.6, 2.0,
or 2.5 m with a 0.2, 0.5, or 0.6 m’s inter-row spacing. All the cropping tasks (planting,
weeding, harvesting, and cleaning seeds) were manual. The fourteen genotypes tested are
from different origins: Titicaca, Puno, Vikinga (Quinoa Quality, Regstrup, Denmark), Atlas,
Pasto, Riobamba (Wageningen University, Wageningen, The Netherland), ILLPA, Amarilla
de Marangani, Altiplano INIA 431, Salcedo INIA, Passankalla INIA 415 (Universidad
Nacional Agraria de La Molina, Lima, Peru), and SW2, W11, and W16 (IAV Hassan II,
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Rabat, Morocco). We sowed all the genotypes at a rate of 0.66 g/m in February during the
cropping season expect El Kbab, which was sowed in April since the snow.

Table 1. Location and description of the experiment agro-climatic sites.

Location
Geographic Position

Alt (m) Soil Type
Temperature (◦C)

Rainfall (mm) Sowing Date
Latitude Longitude Min Max Mean

Rabat 34◦03′31” N 6◦79′10” W 135 Sandy-Silty 12.6 26.2 19.8 229 20/02/18
Berrechid 33◦18′12” N 7◦47′59” W 309 Clayey-Silty 12 30 20.3 318 16/02/18
Meknès 33◦85′42” N 5◦66′17” W 592 Clayey 11 33 19.3 703 19/02/18
El Kbab 32◦71′31” N 5◦55′23” W 1503 Sandy-Silty 8.2 37.2 19.1 550 06/04/18
Tinejdad 31◦54′26” N 5◦19′39” W 1062 Silty-Clayey 12.1 40.3 23 200 23/02/18

The mildew (Peronospora farinosa) assessment took place under the natural infection
conditions at the vegetative and flowering plant growth stages. We first collected three
leaves from three stem levels, the third-bottom, the middle, and the apical per genotype
and block, and scored them according to the leaf area surface covered by the fungus [28].

At harvest, we scored the agro-morphological traits. We pulled up separately four
rooted plants per elementary plot. Subsequently, we assessed seven IBPGR traits (de-
scriptors International Board for Plant Genetic Resources) that are good in discriminat-
ing traits between genotypes or well correlated to the yield in our former screening
tests [29,30]. These gathered plant height, stem diameter, root length, panicle length
and width, and yield components.

Grain and dry matter yield per plant measurements took place after threshing and
drying the seeds at 35 ◦C and brushwood at 70 ◦C immediately. Three samples of one
thousand kernels that were weighted were obtained by counting the seeds manually.
For the grain diameter, thirty seeds per genotype and per block were measured using a
binocular magnifying glass with mm graph paper. Yield and dry matter per hectare were
estimated by through the grain yield per plant, plant density, and elementary plot area.
Harvest index was calculated as defined below:

HI = (GW/(BW + GW)) × 100)
GW: Grain weight
BW: Brushwood weight

For the germination test, we held three samples of 20 kernels per treatment (genotype
× site), washed them in 12% sodium hypochlorite solution, and then placed them at room
temperature (20.2 ◦C) in sterilized Petri dishes. Daily recording germinating rate data
recording was for ten days.

The database went first through the descriptive analyses and ANOVA test to assess
the variability between the genotypes within and between sites. Genotypes homogeneous
groups were according Newman–Keuls posthoc test. The Principal Component Analy-
sis [31] and the Additive Main effects and Multiplicative Interaction (AMMI) model [17]
performed the genotype stability and productivity. The version 3.5.1 of R software version
3.5.1 is the one used in the analyses. The AMMI model combines both the ANOVA and the
PCA. The principal additive effects divide the effect of the GEI into interaction principal
component axes (IPCA) provided by the PCA. The calculation of the AMMI Stability Value
(ASV) is according to Purchase [32], where Sum of SquareIPCA1

Sum of SquareIPCA2
is the weight given to the

IPCA1 value that is equal to the IPCA1 sum of squares divided by the IPCA2 sum of
squares. Genotypes with small values of IPCA1, IPCA2, and ASV are more stable across
environments. It also means that the genotypes with the ASV close to zero are the most
stable ones [32].

3. Results

Analysis of variance showed a high degree of morphologic and agronomical variability
among the genotypes. For all the investigated traits, a significant effect exists except for
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the germination rate and the seed size in Rabat and Tinejdad (Table 2). The plant height
fluctuates between sites from 34.85 to 127.35 cm at El Kbab and Tinejdad, respectively.
The ANOVA reveals the tall size of the Peruvian varieties; Amarilla de Marangani reached
2.30 m at Rabat. Pasto and Vikinga cultivars produced the smallest size plants. At the
Meknes site, the Moroccan lines were taller than some Peruvian varieties. Intermediate
sizes over the sites were mainly those of Puno and Titicaca, which are the Danish cultivars.

Table 2. Agro-morphological traits variance analysis of the quinoa genotypes at the five experiment sites.

Sites Rabat Berrechid Meknès Tinejdad El Kbab

Traits F Mean F Mean F Mean F Mean F Mean

Plant height (cm) 75.623 *** 106.62 23.068 *** 79.33 56.871 *** 97.99 47.938 *** 127.35 3.112 * 34.85

Stem diameter (mm) 13.327 *** 7.67 4.323 *** 8.09 13.543 *** 8.13 19.859 *** 10.97 2.100 4.51

Root length (cm) 2.113 * 15.09 1.249 15.54 11.101 *** 14.77 - - 1.052 12.56

Panicle length (cm) 14.401 *** 31.73 5.275 *** 24.14 15.831 *** 27.91 - - 3.765 ** 9.15

seed size NS 1.91 7.639 *** 1.93 28.721 *** 1.99 NS 1.99 33.452 *** 1.72

Panicle width (cm) 7.43 *** 4.74 4.538 *** 4.66 15.831 *** 5.18 - - 4.373 ** 2.03

Dry matter per plant (g) 17.790 *** 18.96 3.688 *** 17.49 9.926 *** 22.29 12.861 *** 53.02 5.935 *** 2.31

Yield per plant (g) 15.711 *** 10.82 5.935 *** 10.14 13.049 *** 14.22 21.652 *** 9.77 7.400 *** 0.81

Harvest Index 59.049 *** 0.4 53.668 *** 0.37 53.136 *** 0.42 26.545 *** 0.22 6.263 *** 0.29

Thousand kernel weight (g) 17.986 *** 2.6 8.323 *** 2.32 1.415 2.85 17.375 *** 2.28 5.682 *** 1.59

Yield (qx/ha) 11.947 *** 56.41 5.541 *** 43.37 3.643 *** 78.64 12.987 *** 9.75 3.310 ** 14.92

Dry matter (qx/ha) 15.385 *** 137.91 9.074 *** 132.3 16.796 *** 169.95 20.296 *** 529.39 2.030 383.35

Mildew sensibility (%) 10.196 *** 26.84 - - 17.540 *** 17.59 - - - -

Germination rate (%) NS 81.15 NS 93.85 NS 94.62 NS 27.78 NS 29.72

***, **, *: significant at 0.1%, 1%, 5% respectively; NS = Non-significant; Gen = Genotype.

Plant dry matter varied between sites, from an average of 2.31 to 53.02 g in respectively
El Kbab and Tinejdad; while plant grain average yield ranged from 0.81 to 14.22 g at El
Kbab and Meknes, respectively (Table 2). Therefore, plants produced more biomass at
Tinejdad and less at El Kbab and more seeds in Meknes than El Kbab. Furthermore,
Atlas had the highest grain yield per plant in Meknes, averaging 50.75 g; it also had a good
performance in Tinejdad and Berrechid, where its plant grain yields reached 32.17 and
21.38 g, respectively. In Berrechid, Titicaca ranked first with a plant grain yield of 25.19 g.
In Rabat, W11 had the best grain yield per plant of 33.06 g, which was followed by both
other lines, W16 and SW2 (27.63 and 25.63 g). The Peruvian varieties were the least and
even did not produce any seeds in Tinejdad.

The harvest index fluctuated significantly between sites from 0.22 to 0.42. The highest
harvest index of 0.69 belongs to Titicaca at Meknes. Puno presents the best harvest indexes
of 0.64 and 0.65 at Rabat and Berrechid, respectively (Table 2).

The powdery mildew (Peronospora farinosa) sensibility evaluation took place in Rabat
and Meknes sites. The reaction to the disease was more pronounced at Rabat (26.84%) than
Meknes (17.59%). Four varieties were the most susceptible, Vikinga with 45.50 and 58.50%
respectively at Meknes and Rabat, Titicaca with 51.75 and 34.00%, SW2 with 37.25 and
40.50%, and W16 with 43.00 and 33.25%. Pasto and Puno were the most tolerant with 0.50
and 13.25%, and 8.25 and 12.50%, respectively, at Meknes and Rabat (Table 2).

After their harvest and conditioning, collected seeds were placed in Petri dishes for
germination to test their viability. The site effect was significant on the germination rate.
Thus, the data reveal Meknes and Berrechid as the best sites for seed production; their
germination rates exceeded 93%. Rabat recorded a germination rate close to 80% (Table 2).
El Kbab and Tinejdad germination rates were below 30%. Puno had the best germination
percentage across sites (84.5%) with 100% at Meknes and 50% at Tinejdad.
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To assess the varietal variation, principal component analysis (PCA) was performed
by considering simultaneously all the variables. The first two principal components
explain 72% of the total variability between the 14 genotypes under study. Plant height,
stem diameter, dry matter per plant, and harvest index were the major contributors to
PC1. Thus, PC1 is considered as a biomass production indicator. The second principal
component (PC2) was more related to grain yield per plant, root weight, and plant density,
which partially explains the seed production ability per surface unit. The PC3 contributes
10.24% to the total variance; root length, panicle width, grain yield, and plant density
present the largest coefficients. The PC4 axis links mainly to the mildew sensitivity (52.41%)
and the thousand kernel weight (19.34%). The three first components explained 85.49% of
the variability. Thus, these axes were useful to identify homogeneous genotype clusters.

According to the Pearson correlations matrix, the variables that contribute more to
the biomass are plant height, stem diameter, root and stem weight, panicle length and
width, and plant dry matter. They all are positively correlated to the dry matter and
negatively correlated to the harvest index and thousand kernel weight. Genotypes with
high growth vigor did not produce much seed; that was the case of the Peruvian cultivars.
In Rabat, Passankalla, Salcedo, ILLPA, and Altiplano, dry matter ranged between 14.6
and 19.3 g/plant, while in the Danish cultivars, it varied from 3.9 to 5.2 g. At the same
time, the Danish genotypes harvest index (0.62 to 0.64) was higher than the Peruvian ones
(0.04 to 0.17).

Grain yield, grain yield per plant, harvest index, and thousand kernel weight are the
main variables that are positively correlated. Since plant grain yield correlates negatively
to the dry matter, cultivars with moderate growth vigor and a short growth cycle seem
more productive under the experimental conditions if we consider the February sowing
date. Susceptibility to mildew does not correlate with the other traits; rather, it depends on
the environment’s climate, mainly temperature and humidity. A strong correlation exists
between the plant height and the stem diameter (0.92).

The PCA biplot gathered the 14 genotypes into four clusters (Figure 1). Amarilla
de Marangani forms Cluster I (blue) and has high biomass components (plant height,
stem diameter, panicle length, and dry matter) as well as a harvest index close to zero.
Cluster II (red) includes SW2, W11, W16, and Atlas that have in common relatively low
plant density and high grain yield: 63.7 qx/ha on average over the five sites. Cluster III
(green) gathers only European cultivars, Titicaca, Puno, Vikinga, Pasto, and Riobamba.
This group had relatively low biomass, 7.23 g/plant on average over the five sites. Their cu-
mulative dry matter/plant (36.08 g) does not surpass that of Altiplano (43.15 g). In addition,
their harvest index (HI = 0.5) is much higher compared to the other varieties, as is their
grain yield average across the sites (49.0 qx/ha). Titicaca seems to have additional special
traits than the other cultivars; it has higher yield (72.6 qx/ha), harvest index, and thousand
kernel weight, but it is more susceptible to mildew. Cluster IV (yellow) holds Altiplano,
Passankalla, Salcedo, and ILLPA Peruvian cultivars; they produced few seeds, an average
of 24.5 qx/ha over the five sites; their harvest index is exceedingly low at 0.09 on average,
but they are more tolerant to mildew.

In multi-location trials, the selection for grain yield stability involves an estimation of
the interaction between the genotypes and the environments (GEI), which is sometimes
highly significant. The AMMI analysis on yield facilitates the identification of the most
productive and stable genotypes. The analysis of variance (ANOVA) associated with
the AMMI model revealed the highly significant sites, genotypes, and interaction effects
(Table 3). The environment explains the largest grain yield variability (45.17%) followed by
the interaction (31.77%); this indicates the great influence of the selected environments on
the cultivars’ behavior.
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Figure 1. Biplot principal component 1 (PC1) × principal component 2 (PC2) of the 14 quinoa genotypes derived from the
average linkage cluster analysis.

Table 3. Additive Main effects and Multiplicative Interaction analysis (AMMI) analysis of variance for grain yield of 14
quinoa genotypes in five locations.

D Sum Sq. Mean Sq. F Value Pr. (>F) Var. (%)

Environment 4 822,732 205,683 68.3663 *** 9.01 × 10−10 45.17
Rep (Env) 15 45,128 3009 2.0224 * 0.01166 -
Genotype 13 419,875 32,298 21.7112 *** 2.20 × 10−16 23.05

Interactions 52 578,715 11,129 7.4812 *** 2.20 × 10−16 31.77

IPCA1 16 69,269.584 4329.349 2.91 *** 0.0001 53.4
IPCA2 14 32,940.884 2352.9203 1.58 0.0785 25.4

Residuals 983 1,462,333 1488

***, *: significant at 0.1%, 5% respectively.

Furthermore, the first interaction component IPCA1 generated by the model explains
53.4% of the total yield variation, while the second axis justifies an additional 25.4%.
Therefore, the IPCA1 vs. grain yield biplot fully describes the quinoa genotypes’ behavior
as confirmed through its significance (p-value = 0.0001).

Figure 2 illustrates the genotypes grain yield across the five sites. Meknes is the most
productive site (78.6 qx/ha), while the lowest yielding site is El Kbab (9.5 qx/ha). Meknes,
a propitious pluvial zone with an average annual rainfall of 576 mm/year, mean tem-
perature of 19–22 ◦C in May–June, and relative humidity of 60–78%, gave much more
auspicious growing conditions. The coastal site of Rabat presented a quite high yield of
56.4 qx/ha. The growing conditions of the oasis site of Tinejdad affected significantly
the quinoa genotypes’ performance, especially Peruvian cultivars. As a result of the late
sowing at El Kbab, the quinoas’ reproduction-phase matches the long photoperiod and
high-temperature period (37.2–40 ◦C), while almost no irrigation is applied. El Kbab
conditions impact the 14 quinoa genotypes and more the Peruvian cultivars.

Figure 2 reveals Meknes and Rabat as the most interactive sites with the first IPCA,
since they reached the highest IPCA1 scores of 6.88 and −8.54, respectively. These two
sites were judged appropriate to discriminate and assess the genotype grain yield variance
stability. More than 50% of the genotypes produced over-mean yields; those are W16, Pasto,
Riobamba, W11, Puno, Titicaca, Atlas, and SW2. According to Purchase [32], the closer
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the genotype score is to the center of the IPCA1 by IPCA2 biplot, the more stable is
the genotype, and the opposite is true. The highest yield of 78.3 qx/ha was that of SW2.
This local accession reveals low stability; it is placed far from the IPCA1–IPCA2 biplot center
(Figure 3). Atlas and Titicaca have significant yields of respectively 75.6 and 72.6 qx/ha
and are also unstable. The lowest yields were those of Amarilla de Marangani (0 qx/ha),
Passankalla (9.2 qx/ha), and Viking (18.6 qx/ha) (Figure 2). Nevertheless, their stability
scores were valuable, of 2.46, 1.88, and 3.09, respectively.

Figure 2. Biplot of the first principal component of the interaction (IPCA1) and the grain yield of the 14 quinoa genotypes.

Figure 3. Biplot between the first component (IPCA1) and the second component (IPCA2) of the genotype × environment
interaction (GEI) interaction for the grain yield of the 14 quinoa genotypes.

Genotypes projection, aside from the environmental vectors, indicated specific inter-
actions. The Figure 3 biplot displays varietal adaptation degree to a specific site. Titicaca
is better suited to Berrechid (143.2 qx/ha); ILLPA interacts positively with Meknes envi-
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ronment (125.4 qx/ha), as Atlas (143.9 qx/h) and SW2 (160.4 qx/ha) interact with Rabat,
where they recorded their best grain yields. W11 (56.0 qx/ha) and Riobamba (50.7 qx/ha)
genotypes, with a yield over the total mean, presented good yield stability.

In summary, the AMMI analysis provides the genotypes’ productivity and the AMMI
Stability Values (ASV), as shown in Figure 4. Both parameters allowed gathering the
cultivars into three groups.

The first group includes five cultivars, Altiplano, Riobamba, Passankalla, W11,
and Amarilla; these are most stable with ASV scores ranging from 1.40 to 2.46. Two of
them, Riobamba and W11, are above the average yield (Figure 4).

The second group gathers Vikinga, Puno, W16, and Pasto genotypes; their ASV
stability scores range from 3.09 to 4.75; three among them, Puno, W16, and Pasto, overpass
the average yield of 42.7 qx/ha.

The third group gathers Titicaca, Salcedo, ILLPA, Atlas, and SW2; their stability scores
are sited between 7.75 and 14.78 ASV values. Atlas and SW2 have the highest productivity
of 75.7 and 78.3 qx/ha, respectively. Both accessions were ranked unstable according to
their ASV scores (12.1 and 14.8, respectively).

Figure 4. Grain yield and evolution of the AMMI stability values (ASV) of the 14 quinoa genotypes.

4. Discussion

Quinoa is an alternative to global stable food products, such as rice and wheat; it is
superior in terms of nutritional value and abiotic stress tolerance [33]. Recently, quinoa
cultivars have been widely tested outside the species center of origin in Latin America [4].
Quinoa has great morphological, agronomic, and physiological variability, predisposing it
to wide environmental adaptation. This great intraspecific diversity connects to the quinoa
five ecotypes of different origins and its allotetraploid status [6]. Hence, there is a real need
to consider the effect of environmental factors such as temperature and photoperiod to
optimize the introduction of quinoa in new regions [34]. On the other hand, when we select
genotypes only for their predicted genotypic productivity, it does not guarantee that they
will maintain their performance when cultivated under other environments [35]. Thus, it is
difficult to identify consistently superior genotypes across environments when the G × E
interaction is highly significant [20]. Therefore, this present study seeks to assess the stability
of the grain yield of 14 quinoa genotypes across five agro-ecological zones in Morocco.
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The data analyses reveal an important agro-morphological diversity between the
genotypes. Peruvian cultivars plants have a large size and tend to produce much biomass.
In general, their height is within the range reported by Jacobsen and Stolen [36]. According
to these authors, quinoa plant size varies between 0.5 and 3 m with an average of 1 to 1.5 m.
Amarilla de Marangani gave the highest plant height (2.30 m) as expected; it belongs to
the Inter-Andean valleys’ ecotype [37]. Its origin latitudinal score is 13◦3 S. According to
Tapia et al. [6], this ecotype grows between 2000 and 4000 m, and it has a high size and late
flowering. Generally, plant size is much more variable and depends on the plant branching
habit and the inflorescence shape, amaranthiform, or glomeriform [6]. The growth cycle
duration explains largely plant size differences between the two groups. European varieties
were ready for harvest at least 4 weeks before the Peruvian accessions. Peruvian varieties
were still at the flowering stage, even Amarilla de Marangani was at the late vegetative
phase when the European cultivars reached their physiological maturity. Amarilla de
Marangani is the latest and the tallest among all the varieties.

The growth cycle length seems to have a direct relationship with the photoperiod.
According to previous studies conducted by Christiansen et al. [38] and Bertero et al. [7],
quinoa is a facultative short-day species rather than qualitative, indicating that regardless
of the cultivar adaptation, quinoa can flower under a wide range of day lengths. Thus,
genotypes are classified as a short day (12.25 h), long day (14 h), or insensitive, depending
on their sensibility to the photoperiod. Bertero [34] reported that long-cycle quinoa cultivars
are generally more photoperiod sensitive compared to short-cycle ones. Furthermore,
the duration of the phenological phases (emergence to floral initiation, floral initiation to
the first anthesis, and first anthesis to physiological maturity) depend on the genotype
sensitivity to the photoperiod. Christiansen et al. [38] reveal a significant varietal effect on
the leaf and flower nodes initiation when quinoa plants are grown at a long day compared to
short-day photoperiods, with Real being the most pronounced reactive cultivar. As Real is a
traditional large-seed variety from the Bolivian southern Altiplano, it is late-maturing when
compared to the sea level ecotype such as the Danish varieties. Our findings match with
these statements. Peruvian late cultivars produce more vegetative organs at the detriment
of the seeds. In addition, Bendevis [39], while testing two quinoa cultivars, reported similar
adjustments in resource allocation between plants growing under short and long-day
photoperiods. They are also in agreement with Dorais and others’ [40] conclusions on
tomato and sweet pepper crops, stating that an extended photoperiod results in further
shoot development and carbohydrate accumulation in leaves over fruit development.

In contrast, when quinoa grows under long photoperiods and high temperatures,
it tends to shorten its development cycle. Therefore, plants might reach their physiological
maturity even before they complete their development. This should be the case in El Kbab
where the plants’ size did not exceed 54 cm. It is important to remember that the El Kbab
trial was installed 7 weeks later because of the snow, and there was no irrigation stream
when the temperature and day length increased. These results confirm the Atkinson and
Porter [41] scheme stating that when the growing environment is at risk of high temperature
or water stress, plants would hasten their development and form their seeds. Bertero [34]
reported that late in the season in the Andes, when water deficit occurs, photoperiod-
sensitive cultivars are faster in their growth and seed filling, allowing plants to mature
before water or temperature becomes restrictive.

Water supplies may also influence plant growth to some extent. All the genotypes were
relatively more vigorous in Tinejdad despite the oases type of climate (average temperature
23 ◦C, humidity 33.83%). Indeed, the Tinejdad trail received regular irrigation to meet the
plant and the atmosphere demand, which contributed to the expansion of the plant size.
In fact, excessive irrigation at the seedling stage improves the plant vigor but does not
enhance the grain yield [42].

The origin of the variety appears to impact considerably quinoa seed production.
Most Peruvian cultivars produced little or no seeds despite their well-established panicles.
They were very late when compared to the other genotypes. Amarilla de Marangani did not
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produce any seeds across the five experiment sites. Several tested genotypes are day-length
sensitive and classified as short day. Quinoas are also sensitive to temperature; they require
between 15 and 20 ◦C for optimal growth. Thus, the growing cycle duration depends on the
combination of both factors [43]. Bertero [43] reported that far from the equator, short-day
plants become more sensitive to temperature and less sensitive to photoperiod. In 2017,
Noulas [44] reported that several Latin American cultivars gave no seeds under the central
Greece arid environment. Research conducted also in the US stated that temperatures
exceeding 35 ◦C are likely to cause pollen sterility [45]. These facts well justify our current
finding on the Peruvian quinoa in the Tinejdad oases. In addition to the high temperatures,
a summer-long photoperiod and low air humidity contribute to the seed establishment
hindering. On the other hand, the same Peruvian cultivars behave differently at Meknes,
where average temperatures are quite mild (19.3 ◦C). In terms of comparison, ILLPA seed
production per plant at Meknes (11.19 g) over-passed Titicaca (8.81 g), Vikinga (6.44 g),
Pasto (8.12 g), and Riobamba (6.25 g).

The two most important determinant factors to grain yield are biomass accumulation
and its partitioning into the storage organ, which is evaluated through the harvest index.
Puno had the best harvest indexes of 0.64 and 0.65 at Rabat and Berrechid, respectively.
As for Meknes, the highest harvest index of 0.69 was Titicaca’s. These well-known quinoa
cultivars by farmers recorded the best yield and harvest index at previous experiments.
In 2010–2011, Titicaca had the highest harvest index of 0.47 during a trial carried out in
the semi-arid region of Bouchane. It is quite low compared to the 2018 exceptional rainy
cropping season. Indeed, the 2018 season was particularly favorable for seed production,
especially in Meknes. Overall, the varietal harvest indexes ranked between 0.3 and 0.69
for respectively W11 in Tinejdad and Titicaca in Meknes, except for the Peruvian varieties,
which experienced problems seed-setting due to heat. The principal component analysis
also disclosed the European cultivars group for their high harvest index. Jacobsen [33]
reported that quinoa’s perfect variety for seed production in northern Europe is the one
that matures early and homogeneously. A growing period shorter than 150 days is advan-
tageous. Quinoa should also have a consistently high seed yield, and it should be short and
non-branching to facilitate mechanical harvesting. They used primarily Chilean cultivars
that are supposed to be the least sensitive or insensitive to photoperiod for seed filling to
achieve these goals [34]. The harvest index represents photosynthetic and translocation
seed production capacity. It is also sensitive to agronomic practices and environmental
conditions [46]. Rojas et al. [47] reported variation in the quinoa harvest index ranging
from 0.06 to 0.87.

Thousand kernel weight (TKW) differences were significant between varieties at Rabat
and Berrechid. The TKW means fluctuated from 1.17 g for Salcedo in Berrechid and 3.42 g
for Titicaca in Berrechid and W11 in Rabat. The favorable pluvial region of Meknes did
not discriminate the varieties through their TKW, as 2018 was an exceptional rainy season,
and all the cultivars had reached their best seed weight performance.

Recently, multi-location experiments (MTE) became valuable to assess quinoa geno-
type adaptation in new regions [9,22,23]. According to Gadisa et al. [20], it is difficult
to identify consistently superior genotypes across environments when genotype × en-
vironment interactions (GEI) are highly significant. In our present case, the GEI effect
explains 31.77% of the total grain yield variation compared to the 23.05% genotype ef-
fect. As expected through the AMMI analysis, the environment gathers the largest grain
yield variability (45.17%), indicating that grain yield depends highly on the environment.
These findings are in line with previous conclusions of other research on quinoa, maize,
and bread wheat [22].

AMMI Stability Values (ASVs) of the GEI ranks the studied genotypes into three
clusters: stable, moderately stable, and unstable (Figure 4). Among the stable genotypes,
two (Riobamba and W11) produced more than the overall mean yield of 42.7 t/ha. The mod-
erate stability group gathers three genotypes that exceed the overall average yield: Puno
(56.6 qx/ha), W16 (44.7 qx/ha), and Pasto (46.8 qx/ha). Within the unstable group, At-
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las and SW2 genotypes had the highest grain yield of 75.6 and 78.3 qx/ha, respectively.
Thus, the grain yield of highly productive genotypes is more likely to be influenced by the
growing conditions in different environments. Then, AMMI analysis allowed identifying
genotype adaption to a specific site. Titicaca suits better to the Berrechid site, while ILLPA
is more productive in Meknes. Atlas and SW2 interact positively with Rabat. According to
Mohammadi et al. [48], stability should not be the only parameter for selection; usually,
stable genotypes would not necessarily reach the highest yield across the experimental
stations. Some authors use the Yield Stability Index as the main selection criterion to rank
their germplasm [49,50]. In our case, we used the synthetic graph in Figure 4 to interpret
both yield and stability criteria.

For cultivar performance evaluation, we calculated grain yield according to its com-
ponents. Thus, the estimated yields fit within the range 0.00 qx/ha as a minimum for the
Amarilla de Marangani cultivar and 78.3 qx/ha as maximum for the SW2 local advanced
line with an overall yield of 42.7 qx/ha. Compared to other countries that have recently
introduced quinoa cultivation, grain yields are relatively variable probably because of
the large diversity of the cultivars, their origins, and the contrasting environments tested.
Dost [51] reported 38.7 qx/ha as the highest yield recorded in Egypt, while in Germany,
Präger et al. [52] reached a maximum grain yield of 24.3 qx/ha for the Zeno cultivar and Tit-
icaca produced less in the same experiment. Recently, quinoa grain yield in Egypt revealed
a maximum of 30.8 qx/ha under irrigation with the Argentinian Regalona cultivar [53].
The relatively high overall yield of 42.7 qx/ha we obtained through our investigation could
have three explanations: the performance of selected cultivars used, the intensive care taken
to conduct the trials, and the sampling method based on an individual plant. Moreover,
Dost [51] reported a maximum yield of 75.0 qx/ha in Lebanon. Another study investigating
the genetic variability of 27 lines originating from different parts of the Andean region and
South America conducted in the northern part of India had grain yields varying widely
between 4.7 and 60.1 qx/ha [30].

5. Conclusions

The present study allowed detecting the great variability among the 14 quinoa geno-
types through the morphological and agronomic traits. It also showed that grain yield is
more influenced by the environment and the genotype–environment interaction, and it
was able to prove the significance and challenge of evaluating the varietal grain yield
stability across the different contrasting sites. According to AMMI analysis, Meknes was
the most productive site, followed by Rabat and Berrechid. Riobamba cultivar and W11
local advanced line showed broad adaptation with a grain yield above the overall yield.
The Titicaca, ILLPA, Atlas, and SW2 genotypes fitted better in a particular environment.
Some Peruvian long-grow cycle cultivars performed less in terms of grain yield because
of their sensibility to the photoperiod and high temperatures. Other investigation studies
should be held at different sowing dates and agro-climatic zones to be able to select for
quinoa growers and farmers adapted cultivars to their local environment and to cover their
needs in seeds.
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Abstract: Quinoa (Chenopodium quinoa Willd.) is a culturally significant staple food source that
has been grown for thousands of years in South America. Due to its natural drought and salinity
tolerance, quinoa has emerged as an agronomically important crop for production in marginal soils,
in highly variable climates, and as part of diverse crop rotations. Primary areas of quinoa research
have focused on improving resistance to abiotic stresses and disease, improving yields, and increasing
nutrition. However, an evolving issue impacting quinoa seed end-use quality is preharvest sprouting
(PHS), which is when seeds with little to no dormancy experience a rain event prior to harvest
and sprout on the panicle. Far less is understood about the mechanisms that regulate quinoa seed
dormancy and seed viability. This review will cover topics including seed dormancy, orthodox and
unorthodox dormancy programs, desiccation sensitivity, environmental and hormonal mechanisms
that regulate seed dormancy, and breeding and non-breeding strategies for enhancing resistance to
PHS in quinoa.

Keywords: abscisic acid; desiccation sensitivity; gibberellin; hormone signaling; precocious germina-
tion; seed morphology

1. Introduction to Quinoa, Cultivars, Breeding Issues, and Preharvest Sprouting

Quinoa (Chenopodium quinoa Willd.) is a pseudocereal originating from the Andes
Mountain Range in South America and is a culturally significant staple food source that has
been grown for thousands of years [1,2]. Due to its natural drought and salinity tolerance,
quinoa has emerged as a favorable crop for production in marginal soils and in highly
variable climates [3]). Quinoa’s nutrient dense grain is also ideal for supporting human
health in diverse global communities, and for this reason, it has agronomic significance in
global economies.

There are five distinct quinoa ecotypes that originated from five different localities in
South America. The original localities are (1) the valley habitat ranging across Colombia,
Ecuador, Peru, and Bolivia, and the ecotype from this region is often tolerant to downy
mildew; (2) the altiplano habitat which is near Titicaca Lake on the border of Bolivia and
Peru, and the ecotype from this region is tolerant of marginal environments and frost; (3) the
salares habitat, ranging across the salt flats of Bolivia and Chile, and the ecotype from this
region is tolerant to high salinity; (4) the sea-level habitat, ranging from low-altitude areas
of southern and central Chile, and the ecotype from this region is high yielding; (5) the
subtropical or yungas habitat, ranging from the low-altitude humid valleys of Bolivia,
and this ecotype is known for its late-flowering genotypes [1,3–5]. Until recently, there
was limited pedigree information for quinoa, making it more difficult to identify the first
quinoa ecotypes cultivated to produce today’s modern varieties. However, phenotypic
and genotypic clues indicate that modern varieties have little to no seed dormancy, are
xerophobic (meaning seeds display desiccation intolerance), and adult plants are salt and
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drought tolerant. These phenotypes are likely the result, at least in part, of adaptation to
the original environments in which the first varieties were cultivated [1,3]. With the recent
sequencing of the quinoa genome, it is expected that genetic tools will help to accelerate
major breeding efforts for quinoa improvement focused on abiotic stress resistance, yield,
and end-use quality [6].

From a production perspective, traits associated with enhanced plant plasticity that
help to mitigate abiotic stress are beneficial for integrating quinoa into diverse cropping
systems. For this reason, many research efforts have focused on understanding the genetic
mechanisms that regulate abiotic stress responses, leading to drought or salt tolerance in
adult quinoa plants [3,7–10]. Additionally, from a management perspective, the weak seed
dormancy or in some cases, the absence of dormancy observed in quinoa is a desirable
characteristic for integration into diverse crop rotations. This is because seeds that ger-
minate readily are less likely to establish stable volunteer seed banks, requiring little to
minimal input for management [11]. However, lack of seed dormancy has led to issues
with reduced yields due to premature germination prior to harvest and has revealed a
critical gap in knowledge about the regulation of seed dormancy in quinoa. Therefore, this
review will define seed dormancy and the hormones involved in regulation, the different
seed dormancy programs, the differences between orthodox and unorthodox dormancy
programs, desiccation sensitivity, environmental mechanisms that regulate seed dormancy,
and strategies for enhancing resistance against preharvest sprouting (PHS) in quinoa.

2. Model Systems: A Theoretical Framework for Quinoa Seed Dormancy, Hormone
Signaling, and PHS

Seed dormancy is defined as a state in which seeds fail to germinate after receiving
favorable environmental cues [12,13]. Dormancy classification is based on several factors
including the developmental state of the embryo at the time of seed dispersal, physical
characteristics of the seed, and physiological responses of seeds to environmental stim-
uli [14]. Historically, primary and secondary dormancy are most often used to describe
differences in dormancy types for diverse plant species. Primary dormancy is charac-
terized as dormancy induced on the mother plant during embryo maturation. Unlike
primary dormancy, secondary dormancy is caused by the environment rather than inher-
ited from the mother plant and occurs after seed maturation [15]. In addition to primary
and secondary dormancy, other studies have revealed five additional subcategories of seed
dormancy including physiological, morphological, morphophysiological, physical and
combinational dormancy (Table 1) [14–18]. These categories, which may also influence
primary and secondary dormancy, illustrate the nuanced and complex nature of dormancy.
Seed dormancy and dormancy release are not binary processes but instead are regulated
by a complex network of molecular, temporal, and physical cues, which ultimately result
in germination [19,20]. The same is undoubtedly true for dormancy regulation in quinoa.

Table 1. A summary of recognized seed dormancy categories [15].

Dormancy Category Description

Primary Established during embryo maturation by the plant hormone abscisic acid (ABA) and prevent germination.

Secondary Established in mature seeds by environment stimuli preventing germination.

Physiological Physiological responses to environmental or hormonal stimuli that prevent germination.

Morphological Fully differentiated embryos remain physically too small to carry out radicle/cotyledon emergence.

Morphophysiological Physiological responses and physical limitations that prevent germination.

Physical Specialized physical features of the seed that prevent germination.

Combinational Specialized physical features and physiological responses that prevent germination.

Embryo External or internal physical or biochemical signals that prevent embryo growth and germination.

Seed Coat-imposed Imposed by a hard, impermeable seed coat requiring physical damage to induce germination.
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Primary dormancy is regulated by the plant hormone abscisic acid (ABA) [19,20]. As a
seed transitions from dormancy to germination changes in physiology are largely controlled
by the plant hormones, ABA, and gibberellin (GA) [21,22]. The hormone balance theory
suggests that after seed maturation, as ABA signaling decreases there is a corresponding
increase in GA signaling that leads to germination [23–25]. Many dormancy studies using
model systems and cereals have established a clear connection between ABA and GA
signaling with seed dormancy and dormancy loss and provide a theoretical framework for
dormancy regulation in quinoa. Specifically, these studies have demonstrated the following:
(1) higher seed dormancy is associated with higher endogenous ABA levels, and increased
gene expression of ABA biosynthesis genes 9-cis-epoxycarotenoid dioxygenase 1 and 2
(NCED1 and NCED2), (2) ABA levels and/or sensitivity decline during dormancy loss
with a corresponding increase in sensitivity to GA, (3) at physiological maturity, a lack of
seed germination in dormant seeds is associated with GA-insensitivity, and germination
in nondormant seeds is stimulated by GA, (4) as dormant seeds after-ripen, dormancy
is lost in stages reflected by changes in sensitivity to ABA and GA, and (5) with after-
ripening seed dormancy loss occurs with decreased ABA hormone levels due to an increased
expression of ABA catabolic genes ABA8′-hydroxylase 1 and 2 (ABA8′OH1 and ABA8′OH2)
and increased GA signaling [20,23,26–43]. Similar investigations evaluating dormancy
release have demonstrated the following: (1) after-ripening decreases ABA sensitivity and
increases GA sensitivity through increased GA biosynthesis and hormone accumulation
resulting from GA20-oxidase gene expression, (2) decreased expression of GA2-oxidase, a
GA catabolism gene, occurs as dormancy declines, (3) the GA GID1 (GA-INSENSITIVE
DWARF1) hormone receptor increases with after-ripening and (4) as dormancy is lost ABA
hormone accumulation decreases through increased ABA catabolism [19–21,23,37,38,43–46].

Seed dormancy studies in the Amaranthaceae family, that of which quinoa belongs,
suggest that different quinoa varieties proceed through a combination of primary and
physiological dormancy, or they have no dormancy (Table 1) [15]. Furthermore, close weedy
relative of quinoa, Chenopodium album (common lambsquarter), and Chenopodium berlandieri
were previously described as having primary dormancy [47–49]. Although these studies
provide important phenotypic clues about the underlying mechanisms of quinoa seed
maturation, dormancy, and germination in a broad sense, they fail to evaluate directly
if there are different types of seed dormancy across quinoa varieties. For these reasons,
more efforts are needed to implement a unified platform for characterizing and cataloging
differences in seed dormancy phenotypes across varieties in a similar fashion as was done
to link agronomic characteristics with regional ecotype.

PHS is characterized by the germination of mature seeds on the mother plant due to
rain or moisture prior to harvest (Figure 1) [50,51]. PHS is most often described through
the lens of primary dormancy loss in model species and crops. Domestication and selective
breeding for synchronized seedling emergence and stand establishment in many crops
has resulted in decreased primary seed dormancy; seed dormancy mechanisms have been
tailored to ensure maximum crop performance within the confines of a specific growing
season [50,51]. PHS which results from altered primary dormancy is also known to occur
through decreased ABA signaling and increased GA signaling [50]. The shift in the balance
of hormone signaling leads to an extended seed germination window that is no longer
synchronous with harvest [50–52]. It is important to note that both primary dormancy
loss and the absence of seed dormancy increase the likelihood of PHS if rain occurs prior
to harvest. However, the two physiological states are not synonymous and are likely
regulated at the molecular level in different ways. Moreover, dormancy and PHS are
complex traits that are regulated by multiple genes [50,51]. Therefore, to understand why
quinoa is susceptible to PHS future studies in quinoa will need to evaluate whether PHS
susceptibility is due to disruptions that change the architecture of primary dormancy and
ABA and GA signaling or because quinoa seeds lack primary dormancy altogether.
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Figure 1. Quinoa preharvest sprouting (PHS). Panels A-C show inflorescences severely impacted by
PHS in breeding line ‘3964′ from the 2015 and 2019 field seasons. Plants from the 2015 field season
(A,C) were grown in Quilcene, WA on Dharma Ridge Farm. Plants from the 2019 field season (B)
were grown in Skagit Valley, WA.

3. Orthodox and Unorthodox Seed Types

Seed dormancy is an evolutionary adaptation that ensures the species survival of
natural catastrophes within a specific environment [38]. Dormancy type is also associ-
ated with seed type and is different for orthodox versus unorthodox seeds (Figure 2).
Orthodox seeds often display primary dormancy, which is marked by six chronological
phases of development, including the following: (1) embryo growth and differentiation;
(2) seed expansion, reserve storage, and vacuole filling; (3) internal desiccation, organellar
de-differentiation, and membrane stabilization; (4) metabolic quiescence; (5) imbibition,
reserve mobilization, and resumption of metabolic responses to environmental cues; and
(6) germination [52]. Orthodox seeds are desiccation tolerant (DT) remaining viable for
long periods of time in low moisture conditions [52]. Environmental cues such as light,
temperature, and moisture not only impact the depth of primary dormancy, but they also
play an important role in modulating secondary dormancy characteristics and the length
of time required for complete dormancy release [38].

Seeds that lack one of the six previously described developmental stages associated
with primary dormancy are classified as unorthodox seeds [52]. In many plant species,
and weeds, unorthodox or discontinuous dormancy ensures germination only in favorable
conditions, and it confers environmental plasticity, or the ability to respond to changing
biotic or abiotic environmental factors [53]. Desiccation sensitivity (DS) otherwise known
as recalcitrance, and vivipary, are two characteristics of unorthodox seeds [52]. Neither
DS nor viviparous seeds display primary dormancy and both lack the third step in de-
velopment necessary for desiccation tolerance. As a result neither seed type survives in
low-moisture environments, or through periods of dry storage or freezing [52]. DS seeds
are often from tropical environments, and if there is adequate soil moisture, DS seeds
germinate immediately after dispersion [52]. Rather than persist in the seedbank similar
to DT/orthodox seeds, DS/unorthodox seeds that do not germinate immediately after
dispersion die.

Elizabeth Farnsworth first suggested that quinoa produced “recalcitrant” or unortho-
dox seeds [52]. This characterization is based on the observation that many quinoa varieties
that germinate at physiological maturity in wet environments, do not appear to survive
as seeds in the soil, or they form stable seed banks. However, other quinoa germination
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studies have demonstrated that dormancy type and seed characteristics vary depending
on quinoa variety, with some behaving as orthodox seeds with primary dormancy, while
others do not [15,52]. It has also been hypothesized that seed desiccation status, such as
primary and secondary dormancy, is the by-product of a plant’s natural environment and
selection pressure, which is directly tied to the maternal line [54,55]. Additionally, most
studies report that quinoa seeds lose their viability in a short time, especially in conditions
of high humidity and temperature [56]. Poor seed viability has been largely attributed to
poor storage conditions and a lack of uniform storage conditions. Poor seed viability is
itself characteristic of many unorthodox seeds and suggests the possibility that desiccation
tolerance or insensitivity in quinoa has largely been under-characterized and is largely not
understood. Some research has suggested that there is a correlation between desiccation
sensitivity, the generation of reactive oxygen species (ROS), and the occurrence of oxida-
tive damage during dehydration in the seed [57,58]. Furthermore, this research suggests
that desiccation tolerance depends on the seeds ability to scavenge ROS compounds by
antioxidant defense systems [22,57,59]. Interestingly, heat and drought resistance in adult
quinoa plants is thought to occur, at least in part, through the mitigation of ROS, and it is
associated with increased peroxisome proliferation [3]. If ROS scavenging pathways are
also involved in the desiccation status of quinoa seeds, i.e., tolerant or susceptible, then
glyoxysome proliferation may be an important indicator for selecting DT quinoa varieties.
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Figure 2. A summary of dormancy types associated with orthodox verses unorthodox seed types.
Orthodox seeds display primary dormancy (PD), secondary dormancy (SD), and physical dormancy
(PYD). Unorthodox seeds display desiccation sensitivity (DS) and vivipary (V). Specific dormancy
programs and changes to these programs have implications for PHS susceptibility or resistance in quinoa.

Viviparous seeds are another group of unorthodox seeds, and they are common in
monocot plant families such as Iridaceae (iris family) and Asparagaceae (asparagus family) [58].
Mangroves and corn are also two well-known examples of plants with viviparous seeds [60].
Similar to DS seeds, viviparous seeds have no primary dormancy, have a short viability window,
and cannot survive dry storage or freezing [52]. Viviparous seeds also display PHS, although
not all seeds that display PHS are viviparous [22,52,56]. Often in the literature, vivipary is
used as a synonym for PHS due to the phenotypic similarities between both. However, the
molecular architecture of the two seed physiologies is quite different, and to date there have
been no studies to evaluate if quinoa PHS results from vivipary, lack of seed dormancy or
both [52]. Simple germination screens have routinely been deployed to evaluate characteristic
changes in hormone sensitivity associated with primary dormancy and dormancy loss, as
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well as the underlying causes of PHS physiology in many plant species. Thus, germination
screening platforms will be essential for elucidating underlying mechanisms regulating PHS
physiology across diverse quinoa germplasm.

4. Physical Dormancy in Quinoa

Physical dormancy is an additional subcategory of orthodox dormancy, involving the
embryo, seed coat, or both [61–63]. Embryo dormancy is characterized by an external or inter-
nal physical or biochemical block that prevents embryo growth and germination [63]. Seed
coat-imposed dormancy often occurs in seeds with a hard, impermeable shell that requires
physical perforation or damage to germinate [63]. In some populations, it is possible that both
embryo and seed coat-imposed dormancy play a role in quinoa germination programs and
need to be carefully described to evaluate if and how each contributes to PHS.

In a recent study, seed coat thickness was measured in two varieties of quinoa, Chadmo
and 2-Want, to evaluate if differences in observed dormancy occurred because of seed coat-
imposed dormancy and in turn impacted PHS [64]. 2-Want had a thinner seed coat, while
the Chadmo had a thicker seed coat. When the seed coats were perforated, both varieties
continued to display a basal level of dormancy. Hormone analysis determined that seed
coat thickness negatively correlated with the amount of endogenous ABA leached from
the seed during development. Varieties with thinner seed coats leached more ABA and
were less dormant than varieties with thicker seed coats. However, in both cases seed coat
disruption did not completely alleviate dormancy. This finding suggested that in addition
to seed coat-imposed dormancy, some quinoa varieties also have embryo dormancy [64].
This result is important because it suggests that at least in some quinoa varieties, vivipary
is not a contributing factor in PHS sensitivity.

In addition to seed coat thickness, seed coat color has also been implicated in the regu-
lation of quinoa seed dormancy and may be associated with ABA signaling mechanisms.
The connection between seed coat color and dormancy regulation has been documented
in other plant species including cereals such as wheat and barley, which are members of
the Amaranthaceae family [48,49,65,66]. Comparisons between red versus white wheats
indicate that red seed coat color is associated with stronger seed dormancy [50,67]. Addi-
tionally, a study evaluating the role of seed coat color in wheat found a quantitative trait
locus (QTL) for PHS in the same location as coat color and suggested that coat color is
likely to play an important role in PHS sensitivity or tolerance [68]. Interestingly, studies
evaluating the link between seed coat color and dormancy depth in close relatives of
quinoa, C. album, C. berlandieri, and C. bonus-henricus, observed that darker seed coat color
was associated with stronger dormancy [48,61]. Furthermore, studies exploring differences
in dormancy associated with heteromorphic populations of C. album found that brown
seeds had thinner seed coats, and no primary dormancy. Whereas, black-colored seeds
had thicker, and sometimes stronger seed coats, which are thought to act additively to en-
hance primary dormancy [49]. Likewise, seed coat studies evaluating dormancy in quinoa
varieties such as Chadmo and Titicaca indicated that dormancy is stronger in seeds with
a darker colored coat [64]. Another study, evaluating the Suaeda salsa in Amaranthaceae,
found similar results [47]. Brown seeds had higher germination rates and absorbed water
better than black seeds [47]. However, a key limitation of these studies is that they only
compare dormancy associated with very dark (black or brown) and light seed coats (light
brown) and do not evaluate the broader range of seed coat colors that exist in quinoa
including those that are yellow, red or pink [69–73]. Therefore, future studies will need
to examine the genetic connection between seed coat thickness, color, and ABA signaling
mechanisms, as well as associated impacts on dormancy programs across a wide collection
of quinoa cultivars.

5. Environmental Regulation of Quinoa Seed Dormancy

Secondary dormancy is regulated by the environment and is temporally separated
from primary dormancy [38]. Environmental factors reported to enhance secondary dor-
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mancy in many species, including quinoa, are photoperiod or day length, temperature,
precipitation, and altitude [2,3,6,12,71–75]. Environmental factors that influence the depth
of secondary dormancy often do so through increased ABA signaling. Interestingly, previ-
ous studies investigating abiotic stress responses, specifically those connected to drought
and salinity tolerance in adult quinoa plants also proceed through ABA signaling net-
works [76,77]. However, there is no research that has investigated whether the ABA
signaling networks that contribute to abiotic stress tolerance in adult quinoa plants are
also involved in modulating PHS physiology during seed germination. However, what is
known is that as the photoperiod increases endogenous, ABA and sugar levels increase
in quinoa seeds. Increases in endogenous ABA and sugars are important indicators of
embryo dormancy and “ripening” [76–78]. Based on these findings, it was concluded that
ABA and sugar signaling are possible mechanisms that regulate the photo-adaptability of
adult quinoa cultivars [77]. Long photoperiods may also promote stronger dormancy by
increasing ABA levels in seeds [52,78–82].

In addition to photoperiod, temperature plays a role in quinoa development, and it likely
impacts seed dormancy and germination. In a study addressing how the environment can
affect quinoa, two varieties Chadmo and 2-Want, were exposed to different temperatures and
photoperiods to gauge germination and dormancy capacity [78]. The authors discovered that
high temperatures and long photoperiod days increased dormancy. It was also determined
that the temperature window has increased for quinoa, meaning that modern quinoa varieties
have adapted to germinate in colder temperatures than their earlier relatives, and that growing
environment is the biggest factor impacting seed dormancy [78].

The cultivation of quinoa across diverse regions, including in hot and dry climates,
is likely to have contributed to the requirement for higher germination temperatures.
However, understanding the relationship between germination rates and temperature is
confounded by the fact that quinoa can germinate in a wide array of varying temperatures.
One study reported maximum germination rates at 30 ◦C [78]. However, other studies
have found that the optimum germination temperature is 37 ◦C [80]. A shift in recent
breeding strategies to cultivate quinoa across very diverse environments has likely had a
significant impact on plant and seed physiology [76]. The result of changes to breeding
practices and environments has resulted in varieties with low dormancy but high adapt-
ability [78]. These results suggest that growth and germination temperatures may have
different effects on distinct varieties of quinoa. These results also suggest that these effects
may be exacerbated by environments and may have major implications for variations in
seed dormancy phenotypes depending on local growing conditions.

Precipitation and altitude also influence quinoa seed dormancy. Its widely known
that quinoa is tolerant to drought and mildew, and these desirable characteristics are a
direct result of the original growing habitats [3,54]. It is also known that rainfall prior to
harvest when seeds are mature may result in PHS. The five original ecotypes come from
very diverse environments, with precipitation varying from intense wet mountains to dry
sandy regions [3–5,54]. It is important to mention this, because to date, although there
have been some studies that have tested how different quinoa varieties respond to varied
precipitation and drought treatments, none have directly investigated how precipitation
timing near harvest maturity impacts PHS susceptibility.

Seed coat thickness and color, two factors that impact dormancy strength, may also be
regulated by the environment. For example, a study evaluating the effect of elevation on
seed coat thickness and rates of germination for quinoa’s close relative C. bonus-henricus
found that seeds grown at a lower elevation had thinner seed coats, and increased rates of
germination [61]. If seed dormancy mechanisms are conserved in quinoa then it might be
expected that varieties grown at higher elevations will have thicker seeds coats, slower rates
of germination, and perhaps more seed dormancy than those grown at lower elevations. It
is also good to note while looking at color differences, that seeds with thinner seed coats
appear to be lighter in color, whereas thicker coats have darker coloration [64].
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6. Breeding Strategies to Mitigate PHS in Quinoa

Research studies in cereals such as wheat and barley, and model plants like Arabidopsis
thaliana has demonstrated a compelling connection between increased seed dormancy
and PHS resistance [3,12,45,52,54,78,83,84]. In the cases of wheat and Arabidopsis, several
major and minor quantitative trait loci (QTLs) associated with increased PHS resistance
map to regions of the genome containing genes previously characterized as regulators
of dormancy and seed coat color [50,68,85,86]. Therefore, breeding for stronger seed
dormancy in quinoa seems a promising approach for reducing the risk of crop losses due
to PHS. Two strategies currently being used to accomplish this task are 1) to make crosses
between quinoa varieties displaying different levels of seed dormancy, and 2) to make
crosses between quinoa and wild relatives, such as native lambsquarter (C. berlandieri)
which is a tetraploid similar to quinoa and has more clearly defined seed dormancy. The
primary goals of both approaches have been to create hybrid populations that allow for a
better understanding of how seed dormancy and PHS are segregating within a population,
and to create PHS resistant germplasm.

In the first strategy, breeders have used Titicaca, a cultivar developed in Demark with
higher seed dormancy, and ‘Chadmo, QQ065-PI 614880′, which is a naturally dormant vari-
ety originating from the Chiloe island in Chile, to create quinoa populations with increased
seed dormancy and PHS resistance [3,64,78,82]. However, despite these efforts, incidences
of PHS in both Titicaca and Chadmo have been reported with adequate rainfall prior
to harvest, and across diverse growing regions (breeder listening sessions; International
Quinoa Conference, 2020). Additionally, hybrid populations created at the Sustainable
Seed Systems Laboratory at Washington State University using Chadmo also displayed
frequent PHS in the higher rainfall zones of Western WA, despite initially appearing to be
resistant (K. Murphy, personal communication). Taken together these results suggest that
while many quinoa varieties appear to be susceptible to PHS, with some displaying some
form of seed dormancy, there is not a clear connection between the type or level of seed
dormancy with level of PHS susceptibility. These results also suggest that the mechanisms
of regulation between dormancy and PHS in quinoa may not be analogous to those in
cereals or other model plant species. However, with the recent sequencing of the quinoa
genome, many genomics-assisted breeding approaches, including QTL analysis, and the
molecular characterization of PHS-specific genes, are now possible [6,50].

The second approach developed to increase PHS resistance in quinoa is to introduce
the desired dormancy type and level, i.e., primary and strong, by making a wide cross with
a genetically compatible relative. The objective of this approach is to add desirable traits
that are currently lacking in the existing genetic pool. Selective breeding approaches have
been routinely implemented in other crops, using landraces or weedy relatives to increase
physiological plasticity to abiotic stresses, and to increase disease resistance [87].

Although classified as an invasive weed species in the United States, Chenopodium
berlandieri, also known as pitseed goosefoot, is grown as a seed crop in other parts of the
world. C. berlandieri has emerged as a possible candidate for increasing PHS resistance in
quinoa because (1) it is genetically compatible with quinoa and a cross between the two
produces viable offspring, and (2) it displays strong orthodox primary seed dormancy, and this
dormancy diminishes in a trackable manner over time that would also allow for simultaneous
PHS sensitivity screening. Pitseed goosefoot is comprised of two subspecies, berlandieri
and nuttaliae, and ecotypes can be found growing from southern Mexico and Texas, into
southwestern and eastern North America, including along the coasts of the Atlantic and Gulf
of Mexico [88]. Since pitseed goosefoot was a source of food for centuries in pre-European
indigenous cultures in eastern North America, it is adapted to regions of the U.S. where
quinoa struggles to grow. Pitseed goosefoot is a potential donor parent of key agronomic
traits in quinoa, including heat tolerance, nutritional value, and resistance to PHS.

However, it is important to mention the possible risks associated with this approach,
namely the development of germplasm that will establish a robust volunteer seedbank.
From an agronomic perspective, two of the most favorable characteristics of existing quinoa
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varieties are that they germinate readily and do not survive desiccation, meaning they do
not establish weedy seed banks. Hybrid populations generated from wide crosses will
serve as essential tools for characterizing dormancy physiology and PHS regulation in
quinoa. If used for variety development, future breeding efforts using wide crosses will
need to strike a balance between increased seed dormancy and decreased germinability, so
as not to trade PHS susceptibility for volunteer seedbank establishment.

In addition to the previously mentioned strategies aimed at increasing PHS resistance
through increasing quinoa seed dormancy, another approach is to select for faster maturing
varieties. The advantages to this “avoidance strategy” is that neither dormancy status nor
PHS sensitivity are factors if harvest time is separated fall rains. However, the challenge
with this approach, however, is that it does not address quality issues associated with
dormancy, or PHS physiology, relying instead on optimum growing conditions and weather
stability. In an age of increasing climate variability, it is unclear how current quinoa
production regions might be impacted or how future production systems will need to be
tailored to target optimal growing regions.

7. Other Tools for Mitigating PHS in Quinoa

Breeding for increased resistance to PHS in quinoa is a long-term endeavor taking
years to produce new varieties. Given that very little information is understood about
quinoa seed dormancy structure and PHS physiology, breeding strategies that rely heavily
on the conventional wisdom established for PHS in cereals may be confounded by differ-
ences in biological and environmental factors that regulate seed maturation, germination,
and viability in pseudocereals. Therefore, future research should also incorporate non-
breeding, short and intermediate-term PHS mitigation strategies that help alleviate the
risk of PHS in quinoa. Quinoa seed physiology may fall outside of an orthodox dormancy
regime, with varieties displaying weak dormancy to no primary dormancy, DS, as well as
a significant decline in seed viability post-harvest [89]. For these reasons, in addition to
trying to increase PHS resistance through breeding for increased seed dormancy, it might
also be necessary to minimize PHS risks by transiently modulating seed physiology from
DS to DT in the field just prior to harvest.

One way to temporarily change seed physiology is by using growth regulators. Pa-
clobutrazol (PAC) is a GA biosynthesis inhibitor historically used to understand the dynam-
ics of GA and ABA signaling networks in dormant and germinating seeds [90]. Previous
studies evaluating PAC treatments in quinoa have done so in adult plants and have fo-
cused on increasing drought and salt tolerance as well as yield [3,48,83]. In all cases PAC
treatments were efficacious for increasing resistance to abiotic stress and for increasing
yields and did so through an indirect increase in ABA signaling resulting from decreased
GA signaling. Additional work investing the regulation of DS in the seeds of Citrus limons,
a species without seed dormancy, found that treating freshly harvested seeds with PAC
both slowed the rate of seed germination and extended the seed viability window from
weeks to months, which are two phenotypes consistent with orthodox seed dormancy [52].

Expression analysis comparing non-treated and PAC-treated seeds demonstrated
that in addition to inhibiting GA biosynthesis and signaling genes, PAC treatment also
inhibited other phytohormone pathways associated with cell growth, including auxin
and ethylene signaling, as well as causing an increase in both endogenous ABA hormone
levels and signaling. Furthermore, studies evaluating the efficacy of ABA treatments
for mitigating DS in the seeds of Acer Saccharinum indicated that ABA alone was able
to rescue a DS phenotype through increased ABA-mediated signaling [90]. Analysis of
total protein in ABA-treated seeds found that ABA-treated seeds accumulated higher
amounts of Late Embryogenesis Associated (LEA) proteins which are associated with
seed dormancy and desiccation tolerance [90]. Although PAC is a powerful research tool
for understanding dormancy regulation, due to issues with toxicity, it is not suitable for
large-scale production systems. However, unlike PAC, ABA is routinely and safely used
to stimulate fruit ripening and enhance fruit color in grape production systems [91]. In
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a similar way, timed ABA treatments just before seed physiological maturity may prove
to be powerful tool for enhancing PHS tolerance and increasing seed viability in quinoa
through a transient increase in dormancy.

8. Conclusions

Over the last decade quinoa has emerged as a high-value, nutritious crop to enhance
food security; it is artisanal (domestic interest), and it performs well in variable environ-
ments and in marginal soils. For these reasons, many research efforts have centered on
understanding and improving traits related to abiotic stress tolerance, disease resistance,
and yield. In many cases studies have focused on adult plants. Consequently, one largely
overlooked area of research has been the study of the mechanisms that regulate quinoa seed
dormancy. In the last few growing seasons, across the globe from Rwanda to the Pacific
Northwest of the U.S.A., diverse quinoa varieties have been plagued by PHS, including
those previously bred for enhanced dormancy. In some instances, untimely rains before
harvest have resulted in nearly complete crop losses due to PHS. Therefore, the overall
goal of this review paper is to inform breeders and non-breeders alike about the complex
physiology leading to PHS in quinoa.

The strategies we believed to be key for understanding the dynamic nature of quinoa
seed dormancy and PHS physiology include (1) the development of a high-throughput
hormone screening pipeline, to quickly characterize the presence or absence of dormancy,
and baseline dormancy strength at physiological maturity, (2) the implementation of a
PHS screening platform modeled after those routinely used to evaluate PHS susceptibility
in wheat, (3) the development of gene-specific primers to evaluate changes in genes
associated with ABA and GA signaling, seed dormancy, PHS tolerance, and desiccation
sensitivity/tolerance, and (4) assessing the effects of ABA and PAC treatments on dormancy
preservation, seed germination rates, and desiccation tolerance in greenhouse and field
trails. These efforts will provide a framework for developing new tools for understanding
seed physiology in quinoa and mitigating PHS.
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Abstract: Quinoa may be a promising alternative solution for arid regions, and it is necessary to
test yield and mineral accumulation in grains under different soil types. Field experiments with
Chenopodium quinoa (cv. CICA-17) were performed in Egypt in non-saline (electrical conductivity,
1.9 dS m−1) and saline (20 dS m−1) soils. Thirty-four chemical elements were studied in these crops.
Results show different yields and mineral accumulations in the grains. Potassium (K), P, Mg, Ca, Na,
Mn, and Fe are the main elements occurring in the quinoa grains, but their concentrations change
between both soil types. Besides, soil salinity induced changes in the mineral pattern distribution
among the different grain organs. Sodium was detected in the pericarp but not in other tissues.
Pericarp structure may be a shield to prevent sodium entry to the underlying tissues but not for
chloride, increasing its content in saline conditions. Under saline conditions, yield decreased to near
47%, and grain sizes greater than 1.68 mm were unfavored. Quinoa may serve as a complementary
crop in the marginal lands of Egypt. It has an excellent nutrition perspective due to its mineral
content and has a high potential to adapt to semi-arid and arid environments.

Keywords: Chenopodium quinoa Wild.; salinity; mineral concentration; food; extreme environment

1. Introduction

Climate change is a reality, and we already see today its effects on the physiology,
growth, and yield of field crops. For instance, the frequency of heatwaves has increased in
large areas of the world, and precipitation changes have become more unpredictable [1].
Besides, the climate change effects and the bad agronomic practices have increased the
saline soil areas. Salinity limits crop yields due to a reduction in photosynthesis, respiration,
and protein synthesis. Around 7% of all land area in the world (1000 million ha) is affected
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by soil salinity, and more than 77 million ha from the arable area are affected by high salt
contents [2,3].

Nevertheless, the main problem is that the principal crops are using plant species
adapted to “old climatic conditions”. Hence, it is necessary to look for alternative crops or
“new crops” to face the “new climatic conditions”. In this sense, it is crucial to consider
some species that grew during millennia in mountain regions under extreme environ-
mental conditions. Mountain plants, especially those adapted and cultivated in different
altitudinal levels, can be crucial due to the gene pool that allowed these adaptations. In
this scenario, quinoa (Chenopodium quinoa Willd.), which has grown throughout the Andes
in South America for 5000 to 7000 years [4,5], can be considered a good option. During a
long period of cultivation by the Aymaras and Inca populations, this crop was grown in
different ecological zones, from sea level, in Chilean varieties [6], to 2000 to 4000 m above
sea level (a.s.l.) along the Andes. Quinoa presents a C3 photosynthetic pathway accord-
ing to anatomic and carbon isotope discrimination studies [6], with high photosynthetic
assimilation and an intrinsic water use efficiency (iWUE) [7,8].

Several studies confirmed quinoa as an important source of nutritional components
such as essential amino acids, fatty acids, minerals, soluble sugars, and bioactive com-
ponents [9–11]. Furthermore, numerous reports in the field or lab conditions showed
that quinoa is a species with high resilience to abiotic stress, including salinity, drought,
high temperature, and ultraviolet B (UV-B) radiation [12–14]. Quinoa can tolerate very
high salinity concentrations, producing a complete life cycle even at water salinities of
500–750 mM NaCl [15–17]. Thus, it can be grown in very marginal environments, for
example, in North Africa, where soil salinization and drought are serious issues. The high
nutritional value maintenance under different stresses makes quinoa an excellent crop to
grow in the aforementioned marginal environments and face climate change. This quinoa
tolerance to edaphic and harsh climatic conditions is related to this crop’s high diversity
along the Andes. In effect, there are more than 16,000 quinoa accessions stored in different
seed banks in 30 countries, most of which are concentrated in Bolivia and Peru [18–20].
These accessions include the five ecotypes classified by Tapia (2015) [21]: (i) Valley quinoa;
(ii) Altiplano quinoa; (iii) Salar quinoa; (iv) Sea level quinoa; and (v) Subtropical quinoa.
Quinoa accessions of the different ecotypes are considered multipurpose plants: the seeds
and leaves can be used as food, the biomass can be used as animal feed or as a cover crop,
the colorants and the saponin content can be used in pharmaceutical and agroindustry, and
plantings can serve as a phytoremediation tool for environmental cleanup [22–24].

Tapia’s classification accepts an implicit fact: each ecotype can thrive in the environ-
ment in which it was adapted. However, quinoa has been introduced at higher latitudes as
a complementary crop with good adaptation [25]. Currently, quinoa is cultivated and ex-
perimented on in almost 130 countries [19], including The United States [26,27], India [28],
Italy [29], and Egypt [16], among others. Quinoa adaptation’s success is due to its high
plasticity to reach places that differ from its original location managing the sowing dates,
taking advantage of the environmental offer (basically temperature and light). One of the
perfect examples of quinoa plasticity is the CICA-17 variety. It was selected at 3800 m a.s.l.
in Cuzco-Peru from the local variety Amarilla de Maranganí at Centro de Investigaciones
de Cultivos Andinos (CICA, Universidad Nacional de San Antonio Abad del Cusco, Peru).
CICA-17 belongs to the Altiplano ecotype, and it is tolerant to cold temperatures, low
precipitation, and high salinity conditions. CICA-17 quinoa was introduced in northwest-
ern Argentina in 1996–1998 from the American and European Test of Quinoa conducted
by FAO-CIP [30]. Nowadays, CICA-17 is the variety most used by small producers in
Northwest Argentina and especially in arid high mountain valleys (above 2000 m a.s.l.)
where the climate is desert type. This variety has been cultivated in Egypt for ten years
because of its good adaptation to its marginal places. Egypt has a considerable extension
in arid, semi-arid, and marginal lands that constrain classical crop productivity. In this
scenario, quinoa is becoming a complementary crop of high nutritional value. CICA-17 has
a notable yield (near 2000 kg ha−1) either in mountain valleys at 2000 m a.s.l. as in lowlands
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at 200 m a.s.l. in northwestern Argentina and Egypt [7,31,32]. Eisa et al. (2018) [33] and
Ebrahim et al. [34] showed that the CICA-17 yield varied between 2000 and 3000 kg ha−1

in a marginal land at El-Fayoum oasis (Egypt).
CICA-17 quinoa can provide a new complementary crop for dry-saline lands. Still, it

makes it necessary to study the mineral concentrations in different grain and seed organs,
especially if different soil salinities influence these elements. Often, the mineral study in
quinoa was focused on Na and K because of their relationship with the osmotic adjustment
mechanisms that halophytes exhibit [35] or on the presence of a few minerals in different
quinoa seed organs, and the abrasion effect on the Ca and K pericarp content [36]. All
these approaches are essential to understand the physiological behavior of this promising
species. It is also relevant to understand how these mineral contents can vary in different
soils and climatic conditions in field conditions if quinoa is used as food in marginal lands.
Nowadays, it is known that quinoa’s seeds and leaves are a significant source of major
minerals (calcium, magnesium, potassium, phosphorus, sulfur, and sodium), trace elements
(iron, cobalt, zinc, copper, and manganese), and ultratrace elements (chromium, lithium,
arsenic, nickel, molybdenum, selenium, tin, and vanadium) and that their content varies
according to the genotype and the place where the cultivation is carried out [33,36–38].
However, the detailed mineral composition in different quinoa ecotypes is still scarce
and even more so is their spatial distribution. For example, Prado et al. [37] reported 18
minerals present in quinoa grains, while Konishi et al. [36] mentioned only six minerals.
Hence, we investigated the grain yield and size, the occurrence and content of minerals
and their spatial distribution in the different grain tissues, in the CICA-17 quinoa crop
grown in field conditions on soils with different salinity in the marginal lands of the Egypt.

2. Results
2.1. Soil and Irrigation Water Analysis

Electrical conductivity (EC) and organic matter, Cl, Na, Mg, K, Ca, SO4, and Fe contents
are higher in saline soil (Table 1). These parameters increase 43, 24, 17, 9, 2.6, 4, and 1.3%,
respectively, compared to the non-saline soil. Table 2 summarizes the water irrigation
analysis for both cases.

Table 1. Physical and chemical properties of soil samples collected in two saline and non-saline locations of Egypt.

Physical Properties

depth Soil
cm pH Sp 1

%
EC 2

dS m−1
DB 3

g cm−3
OM 4

%
CO3Ca

%
Sand

%
Silt
%

Clay
%

Textural
class

0–60
(non-saline) 8.0 66 2.1 1.51 1.25 2.8 30.0 58.0 12.0 silt loam

0–60
(saline) 8.2 75 26.0 1.92 0.58 0.3 33.3 53.2 3.5 silt loam

Chemical Properties

Na K Ca Mg Cl SO4
2 HCO−3 CO3

−2 Fe Mn
meq L−1

0–60
(non-saline) 7.8 0.6 11.7 4.3 6.5 13.5 4.45 0 4.36 5.29

0–60
(saline) 187.5 6.0 47.0 76.8 280.0 35 1.26 0 5.78 2.44

1 Sp: Saturation percentage; 2 EC: electrical conductivity; 3 DB: bulk density; 4 OM: Organic matter. Each value is the mean of n = 6 samples.

Table 2. Physical and chemical properties of irrigation water of saline and non-saline locations.

Location
EC pH Na+ K+ Ca2+ Mg2+ Cl− HCO−3 CO3−2 SO4−2

dS m−1 meq L−1

Non-saline 0.43 7.16 1.04 0.21 1.40 1.22 1.02 0.62 0.00 1.29
Saline 1.70 7.23 6.37 0.35 3.40 4.50 8.50 4.60 0.00 6.12
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2.2. Grain Yield

Soil salinity negatively affected grain yield. A reduction of close to 47% concerning
the grain yield was obtained in saline conditions compared to the non-saline one (Figure 1).
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Figure 1. Effect of non-saline and saline soils on grain yield (mean ± SE) on C. quinoa cv. CICA-17.
Different letters above columns indicate significant differences between means at p < 0.05, according
to the t-test.

2.3. Grain Weight and Sizes

The weight of 1000 seeds of CICA-17 quinoa decreased by 13% in saline conditions
compared to non-saline conditions (Figure 2). On the other hand, the grain size distribution
(A: <1.41 – >1.0 mm; B: <1.68 – >1.41 mm; C: <2.00 – >1.68 mm; D: ≥2 mm) showed that
the two largest grain sizes were unfavored by salinity conditions (Figure 3).
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Figure 2. Effects of non-saline and saline soils on the weight (mean ± SE) of 1000-seeds of C. quinoa
cv. CICA-17 plants. Significant differences between means (p ≤ 0.05) are indicated by different letters
above columns according to the t-test.

2.4. Mineral Content in Quinoa Grains

The most important mineral elements with biological activities showed two trends.
While phosphorus (P), magnesium (Mg), and sodium (Na) increased their content under
saline conditions, silicon (Si), potassium (K), calcium (Ca), and iron (Fe) contents decreased
(Table 3). The same increase or decrease were detected for the other elements except for Mn,
Cu, and Co, which exhibited the same behavior under non-saline and saline conditions.
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Figure 3. Seeds diameter distribution of C. quinoa cv. CICA-17 obtained in non-saline and saline soils.
All the differences were significant (p ≤ 0.05) according to the t-test. A: <1.41 – >1.0 mm; B: <1.68 –
>1.41 mm; C: <2.00 – >1.68 mm; D: ≥2 mm.

Table 3. Mineral content in quinoa grains (pericarps + seeds) under two saline conditions. Significant differences between
means (p ≤ 0.05) are indicated by different letters behind the values according to the t-test.

Element
Non Saline

Soil Saline Soil Difference
(%) Element

Non Saline
Soil Saline Soil Difference

(%)
mg kg−1 dry weight mg kg−1 dry weight

Major elements Zr * 0.50 a 0.18 b 64.6
K 9707.62 a 8226.40 b 15.3 Ni 0.48 b 0.30 a 37.3
P 3334.57 b 3959.37 a 18.7 Pb * 0.46 a 0.11 b 75.8

Mg 1443.81 b 1690.27 a 17.1 V * 0.29 a 0.11 b 61.1
Ca 678.22 a 447.04 b 34.1 Ce * 0.09 a 0.05 b 41.8
Na 44.17 b 267.00 a 504.5 As 0.06 a 0.03 b 50.5

Minor or trace elements Ga * 0.06 a 0.02 b 64.9
Fe 72.82 a 49.92 b 31.4 Sn 0.05 a 0.04 b 20.1

Zn * 27.56 a 8.53 b 69.1 Ge * 0.05 a 0.02 b 58.1
Mn 15.30 a 16.19 a 5.9 La * 0.04 a 0.03 b 40.5
Cu 6.70 a 6.34 a 5.3 Li 0.04 b 0.05 a 19.1
Co 0.06 a 0.06 a 2.8 Nb * 0.04 a 0.03 b 34.2

Ultratrace elements Y * 0.04 a 0.02 b 39.0
Si 9968.95 a 7837.06 b 21.4 Nd * 0.04 a 0.03 b 322.0
Al 36.85 a 26.72 b 27.5 Cr 0.29 a 0.16 b 45.3
Ti * 8.61 a 4.18 b 51.5 Pr * 0.01 a 0.01 b 33.5
Sr 3.99 b 7.71 a 92.9 Th * 0.01 a 0.01 b 26.6

Ba * 2.07 a 0.53 b 74.1 Sm * 0.01 a 0.01 b 35.8
Rb * 0.96 b 1.42 a 47.2

* Element detected for the first time in quinoa.

2.5. Mineral Spatial Distribution on Quinoa Grains

Quinoa seed has different tissues (Figure 4). Using SEM-EDX analysis, we found
that only the pericarp accumulated sodium in both non-saline and saline soils. Grains
developed under saline conditions showed 6.3 times greater sodium content than those
detected under non-saline conditions (Table 4, Figure 5). Chlorine, P, and Br also increased
significantly in pericarp in saline conditions. By contrast, soil salinity led to a decrease
in Ca, Al, Fe, Cu, and Si. Meanwhile, potassium was located mainly in the pericarp
without significant differences due to the soil salinity condition. In the endosperm and the
perisperm, the K content increased in saline soil (2.5 and 2.2 times, respectively) while its
concentration was more significant (2.7 times) in the embryo in non-saline soil. The other
elements studied did not change significantly.
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Table 4. SEM-EDX comparative mineral relative percentages on quinoa grain tissues cultivated under non-saline and
saline conditions (mean ± SD; n.d., not detected). Significant differences between means (p ≤ 0.05) are indicated by
different letters behind the values according to the t-test. Comparisons were made between identical tissues under the two
salinity conditions.

Mineral Pericarp
Embryo

Cotyledon
Mesophyll

Endosperm Perisperm

Non-Saline Saline Non-
Saline Saline Non-

Saline Saline Non-Saline Saline

C 51.89 ± 3.2 a 50.5 ± 3.7 a 61.32 ±
5.70 a 57.37 ± 2.40 a 61.64 ±

1.40 a 66.17 ± 5.3 a 68.60 ± 2.7 a 74.23 ± 7.10 a

O 39.96 ± 1.5 a 41.4 ± 1.00 a 26.51 ±
5.00 a 30.70 ± 1.40 a 25.76 ±

1.40 a 22.41 ± 3.6 a 26.30 ± 2.1 a 23.89 ± 4.90 a

N n.d. n.d. 9.75 ±
0.30 a 10.53 ± 0.10 a 11.46 ±

0.05 a 7.31 ± 1.3 b 4.97 ± 0.01 a 2.50 ± 0.70 b

Na 0.08 ± 0.04 b 0.5 ± 0.03 a n.d. n.d. n.d. N.d. n.d. n.d.

Mg 0.23 ± 0.10 a 0.34 ± 0.10 a 0.38 ±
0.07 a 0.39 ± 0.04 a 0.16 ±

0.03 b 0.38 ± 0.04 a 0.01 ± 0.01 a 0.02 ± 0.01 a

Si 0.26 ± 0.10 a 0.21 ± 0.10 b n.d. n.d. n.d. n.d. n.d. n.d.

P 0.06 ± 0.01 b 0.08 ± 0.04 a 1.01 ±
0.07 a 0.65 ± 0.10 b 0.17 ±

0.01 b 1.23 ± 0.05 a n.d. n.d.

S 0.19 ± 0.07 a 0.22 ± 0.2 a 0.45 ±
0.07 a 0.15 ± 0.01 b 0.11 ±

0.01 b 0.69 ± 0.1 a 0.02 ± 0.01 a 0.06 ± 0.01 a

Cl 0.60 ± 0.10 b 1.24 ± 0.40 a n.d. 0.02 ± 0.01 a 0.07 ±
0.02 a n.d. b 0.08 ± 0.03 b 0.30 ± 0.20 a

K 6.18 ± 10 a 5.46 ± 3.20 a 0.59 ±
0.05 a 0.22 ± 0.01 b 0.52 ±

0.07 b 1.31 ± 0.10 a 0.12 ± 0.10 b 0.26 ± 0.05 a

Ca 0.31 ± 0.20 a 0.16 ± 0.10 b n.d. n.d. 0.12 ±
0.01 a 0.04 ± 0.01 b n.d. n.d.

Fe 0.08 ± 0.05 a 0.06 ± 0.04 b n.d. 0.01 ± 0.00 a n.d. n.d. n.d. n.d.
Br 0.09 ± 0.09 b 0.13 ± 0.10 a n.d. n.d. n.d. n.d. n.d. n.d.
Al 0.05 ± 0.04 a 0.03 ± 0.03 b n.d. n.d. n.d. n.d. n.d. n.d.
Cu 0.05 ± 0.04 a N.d. b n.d. n.d. n.d. n.d. n.d. n.d.
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Figure 5. Spatial distribution of elements analyzed by SEM-EDX in grain longitudinal medial
sections of C. quinoa cv. CICA-17, cultivated under non-saline (A–K) and saline (L–V) conditions. Ep,
episperm; En, endosperm; P, perisperm; Pe, pericarp; Emb, embryo with the radicle-hypocotyl axis
(r) and cotyledon (co). Arrowhead indicates the greater abundance of the mapped element.

The Mg content increased significantly in the endosperm under saline soil, while
Cl content increased in embryo, and perisperm and decreased in the endosperm. Sulfur
content differed between soil salinities. It was stored mainly in the embryo in non-saline
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conditions, meanwhile, it accumulated more and perisperm in saline soil (6.3 and 3 times,
respectively). Nitrogen was detected only in the cotyledons, endosperm, and perisperm,
reducing their content in the last two tissues under salinity conditions. Silicon, Fe, Br, Al,
and Cu were below the detection limit for embryo, endosperm, and perisperm as for Na,
they are detected only in pericarp.

3. Discussion

The high salinity soils of Sah El Tina have not produced harmful effects on the quinoa
crop cultivation (cv. CICA-17). As a halophyte, the plant displayed a series of physiological
and morphological adaptations that allowed it to complete its cycle [35–39]. Saline soils
affect grain yield and seed size, according to previous research [40,41]. In our case, we
detected a decrease near 47% compared to the yield get in non-saline conditions. The
weight of 1000 seeds decreased by 13% in saline soil, and only smaller grains (< 1.68 mm)
were favored. From a commercial point of view, this finding is also essential because
markets prefer large grains instead of small ones.

Regardless of the soil’s saline conditions where quinoa was grown, the most abundant
minerals in the quinoa grains were Si, K, P, Mg, Ca, Na, Mn, Fe, Cu, Al, and Zn. However,
an increase in P, Na, and Mg contents was observed due to soil salinity. Sodium, an
essential mineral in the cell ionic balance, was detected only in the pericarp and not in other
tissues (embryo, endosperm, and perisperm). It is evident that the pericarp structure (with
different cell layers) is a shield to prevent the entry of sodium to the underlying tissues,
but not for the chlorides that increased in saline conditions. Contradictorily, the mineral
content of Mg and Mn was reduced by salinity in saline-sodic soils in Greece [42]. However,
the salinity conditions of that field experiment are low (6.5 dS m−1) in comparison to our
experiment (26 dS m−1) (Table 1). It is necessary to consider that 26 dS/m is the starting
value of the saline soil’s electrical conductivity (EC). It probably increases during the life
cycle because of the soil and water quality used (with high EC). So we can assume that EC is
further increased during cultivation, and the seeds were produced under more significant
saline stress conditions than the starting one. This hypothesis must be verified in future
studies in the field.

Regarding the occurrence of certain minerals in quinoa, it is necessary to consider
whether the analyses are performed on grains (pericarp + embryo) or only in seeds (without
pericarp). The desaponification process removes the pericarp and probably all the elements
specifically present in this tissue (Table 4) This feature is mentioned in many cases where
the analysis was performed on flour, but it is not clear whether the grains used contained
the pericarp or not. Our results showed that Na was only in the pericarp, Mg was present
in the pericarp, embryo, endosperm, and perisperm. While S was found in all the tissues,
P was only absent in the perisperm. All these features should be considered to prepare
quinoa-based foods since the product will not have the same mineral composition based
on whether or not it is desaponified. It is important to point out that saponins are present
in different quinoa organs (leaves, flowers, fruits, and seeds), especially in seed coats
(pericarp). Saponins must be removed by different methods (physical or chemical) to
avoid conferring a bitter flavor to the quinoa products. In general, saponin concentration
ranges from 0.01 to 5% on a dry weight basis [43,44]. There are no data concerning saponin
concentration in the quinoa crop of Egypt. However, González et al. [45] observed that
saponin content in CICA -17, grown in desert climatic conditions in a high valley in
Northwest Argentina, varied from 2.3 to 6.9% according to different nitrogen treatments.
Considering that saponins can increase their concentration under saline condition [29], we
can conclude that desaponification must be a necessary process before consuming quinoa
either as grain or as flour because the maximum acceptable level of saponin in quinoa for
human consumption varies from 0.06 to 0.12% [46,47]. Besides, desaponification removes
sodium from the grain, avoiding its potential negative effects when consumed.

Except for Sn, Ni, and As, already found by Prado et al. (2014), the other ultratrace
mineral elements (Rb, Sn, Th, Nd, Pr, Nb, Sm, Ni, Y, La, Ce, As, Ti, Ge, V, Zr, Ga, Zn, Ba, and
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Pb) were first detected in quinoa in both non-saline and saline conditions. The presence of
Cs was reported [48], but it was observed in aboveground parts of plants (stem and leaves).
For many trace and ultratrace minerals detected in quinoa, the cellular level function is
unknown, and their presence is only a passive accumulation from the soil and irrigation
water. The role of Cr, Li, Si, Ni in human metabolism was already demonstrated [49,50].
Chromium participates in protein transport and improves diabetes [51], while Li is an
essential element for regulating the central nervous system [52]. Following our results,
Li has also been found in quinoa and amaranth (Amaranthus caudatus) consumed as food
in the Northwest of Argentina [53]. Silicon is essential for Ca assimilation, the formation
of new cells, and tissue nutrition [54], and Ni is necessary for the proper functioning of
the pancreas [55]. Regarding arsenic, which is dangerous in high concentrations, several
studies suggest too that it probably plays a physiological role in the metabolism of methio-
nine, acting as an effector of acid metabolism amino sulfur [56]. Aluminum is typically
considered a toxic element, but some studies in vitro suggest that this element plays an
essential role in different biological systems (e.g., DNA synthesis stimulation or bone
formation) [57].

In summary, quinoa can be considered a source of minerals as Cr, Li, Si, Ni, As, and
Al concerning nutritious food and health. Besides, considering that quinoa foliage can
accumulate some minerals such Ni, Cr, Cu, and Cd [24] and the hyperaccumulation of
heavy metals in roots [58], we hypothesize that this species may be a good alternative for
the remediation of contaminated soils.

4. Materials and Methods
4.1. Plant Material, Site Description, and Experimental Design

Grains of CICA-17 quinoa cultivar were selected for this study. Field experiments
were conducted in 2015/2016 (mid-November to end-March) in two places in Egypt. One
was in the Sahl El-Tina plain (named saline in this work), located in the northwestern coast
of Sinai Peninsula (31◦ 02′ N, 32◦ 35′ E), and other in the Experimental Station (named
non-saline) of Ain Shams University, Cairo (30◦ 03′ N, 31◦ 14′ E). Both places are arid, with
an average annual precipitation of 60 mm yr−1 (Sahl El-Tina) and 20 mm yr−1 (Cairo), with
rainfall concentrated between October and April. The average monthly temperature was
20.5, 12.8, 16.7 ◦C and 21.7, 12.1, 16.9 ◦C for maximum, minimum, and mean temperature in
saline and non-saline places during the crop cycle, respectively. Representative soil samples
in both locations were collected in the center of each plot at 0.60 m depth. Soil samples
(6 in total) were obtained with a soil borer. Samples were mixed in the lab, and physical
and chemical analyses were performed according to the standard methods published by
Page et al. (1982) [59]. Results are listed in Table 1.

Experimental soils were prepared, including the construction of ridges. Compost
with a rate of 8 t ha−1 and phosphorus at a 120 kg P2O5 ha−1 was added during the land
preparation. Nitrogen was added as side-dressing at 160 kg N ha−1 in two equal rates after
30 and 51 days from the sowing date. Potassium was added at a rate of 140 kg K2O ha−1 at
the flowering stage. Seeds of quinoa were sterilized with sodium hypochlorite solution (5%
active chloride) for 10 min and then washed with distilled water several times and dried
with tissue paper before planting. We sowed about ten seeds per hill to ensure germination.
A complete randomized block design with six replicates (experimental plots) was used,
with an average of 18 m2 for each plot (6 ridges with 5 m length and 0.6 m width). After
four weeks from the sowing date, the seedlings were thinned to two or three seedlings per
hill. Local sources provided irrigation water in both places, and Table 2 lists their chemical
properties. A detailed description of the procedure is in Eisa et al. (2017) [16].

4.2. Yield Components

Ten quinoa plants in each experimental plot were cut and air-dried for 7–10 days at the
harvesting stage. The dried panicles were threshed by hand. Subsequently, we determined
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the grain yield (kg ha−1), the seed sizes, and the weight of 1000 seeds (g). The percentage
of grain sizes was determined with sieves of different meshes.

4.3. Mineral Content

The grain samples were dried in an oven at 65 ◦C to constant weight. The dried
samples were ground into a fine powder, passed through a 60-mesh sieve, and ashed
(electric oven at 575 ◦C for 16 h). After cooling, ash subsamples (0.1 g) were digested
with 10 mL of HF/HClO4/HNO3 (5.0/2.5/2.5, v/v) mixture in a closed teflon vessel
(Savillex, Canada) at 90 ◦C for at least 12 h. Once digestion finished, the remaining acid
was evaporated on a hotplate to incipient dryness. Next, 1 mL of HNO3 was added
twice and was evaporated again to incipient dryness. Residual sediment was dissolved in
HNO3 (1 mL) and transferred into a 100 mL volumetric flask. The digestion vessel was
rinsed with deionized water several times, and washing water was also transferred to
the volumetric flask. Flask volume was made up with deionized water and then used for
chemical element analysis. A total of 49 elements, including major (e.g., Ca, K, Mg, Na, and
P), minor (e.g., Zn, Fe, Cu. Mn, Co, and Na), and ultratrace mineral elements (e.g., Cr, Li,
As, Ni. Mo, Se, Sn, and V) were quantitatively determined by high resolution inductively
coupled plasma mass spectrometry (Element XR HR-ICP-MS, Thermo Scientific, Germany)
at the labGEOTOP of institute Geosciences Barcelona (Spanish Research Council, CSIC,
Barcelona, Spain) [37]. Quality control of element determinations was carried out using
internal standards and control samples of known composition for each analyzed element
(BDH Chemical, England). Of the 49 elements analyzed, only 34 were listed because the
rest (15 elements) were lower than the equipment’s detection limit. Element concentration
(mean of 3 repetitions) was expressed on a dry weight (dw) basis (Table 1). The accuracy
and precision of analytical determinations by HR-ICP-MS were lower than 10%.

4.4. Mineral Spatial Distribution

To determine the spatial distributions and relative abundances of C, O, N, Na, K, Ca,
Mg, P, Cl, Cu, Br, Al, Fe, Si, and S, three samples of achenes per saline and non-saline
locations were analyzed by scanning electron microscopy (SEM, Supra55VP) coupled to
an energy dispersive X-ray analyzer (EDX). SEM-EDX conditions were −10 ◦C, sample
chamber pressure of −50 Pa, accelerating voltage of 20 kV). These analyses were con-
ducted at CIME facilities (Integral Center of Electronic Microscopy of CONICET-UNT,
Tucumán, Argentina).

Complete grains (to study pericarps), seeds with manually removed pericarp (to
expose the seed coat), and median longitudinal sections of whole grains (cut with a blade)
were mounted and fixed with a commercial adhesive on sample plates. Maps of mineral
distribution were made in the median longitudinal sections. Semi-quantitative analyses
of mineral abundance were obtained from equivalent areas of different tissues or organs
(pericarp, episperm, endosperm, perisperm, embryo, and cotyledon mesophyll).

4.5. Statistical Analysis

The mean values between treatments per tissue/organs were compared using the
t-test at p ≤ 0.05 level of probability (statistical package SPSS Inc., version 11.0, Chicago,
IL, USA).

5. Conclusions

This study demonstrated the high resilience of the CICA-17 variety of quinoa to two
contrasting edaphic situations in Egypt. It was clear that mineral concentration can change
when interacting with different soil types, irrigation waters, and other environmental
conditions. Soil salinity induces substantial changes in the distribution of minerals in the
different grain tissues. Although quinoa is a significant source of major minerals such as
K, P, Mg, Ca, and Na, the contents of Si, Ni, Cr, and Li may be important for their healthy
behavior in human metabolism. The detection for the first time of 17 elements (Rb, Th, Nd,
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Pr, Nb, Sm, Y, La, Ce, Ti, Ge, V, Zr, Ga, Zn, Ba, and Pb) in quinoa seed add a new value to
quinoa crops as a potential application for phytoremediation processes. From our results,
we can conclude that cv. CICA-17 may be a complementary crop in the marginal lands of
high salinity in Egypt and the Mediterranean region, showing high potential concerning
healthy food and environmental issues as phytoremediation.
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Abstract: Agricultural production in the Rehamna region, Morocco is limited with various chal-
lenges including drought and salinity. Introduction of climate resilient and rustic crops such as
quinoa was an optimal solution to increase farmer’s income and improve food security. This study
summarizes results obtained from a research project aiming to develop quinoa value chain in
Morocco. The study tackled several aspects including agronomic traits (yield and growth), transfor-
mation, quality (nutritional and antinutritional traits) and economic analysis and, finally, a strength–
weaknesses–opportunities–threats analysis, lessons learned and development perspectives were
presented. From an agronomic point of view, introduced new quinoa cultivars showed higher
performance than locally cultivated seeds and, furthermore, the use of irrigation and organic amend-
ment has tremendously improved seed yield by double and three times, respectively, compared to
rainfed conditions. Nutritional analysis revealed that protein and phosphorus content remained
stable after seed pearling while most of the micronutrients content decreased after seed pearling.
However, saponins content was reduced by 68% using mechanical pearling compared to 57% using
both traditional abrasion and washing. The economic analysis showed that production cost of
quinoa seeds could be further decreased using mechanized intensive tools along with irrigation and
organic amendment supply. This study revealed several lessons learned from the field experience
and proposed several development actions for each value chain component that can be implemented
within a national quinoa program.

Keywords: production cost; pearling; yield; irrigation; mechanization; harvest

1. Introduction

Today, more than 120 countries around the world cultivate quinoa (Chenopodium quinoa
Willd.) or try to adapt it to their environmental conditions. The continued expansion of its
cultivation in all continents challenges the prejudices of that quinoa is a species, which can
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only grow in the high plains of the Andes on the shores of Lake Titicaca. After a first boom
in quinoa cultivation in the 1990s mainly linked to the demand of vegetarians for products
rich in vegetable proteins from organic farming, a second boom in the 2000s was based on
the values of fair trade, and, today, we are facing a third quinoa boom at the global level
with the production of quinoa in new countries that were not even importing quinoa [1].
Morocco falls into the last category of the country having initiated its cultivation before
importing it for its own consumption. These changes on a global scale are such that great
transformations in progress in the way quinoa is produced, the networks related to its
distribution and in the ways of considering it and incorporating it into various local diets.

The year 2013 has been declared the International Year of Quinoa (IYQ) by the United
Nations. This made it possible to recognize the importance of the biodiversity of quinoa
and the high nutritional value of its seeds [2]. Within this dynamic, quinoa has been
introduced in Morocco since the 1999/2000 season and was considered as an important
alternative to traditional crops such as cereals, which are strongly subjected to climate
change effects and soil degradation due to salinization making quinoa a judicious solution
and potential crop that may contribute to national food security [3]. In this Moroccan
context, quinoa is proving to be an interesting solution to limit the risk of agricultural
production failure associated with the yield losses observed on traditional cereals cropping
systems, which sometimes contribute to soil degradation because of the monoculture
practiced in several regions. The fact that quinoa is considered a rustic crop resistant to
various abiotic stress makes it a resilient and climate smart crop that could be used for
climate change adaptation [4].

In Morocco, quinoa was subjected to several field trials evaluating the performance of
introduced cultivars and the effect of various cropping practices on its productivity. First a
collection of quinoa accessions was tested for the adaptation goal in the Khenifra region in
the year of 2000 resulting in a selection of 14 accessions, which were believed to be tolerant
to drought. Then, experiments on quinoa in Morocco were intensified within the SWUP-
MED EU funded project (sustainable water use securing food production in dry areas of
the Mediterranean region) where quinoa was introduced and tested in several regions
including Rehamna, Rabat and Agadir [5]. Secondly, research activities were focusing on
testing the effect of several practices on quinoa such as irrigation with saline water [6,7],
deficit irrigation [8,9], organic amendment [10], sowing dates [11], use of wastewater for
irrigation [12], etc.

At the nutritional level, for some people, quinoa is a new and nutritious food that has
recently been found in supermarkets and restaurants and can replace many common grains.
Certainly, in many regions of the world, this vision corresponds to reality but it should
be known that quinoa was one of the main food crops of the pre-Columbian civilizations
of Latin America and remains an important food for the Quechuas and Aymaras settled
in rural areas of the Andes, South America. In the Quechua language, quinoa is called
chisiya, which means mother grain [13]. Quinoa provides as much energy as foods used in
a similar way, such as beans, corn, rice or wheat. It is also an important source of quality
protein, dietary fiber, polyunsaturated fatty acids and minerals [14]. Protein content in of
quinoa seeds varies between 12% and 20%; however, it is reported as 16% on average [15].

One of the obstacles for quinoa seed valorization is its content in terms of saponins
because of their bitter taste and toxic effects, which necessitates their elimination. Several
pearling techniques and methods are used to eliminate saponins from the quinoa seeds; the
wet technique remains the most used one especially in Morocco combined with preliminary
manual abrasion [16].

In this study we provided an evaluation of the agronomic performances of introduced
quinoa cultivars grown under different production scenarios and the effect of seed pearling
on nutritional and saponin contents. The study also presents a technical and economic anal-
ysis of the quinoa production and transformation. Through the conducted investigations
the strengths, weaknesses, opportunities, and threats related to the existing quinoa value
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chain in Morocco were revealed and the lessons learned. Finally, we proposed development
perspectives for each value chain component.

2. Results
2.1. New High Yielding Chenopodium Quinoa Cultivars Introduction

Table 1 presents obtained results in terms of plant productivity and growth. The data
clearly indicate that introduced ICBA (International Center for Biosaline Agriculture) culti-
vars performed better than other tested varieties in terms of yield while locally produced
bulk seeds showed the lowest performances. Irrigation supply and organic amendment
have greatly increased the seed yield for all tested cultivars. Under farm conditions, yield
was doubled under irrigation supply and tripled under combined irrigation and amend-
ment application. More or less the same effect has been noticed for plant height. Quinoa
dry matter responded very well to the amendment application in the case of ICBA-Q3
cultivar while no significant changes were noticed for local bulk seeds. Results obtained
for 1000 seed weight indicate that Titicaca cultivar had the highest seed weight and size
while Puno cultivar had the lowest. Organic amendment had a notable effect on 1000
seed weight in the case of local bulk seed while no significant difference was obtained for
ICBA-Q3 cultivar.

Table 1. Seed yield, plant height, dry matter and 1000 seed weight of quinoa tested in the Rehamna region under several
experimental conditions. Different letters (a, b, ab, c) indicate a significant difference according to the Tukey test (p < 0.05).

Trial
Conditions

Treatments
Seed Yield (t·ha−1) of Tested Varieties

ICBA-
Q1

ICBA-
Q2

ICBA-
Q3

ICBA-
Q4

ICBA-
Q5 Titicaca Puno Bulk

Seeds

Cultivars performance trial under
controlled experimental conditions 1.94 b 3.40 a 3.89 a 1.90 b 1.47 b 1.63 b

Organic
amendment
trial under
controlled

experimental
conditions

0 T/ha 2.20 a 3.16 a
5 T/ha compost 2.34 a 2.10 b

10 T/ha compost 2.43 a 2.05 b
20 T/ha compost 2.31 a 2.40 b
10 T/ha manure 2.94 ab 1.87 b
20 T/ha manure 2.50 a 2.23 b
40 T/ha manure 4.40 b 2.60 ab

Trials under
farm conditions

Rainfed 0.74 a 0.90 a 0.71 a 0.51 a 0.63 a 0.54 a

Irrigated without
manure 2.34 a 2.91 a 1.72 ab 1.55 ab 2.70 a 0.85 b

Irrigated with
manure 3.31 a 3.65 a 1.78 b 1.69 b 3.26 a 1.04 b

Plant height (cm)

Cultivars performance trial under
controlled experimental conditions 125.73 a 136.38 a 123.18 a 92.40 b 79.92 b 96.28 b

Organic
amendment
trial under
controlled

experimental
conditions

0 T/ha 97.35 a 75.75 a
5 T/ha compost 96.64 a 74.72 a

10 T/ha compost 101.93 a 81.97 a
20 T/ha compost 104.83 a 84.94 a
10 T/ha manure 103.51 a 76.61 a
20 T/ha manure 108.43 a 88.72 a
40 T/ha manure 117.06 a 86.11 a

Trials under
farm conditions

Rainfed 50.83 a 52.16 a 52.83 a 46.05 a 46.77 a 42.83 a

Irrigated without
manure

115.66
ab 127.5 a 107.58 ab 137.5 a 87.66 b 70.85 b

Irrigated with
manure

109.25
bc 131.9 a 121.75 b 122.75 b 92.91 c 79.75 c
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Trial
Conditions

Treatments
Seed Yield (t·ha−1) of Tested Varieties

ICBA-
Q1

ICBA-
Q2

ICBA-
Q3

ICBA-
Q4

ICBA-
Q5 Titicaca Puno Bulk

Seeds

Dry Matter (g·plant−1)

Cultivars performance trial under
controlled experimental conditions 82.83 b 171.47 a 95.70 b 41.40 b 82.54 b 77.19 b

Organic
amendment
trial under
controlled

experimental
conditions

0 T/ha 101.32 b 75.62 a
5 T/ha compost 113.33 ab 58.85 b

10 T/ha compost 119.65 ab 56.66 b
20 T/ha compost 100.16 61.24 ab
10 T/ha manure 133.05 a 55.29 b
20 T/ha manure 94.61 b 61.48 ab
40 T/ha manure 137.94 a 43.66 c

1000 Seed Weight (g)

Cultivars performance trial under
controlled experimental conditions 2.66 ab 2.58 ab 2.76 ab 3.55 a 1.73 b 2.47 ab

Organic
amendment
trial under
controlled

experimental
conditions

0 T/ha 5.2 a 3.9 b
5 T/ha compost 6.5 a 6.0 a

10 T/ha compost 5.5 a 4.6 ab
20 T/ha compost 5.4 a 6.1 a
10 T/ha manure 5.1 a 5.2 ab
20 T/ha manure 5.7 a 4.5 ab
40 T/ha manure 6.7 a 5.6 ab

2.2. Quinoa Seed Processing
2.2.1. Harvest and Postharvest Machines

Several mechanized tools were locally developed or adapted to be used for quinoa
harvest and post-harvest operations by a private entrepreneur (BenRim farm) as presented
in Table 2. Supporting local private entrepreneurs to manufacture those tools was one of
the key outcomes of this project.

Table 2. Harvest and post-harvest machines locally developed.

Machines Description Capacity

Combined harvester

The cereal’s combined harvester was
used to harvest quinoa with few

adaptations at sieves levels to match
quinoa seed size

1.5 ha·hr−1
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Table 2. Cont.

Machines Description Capacity

Winnower

Threshing quinoa panicles results in a
mixture of grains, small residues and
chaffs. The mechanical winnowing

consists of using a winnowing fan that
creates wind that blows away the lighter
chaff, while the heavier grains fall back

down for recovery.

150 kg·hr−1
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2.2.2. Quinoa Transformation Pathway

Couscous is a famous Mediterranean dish and widely consumed in Morocco. It is now
produced out of quinoa by several women cooperatives in the Rehamna region using both
quinoa flour and semolina. The pathway for quinoa-based products processing is described in
Figure 1. Quinoa based products described in this study were produced traditionally by women
following several steps such as seed pearling, washing and drying to produce processed seeds
and milling, grinding and sieving to have quinoa flour and semolina. The key steps of couscous
production are manual rolling, forced sieving, precooking and drying. However, 27 steps from
raw material reception to final product shipping are required to produce traditional couscous.

Figure 1. Processing diagram for quinoa based products adapted from the “3rd Millennium” cooperative.
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2.2.3. Shelling Impacts on the Nutritional and Antinutritional Aspect of Quinoa Seeds

Table 3 shows the nutrients content of raw, processed seeds and quinoa bran for Puno,
Titicaca and ICBA-Q5 cultivars. Data clearly indicate that nutrient content varies from
cultivar to another. Titicaca processed seeds presents the highest content in terms of proteins,
Mg, P, Ca, Zn and Cu, for Puno cultivar the highest content was observed for C and Fe, while
ICBA-Q5 processed seeds presents the highest content in terms of K, Na, Mn and Ash.

Table 3. Nutrients content of raw, processed seeds and quinoa bran for Puno, Titicaca and ICBA-Q5 cultivars.

Cultivar Products Protein Content
(%)

C
(%)

K
(%)

Mg
(%)

Na
(%)

P
(%)

Ca
(%)

Fe
(mg/kg)

Zn
(mg/kg)

Cu
(mg/kg)

Mn
(mg/kg)

Moisture
(%)

Ash Content
(%)

Puno
Raw seed 14.42 44.70 0.98 0.17 0.09 0.28 0.17 57.35 20.54 5.91 28.22 8 3.74
Processed

seed 15.39 44.35 0.53 0.14 0.06 0.31 0.09 61.55 22.30 4.21 19.73 7 2.30

Quinoa Bran 14.99 46.48 5.67 0.36 0.11 0.10 0.55 101.64 180.85 13.78 83.78 7 18.00

Titicaca
Raw seed 14.47 43.61 1.33 0.19 0.09 0.35 0.12 67.79 30.30 5.76 32.80 6 3.80
Processed

seed 18.83 43.98 0.72 0.18 0.06 0.43 0.10 51.22 30.94 5.49 23.97 6 2.67

Quinoa Bran 12.65 42.60 8.87 0.43 0.23 0.19 0.51 521.23 61.98 6.75 109.95 6 17.31

ICBA-
Q5

Raw seed 12.18 40.40 1.74 0.20 0.09 0.18 0.10 46.51 26.38 2.48 32.09 7 4.85
Processed

seed 11.07 40.20 1.38 0.16 0.09 0.18 0.05 33.99 27.63 3.80 28.11 7 3.50

Quinoa Bran 14.61 39.36 6.64 0.77 0.18 0.19 0.54 249.04 68.23 6.02 110.91 7 16.69

Figure 2 presents the saponin content in two different seeds polished using two
different methods, bulk seeds polished manually by the women cooperative and Puno
seeds polished mechanically using a locally manufactured pearling machine. Obtained
results indicate clearly that bulk seeds accumulate more saponins compared to Puno seeds.
Pearling using the mechanized tool was shown to be more efficient than manual abrasion
as the saponin content was reduced by 68% in the case of Puno and 57% in the case of bulk
seeds.

Figure 2. Saponin content (%) of raw and processed bulk and Puno seeds. Bulk seeds were pearled manually and Puno
seeds mechanically using quinoa sheller.

2.3. Quinoa Import

Import of quinoa in Morocco has known a great evolution since 2015 (first year of
record) to reach 84 tons in 2019 with a total value of 2.4 million MAD (Figure 3). The average
price per kilogram was greatly decreased. In 2015 the average import price was equal to
80 MAD.kg−1 while in 2019 it was equal to 29 MAD·kg−1 following the worldwide trend
in quinoa price as per the Statista database [17].
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Figure 3. Evolution of quinoa import in Morocco in terms of quantity and value. 1 USD = 9 MAD.

2.4. Economic Analysis of Quinoa Seed Production
2.4.1. Quinoa vs. Traditional Cereals: Production Cost and Net Margin

Data presented in Table 4 clearly indicate that for quinoa cultivation, production cost
per kilogram is higher under the rainfed and manual production mode compared to the
scenario where irrigation is supplied along with fertilizers and organic amendments. Thus,
production cost per kilogram decreased from 27 to 11 MAD and this can be explained by the
improved yield and reduced cost attributed mainly to irrigation and fertilization and the use
of the mechanized tool for quinoa cultivation. Consequently, the net margin was improved
significantly due to input supply and the mechanized tools adoption. The presented data
also indicate that quinoa is more remunerating than cultivated cereals as it generates five
times and twice the net margin generated by barley and wheat, respectively, grown under
the rainfed and mechanized scenario.

Table 4. Production cost and net margin of processed quinoa seeds compared to traditional cereals cultivated in the
Rehamna region. 1 USD = 9 MAD.

Scenarios Production
System

Yield
(kg/ha)

Production Cost
(MAD/kg)

Production Cost
(MAD/ha)

Net Margin
(MAD/ha)

Quinoa Rainfed: Scenario I (manual); Scenario II (mechanized) Manual 500 26.8 13,400 21,100
Mechanized 500 19.3 9650 28,850

Quinoa Irrigated with organic amendment and fertilization:
Scenario III (manual); Scenario IV (mechanized)

Manual 2000 16.2 32,195 101,805
Mechanized 2000 11.1 22,445 111,555

Barley under rainfed conditions Mechanized 2000 1.5 3097 3072
Wheat under rainfed conditions Mechanized 3000 1.3 3914 6366

2.4.2. Quinoa Production Cost Breakdown

Cost breakdown for quinoa cultivation operations is presented in Table 5. Harvest
and post-harvest operations account for the largest part in the overall production cost in
the case of rainfed and manual cultivation contributing with 63% in the total production
cost. While this percentage was decreased to 50% when mechanized tools for harvest
and post-harvest operations were adopted. In the case of the optimized production mode
using irrigation and fertilization the part of harvest and post-harvest operations in the total
cost was greatly decreased due to high cost attributed to irrigation system depreciation,
pumping and fertilizers and was equal to 48 and 26% under manual and mechanized
production mode, respectively.
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Table 5. Cost breakdown for quinoa cultivation and seed processing operations. 1 USD= 9 MAD.

Operation Description Unit

Production Scenario

Rainfed ×Manual
(Objective

Yield: 500 kg/ha)

Rainfed ×Mechanized
(Objective

Yield: 500 kg/ha)

Irrigated with
Fertilization ×Manual

(Objective
Yield: 2000 kg/ha)

Irrigated with
Fertilization ×

Mechanized (Objective
Yield: 2000 kg/ha)

Qty Unit
Cost

Total
Cost Qty Unit

Cost
Total
Cost Qty Unit

Cost
Total
Cost Qty Unit

Cost
Total
Cost

Ploughing and soil
preparation

Deep Hour 4 200 800 4 200 800 4 200 800 4 200 800
Shallow Hour 2 150 300 2 150 300 2 150 300 2 150 300

Fight against bird’s
attack Manual Day 15 100 1500 15 100 1500 15 100 1500 15 100 1500

Sowing Manual/
seeder

Day
/Hour 3 100 300 1 250 250 3 100 300 1 250 250

Irrigation and
fertigation (energy,
depreciation, and

fertilizers)

Ha 1 11795 11,795 1 11,795 11,795

Thinning and
weeding

First Day 10 100 1000 10 100 1000 10 100 1000 10 100 1000
Second Day 10 100 1000 10 100 1000 10 100 1000 10 100 1000

Harvest Manual Day 30 100 3000 30 100 3000
Threshing Manual Day 20 100 2000 20 100 2000

Seed cleaning Manual Day 15 100 1500 45 100 4500
Seed washing Manual Day 10 100 1000 30 100 3000

Drying and sieving Manual Day 10 100 1000 30 100 3000
Harvest and

threshing (combined) Mechanized Ha 1 1800 1800 1 1800 1800

Seed pearling Mechanized Kg 500 6 3000 2000 2 4000

Total (MAD) 13,400 9650 32,195 22,445

2.4.3. Sensitivity Analysis of Net Margin vs. Production Cost, Grain Yield and Sale Price

Figure 4 presents the sensitivity analysis elucidating the impacts of +25 and −25%
changes of total cost, grain yield and sale price on net profit. Results indicate clearly that
net profit is affected greatly by sale price as a reduction or increase of 25% in sale price
is likely to have the largest impact on net profit either negatively or positively but with a
more pronounced effect on the net profit in the case of price reduction. Holding all other
variables at their base-value, a 25% reduction in the output price will reduce net profit by
94.2, 82.8, 74.2 and 67.7 percent under scenario I, II, III and IV, respectively.

Figure 4. Cont.
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Figure 4. Changes in net profit as responses to ±25% variation in sale price, grain yield and total cost under tested
production scenarios. 1 USD = 9 MAD.

2.4.4. Monte Carlo Simulation Analysis (10,000 Iterations)

Monte Carlo simulation performs risk analysis by building models of possible results
by substituting a range of values—a probability distribution—for any factor that has
inherent uncertainty. It then calculates results over and over, each time using a different
set of random values from the probability functions. Depending upon the number of
uncertainties and the ranges specified for them, a Monte Carlo simulation could involve
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thousands or tens of thousands of recalculations before it is complete. In our case the
number of iterations made is 10,000 simulating the net profit as affected by changes in
market price and yield.

The Monte Carlo simulations presented in Figure 5 as frequencies derived after
10,000 iteration of simulation show that the risk of having a financial loss when producing
quinoa is about 2.55%, 0.55%, 0.05% and 0% respectively for scenario I, II, III and IV
assuming that changes in yield may occur from 200 to 800 kg·ha−1 for scenario I and II and
from 1000 to 3000 kg·ha−1 for scenario III and IV, and allowing for simultaneous variation
in price from a lower bond of 30 MAD·kg−1 to an upper bond of 120 MAD·kg−1.

We also carried out a break-even analysis for each of the four cases to identify values of
the key parameters that make revenues equal to the cost of production, and as a result the
net gains were zero (Table 6). The estimated break-even points were lower than the lower
bonds assumed in the simulations (200 kg·ha−1 of yield for scenario I and II, 2000 kg·ha−1

yield under scenario III and IV and 30 MAD for the price) indicating higher confidence for
the main results presented in Table 5 to remain unaffected.

Figure 5. Monte Carlo simulation frequency of net profit as affected by a change in market price and yield. 1 USD = 9 MAD.

Table 6. Break-even analysis. 1 USD = 9 MAD.

Scenario Yield
(kg·ha−1)

Price
(MAD/kg)

Total
Cost(MAD/ha)

Scenario I: Rainfed ×manual
production system 219.50 29.40 33,500

Scenario II: Rainfed ×Mechanized
Production System 148.51 19.90 33,500

Scenario III: Irrigated ×manual
Production System 485.00 16.25 101,505

Scenario IV: Irrigated ×Mechanized
Production System 339.48 11.37 134,000

2.4.5. Cost Breakdown of Quinoa Based Products

Table 7 presents cost breakdown for quinoa products such as quinoa couscous, processed
seeds and quinoa flour in Morocco. Raw material has the largest contribution to the total
production cost for all products with almost 80%, 87% and 85% for quinoa couscous, flour
and processed seeds, respectively. Labor cost consisting of women working on different steps
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of production is also important as it represents more than 13% in the case of couscous while
it represents only 1.88 and 3.64% of the total production cost for quinoa flour and processed
seeds, respectively. Consequently, among all quinoa products, quinoa couscous remains very
expensive compared to other cereals couscous (max market price is equal to 20 MAD·kg−1).
Obtained data indicate that the women cooperatives producing quinoa products should
reduce raw material cost through their own production of quinoa seeds, better planning for
quinoa stocks and elaborating the sale contract with quinoa producers for a low price.

Table 7. Cost breakdown for quinoa couscous, flour and processed seeds production. 1 USD= 9 MAD.

Quinoa Product Inputs Description Cost (MAD/kg) %

Q
ui

no
a

C
ou

sc
ou

s

Raw material
Quinoa semolina 21 28.14%

80.40%Quinoa flour 39 52.26%
Salt 0.004 0.01%

Water
Washing 0.02 0.03%

0.04%Processing 0.002 0.00%

Women’s labor force
Sorting 5 6.70%

13.57%Hydration 5 6.70%
Packaging 0.12 0.17%

Energy Electricity 0.05 0.08%
0.48%Gas 0.3 0.40%

Transportation 1 1.34% 1.34%
Packaging 1 kg package 1.46 1.96% 1.96%

Depreciation Dryer 1.64 2.20%
2.22%Heat-sealing machine 0.01 0.01%

Total 74.62 100% 100%

Q
ui

no
a

flo
ur

Raw material (Quinoa seeds) 50 87.66%
Washing water 0.019 0.03%

Energy 0.436 0.77%
Labor force 1.073 1.88%
Packaging 2.975 5.22%
Transport 0.951 1.67%

Depreciation 1.580 2.77%

Total 57.03 100%

Q
ui

no
a

pr
oc

es
se

d
se

ed
s

1
kg

Raw material (Quinoa seeds) 50 85.65%
Washing water 0.02 0.03%

Energy 0.45 0.78%
Labor force 2.12 3.64%
Packaging 3.12 5.34%
Transport 1 1.71%

Depreciation 1.65 2.83%

Total 58.37 100%

2.5. SWOT Analysis of the Quinoa Value Chain in Morocco

Table 8 presents analysis of the quinoa value chain in Morocco including its strength.
weaknesses. opportunities and threats at different levels.

2.6. Lessons Learned

Several lessons were revealed by the present study as presented in Table 9.

2.7. Perspectives of Development

With several challenges (drought and salinity) facing staple crops such as cereals
in many marginal areas in Morocco. quinoa could be a judicious solution to improve
food security and increase farmer’s income. A national program of quinoa in Morocco is
becoming necessary and needs to tackle all value chain components. We suggest several
actions to improve the quinoa value chain in Morocco summarized in Table 10.
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Table 8. SWOT (strength. weaknesses. opportunities and threats) analysis of the quinoa value chain in Morocco.

Strengths Weaknesses

In terms of cultivation:

• Quinoa is more profitable compared to cereals.
• Farmer know-how in terms of cereal production is

compatible with quinoa cultivation.
• Tolerance of quinoa to various stresses that characterize

the region including drought and salinity.
• Quinoa byproducts such as leaves. straw and saponin

could be potentially valorized.
• Low requirement in terms of agricultural inputs (fertilizers.

management. pesticides. etc.).

At the gastronomic level:
• High nutritional value compared to cereals.
• Quinoa seeds are gluten free with low content in sugar.

which make it optimal food for diabetic and celiac
consumers.

• Fast cooking.
• Versatility of quinoa-based recipes.
• Easy to integrate into food habits given its resemblance to

locally prepared dishes (soup. boiled rice. couscous. bread.
etc.).

At the production level:
• Small production area compared to the potential.
• Poor organization of producers among those who have

adopted quinoa.
• Quinoa is labor intensive with very few mechanized

operations (especially at the post-harvest phase).
• Problems linked to quinoa establishment at the field level

(low germination).
• Unavailability of good quality seeds.
• Sensitivity to diseases such as downy mildew.
• Attacks of birds (during the emergence and maturity

stage).
• Lodging problem in the case of strong winds.
• High post-harvest costs.

At the valorization and marketing level:
• Transformation pathway is not well structured and

mastered.
• Basic marketing channel.
• Lack of promotion and communication around

quinoa-based products.
• Uncontrolled price formation.
• Poor product quality.
• High transformation cost.

Opportunities Threats

• The Rehamna region presents edaphic-climatic conditions
favorable for rustic crops such as quinoa.

• Policies and development program encouraging the
introduction and development of alternative crops (e.g.
Green Morocco Plan and Generation Green).

• Replacement of cactus that was completely devasted by
cochineal by quinoa in the Rehamna region.

• Growing interest by the national and foreign researchers in
the adoption of quinoa by farmers.

• Willingness of national and international development
agencies such as the OCP group (Office Chérifien des
Phosphates). ONCA (Office National du Conseil Agricole).
DPA (Direction Provinciale d’Agriculture). Universities.
IDRC (International Development Research Center). FAO
(UN Food and Agriculture Organization). etc.. to promote
and accelerate the process of adopting quinoa in the area.

• Availability of national and international agriculture fairs
(Salon International d’Agriculture de Meknes) for quinoa
products showcase.

• Increased interest for healthy food consumption by
individual consumers and restaurants.

• Growing quinoa international market.
• Availability of labours in the rural areas.
• Remunerative price.
• Possibility for quinoa product export to the European

market.

• Competitiveness of local quinoa products compared to
imported ones.

• Substitute products are numerous.
• High cost and slow process of organic certification.
• Climatic variability and negative effects of drought and

heat waves on quinoa production.
• Loss of varietal purity and genetic performance due to the

use of harvested seeds for many years.
• Quinoa products supply exceed the demand.
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Table 9. Lessons learned from the quinoa value chain in Morocco.

Lesson Learned Action Taken/Needed

At the Farm Level

First. more awareness should be raised among farmers. relevant
government entities. private sector and general public about the
economic benefits of quinoa and its potential as an alternative
crop tolerant to stress and soil–climate conditions of the
Rehamna region.

Several training sessions were organized for farmers. women
cooperatives and extension agents about quinoa cultivation and
its virtues.

In a process of introducing new crop such as quinoa. more
technical and economic information is needed to dispel the
hesitations of some farmers who are faithful to their usual
practices.

Several extension material and brochures about quinoa
including a farmer practical guide about quinoa cultivation
were produced and shared with farmers and extension agents
during organized trainings and workshops.

At the level of production techniques: In spite of the important
peasant know-how. quinoa remains a new crop and therefore
obeys a logic of adoption. which means categories of
progressive farmers (willing to take risk). neutrals (those who
see no objection to the introduction of quinoa) and recalcitrant
(who are unwilling to question their crop rotation plan). In the
first two categories. even a light training in production
techniques is necessary.

Field trials conducted by students can serve as a demonstration
platform before generalization. The agricultural advisers
(institutional partners of the project. ONCA) should act as a link
between the results of the experiments and the introduction of
quinoa into the farms.

One of the constraints limiting quinoa production is the labor
costs. which are estimated by farmers to be excessive compared
to the margin generated by the sale of quinoa.

Mechanization of cropping practices is necessary to reduce
labor cost including sowing. harvest. threshing. seed pearling
and even packaging. Individual small farmers cannot afford
those tools. thus. farmer’s organization in cooperatives or
associations is considered a judicious option to acquire
mechanized tools to be used collectively by the adhered farmers.
Several mechanized tools including threshing. winnowing.
pearling and seed washing have been locally manufactured and
provided to several cooperatives.

Farmers in the Rehamna region usually use the harvested seeds
to be sown in the next season for several years. which led to a
loss of genetic performance of the initially introduced lines and
therefore low germination rate and low performance are usually
occurred.

Five introduced varieties (ICBA Q1–Q5) have been registered in
the national germplasm catalogue and transferred to a local
seed production farm (Benrim Farm) to sustain the production
of high quality and homogeneous variety seeds.

In most of farms. quinoa is produced under an organic mode
(without application of chemicals) but without certification.
Therefore. organic certification is a good option to better
valorize quinoa seeds in Morocco and to target international
market that require such as certified products (e.g., European
market).

The first group of organic quinoa producers has been created in
Rehamna in 2018 formed in a first stage by 5 farmers and
received organic certification in 2019.

At the Valorization Level (Women Cooperatives)

Seed pearling and saponin removal remains the most critical
post-harvest operation as the final quinoa seed quality depends
on this step. In most of the cases seed pearling is performed
manually. which increase the cost without reaching the saponin
content threshold (0.12%) recommended by the CODEX [18].

A pearling machine or sheller (described in the Harvest and
Postharvest machines section) has been locally manufactured
and preliminary results show good performance of the machine
in removing saponin. Several shellers have been distributed to
several farmer’s and women’s cooperatives.

The breakdown of quinoa-based product processing costs
shows that raw materials account for more than 80% of the total
costs. followed by labor.

• The reduction in the cost of raw materials can be achieved
by a combination of several practices:

# The own production of quinoa. which can also improve
the tracking of production.

# The purchase of quinoa grains. in large quantities. during
the harvest period.

# The improvement of quinoa yields per hectare using
intensive production system (irrigation. fertilization. etc.).

Weak organization of the women cooperatives linked to several
administrative issues mainly due to poor management of the
unit. poor distribution of responsibilities. lack of operation’s
records. weak coordination. opportunism. decision making. etc.

Training about best practices for cooperative governance and
management has been delivered to several women cooperative
members to build their managerial and leadership capacity.
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Table 9. Cont.

Lesson Learned Action Taken/Needed

At the Market Level

The application of high prices of imported quinoa showcased in
supermarkets with small quantities to the locally produced
quinoa seeds constitutes a bottleneck in the quinoa marketing in
Morocco. Pricing strategy should consider the price of similar
products based on other cereal (e.g. couscous). import price. the
production cost and the willingness price of the Moroccan
consumer. The current price of locally produced quinoa seeds
remains high as perceived by the Moroccan consumer.

A marketing study was performed in order to determine the
psychological price of quinoa in Morocco [19]. The study
indicates that the Moroccan consumer is willing to pay 4–5 USD
for one kilogram of processed quinoa seeds.

Promotion and communication around quinoa products and
virtues in Morocco still needs to be further developed.

Several promotion and communication activities were
organized to showcase quinoa products including:

• The first quinoa promotion workshop organized in
November 2018 inviting a celebrity Moroccan chef to lead
a cooking session.

• Showcase of quinoa products made by women
cooperatives in the international fair of agriculture in
Meknes in April 2019 (SIAM 2019).

• Tasting sessions organized in several events including
SIAM 2019.

• Participation in the African Fair of the Social and Solidarity
Economy held between 29 October to 5 November 2019 in
Senegal by the 3 millennium women cooperative.

• Inviting national TV and press to elaborate stories about
quinoa in Morocco.

• Project video capsules regularly published in YouTube and
other social media channels.

There is a need to develop a specific and unified packaging
labeled “Quinoa Rehamna” for all beneficiaries involved in the
project including the “gluten free” and “organic” label.

A branding and visual identity document about “Quinoa
Rehamna” brand has been elaborated and shared with relevant
stakeholders.

For the moment. quinoa producers only commercialize their
production at local fairs. weekly rural markets. cereal markets.
healthy and organic food shops and individual clients
(consumers. restaurants. etc.). Quinoa producers in Morocco
could not market their products in the local supermarkets due
to a lack of a sanitary certificate for quinoa seed processing and
transformation.

• Quinoa producers especially women cooperative should
first improve their valorization unit to meet the ONSSA
(National Food Safety Office) requirements to get the
sanitary certificate. which is required by supermarkets.

• Quinoa producers should also develop partnership with
food industries and bakeries to produce quinoa products
adapted to the Moroccan context such as couscous.
noodles and bakeries and to be marketed at large scale
benefiting of their own distribution networks.

• The organic quinoa producer group recently created
should explore export opportunities towards the European
market.
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Table 10. Proposed development actions and involved actors for each value chain components.

Value Chain Component Development Actions Involved Actors

Agricultural inputs supply

• Registration of quinoa performing
varieties

• Improve the availability of high-quality
seeds (seed production systems).

• Improve the availability of agricultural
inputs such as fertilizers. pesticides.
etc., especially in remote area (e.g.,
South of Morocco).

• Agricultural input suppliers.
• Seed production organization and

private companies (e.g., SONACOS
seed company).

• Agriculture Ministry departments.

Quinoa production

• Adoption of best cropping practices
such as:

# Optimal sowing date.
# Irrigation supply (deficit or

supplemental irrigation).
# Application of amendments

(manure. compost. etc.).
# Application of fertilizers.
# Increase sowing density to

reduce plant lodging.
# Plant thinning and hilling.

• Plant protection:

# Protection from bird attacks
(Maghreb lark) at the early
stage (emergence and
seedling).

# Protection against caterpillars
at early stage.

# Treatment against downy
mildew.

# Use of a wind-break to protect
quinoa from strong wind and
reduce lodging.

• Harvest:

# Plant harvest at optimal stage
to avoid grain loss.

# Use of mechanized tool for
harvest (e.g., adapted
combined harvester).

• Continuous training for farmers about
best cropping practices.

• Farmers.
• Farmer’s cooperatives and

associations.
• Agriculture Ministry departments.
• Research and development

institutions.

Quinoa transformation and
valorization

• Use of a mechanical sheller for saponin
removal.

• Respect of the transformation line and
separation in time and space for gluten
free products.

• Improve women cooperative’s
management skills.

• Improve packaging and storage
conditions.

• Build the technical capacity of women
in the best quinoa transformation
practices.

• Women cooperatives.
• Agriculture Ministry departments.
• Research and development

institutions.
• Food industries.
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Table 10. Cont.

Value Chain Component Development Actions Involved Actors

Marketing and distribution

• Elaborating marketing study for
specific quinoa products.

• Use of social media and influencer to
promote quinoa products.

• Develop the “quinoa Rehamna” label.
• Develop a sale contract with super and

hypermarkets.
• Target groceries and weekly markets.
• Target E-commerce platforms.
• Develop contracts with food

industries.
• Target direct clients such as restaurants.

hotels. individuals. etc.
• Participation in food and agricultural

fairs.

• Farmers.
• Farmer’s cooperatives and

associations.
• Women cooperatives.
• Agriculture Ministry departments.
• Research and development

institutions.
• Supermarkets.
• Retailers.

Consumption

• Conduct promotion activities
including:

# Video capsules in TVs. radios
and social media.

# Organize tasting sessions in
food fairs and supermarkets.

• Develop promotion materials such as
brochures. posters. etc.

• Women cooperatives.
• Research and development

institutions.
• Supermarkets.
• Retailers.

Research and development

Further research and development activities
are needed in the following subjects:

• Quinoa breeding for new adapted and
stable varieties.

• Optimization of quinoa fertilization.
• Mechanized sowing.
• Harvest and post-harvest mechanized

tools development.
• Development of saponin removal

methods and techniques.
• Valorization of quinoa byproducts

(saponins).
• Market assessment.

• Farmers.
• Farmer’s cooperatives and

associations.
• Women cooperatives.
• Agriculture Ministry departments.
• Research and development

institutions.

3. Discussion

Since its introduction to Morocco in the 2000s. quinoa was seen as a rustic and stress
tolerant crop with several potentialities to replace cereals and other traditional crops in
the marginal environment of Morocco. Therefore. it was subjected to various trials at
the field and pot level in several regions to evaluate its productivity and responses to
various stresses. For instance. the finding of this study indicates that quinoa yield was
tripled for most of the tested cultivars under full irrigation conditions compared to rainfed.
which support the results obtained by Fghire et al. [8] who found that the yield of Puno
cultivar (one of the tested cultivars in the present study) conducted in the same study area
(Tnin bouchane) was increased by 236% under full irrigation (100% ETp) compared to
rainfed irrigation. Our results are in agreement with Geerts et al. [20] who reported that
full irrigation increased quinoa yield with 27% compared to rainfed conditions. Contrarily
to our case. this low increase percentage is mainly explained by the high amount of rain
received (330 mm) for rainfed treatment compared to irrigated treatment (245 mm irrigation
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+ 330 mm rainfall). While in the present study quinoa under farm conditions received only
43 mm of rain during its growing season while the irrigated treatment received 200 mm
of irrigation. which obviously explain the tremendous increase of yield and other growth
parameters as a response to irrigation.

It is well known that organic matter amendment has a positive effect on crop growth
and productivity. In the case of quinoa. very few studies are available evaluating the
effect of organic amendment on yield; nevertheless. other crops were cultivated under the
organic amendment and showed a positive response [21–23]. Our results suggest that the
ICBA-Q3 cultivar grown under controlled experimental conditions significantly (p < 0.01)
responded to the organic amendment only after applying 40 T/ha of manure while no
significant difference was observed under a lower dose. While under farm conditions.
quinoa yield and plant height were significantly improved under organic amendment
application. Our results are in agreement with Hirich et al. [10] who found that that organic
amendment of 10 t ha−1 and 5 t ha−1 significantly increased seed yield by 13% and 3%.
respectively. under full irrigation. The yield improvement under organic amendment is
explained by a soil content increase in terms of nutrients after mineralization of the organic
matter; therefore. the nutrients uptake will be increased. which will result in high plant
growth and productivity [24].

Our finding in terms of seed nutrient content indicates that most of the micronutrients
content was reduced in the processed seeds due to seed pearling. which means that they
are mostly concentrated in the pericarp (bran) as suggested by Konishi et al. [25] and
D’Amico et al. [26] who reported that minerals are accumulated in the pericarp (seed out
layer) and proteins are mostly accumulated in the endosperm tissues. In terms of mineral
content. Konishi et al. [25] reported that phosphorus is mainly localized in the embryonic
tissues. which explain why P content in the present study for all tested varieties was higher
in the processed seeds and lower in bran. However. in terms of magnesium and potassium
our finding indicates high content in the seed bran compared to processed seeds. which
disagrees with Konishi et al. [25] who reported that both magnesium and potassium are
located in the embryonic tissues.

One of the limiting factors for quinoa valorization and transformation is its content in
terms of saponins. which are mainly concentrated in the pericarp or bran and need to be
removed before use [27]. The cultivars we tested in this study are classified as bitter [28].
and the saponins removal level by either mechanical abrasion or manual polishing was
not enough to classify the quinoa as sweet. since the saponin content threshold for human
consumption is equal to 0.12% according to CODEX [18]. Our results indicate that Puno
seeds pearling using mechanical abrasion resulted in 68% reduction in terms of saponin
content. which confirm the finding of Hirano and Konishi [29] who reported that quinoa
seed pericarps contain 67.6% of the total saponin content in the whole grain while the rest
is remaining in the seed endosperm and other internal layer. Our results are in agreement
with Mhada et al. [30] who reported that mechanical abrasion allowed the reduction of
saponins level from 1.4 to 0.51% for the Puno cultivar. a reduction of 64% of the initial
saponin level. Our findings are also in line with Gómez-Caravaca et al. [31] who reported
that an abrasion degree of 20% allowed reducing the saponin levels in pearled quinoa
(129.8 mg/100 g d.w.) more than 50% comparing with the initial saponin content in whole
quinoa (244.3 mg/100 g d.w.).

In Morocco the quinoa market is very limited and still a niche market. In order
for the market to expand. huge effort is required to promote for quinoa and a rise in
awareness among consumers about its health benefits. Like other countries. such as
Turkey. quinoa consumption is limited to those with knowledge of health foods for specific
health benefits. including its gluten free status. Quinoa is not a product “consumed by
the masses”. but rather one “discovered” by educated. health-conscious consumers [32].
The economic analysis showed that under rainfed conditions production cost at harvest
per hectare varies from 6650 to 7900 MAD (739–878 USD) for the mechanized and manual
production mode. respectively. While under irrigated conditions the production cost
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increased to 18.445 and 19.695 MAD·ha−1 (2049 and 2188 USD·ha−1) for the mechanized
and manual production mode. respectively. due to depreciation of the irrigation system.
energy and fertilizers input costs. The same trend was reported by Yazar et al. [32] in
Turkey who found that the production cost of quinoa was equal to 728 and 1650 USD·ha−1

under rainfed and irrigated conditions. respectively. Our results are also in agreement
with Mercado and Ubillus [33] who reported that the production cost of quinoa in Peru
varies from 676 to 2604 USD·ha−1 for traditional rainfed and conventional production
system. respectively. with a profitability that varies from 100 to 200% and market price
varies from 1.7 to 2 USD·kg−1. However. in Morocco the profitability could vary from 150
to 500% due to high quinoa price and the use of intensive production systems (irrigation
and mechanized tools).

This study presents a SWOT analysis of the quinoa value chain in Morocco. which
revealed that one of the main weaknesses limiting quinoa market expansion in Morocco is
the traditional production and valorization and the lack of using intensive production tools.
Thus. quinoa price in Morocco remains relatively high above middle class consumer’s
purchasing power even at farmgate and only rich people can afford it. This way the local
quinoa products with a high price and relatively lower quality could never compete with
an imported one. which have usually good quality. The trendy nature of the market for
quinoa in Morocco has had both positive and negative aspects. Certainly. growers have
benefited from the rising prices that the crop commands. though the various intermediaries
may reap more of the profits than the small growers [34]. Another bottleneck in the quinoa
value chain is a lack of promotion around quinoa benefits using public channels and social
media. which is considered a key point for any new product development [19].

4. Materials and Methods
4.1. Study Area

The province of Rehamna is geographically located between Marrakech (South). Settat
and El Jadida (North). El Kelaa des Sraghna (East) and Sidi Bennour. Youssoufia to the west
(Figure 6). This region is characterized by an average rainfall of 177 mm with an intra and
interannual variation (Figure 7). Temperatures are relatively homogenous throughout the
zone. with temperatures ranging from 4 to 46 ◦C. Prevailing winds are from the North-East in
winter and from the West in summer. Warm winds (Chergui) are frequent and blow from the
East and South. The total agricultural area of the region of Rehamna is 591.125 Ha with an
arable land area of 342.500 Ha (35.425 Ha of irrigated area and 307.075 Ha of rainfed area)
(DPA Rehamna 2018).

Figure 6. Rehamna province localization (study area).
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Figure 7. Rehamna climatic conditions taken from the UM6P Experimental Farm meteorological station.

4.2. Soil and Water Analysis

Table 11 presents the physicochemical analysis of soils at the UM6P experimental
station and farm level. Soil texture is clay loam at the UM6P experimental station and
sandy loam at the farm level. Both soils are considered poor in terms of organic matter and
rich in terms of potassium.

Table 11. Physicochemical analysis of soil at the UM6P experimental station and farm level.

Parameter Unit At UM6P Experimental
Station Level At Farm Level Analysis Method

Granulometric
composition

Clay % 32.15 6.03 NF X 31-107
Silt % 26.45 23.54 NF X 31-108

Sand % 42.34 70.46 NF X 31-109

pH-water 8.38 7.9 NF ISO 10390
Electric Conductivity (EC) 1/5 at 25 ◦C mS·cm−1 0.19 0.1 NF ISO 11265

Total limestone (CaCO3) % 4.83 0.2 NF EN ISO 10693
Organic matter % 1.07 0.8 NF ISO 14235

Phosphorus (P2O5) Mg·kg−1 17.15 43.45 NF ISO 11263
Potassium (K2O) Mg·kg−1 455.45 216 NFX 31-108

Ammonium (NH4
+) Mg·kg−1 6.45 10.25 NFX 31-109

Nitrate (NO3
−) Mg·kg−1 7.91 12.50 NFX 31-110

According to Table 12. both irrigation waters were slightly saline with more salinity
and mineral content obtained for irrigation water at the UM6P experimental station.

4.3. Tested Cultivars

In this study ICBA (International Center for Biosaline Agriculture) quinoa cultivars
were introduced due to their high adaptation to MENA and Morocco conditions and
resistance to drought and salinity [4]. The origins of those cultivars are: low land. Bolivia
for ICBA-Q1. Q2 and Q3 and coast. Chile for ICBA-Q4 and Q5. Those cultivars were already
introduced and tested in the south of Morocco (Laayoune area) within a previous R&D
project and showed high performance under salinity conditions with an average seed yield
exceeding 2 t/ha. In addition to ICBA cultivars. two Danish public varieties were tested.
Titicaca and Puno. two short cycle varieties widely cultivated in Morocco and showed a
good adaptation with higher yield compared to other quinoa accessions [4,5,30,35].
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Table 12. Physicochemical analysis of irrigation water at the UM6P experimental station and farm level.

Parameter Unit At UM6P Experimental
Station Level At Farm Level Method

pH 9.28 7.91 NM ISO 10523
Electric conductivity at 25 ◦C mS·cm−1 2.50 1.44 IM ISO 7888

Dry extract g.l−1 1.60 0.92 NM 03.7.027

Cations

Potassium (K+)

meq.l−1

0.22 0.01 Continuous Flow
Analysis (CFA)

Sodium (Na+) 14.67 5.40 Continuous Flow
Analysis (CFA)

Calcium (Ca2+) 3.50 2.31 Continuous Flow
Analysis (CFA)

Magnesium (Mg2+) 6.80 6.45 Continuous Flow
Analysis (CFA)

Anions

Chloride (Cl−)
meq.l−1

17.44 7.17 Continuous Flow
Analysis (CFA)

Carbonate (CO3
2−) 2.40 0.17 NM ISO 9963-1

Bicarbonate (HCO3
−) 2.60 0.77 NM ISO 9963-2

4.4. Trial Installation
4.4.1. At the Farm Level

An on-farm trial was conducted at the farm level (Tnin Bouchane. 32◦14.6267′ N.
8◦19.8181′ W. 280 m + MSL (mean sea level)) testing ICBA cultivars (ICBA Q1-Q5) com-
pared to locally cultivated bulk seeds (mixture of L119 and L143 accession) under rainfed.
irrigation and irrigation with cow manure amendment (40 T/ha) conditions in a split plot
design with 4 replications (plot size was equal to 10 m2). Organic amendment was applied
along with soil preparation before sowing. Irrigation practices were performed according
to farmer usual practices with an irrigation supply of about 200 mm (2000 m3/ha) for
the whole cropping period. using drip irrigation following evapotranspiration demand
according to Allen et al. [36]. Quinoa seeds were sown using a plant density of 8 plants/m2

(50 cm between lines and 25 cm between plants). The trials were carried out between 18
February and 30 June 2018.

4.4.2. At the UM6P Experimental Farm

Another trial was carried out in the UM6P experimental farm (Ben Guerir. 32◦13.08”
N. 7◦53.23′ W. 468 m + MSL (mean sea level)) to investigate the performance of six quinoa
cultivars including ICBA-Q1. ICBA-Q2. ICBA-Q5. Titicaca. Puno and locally cultivated
bulk seeds under Rehamna conditions. The objective of this trial was to assess the produc-
tivity of tested cultivars and their adaptation to Rehamna agroclimatic conditions. The trial
was conducted in a completely randomized block design with four replications. Plot size
was equal to 100 m2. Irrigation was applied following the evapotranspiration method
according to Allen et al. [36] using parameters from the existing weather station. Irrigation
volume supplied was equal to 300 mm (3000 m3/ha). Trials were carried out between
21 February and 25 June 2018.

4.5. Agronomic Practices and Seed Yield Determination

All trials were subjected to commercial agronomic practices such as soil preparation.
preirrigation. weeding (3 times during the growing period). phytosanitary treatments
(application of insecticide treatment against caterpillar in the seedling stage) and plant
thinning (keeping only one or two plants per sowing hole). Quinoa seeds were sown using
a plant density of 8 plants/m2 (50 cm between lines and 25 cm between plants).
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Seed yield for all trials was determined after maturity. Quinoa panicles were harvested
first and dried in open air. Seeds were extracted using manual threshing followed by seed
polishing and cleaning.

4.6. Seed Pearling

The saponin elimination process remains as a critical operation in seed processing.
Recently. many appropriate technologies have been developed to remove saponins to an
acceptable threshold without affecting the nutritional properties of the seed.

Puno seeds processed mechanically by Benrim farm were polished using a pearling
machine that was locally manufactured for a duration of two minutes. The machine operates
on a semi-industrial scale with a transformation capacity of 120 kg·hr−1. it is equipped with
two motors. the first one is designed to turn a drum with a rotation speed of 750 rpm. The
second one is more powerful (3000 rpm) and designed to extract the fine dust produced
during the pearling process. The rotating drum is made of 80 cm long perforated stainless
steel and has 6 baffles distributed throughout the drum. During seed processing. the speed
of rotation and friction (seed-seed. seed-drum and seed-baffles) gradually increased the
temperature of the seeds to 35 ◦C and decreased the moisture from 13 to 10%.

At the level of the women’s cooperatives in Morocco. saponins elimination from
quinoa seeds was performed manually with traditional equipment. The majority of val-
orization units (women’s cooperatives. startups. etc.) used combined operations starting
with a dry method (manual abrasion) and finishing by a wet one (washing using water).
First. a manual abrasion using a glove against a rough surface (e.g., rubber. sieve) is
carried out to eliminate the external coat of the episperm (bran). This manual abrasion
operation is time consuming and requires effort; it takes one hour to dehull 6 kg of quinoa
seeds. Women’s cooperatives are using a partial manual abrasion in order to avoid losing
the embryo and preserve the seed morphological aspect. However, the residual saponin
still remains above the CODEX [36] threshold (0.12% of dry matter) and the bitterness
perception is still present. Hence. they add a washing step as a supplementary operation
to totally eliminate the bitterness. For the washing operation. seeds soaked with water
allowing saponins to dissolve. They use a water quantity of 20 L per 5 kg of quinoa seeds
for 10–15 min. This quantity is used three times soaking a total of 15 kg of polished quinoa
seeds. Finally, the processed quinoa is dried for 5 h.

4.7. Chemical Analysis
4.7.1. Nutrient Analysis

Raw and mechanically processed seeds and resulted bran of the Puno variety were
used for nutrient content determination following the steps below:

• After weighing. harvested samples were ground to a fine powder using the FOSS CT
293 Cyclotec grinder (Fisher Scientific, Canada).

• The moisture content was measured by drying 100 g of sample at 105 ◦C for 48 h
• Crude protein was determined using Kjeldahl (Buchi, Switzerland, AACC 46–10)

method with a conversion factor of 6.25. Micronutrients were determined after sample
mineralization.

• Representative samples (0.25 g) were digested with 7.5 mL of HNO3 acid in the
DigiPrep System (SCP SCIENCE, France) during two hours at 100 ◦C.

• After digestion. the solutions were filtered through 45 µm filters. and the filtrates
were diluted to 50 mL with deionized water and acidified (2% HNO3) in order to
undergo the analysis by ICP-OES using Agilent technologies 5110 ICP-OES (Agilent,
United States of America) for the elements P. K. Mg. Ca. Cu. Mn. Fe. Zn and B.

4.7.2. Saponin Analysis

In addition to Puno seeds (raw and mechanically processed seeds) used for nutrient
content determination. the extraction and quantification of saponin content was performed
on locally produced and manually processed by the Bouchane cooperative.
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Saponin extraction was performed grinding one gram of dried sample to a fine powder
and dissolving in 20 mL of 20% isopropanol. The blend was heated to 86 ◦C for 20 min for
saponin extraction by a microwave-assisted method and filtered (Whatman filter paper)
for further quantification. Saponin concentrations were measured by spectrophotometric
methods as described by Gianna et al. [37] with minor modifications. The Liebermann-
Burchards (LB) reagent was used to quantify saponins. as it is capable of producing a light
brown coloration if these compounds are present in a sample. The LB reagent was a 1:5 mix-
ture of acetic acid and sulphuric acid. respectively. Following mixing 1 mL sample solution
with 3.5 mL LB reagent. the absorbance at wavelength 580 nm was measured in all samples
after 10 min. A calibration curve based on pure quinoa saponins was used for determin-
ing the final saponin concentration (mg/mL) in each solution on the basis of absorbance
measurements (absorbance = 4.5725 × saponin concentration + 0.0164). The percentage of
saponin content was determined on the basis of fresh weight [38]. For nutrient content and
saponin determination. three replications have been analyzed. Pictures of grains have been
taken using optical microscopy Nikon Eclipse Lv100nd-motorized microscope (Nikon,
France) with episcopic/diascopic illumination that enables control of objectives and light
intensity from the camera control unit and automatically detects the observation method.

4.8. Farmer’s Survey

Quinoa field production cost was determined using face-to-face interviews with
farmers cultivating quinoa bulk seeds under different cropping systems (rainfed. irrigated.
organic amendment and mechanized). Three farmers from each cropping system were
selected and interviewed. The following questions related to production cost breakdown
were included in the survey:

• Field operation costs;
• Plowing: deep. superficial;
• Organic amendment: quantity. application;
• Irrigation system: purchase. installation;
• Seeds: quantity. price;
• Sowing: manual. seeder;
• Irrigation: workforce. energy;
• Fertilization: manual. fertigation;
• Weeding: manual. chemical;
• Phytosanitary treatment: insecticide. fungicide;
• Harvest: manual. mechanical;
• Other operations;
• Post-harvest operation costs;
• Yield;
• Panicle drying;
• Threshing: Mechanical. Manual;
• Cleaning: Mechanical. Manual;
• Washing: Mechanical. Manual;
• Seed drying;
• Weighing and packaging;
• Labeling;
• Other operations.

4.9. Sensitivity Analysis and Monte Carlo Simulations

Quinoa is not yet a well-established crop in the local production systems. A lack of
farmers’ experience and the possibility of a shortage of inputs. especially planting materials.
could possibly result in greater yield variability among farmers. The economic performance
of quinoa will depend critically on the actual yield performance of different varieties and
households’ characteristics and their management practices. which greatly varies among
farmers. Beyond production. the markets for quinoa are not well developed. Imperfect
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and non-competitive markets may fail to clear at competitively determined prices. Poorly
functioning markets may therefore pose price risks to the local producers. Hence. such
variabilities in yield and potential price volatility may alter the results presented under the
base-case scenarios (Table 4). We run simulations of the base-case results to factor in for
potential production and price uncertainty.

We first conduct deterministic sensitivity analysis by changing a single parameter.
whilst holding all other parameters of the model at their baseline values. In our case. the
deterministic analysis was carried out by allowing for a 25% change in yields. prices and
total costs to model and assess the sensitivity of net gains for each scenario. While the
conventional one-way sensitivity helps determine the scale of impact of a single parameter
and its limitation is that it does not proved insights into the probability of such a change
(e.g., it does not explain how likely it is for the parameter of interest to take a specific value).
Moreover. the deterministic approach fails to take into account the correlation between the
values taken by the parameter of interest and other parameters in the model that are held
constant [39].

Unlike the deterministic case. simulations allow for stochastic and simultaneous
variations and shocks in multiple parameters using the principals of inferential statistics.
To evaluate the contemporaneous impact of variations in yields and prices. we then con-
struct a dynamic variant of the model to estimate all possible outcomes given a probabilistic
distribution in yields and prices. Using a Monte-Carlo simulation method. we assign mul-
tiple values to yields and prices by generating random numbers that follow a symmetric
triangular distribution and uniform distribution with lower and upper bonds. respectively.
Note that the symmetric triangular distribution is a probability distribution with a proba-
bility density function (PDF) shaped like a triangle allowing for central tendency towards
the “most-likely or the base-case value”. It therefore gives due weightage to the mean
value in the yield with frequent outcomes clustered around the most-likely value. Uniform
or triangular distribution assumed for the price variable. on the other hand, allow for the
randomly generated number to take any value between the specified upper and lower
bonds based on a constant probability. Hence. any value in the specified interval is just as
likely and probable [40].

4.10. Valorization Cooperative’s Survey

A technical and financial assessment was carried out conducting a diagnostic of the
3rd Millennium” cooperative (a quinoa valorization unit in Rehamna region) in order to
assess the technical pathway of quinoa transformation and determine production costs
of processed products. The cooperative used Puno variety. which is the most common
used by cooperatives and it is provided by the Benrim farm in the Berrechid area where
the quinoa price is the most affordable.

4.11. Quinoa Import Data

Quinoa import data in terms of quantity and value have been extracted from the
change office database [41]. Data were first downloaded searching for quinoa as a keyword
and processed using Excel software.

4.12. Statistical Analysis

Differences in response variables to applied treatments were assessed using a general
linear model with StatSoft STATISTICA 8.0.550 software (StatSoft Inc. Tulsa, OK, USA).
Statistical differences were all significant at α = 0.05 or less. The means comparison was
based on a one-way ANOVA analysis.

5. Conclusions and Recommendations

In the light of obtained results quinoa was shown to be a potential and resilient
crop that could be an alternative to traditional cereals in the marginal area such as the
Rehamna region where traditional cereals are not performing well at both the agronomic
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and economic level. Furthermore. quinoa offers better remuneration and yield under both
rainfed and irrigated cultivation. It is also recommended for farmers to adopt mechanized
tools for quinoa cultivation and seed processing to reduce production cost and improve
their income. The access to those mechanized tools will be easier if farmers are gathered in
cooperatives or associations. Quinoa price structuration remains a bottleneck in its value
chain in Morocco as quinoa still have a niche market and demand on quinoa products still
does not meet the producer’s expectations. Furthermore. production cost of the quinoa-
based product such as couscous remains very high due to a high cost of raw material and
involved labor force. Therefore. it is recommended for women’s cooperatives valorizing
quinoa to have their own quinoa production.

Several scenarios of cost–benefit analysis were conducted to assess the economic
viability of quinoa production in Morocco. The results across multiple scenarios consistently
indicated that quinoa is highly profitable. yielding a net margin ranging from 21.100
to 111.555 MAD depending on the scenario (e.g., irrigated vs. rainfed and manual vs.
mechanized systems). Further sensitivity analysis and simulations were undertaken to
analyze the potential impacts of uncertainty in key variables and assumptions. particularly
taking into account variability in yield performance. market prices and production costs.
The sensitivity analysis showed that output price has the largest and significant impact
on the quinoa profitability. However. as is indicated by the results of the simulation. the
likelihood of net profit to be negative is neglected with a probability ranging from 0.5 to
2.55% depending on the scenario.

This study revealed several lessons learned from the field experience and proposed
several development actions for each value chain component that can be implemented
within a national quinoa program. which may be funded within the new Moroccan
agricultural development plan called the “green generation”.

The Rehamna Quinoa upscaling project has identified the suitable varieties. and the
best production and management practices to maximize yields. In addition. the nutritional
analysis of the genotypes with the highest potential was carried out. Seed multiplication
of the most promising genotypes has been developed with a private local company to
ensure enough seeds are available in the market for the scaling up production. On a global
scale. the impact of the project on small farmers and the gender issues has been positive
in general. as it secures a minimum revenue for the farmers even in dry years. Therefore.
it will be judicious to pursue implementing cutting edge research to collect. screen and
identify the quinoa genotypes that have the best potential for wide scale adoption in
different agroecological zones and marginal environments.

We recommend then to set up support for all players in the sector through coordination
of the quinoa interprofession in Morocco supported by the structures of the Department of
Agriculture. Additionally. we need much better organization of the quinoa sector. in order
to have more visibility to the consumers. This starts with focusing on more development
of quinoa on public awareness and promotion-marketing. More research is needed in
reducing saponin content in the different quinoa product. which represent one of the
current weak points in the sector and it is necessary to remove this bottleneck as it does
affect. today. the quality of the product and the entire value chain. Morocco’s situation
within the Maghreb region places it in an advance position in the development of quinoa
value chain. This should trigger a promoting cooperation within the Maghreb countries.
It is also possible to create a Mediterranean or African network on quinoa to extend ideas
and research results.
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Abstract: Quinoa is a highly diverse crop domesticated in the Andean region of South America with
broad adaptation to a wide range of marginal environments. Quinoa has garnered interest worldwide
due to its nutritional and health benefits. Over the last decade, quinoa production has expanded
outside of the Andean region, prompting multiple studies investigating the potential for quinoa
cultivation in novel environments. Currently, quinoa is grown in countries spanning five continents,
including North America, Europe, Asia, Africa, and Oceania. Here, we update the advances of
quinoa research in Ecuador across different topics, including (a) current quinoa production situation
with a focus on breeding progress, (b) traditional seed production, and (c) the impact of the work of
the nongovernment organization “European Committee for Training and Agriculture” with quinoa
farmers in Chimborazo province. Additionally, we discuss genetic diversity, primary pests and
diseases, actions for adapting quinoa to tropical areas, and recent innovations in quinoa processing
in Ecuador. Finally, we report a case study describing a participatory breeding project between
Washington State University and the Association of Andean Seed and Nutritional Food Producers
Mushuk Yuyay in the province of Cañar.

Keywords: Chenopodium quinoa; quinoa production; participatory plant breeding; quinoa processing

1. Introduction

Quinoa (Chenopodium quinoa Willd.) is an annual crop from South America. Originally
thought to be domesticated in the highland region of the Andes Mountains, a recent
report suggests that quinoa domestication from its wild relative Chenopodium hircinum
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Schard. occurred independently in the Andean highlands and on the Chilean coast [1]. Five
ecotypes have been used to classify quinoas: (1) valley = grown at 2000 to 3500 m above
sea level (m a.s.l.); (2) altiplano = grown at high altitudes of more than 3500 m a.s.l.; (3)
salares = grown in the salt flats of Bolivia and Chile; (4) sea-level = grown at low altitude;
(5) subtropical or yungas = grown in humid valleys of Bolivia [2].

Quinoa is adapted to a wide range of marginal environments [3]. It possesses high
salinity tolerance and is considered as a facultative halophyte crop [4,5]. Quinoa can
tolerate drought [6] and has been shown to grow well in controlled high temperature
environments [7–9]; however, the combination of drought and heat can considerably
reduce seed yield [9,10]. Quinoa seeds are highly nutritious, containing high contents
of fiber, vitamins such as ascorbic acid, alpha-tocopherol, thiamin, and riboflavin, and
minerals. Quinoa protein quality is high as it contains the nine essential amino acids in
significant amounts, though not always in sufficient quantities to be a complete protein
source to consumers across all age groups [11]. Moreover, quinoa possesses phytochemicals
such as phenolics and bioactive peptides; these components have demonstrated beneficial
effects on metabolic, cardiovascular, and gastrointestinal health [12–14].

Due to the characteristics described above, quinoa production has been expanding
rapidly outside of the Andean region of South America over the last decade [15,16]. Peru
and Bolivia are the major quinoa producers in the world, responsible for 86,011 and
70,763 tonnes (t) in 2018, respectively [17]. Ecuador was considered the third largest quinoa
producer globally [17]; however, the extent of recent quinoa expansion worldwide is
difficult to measure and it is a challenge to accurately rank Ecuador in quinoa production
compared to other countries. Ecuador, one of the 17 most megadiverse countries in the
world, is a small country in South America, divided into three continental regions: Amazon,
mountains and coast, and one maritime region, the Galapagos Islands. [18,19].

The aim of this article is to summarize the advances in quinoa research in Ecuador. We
discuss diverse aspects of the current quinoa production situation, and focus on breeding
progress, traditional seed production in the province of Bolívar, and the impact of the
quinoa work of the nongovernmental organization (NGO) “European Committee for
Training and Agriculture” (CEFA) with farmers in the province of Chimborazo. Potential
quinoa pests and diseases, genetic diversity, strategies for adapting quinoa to tropical
areas, and innovations in quinoa processing are reported. Moreover, we include a case
study highlighting a participatory breeding project between Washington State University
(WSU) and the Association of Andean Seed and Nutritional Food Producers Mushuk Yuyay
(Asociación de Productores de Semillas y Alimentos Nutricionales Andinos Mushuk Yuyay
(APROSANAMY)) in the province of Cañar.

2. Quinoa Production in Ecuador

Quinoa has been cultivated from southern Colombia to the coast of southcentral Chile,
including parts of northwest Argentina and some subtropical lowlands in Bolivia [20].
It was one of the main crops and food sources in Incan society and later was partially
displaced by cereals such as barley and wheat that were introduced during the Spanish
conquest [2]. According to historians, Ecuadorian quinoa was cultivated before and after
the Spanish conquest and has been one of the most important food sources in the indigenous
communities in the Ecuadorian highlands. Traditionally, quinoa is cultivated in Ecuador
between 2400 to 3400 m a.s.l. in different production systems [21].

Traditionally, Ecuadorian quinoa production was relatively constant and did not ex-
ceed 1000 t prior to 2010. In 2001, international partners started to work with Ecuadorian
quinoa on different projects such as establishing producers associations and initiating
participatory plant breeding projects [21–23]. These efforts resulted in slight production
increases beginning in 2010. In 2015, quinoa production achieved a record high, reach-
ing 12,000 t (Figure 1A). This increase was primarily due to government policies that
encouraged quinoa production. The Ecuadorian Ministry of Agriculture created the project
“Promotion of Quinoa Production in the Ecuadorian Sierra”, which delivered production
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kits that included seeds, fertilizers, and pesticides to hundreds of farmers. In 2015, the total
production area reached 7800 hectares, partially fulfilling the goals of the project. However,
the increased quinoa grain production did not have a readymade market; thus, a large
amount of quinoa seed was stored for the following two years, and the fall in quinoa prices
explains the drop in production in 2017 [16] (Figure 1A). International demand was high in
2015 and 2016, and quinoa production from Peru and Bolivia combined reached 180,000 t
in 2015 [24].
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In 2019, quinoa production increased again (4504 t) since many farmers’ associations,
mainly in the provinces of Chimborazo and Cotopaxi, have stable international markets.
NGOs such as Fundación Mujer y Familia Andina (Andean Woman and Family Foun-
dation), European Committee for Training and Agriculture (CEFA), and the McKnight
Foundation encouraged organic quinoa production in these two provinces [21,26]. The
total area sown in 2019 was 2057 ha, led by Chimborazo province (1549 ha and 1968 t of
production) and followed by Cotopaxi, Imbabura, Carchi, and Pichincha (Figure 1B).

2.1. Quinoa Breeding in Ecuador

In the 1980s, the national germplasm bank of quinoa was established at Ecuador’s Na-
tional Institute of Agricultural Research (Instituto Nacional de Investigaciones Agropecuar-
ias (INIAP)) with support from international cooperators and in consultation with Bolivian
scientists. The first quinoa varieties, “INIAP Cochasqui” and “INIAP Imbaya”, were
selected from the germplasm accessions, and in 1992 two low saponin content quinoa
varieties, “INIAP Ingapirca” and “INIAP Tunkahuan”, were released [21]. Currently,
“INIAP Tunkahuan” is the most widely planted variety among farmers, comprising 66% of
total quinoa area with an average productivity of 1300 kg ha−1. In 2007, “INIAP Pata de
Venado” was released due to its excellent adaptation to and production in high elevation
environments (3000 to 3600 m a.s.l.) [21,24].

Quinoa hybridization started in Ecuador in 2008 at the INIAP Santa Catalina Experi-
mental Station (Estación Experimental Santa Catalina (EESC)) at 3050 m a.s.l. using “INIAP
Tunkahuan” and “INIAP Pata de Venado” in the crossing block. The primary breeding ob-
jective for this hybridization was to obtain early maturing lines, with large seed diameters
and low saponin contents. In 2009, crosses were made using the Bolivian variety “Jacha” in
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order to obtain larger grain size (>2.2 mm). Evaluation of this population from the F2 to F4
was carried out at EESC using the pedigree method. Later, homogenous lines (F5–F8) were
evaluated using participatory selection methodology in farmers’ fields in the provinces of
Imbabura, Cotopaxi, Chimborazo, Cañar, and Bolívar. In 2019, the F10 lines LQEP4 and
LQEP8, derived from the cross “INIAP Tunkahuan” × “INIAP Pata de Venado”, and lines
EQ26 and EQ28, derived from the cross “INIAP Tunkahuan” × “Jacha” were selected. All
four selected lines reached maturity in less than 170 days, had plant heights < 150 cm, were
resistant to downy mildew, and yielded >1500 kg ha−1 (Table 1). Researchers at INIAP
plan to release one or two new quinoa varieties from the four advanced lines in 2021 [27].

Table 1. Average yield, plant height, days to harvest, and downy mildew severity of four promising
quinoa lines evaluated during 2015–2019 in different locations in Ecuador.

Quinoa Line Yield
(kg ha−1)

Plant Height
(cm) Days to Harvest Mildew Severity 1

LQEP4 1559 130 162 3
LQEP8 1708 125 160 3
EQ26 1522 121 161 5
EQ28 1508 120 160 4

INIAP Tunkahuan 1330 152 180 4
1 Severity scale of mildew caused by Peronospora variabilis: 1 to 3, first lower third of the plant (35%); 4 to 6, second
middle third (35%); 7 to 9, last upper third of the plant (30%).

Additional hybridizations using accessions from the national germplasm bank of
quinoa were made in 2016. The crosses ECU255 × EQ28 and ECU-248 × ECU-6205
produced F5 lines Q1 and Q2, characterized by high yield performances, early maturity,
and short statured plants. In 2018, new crosses were made to obtain lines with low saponin
contents, high yields, and different colors of seed such as black, red, and yellow.

2.2. Participatory Research

Participatory research has been conducted in Ecuador for many years; for example,
participatory quinoa breeding involved farmers from Cotopaxi, Chimborazo, and Cañar in
order to select promising breeding lines and future varieties [22,23]. Participatory research
has been carried out in the province of Bolívar. Here, we synthesize the main results from
this participatory research.

Bolívar province is located in the central region of Ecuador. It has a population of
200,000, of whom 60% live in rural areas, and agriculture is the main economic activity. The
primary crops are corn (Zea mays L.), barley (Hordeum vulgare L.), bean (Phaseolus vulgaris L.),
potato (Solanum tuberosum L.), faba bean (Vicia faba L.), Andean grains including Andean
lupin “chocho” or “tarwi” (Lupinus mutabilis Sweet), and quinoa.

Through a cooperative sustainability strategy with the Validation, Technology Trans-
fer and Training Unit of Bolívar (Unidad de Validación, Transferencia de Tecnología y
Capacitación-Bolívar (UVTT/C-B)) in Bolívar province, INIAP established local strategic
alliances with the Ecuadorian Populorum Progressio Fund (Fondo Ecuatoriano Populo-
rum Progressio (FEPP)), Ministry of Agriculture and Livestock (MAG), Instituto Técnico
Superior Agropecuario “Tres de Marzo”, State University of Bolívar (Universidad Estatal
de Bolívar (UEB)), and Alto Guanujo producers’ organizations. To initiate participatory
research, the UVTT/C-B, selected two agronomic zones: (i) El Alto Guanujo (2900 to
3600 m a.s.l), its production system consisting of 98% potato and pasture, and (ii) Middle
Zone (2500 to 2850 m a.s.l.), where the base crop is a monocropping of white soft corn
associated with beans and to a lesser extent, wheat, barley, quinoa, and other legumes such
as peas, lentil, and chocho.

Different people were involved in each zone because of diverse weather, social, cul-
ture and economic conditions. For instance, farmers from eight communities actively
participated with researchers in a farmer field school in Alto Guanujo, the Comités de
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Investigación Agrícola Local (CIAL) “Progressio a la Vida”. In the Middle Zone, the
main participants were students, professors, and researchers from UEB as well as INIAP
technicians, and farmers. The result of this participatory research was the validation and
technology transfer of new climate-resilient varieties of quinoa, potato, barley, faba bean,
chocho, and pasture in the Alto Guanujo and quinoa, potato, bean, corn, wheat, barley,
peas, lentils, and chocho in the Middle Zone. Moreover, it trained farmers to diversify their
production systems by including these new varieties. Here, we summarize the main results
for quinoa (Table 2).

Table 2. Results of the participatory research on quinoa at two agronomic zones in the province of Bolivar, Ecuador.

Zone Period Variety Selection Criteria Comments

Alto Guanujo 2005–2016 “INIAP Pata de
Venado”

Early, adapted to high altitude,
resistant to freezing, wind, and
mildew. Good flavor in soup.

Used in rotation with potatoes.

Variety named “Pata de Venado”
(Deer leg) (because deer are light,

fast, and can resist cold, wind,
and drought)

Middle Zone 2005–2019 “INIAP Tunkahuan
Line ECU-6717”

Moderately early, tolerant to
mildew, and resistant to lodging.

The grain is white and sweet.
Excellent for soups, flour, cookies.

Variety was grown in an intercrop
system with corn “INIAP 111”, local

corn varieties, chocho, and lentils

2.3. Traditional Seed Production

When a variety has been generated, validated, and selected by the beneficiaries, it is
essential for its dissemination to be designated “Quality Seed”, which must comply with
specified physical, genetic, physiological, and health attributes [28]. Through a strategic
alliance with MAG-Bolívar, UEB designed and implemented a small-scale seed research
and production program to accelerate seed distribution to farmers. It was accredited as an
official seed producer in November 2017 by the Ministry of Agriculture and Livestock under
the rules and regulations of the Ecuadorian seed law. In collaboration with INIAP, MAG-
Bolívar, and organizations of seed producers, UEB produces seed both in the conventional
(“Certified” seed class) and artisanal models (Selected seed), whereas INIAP produces pure
seed in “Basic” and “Registered” classes.

To obtain high quality quinoa seeds, negative selection was applied in field seed
production; thus, atypical plants, wild quinoas, and inferior plants were eliminated. In
addition, UEB designed and implemented a participatory strategy to produce seed in the
local area. Specifically, seeds were delivered to trained organizations of producers and
agronomy students who planted the seeds and harvested the crop. After only one growing
season, they returned to UEB twice the number of seed they originally received, thereby
simultaneously increasing the volume of available seed and advancing its diffusion. The
success of this seed program is linked to clearly determining quinoa seed variables of
production, quality, quantity, continuity, and price.

2.4. The Nongovernmental Organization (NGO) “European Committee for Training and
Agriculture” (CEFA) in Chimborazo

CEFA is a nonprofit, nonpolitical, and nondenominational NGO founded in Italy
in 1972 and legally recognized in Ecuador through a technical cooperation framework
agreement in 2009. In 2017, CEFA created the Inclusive and Sustainable Value Chains
Program (Programa Cadenas de Valor Inclusivas y Sostenibles (PCV-IS)), funded by the
European Union and the Italian Agency for Development Cooperation—AICS—whose
objective is to create the quinoa chain in the province of Chimborazo, and within the
framework of the MAG strategy, the popular and solidarity economy, and fair trade. The
PCV-IS has three main components: (a) socio-organizational strengthening; (b) productive
development; (c) associative marketing. In addition, implementing adaptation measures to
climate change and including young people in the value chain are two transversa axes of
the PCV-IS.
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2.4.1. Quinoa Chain in Chimborazo

Chimborazo province is located in the central area of the Ecuadorian highlands (Figure 1B).
It owes its name to the Chimborazo volcano that rises to 6268 m a.s.l. and is located 150 km
south of the city of Quito in the Western Cordillera of the Andes. Chimborazo has a population
of 524,004 inhabitants and is the ninth most populous province of Ecuador [29].

Cultivation of quinoa in the province of Chimborazo was promoted by the Fundación
Escuelas Radiofónicas Popular del Ecuador (Popular Radio Schools of Ecuador Foundation
(ERPE)) with the support of international cooperators. They led to the first export of quinoa
with organic certification in 1998. Prior to 1998, quinoa was cultivated primarily for self-
consumption. In 2003, the Corporación de Productores y Comercializadores Orgánicos Bio
Taita Chimborazo (Bio Taita Chimborazo Organic Producers and Marketers Corporation
(COPROBICH)) was formed, an organization that brought together producer families to
comply with ERPE’s commercial agreements. Sumak Life Cía. Ltd. a joint venture between
ERPE and COPROBICH, was formed in 2006. COPROBICH commercially dissociated itself
from Sumak Life Cía. Ltd. in 2012 to enter the markets of France, Belgium, and Canada
with certified organic quinoa and the Small Producers seal. In the same year, the Maquita
Foundation began exporting certified organic quinoa with the fairtrade certification of the
World Fair Trade Organization (WFTO).

Quinoa in Chimborazo is produced under the organic certification regulations of
the EU and the USA. In economic terms, according to estimates by the PCV-IS based on
information contained in the certification companies’ internal control systems, it represents
a gross income of approximately USD 2,000,000 each year for 1500 producer families
located in the cantons of Colta, Riobamba, Guamote, and Guano. According to the General
Coordination of National Agricultural Information of the MAG, in 2019 the sale of quinoa
to exporters was the main source of income for 60% of these families [30].

Sumak Life Cía. Ltd., COPROBICH, and Maquita Foundation together exported
around seven hundred metric tons of quinoa grain every year, mainly to the European
Union and North American markets, which corresponds to around 95% of the total pro-
duction in Chimborazo province. The difference is divided between self-consumption and
sale to local markets. Producers generally rotate quinoa with barley, wheat, faba bean, or a
mix of vetches (Vicia spp.) and oats (Avena sativa) that are used as forage for their livestock.

2.4.2. Main Actions of the PCV-IS in the Province of Chimborazo
Creation of a Technical Committee of Quinoa in Chimborazo

The objective of this technical committee is to analyze problems in production, trans-
formation, commercialization, and consumption links of the quinoa chain in order to
prioritize and articulate the actions of the direct and indirect actors. The direct actors in the
quinoa chain are represented by Sumak Life Cía. Ltd., COPROBICH, Maquita Foundation,
Sumak Tarpuy Corporation, and the Asociación de Producción y Comercialización de
Productos Alimenticios Emprendedores Nutriandina (Association for the Production and
Marketing of Food Products Entrepreneurs Nutriandina). Additionally, the indirect actors
are represented by those who have support, regulation, investigation, or control functions
in the chain, such as INIAP, MAG, Ecuadorian Agency for Quality Assurance in Agriculture
(AGROCALIDAD), and the Polytechnic Higher School of Chimborazo (ESPOCH).

Promotion of Participatory Research and Links with the academy to Improve the
Dynamics of Innovation in the Value Chain

Participatory research, led by INIAP, occurred in 18 field schools that were established
in representative areas of the quinoa sector. Several studies were carried out on fertilization,
intercropping systems, participatory selection of Chimborazo quinoa ecotypes, validation
of the adaptation of quinoa advanced lines, and planting systems. In addition, ESPOCH
implemented the project “Diseño e Implementación del Proyecto de Producción, Transformación,
Comercialización y Promoción de Consumo de la Quinua y sus Derivados” (Design and Imple-
mentation of the Project for Production, Transformation, Commercialization and Promotion
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of Consumption of Quinoa and its Derivatives). This project involved seven departments
and 60 researchers from different areas. Several undergraduate research and community
linking projects were conducted as part of the project, engaging more than 260 students.

Identification and Validation of Three Species for Intercropping with Quinoa

Common vetch (Vicia sativa) was sown in an intercropped system at the time of quinoa
hilling. After the quinoa was harvested, the vetch remained a remnant for the grazing
of breeding animals. A faba bean variety, “INIAP-441 Serrana”, was sown in the system
comprised of one row of faba bean x three rows of quinoa, for areas located above 3200 m
a.s.l. in loamy to clay loam soils. Faba bean contributes nitrogen to the quinoa crop and is
used for family consumption and occasionally for the marketing of surpluses. Finally, a
chocho variety, “INIAP-450 Andino”, was planted in a system comprised of one row of
chocho × three rows of quinoa for farms below 3200 m a.s.l. in sandy and sandy loam soils
(Figure 2).
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Figure 2. Intercrop system of chocho (Lupinus mutabilis) with quinoa. Comunidad Achullay, Guamote.
Juan Yuquilema (farmer), Fausto Yumisaca (INIAP Chimborazo), Rodrigo Aucancela, and Galo
Morocho (CEFA). Photo: A. Leguizamo.

Use of Local Organic Matter Source for Soil Improvement

ESPOCH, through the Faculty of Sciences and the local government of Riobamba, will
begin to recover the vegetable residues from local markets, compost them, and then supply
the compost to quinoa farmers. Approximately 1000 t of compost per year are expected to
be recovered from this initiative.

Development and Implementation of Adaptation Measures to Climate Change

Quinoa soils are vulnerable to water erosion during intense rains, especially fields with
newly planted crops. Therefore, a transition from the traditional tillage system to one of
minimum tillage, including cover crops such as vetch and direct seeding of quinoa, is required.

3. Pests and Diseases
3.1. Quinoa Pests in Ecuador

A formal study of insect pests affecting quinoa in Ecuador was conducted 30 years
ago [31]. Species identification was performed by international experts at that time.
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Seven lepidopterans from the Noctuidae family were identified affecting quinoa. Cut-
worms damaging plantlets in the field such as Agrotis deprivata Walker and A. ipsilon (Huf-
nagel) were reported. The following leaf or grain chewers were also reported: Peridroma
saucia (Hübner), Dargida grammivora Walker, Spodoptera sp., and two nonidentified species
of Copitarsia. Two other lepidopterans were identified—Scrobipalpula sp. in the Gelechiidae
family affected the leaves and an Ephestia sp. of the Pyralidae family damaged the stored
quinoa seed. Two tachinid flies were found: Incamyia sp. was identified parasitizing both
Agrotis species and Elfia sp. was a parasitoid of Scrobipalpula sp. Two species within the
Coleoptera order were identified: the curculionid Naupactus sp., which eats quinoa leaves
and grains, and Oryzaephilus surinamensis (L.) (Cucujoidea), which affects stored quinoa
flour. Liriomyza sp. (Diptera: Agromyzidae) is a leaf miner reported in quinoa. The sap
feeders Paratanus yust Young (Hemiptera: Cicadellidae) and Proba sallei (Stal) (Hemiptera:
Miridae) were identified as affecting quinoa plants in the field. The same study reported
the presence of a few natural enemies of quinoa pests—two tachinid flies were found:
Incamyia sp. was identified as parasitizing both Agrotis species and Elfia sp. as a parasitoid
of Scrobipalpula sp. [31].

Primary pests of quinoa are only briefly mentioned in crop management documents.
One publication reports cutworms (Agrotis sp.) in young plants and birds are the most
common pests [32]. Recently, between June and August 2020, an insect inventory was
carried out to survey entomofauna associated with organic quinoa fields at six locations
in the province of Chimborazo. The most abundant insects collected in this inventory
were from the following orders: Hemiptera (one family), Coleoptera (three families),
Lepidoptera (two families); parasitoid insects from the order Hymenoptera (one family),
and predatory insects from the Neuroptera (one family) (Table 3). The main phytophagous
insects observed on the plants belonged to the family Aphididae (Hemiptera), which
attack the leaves, and Gelechiidae (Lepidoptera), which feeds on the inflorescence (Table 3).
It is also important to point out the presence of parasitoids the of Braconidae family
(Hymenoptera).

Table 3. Families of insects collected in destructive sampling of quinoa plants. The families are
ordered in relation to abundance (from highest to lowest).

Order/Family Functional Role

Hemiptera: Aphididae 1 Phytophagous
Coleoptera: Curculionidae Phytophagous
Lepidoptera: Gelechiidae Phytophagous

Coleoptera: Elateridae Phytophagous
Coleoptera: Latriididae Phytophagous
Lepidoptera: Arctiidae Phytophagous

Hymenoptera: Braconidae Parasitoid
Hemiptera: Aphididae 1 Phytophagous

Neuroptera: Chrysopidae Predator
Lepidoptera: Noctuidae Phytophagous

1 Different morphospecies.

Insects of the family Cucurlionidae were the most abundant phytophagous insects
found in the soil around the roots (Table 4). Cucurlionidae fed on the external parts of
roots and did not bore into the roots. Additionally, a greater quantity of Annelidae (earth
worms) was found in the plots from the lower elevation locations.

Insects from the following orders were collected at the lower elevation locations
using yellow bowl pan traps placed 40 cm above the soil: Coleoptera (two families),
Diptera (16 families), Hemiptera (four families), Hymenoptera (15 families), Lepidoptera
(one family), and Thysanoptera (one family). In the traps of the plots in the location at the
highest altitude, insects from the following orders were collected: Coleoptera (one family),
Diptera (21 families), Hemiptera (three families), Hymenoptera with 10 families (Table 5),
Neuroptera (one family), and Thysanoptera (one family).
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Table 4. Insect families collected in soil blocks of quinoa plants removed from plots. The families are
ordered in relation to abundance (from highest to lowest).

Order/Family Functional Role

Coleoptera: Curculionidae 1 Phytophagous
Coleoptera: Sthaphylinidae Predator
Coleoptera: Tenebrionidae Detritivore

Lepidoptera: Noctuidae Phytophagous
Himeptera: Aphidae Phytophagous

Dermaptera: Anisolabididae Detritivore, predator
Coleoptera: Curculionidae 1 Phytophagous

1 Different morphospecies.

Table 5. Families of Hymenoptera collected in yellow bowl pan traps in the province of Chimborazo.
The families are ordered in relation to abundance (from highest to lowest).

Family Functional Role

Halictidae Pollinator
Braconidae Parasitoid
Chalcididae Parasitoid

Ichneumunidae Parasitoid
Crabronidae Predator
Pteromalidae Parasitoid

Bethylidae Parasitoid, predator
Megaspilidae Parasitoid

Diapriidae Parasitoid
Figitidae Parasitoid

The richness of individuals collected of Hymenoptera may indicate the good health of
the plots sampled, since we know that individuals of this order are sensitive to the applica-
tion of insecticides. In the plots from the lower altitude locations, most of the Hymenoptera
belonged to Halictidae, Braconidae, Chalcididae, and Ichneuminidae, whereas most of the
Hymenoptera in the plots from the highest altitude locations belonged to Crabronidae,
Pteromalidae, Bethylidae, and Megaspilidae (Table 5).

3.2. Quinoa Diseases in Ecuador

In most cultivated plants, diseases are major biotic constraints usually involving a
wide range of pathogens. Unlike most crops, quinoa is in general a marginal host for plant
pathogens. In Ecuador, neither viruses nor bacteria have been reported to infect quinoa [33],
though this could be due to a lack of pathology research. Cercospora sp. and Phoma sp.,
the most common foliar fungi [34], are low damaging pathogens. In Ecuador, the most
economically important quinoa disease is downy mildew (DM), caused by the oomycete
Peronospora variabilis.

This low range of pathogens infecting quinoa in Ecuador agrees to some extent
with the worldwide quinoa disease review reported by Danielsen et al. [35]. However,
Sclerotium rolfsii and Pythium zingiberum, causing seedling diseases, and Ascochyta hyalospora
and Phoma exigua var. foveata, causing ascochyta leaf spot and brown stalk rot, respectively,
have not been reported in Ecuador. Rhizoctonia solani and Fusarium sp. causing damping
off have been observed sporadically but are not considered threats for quinoa in Ecuador.

3.2.1. Downy Mildew

Downy mildew (DM) is the most damaging disease that threatens quinoa production
worldwide [35]. In Ecuador, this disease is especially important in commercial monoculture
of uniform varieties. The Department of Plant Pathology and the Quinoa Breeding Program
of INIAP have been conducting research to identify and introgress durable resistance (DR)
into quinoa DM, which is highlighted in this report.
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Peronospora variabilis, previously classified as P. farinosa f. sp. chenopodii, was consid-
ered specific to quinoa; however, the pathogen has also been found infecting Chenopodium
album and C. murale [36,37]. In Ecuador, isolates infecting C. album belong to the same pop-
ulation that infects quinoa and since C. album is a common weed of quinoa, the secondary
host status of C. album is an important aspect to consider for DM management as well as in
breeding for DR.

P. variabilis reproduces by heterothallic sexual reproduction [38], and two mating
types appear to occur frequently, since oospores are massively produced on the leaves
and carried by the seed [39,40]. In addition, oospores transmitted by seed are the primary
pathogen inocula, and seed transmission is the main dispersion strategy for the pathogen
to reach regions outside the Andes.

Studies of pathogenic diversity have shown that P. varibilis is a variable and adaptable
pathogen [41]. Four virulence groups (Vs) of P. varibilis have been identified with respect
to R-3 factors (R). V1 infects only susceptible lines, V2 infects susceptible lines and lines
carrying R1, V3 infects susceptible lines and lines carrying R1 and R2, and V4 infects
susceptible lines and lines carrying R1, R2, and R3. Pathogen evolution that has taken place
in Ecuador is associated with single successive step mutations, which is in turn associated
with the breeding initiatives carried out during the 1980s and early 1990s, which exploited
the three R-factors, and R2 and R3 were released in varieties INIAP Ingapirca and INIAP
Imbaya, respectively. Levels of resistance to DM at time of variety release were lower than
4 on a 0–9 scale, values located in the resistance fraction of the scale [21].

P. varibilis evolution is associated with mutation events. Although genetic recombi-
nation has not yet been evident, heterothallism is a potential mechanism by which the
pathogen evolves beyond R-factor adaptation to include improved adaptation to envi-
ronmental conditions and increased aggressiveness. Efficient seed transmission of the
pathogen facilitates this potential mode of pathogen evolution. These epidemiological
aspects are primarily associated with modern quinoa cultivation, in which cultivating
genetically uniform varieties drives higher selection pressures on the pathogen.

Development of strategies to search for DR to DM quinoa should be an important
objective of modern breeding programs. Since R-factors are often ephemeral, screening for
new sources of R-factors is not advisable. Therefore, non-race-specific resistance appears to
be the most effective strategy to attain DR in the quinoa/downy mildew pathosystem. In
Ecuador, “INIAP Tunkahuan” carries this type of resistance and has remained effective
since variety release in 1992. Resistance of “INIAP Tunkahuan” can be considered durable
since it aligns with the requirements for durable resistance as proposed by Johnson [42].
Thus, “INIAP Tunkahuan” has been hegemonically cultivated in commercial monoculture
in a relatively large area, in conditions conducive to the disease, and for a long period of
time (more than 25 years).

Levels of non-race-specific resistance were studied in four locations in Ecuador con-
ducive to DM [22]. Resistance varied from low to high in lines without R-factors and in
lines with defeated R-factors (residual resistance). Furthermore, lines carrying non-race
specific resistance scored area under disease progress curve (AUDPC) values as low as
lines carrying efficient R-factors, indicating that non-race-specific resistance can provide the
same high level of protection as provided by R-factors. This resistance of non-race-specific
type is quantitative in nature, and in other downy mildews, as in lettuce, this resistance
is polygenic, with major and minor effects [43,44]. The high variation of AUDPC in lines
with non-race-specific resistance suggests that this type of resistance is polygenic. In this
study, lines were found with similar or higher levels of resistance than “INIAP Tunkahuan”,
suggesting that sources of non-race-specific resistance are available in quinoa germplasm
of the Quinoa Breeding Program at INIAP.

The early Ecuadorian experience in selection for DM resistance showed that breeders
are interested in high levels of resistance, and by selecting lines with low disease severities,
they are unconsciously favoring R-factors. However, they eventually also select high
levels of non-race-specific resistance when lines carry similar disease severities to R-factors,
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which is the case of “INIAP-Tunkahuan”. Since R-factors resistance appears ephemeral,
non-race-specific resistance is a more durable resistance strategy. Discarding the most
susceptible and most resistant lines, as proposed by Parlevliet (1993) appears a practical
strategy to favor selection of non-specific resistance and to select for DR to DM [45].
However, by discarding resistant lines, other promising traits and residual resistance can
be inadvertently discarded. Therefore, to select non-race-specific resistance more efficiently,
discard the most susceptible lines with the assistance of R-factors postulation to assess
residual resistance in the field. This strategy is presently being implemented by the Quinoa
Breeding Program of INIAP.

3.2.2. Minor Diseases

Quinoa leaf spot caused by Cercospora sp is considered a minor disease in Ecuador [34].
Symptoms regularly develop late in the season on leaves of the upper part of the plant.
Symptoms are characterized by round to oval and brown to grey lesions with diameters
of less than 1 cm with darker brown reddish margins. Similar symptoms are also found
in Ecuador on Chenopodium album [34]. This pathogen was also detected in the USA on
quinoa, and the fungus was phylogenetically similar to Passalora dubia, which infects
C. album; therefore, P. dubia is presently the taxonomical status of the causal agent of the
quinoa leaf spot, known in the USA as Passalora leaf spot [46]. The incubation period of
P. dubia of around 30 days [46] is significantly longer than that of Cercospora sp., which
might explain its limited pathogenicity and why epidemics appear late in the quinoa
growing season.

Eye-like stalk spot caused by Phoma sp. is also a disease that affect quinoa late in
the cropping season. Symptoms are gray spots with diameters of 1–3 cm surrounded by
brown to dark margins. Dark pycnidia of the pathogen become regularly visible in the
gray background of the lesion [34,35]. In conducive conditions, lesions can join and cover a
considerable area of stems. Lesions can also be produced by mechanical injuries such as
those caused by hailstorms.

4. Genetic Diversity

Ecuadorian quinoa belongs to the valley ecotype. This quinoa ecotype is characterized
by tall, late-maturing plants with high seed yield potentials and biomass accumulation [21].
Seed yield is negatively affected when the photoperiods exceeds 14 h in high temperature
environment [2,47]. Currently, the quinoa germplasm at INIAP contains 608 accessions—
283 from Ecuador (46%) and the rest from other countries, primarily Peru and Bolivia [48].

In recent decades, significant genetic erosion of quinoa landraces has been observed
in the field. For instance, 30 years ago, variation in quinoa grain color was easy to find,
including colors such as white, cream, brown, yellow, red, pink, and black. Currently,
just white- or cream-colored quinoa grains are grown by most farmers, due to market
demand and eating patterns in production areas [49]. A core quinoa collection using
469 quinoa accessions from the Ecuadorian quinoa germplasm bank was evaluated, and
discriminating traits such as downy mildew reaction, seed color, days to flowering, and
seed yield differentiated four genetic groups [50].

Traditionally, Ecuadorian quinoa is positioned to have limited genetic diversity, with
Altiplano (Peru–Bolivia) quinoa indicated as the most probable point of introduction for
Ecuadorian accessions [20]. This evidence came from the molecular and genetic diversity
studies where just two Ecuadorian quinoa accessions were included [51,52]. Recently,
a molecular characterization of diversity of Ecuadorian quinoa was conducted using
15 species-specific SSR markers on 84 quinoa accessions [53]. The results showed that
Ecuadorian quinoa was highly diverse—196 alleles were detected, and the genetic het-
erozygosity (HE) was 0.71. Three subgroups were determined by a phenetic analysis—
one group corresponded to the “INIAP Tunkahuan” variety that has been exposed to in-
tense inbreeding and selection. The three groups included quinoa from the seven provinces
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where seed was collected, and indicated that ancestral landrace populations had been
disseminated throughout Ecuador mainly due to farmers’ seed interchange.

Wild Quinoa Relatives

Wild quinoa is known as “ashpa quinoa” in the Quichua language or “ajara” in the
Aymara language. The wild quinoa in Ecuador has been poorly studied; however, there is a
report that a free-living (wild, weedy, spontaneous) quinoa population named as C. quinoa
ssp. milleanum Aellen or var. melanospermum is distributed mainly in the mountains of
Ecuador [54]. There is a hypothesis that C. quinoa ssp. milleanum could be closely related
to the North American tetraploid species C. berlandieri subs. zschachkei and the South
American tetraploid species C. hircinum ssp. catamarcense [54,55].

A phylogenetic study focused on the amplification and sequences of gene rpoB in
32 wild quinoa accessions collected from four provinces including Carchi, Imbabura,
Cotopaxi, and Chimborazo showed high inter- and intrapopulation genetic diversity across
the accessions [56]. Accessions from Carchi and Imbabura had 77.4% of the variability and
genotypes from Cotopaxi and Chimborazo had 70.2%. In this study, all the wild quinoas
were designated as C. quinoa; this description resulted in a misunderstanding between the
cultivated quinoa and the wild quinoa in Ecuador. Thus, it is necessary to conduct more
molecular studies including C. berlandieri, C. hircinum, and quinoa varieties as controls to
understand the evolutionary origin of Ecuadorian quinoa.

A collection of wild quinoas in Carchi and Chimborazo showed a significant differ-
ence in seed morphology (unpublished data). The seed gathered from farmers’ fields in
Carchi showed a pitted surface (Figure 3A). It is likely that these plants are C. berlandieri,
C. hircinum, or the C. quinoa ssp. milleanum [57]. On the other hand, the seed collected in
Chimborazo had a smooth surface (Figure 3B). It is possible that this species belongs to the
C. album complex, which has a cosmopolitan distribution around the world [58]. Molecular
studies are necessary to confirm this hypothesis.
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Interspecific hybridizations in nature between C. quinoa and C. berlandierie, C. hircinum,
and C quinoa ssp. milleanum have been reported [54,55,59]. Plant breeders have intentionally
created interspecific crosses (simple and reciprocal) in order to recombine favorable traits
(e.g., heat tolerance) present in different species and to concentrate them in the selected
offspring [60]. Studies are required to identify if wild quinoas in Ecuador can cross with
cultivated quinoas; this feature could be beneficial to breeding programs.
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5. Quinoa Adaptation to Tropical Areas

Of the five quinoa ecotypes described above, the valley ecotype is predominantly
produced and consumed in Ecuador [61]. Little information exists on the adaptation of
quinoa to coastal or tropical areas in Ecuador. In 2014, Peralta et al. evaluated the adapt-
ability of 269 quinoa accessions from the quinoa germplasm existing at INIAP, under the
agro-ecological conditions of the Santa Elena Peninsula; however, all accessions evaluated
proved to be poorly adapted to the area mainly due to high temperature [62]. The interest
in producing quinoa on the coast of Ecuador arises from the increase in consumption
worldwide, high international prices [63], and the experiences of coastal production in
Chile [64] and Peru [65]. In addition, knowing quinoa’s great capacity for adaptation [3]
makes the northern area of the province of Los Rios (Quevedo) a suitable niche for the
production of rainfed quinoa (Figure 4).
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Figure 4. Average monthly precipitation and temperature for the last ten years (2010–2019) in the
Quevedo area.

In collaboration with other researchers, multiple trials were established in 2017 to
evaluate quinoa genotypes from the coast and south of Chile, Argentina, and Ecuador. In
the first trial, 21 accessions were sourced from Chile and Argentina, and grown from August
to December 2017 at the research station “La Maria” of the State Technical University of
Quevedo located in Mocache, Quevedo [66]. The results demonstrated the feasibility of
quinoa production in this area. Days to maturity ranged from 90 to 143 days after sowing
and yield ranged from 346 to 470 g m−2. Several colors in the grain such as yellow, white,
red, and black were described.

In the second trial at Mocache, Quevedo, genotypes from Ecuador, Chile and Ar-
gentina were surface-seeded and grown from June to September 2019 [67]. Although this
trial was affected by poor germination, the genotype O-10 (red leaf color) performed well,
with a crop cycle of 110 days, a grain yield of 3723 kg ha−1, a harvest index of 0.41, and
plant height of 90 cm.

Follow-up investigations were carried out (data not yet published), which demonstrate
that the best genotype (O-10) under these conditions, needs 1300 accumulated degree days
to finish its cultivation cycle in 110 days. In addition, based on the efficient use of nitrogen
in rainfed conditions, it is recommended to apply 62 kg N ha−1 if the objective is to achieve
maximum N use efficiency. However, if the objective is to achieve maximum grain perfor-
mance, it is recommended to apply 110 kg N ha−1 to achieve a grain yield of 4700 kg ha−1.
This research also showed that an increase in the nitrogen rate from 0 to 200 kg ha−1 results in
an increase in protein in the grain from 13% to 17%.
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Currently, at the State Technical University of Quevedo (Universidad Técnica Es-
tatal de Quevedo), research continues on adapting the red O-5 genotype and performing
hybridizations with the cream-white O-3 genotype to obtain quinoa populations with
adaptation criteria of the O-3, but with certain characteristics of O-5. Finally, it should be
noted that our small collection of quinoas has shown the feasibility of being able to carry
out two cultivation cycles a year, the first cycle from May to August and the second cycle
from September to December. January to April is reserved for maize production because
none of our quinoa genotypes will tolerate the excessive humidity that is generated during
the first months of the year (Figure 4).

6. Quinoa Processing and Agroindustry

Quinoa was widely used in South America during pre-Hispanic times; however,
after the Spanish conquest, its cultivation and consumption were reduced to small areas
scattered in mountainous areas of the Andes [32]. Since then, the grain was scarcely
known or commercialized; however, the “re-discovery” of quinoa resulted in an explosion
of its consumption, especially in Europe and the United States, in recent decades. This
growth is largely a result of the high nutritional value of its gluten-free seeds and leaves,
which have a moderate protein content (>15%), a good balance of all essential amino acids,
dietary fiber, lipids, carbohydrates, vitamins, and minerals, and low glycemic index when
consumed [13,68]. Functional compounds in quinoa such as polyphenols, phytosterols,
and flavonoids have also been found to have important nutraceutical benefits [13,69].

Quinoa Transformation

The Ecuadorian agroindustry processes innovative quinoa products for culinary, phar-
maceutical, and cosmetic uses. Farmers and agribusiness enterprises that consider only
grain production without the application of transformation technologies downgrade the
commercial value of quinoa [21]. Several public and private institutions, universities, and
research centers in Ecuador are currently developing improved varieties, including thor-
oughly characterizing the physico-chemical and nutritional traits, protein and amino acid
contents, fatty acids, vitamins and minerals, phytohormones, antioxidants, phytosterols,
and dietary fiber, as well as the identification and use of saponins [70–73]. Addition-
ally, applications of thermal processes and bioprocesses have been studied in order to
increase mineral bioavailability, the level of acceptability, and the nutraceutical value of
quinoa grain [74].

The range of quinoa products that are produced and marketed in Ecuador include:
whole grain, quinoa flour, quinoa flour mixtures with oats or amaranth, baby food porridge,
granola, energy bars, soft drinks, quinoa expanded as breakfast cereal, biscuits, alfajores (a
traditional dessert), and quinoa bread with substitution percentages reaching 30% [61,75].
On a smaller scale, and only in warehouses of products produced by farmers (fair trade),
noodles are sold with some percentages of substitution. The Food World Programme
(WFP), PANN-2000 (Programa de Alimentos), and “Aliméntate Ecuador” (“Feed Ecuador”)
established as a mandate that both porridge and drinks for children must include quinoa
as a raw material in their formulas [21]. Currently, solid fermentation processes are being
tested to obtain vegetable meat and technologies are being optimized to produce milk- and
yogurt-type drinks, products desired by children, adolescents, and adults, with national
and international market potential among subjects with gluten allergy problems [75].
Additionally, precooked quinoa facilitates quinoa preparation and consumption in schools
and assistance centers. The product can be seasoned with vegetables and can be introduced
without much difficulty in various markets in Europe and the United States.

Quinoa leaves can be used as a nutritious vegetable, as they contain carotenoids, iron,
and other micronutrients. The phytochemical profile shows that the leaves (60–80 days of
cultivation) have low saponin contents. Their nutritional profile surpasses the grain, and
they possess interesting potential in nutrition and food. Quinoa leaves can be used in the
preparation of salads, soups, main dishes, and as raw material to enter the food industry,
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which wants to offer a continuous movement of new products in order to remain in the
market, thereby contributing to the change of the production matrix [76,77].

It is worth highlighting the collaborations that private industry establishes with farm-
ers capable of supplying large volumes of grain. Manufacturers in the food sector establish
contracts with farmers. Contract farming is opening a very interesting way to consolidate
the sustainability of the value chain [21]. Producers in the province of Chimborazo focus
their attention on the production of organic fair-trade quinoa for traditional food applica-
tions in those areas less appropriate for intensification. However, Ecuadorian farmers face
competition from other countries, as new varieties and models pave the way for large-scale
production under different conditions.

7. Participatory Plant Breeding Project between WSU and APROSANAMY (Case Study)

The Association of Producers of Seeds and Nutritious Andean Foods Mushuk Yuyay
(APROSANAMY) was formed in 1994, with the main objective to focus on seed produc-
tion of Andean crops such as barley, quinoa, faba bean, amaranth, and peas. In 2004,
APROSANAMY started to add value to their production—for example, in the processing
of barley and quinoa flour. In 2018, a new processing and storage facility was built to
allow for the expansion of production. Currently, APROSANAMY has 69 producers from
18 communities from the cantons Cañar, Suscal, and El Tambo in Cañar province [78].
The province of Cañar, with a population of 281,396 inhabitants, is located between the
provinces of Chimborazo and Azuay, in southcentral Ecuador [29].

Quinoa researchers at Washington State University (WSU) were first connected with
APROSANAMY through Alan Adams, a former Peace Corps volunteer who worked
in Quilloac, Cañar province, from 1967 to 1969. In May 2013, Alan received an email
message from Nicolas Pichazaca requesting that he join in the work of APROSANAMY.
Alan began researching, writing grants, and reaching out to potential collaborators. Based
on a short article on quinoa in National Geographic that his wife Paulette read about WSU
quinoa research, Alan contacted researcher Kevin Murphy and his Ecuadorian PhD student,
Leonardo Hinojosa [79]. This began a formal arrangement between APROSANAMY and
WSU to collaborate on quinoa and barley research. After initial discussions between
Murphy and Hinojosa of WSU and Nicolas Pichazaca, Jose Luis Pichazaca, and Antonio
Guaman of APROSANAMY regarding collaboration strategies with quinoa breeding, a
two-pronged approach was implanted, including (a) evolutionary participatory breeding
(EPB), and (b) evaluations of homogeneous cultivars and advanced breeding lines.

The first strategy (EPB) included sharing a diverse breeding population to stimulate
a participatory selection approach [80]. This approach involved selection from diverse
bi-parental populations by APROSANAMY farmers and researchers, as well as natural
selection in the different environments of Cañar, utilizing an evolutionary participatory
breeding (EPB) approach [81,82]. EPB combines evolutionary breeding through natural
selection with participatory selection by farmers and breeders to develop populations
adapted to locally prevalent diseases and abiotic pressures [83,84]. These populations
retain a significant amount of genetic variation, allowing the population to rapidly evolve
in response to climate change and the resulting unpredictable fluctuations in environmental
conditions [85,86]. Recent shifts in rainfall patterns and climate instability are key concerns
voiced by Kichwa Kañari farmers.

Population development proceeded in two distinct phases. Phase I of the EPB ap-
proach focused on population development that incorporated traits of importance to
Kichwa Kañari farmers. Based on multiple discussions between WSU and APROSANAMY,
traits such as (a) early maturity to mitigate problems with preharvest sprouting due to
increasingly unpredictable late season rains, (b) large seed size, (c) seed yield, and (d) red
leaf color emerged as particularly important. Leonardo Hinojosa crossed cultivars such as
“Titicaca” and “Puno”, and the red-leafed breeding line “3964” (developed collaboratively
by researchers at Brigham Young University and WSU) with more regionally adapted
varieties such as “Pasankalla”, a cultivar widely grown in Peru, and “CICA”, an Altiplano
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cultivar from Peru that was shared kindly by Juan Antonio Gonzales from Argentina.
Additionally, the “Titicaca”, “Puno”, “3964”, “QQ74”, “Colorado 407D”, “Cahuil”, and
“Kaslaea” varieties were grown as control cultivars next to the populations (Table 6).

Table 6. Phase I and Phase II WSU evolutionary participatory breeding (EPB) populations grown by
APROSANAMY in Cañar province, Ecuador.

Phase I Phase II

Pedigree Pedigree

Female Male Female Male

Colorado 407D 3964 Pison 3964
Titicaca 3964 Japanese Strain 3964
Titicaca Pasankalla QQ74 3964

Colorado 407D Pasankalla 23TES 3964
Titicaca Cica Titicaca MisaMisa

Puno Pasankalla QQ74 MisaMisa
Puno Pasankalla

Colorado 407D Pasankalla
Kaslaea INIAP Tunkahuan
Titicaca Cica

These Phase I populations were planted by an APROSANAMY-WSU team in 2016
(Figure 5C) and have been replanted each year since then. By March 2018, Nicolas Pichazaca
had selected the “Puno/Pasankalla” population and the “Kaslaea”, “QQ74”, “Colorado 407D”,
and “3964” cultivars (Figure 5D), which were the most promising genotypes mainly due to
early maturity, large seed size, and leaf color. These will continue to be grown in the future.

Phase II crosses continued to introduce new genetic variations designed to introgress
traits such as heat tolerance (“Pison” and “QQ74”) [8], early maturity (Japanese Strain, “Tit-
icaca”) red leaf color (“3964” and “MisaMisa”), and seed yield (“Titicaca”, “Kaslaea”) into
adapted varieties such as “MisaMisa”, “Pasankalla”, and “INIAP Tunkahuan” (Figure 5E–G
and Table 6).

The second strategy focused on testing pureline varieties and breeding lines. Fifty
lines from the F6 population (“Cahuil”/”PI 510534”), created by former WSU graduate
student Adam Peterson, were planted in Cañar in February 2019. The parents from this
population include “Cahuil”, a variety that originated from Chile with good adaptation to
Washington State, and “PI 510534”, an accession from National Plant Germplasm System
of USDA that originated from the valley of Peru. Unfortunately, the seed germination
from the lines was very low and drought and frost conditions caused the loss of the trial;
however, new plantings are planned in the future with the same lines.

In October 2019, Kevin Murphy, Nicolas Pichazaca, Cristina Ocaña Gallegos (a
new graduate student at WSU) planted 37 quinoa lines from the previous year’s selec-
tions. The trial was affected by high pressure of downy mildew and lines derived from
“Puno”/”Pasankalla” showed high resistance to this pathogen.

In Table 7, we detail the timeline of the collaboration between APROSANAMY and
WSU from 2015 to 2020. It is necessary to emphasize that in addition to the work on quinoa,
WSU and APROSANAMY have been working in parallel with barley—including malting
barley and hulless food barley. Currently, there are five promising lines under evaluation.
Lines 13WA146-7, 13WA-146.3, and 13WA-146.1 were selected for their elongated grain
shapes suitable for barley flour, “machika”, and pleasant smells during the manufacturing-
grinding process; lines 13WA-146-10 and 13WA-126.6 were selected for “Arroz de Cebada”
(“Barley Rice”), a traditional dish in the Ecuadorian highlands.
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Figure 5. Asociación de Productores de Semillas y Alimentos Nutricionales Andinos Mushuk Yuyay
(APROSANAMY) and Washington State University (WSU) activities. (A) Kañari planting ceremony;
(B) field preparation, plowing (Macy Hagler, WSU student); (C) planting quinoa and barley with
WSU students; (D) Line 3964 (red) and Colorado 407D (yellow); (E–G) introduction of new genetic
variation (red color leaves). Photos by: L. Hinojosa, N. Pichazaca, and J. Kellogg.

The next step in the quinoa EPB is to plant the selected quinoa lines at different
locations and altitudes in the province of Cañar to evaluate yield performance and disease
resistance. Moreover, APROSANAMY is interested in introducing the color panicle quinoa
lines such as red, yellow, and orange close to archaeological sites where tourists are keen to
see quinoa diversity.
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Table 7. Timeline of APROSANAMY and WSU collaboration, including dates, locations, and activities.

Planting Date Location Elevation (m a.s.l.) Activity

2015

Cañar Comunidad
San Rafael

(2◦32’55.2” S
78◦57’07.0” W)

3073 - Initiation of APROSANAMY and
WSU collaboration

Phase I
23 May 2016

Molobog Chico
(2◦36’27.252” S

78◦52’48.432” W)
3203

- Kañari planting ceremony (Figure 5A)
- Field preparation, plowing (Figure 5B)
- Planting of barley populations with
WSU students

La Posta
(2◦36’27.252” S

78◦52’48.432” W)
2956 - Planting of quinoa and barley populations

with WSU students (Figure 5C)

18 March 2017 La Posta 2956 - Leonardo Hinojosa and Dan Packer (WSU)
visited second cycle of planting populations

Phase II 22 May 2018 La Posta 2956 - Nicolas Pichazaca planted 10 F2
populations (Table 6)

Phase I, II and
Pure Line

Selection strategy

2 February 2019 La Posta 2956

- Leonardo Hinojosa and Nicolas Pichazaca
increased seed from Puno/Pasankalla
(Phase I)
- They planted F3 population
(Titicaca/CICA), (Titicaca/MisaMisa) from
Phase II
- They planted 60 F6 lines of (Cahuil/PI
510534) (Phase III)

15 October 2019 La Posta 2956
- Kevin Murphy, Nicolas Pichazaca, and
Cristina Ocaña Gallegos planted 37
quinoa lines

8. Conclusions

Ecuador was considered the third largest quinoa producer globally, but with more
recent expansion of this crop in other countries it is hard to assume that this statement is still
true. The current quinoa production in Ecuador is around 4500 t per year and the Central
provinces (Chimborazo and Cotopaxi) are the major producers. Participatory research has
been carried out on quinoa for many years, mainly in the province of Bolívar. The National
Agricultural Research Institute of Ecuador (INIAP) has released all the Ecuadorian quinoa
varieties and new varieties are expected to be released soon from its hybridization program.
The European Committee for Training and Agriculture (CEFA) has been working in the
province of Chimborazo to support quinoa production; its main input was to develop a
quinoa technical committee. On the other hand, new insects have been reported in quinoa
fields, many of which are predators and parasitoids. Downy mildew (Peronospora variabilis)
is the only damaging quinoa disease in Ecuador and durable resistance is the main objective
of the quinoa breeding program at INIAP.

Ecuadorian quinoa is highly diverse contrary to previously thought. Wild quinoa
has been poorly studied in Ecuador and there are no strong molecular studies showing
its origin and identification; thus, new molecular works are necessary and must include
wild quinoa and more landraces. On the other hand, new initiatives have begun to adapt
quinoa to tropical coastal areas. Great progress is occurring in the province of Los Rios
with the start of a new quinoa hybridization program at the State Technical University of
Quevedo. In addition, Ecuador has developed different quinoa transformation strategies
to link farmers and agribusiness enterprises, and Ecuadorian universities have conducted
several research studies on nutrition and food sciences in the last five years.

A great effort has been made in the last five years to increase quinoa diversity in the
Cañar province through an evolutionary participatory breeding project between Associa-
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tion of Producers of Seeds and Nutritious Andean Foods Mushuk Yuyay (APROSANAMY)
and Washington State University (WSU). New quinoa colors, bigger seed size, and different
panicle shapes have been introduced as well as early maturing quinoa. These new traits
will help Cañar quinoa producers to achieve higher grain production and avoid late season
rains and unpredictable droughts.

The current information presented in this article suggests that quinoa research and
production in Ecuador is on the right track; however, it will be difficult to compete with the
big technologies of countries such as China, Australia, and Spain where quinoa production
has been recently rebounding. As a country, Ecuador needs to reinforce local consumption
and internal demand for quinoa.
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