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plants

Editorial

Unraveling the Mechanisms of Zinc Efficiency in Crop Plants:
From Lab to Field Applications

Gokhan Hacisalihoglu

Department of Biological Sciences, Florida A&M University, Tallahassee, FL 32307, USA; gokhan.h@famu.edu

Global food security and sustainability in the time of pandemics (COVID-19) and
a growing world population are important challenges that will require optimized crop
productivity under the anticipated effects of climate change. Agricultural sustainability
in the time of a growing world population will be one of the major challenges in the next
50 years. Zinc (Zn) is one of the most important essential mineral nutrients required for
metabolic processes, so a shortage of Zn constrains crop yield and quality worldwide. Zinc
efficiency and higher growth and yield when there is low Zn supply make it a promising
sustainable solution for developing cultivars that are zinc efficient.

Future crop plants need to be more Zn efficient with sustainable food yields under
sub-optimal Zn conditions. Therefore, there is a substantial value in biological research
aimed at understanding how plants uptake and utilize Zn.

A total of 11 articles are included in this Special Issue of “Plants” that provide an
overview of current developments and trends in the times of high-throughput genomics
and phenomics data analysis. Furthermore, this Special Issue presents research findings
in various experimental models and areas ranging from maize to Medicago (alfalfa), flax,
and sorghum.

Hacisalihoglu [1] outlines the variety of advances that took place in plant Zn effi-
ciency research. Furthermore, it addresses why we need to study Zn in plants and the
current understanding of Zn transport, uptake, storage, Zn efficiency under sub-optimal
Zn regimes, and biofortification breeding efforts especially in food crop plants

Mallikarjuna et al. [2] describe a comparative transcriptome analysis of Fe and Zn
deficiency in maize. In their contribution, they reported low-Zn mediated changes in
transcriptome and differentially expressed candidate genes that could be further used in
maize breeding programs.

Anisimov et al. [3] have used barley plants to describe root Zn uptake and distribution
patterns together with assessing soil buffer capabilities.

Cardini et al. [4] have used alfalfa plants to investigate molecular mechanisms of
Zn transport. They highlight 12 putative Zn transporter genes as well as differential
expressions of MsHMA4, MsNAS1, MsZIP2, and MsHMA4 in roots and shoots.

Desta et al. [5] focused on how plant available Zn is affected by landscape position as
well as its association with soil pH and other soil factors in Ethiopia.

Lozano-Gonzales et al. [6] have used cucumber plants to investigate potential effects
of silicon application under differential Zn conditions. They discuss further results related
to plant stress recovery.

Grujcic et al. [7] have used maize plants to investigate the nitrogen (N) effect on Zn,
Fe, and Se biofortification efforts. They discuss further results related to N fertilization on
improving micronutrient status in maize.

Reynolds-Marzal et al. [8] have used wheat plants to focus on the efficiencies of Zn
and Se in a two-year field experiment in Spain. They discuss further results related to Zn
and Se biofortification in wheat.

Petschinger et al. [9] have used moss plants to focus on metal tolerance. They discuss
further results related to cell shape and cell wall thickness in mosses.
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Hacisalihoglu and Armstrong [10] have used flax and sorghum plants to determine
genetic variability and diversity for seed nutritional traits. In their contribution, they
discuss further results related to daily value (% DV) and identified the top 12 flax and
sorghum varieties for climate change stress and future food security.

Overall, the contributions to this Special Issue topic spans the full spectrum of Zn in
plants and soils, cellular mechanisms, gene expressions, and biofortification. This Special
Issue is an excellent summary of current progress with future outlooks that illustrates our
increased knowledge on Zn and provides the foundation for further future research on the
improvement of Zn nutrition in plants.

Finally, we encourage the readers to visit the articles published in this Special Issue of
“Unraveling the Mechanisms of Zn Efficiency in Crop Plants: From Lab to Field Applications”.

Funding: This research received no external funding.
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Zinc (Zn): The Last Nutrient in the Alphabet and
Shedding Light on Zn Efficiency for the Future of
Crop Production under Suboptimal Zn

Gokhan Hacisalihoglu

Department of Biological Sciences, Florida A&M University, Tallahassee, FL 32307, USA; gokhan.h@famu.edu

Received: 20 September 2020; Accepted: 29 October 2020; Published: 31 October 2020

Abstract: At a global scale, about three billion people have inadequate zinc (Zn) and iron (Fe) nutrition
and 500,000 children lose their lives due to this. In recent years, the interest in adopting healthy diets
drew increased attention to mineral nutrients, including Zn. Zn is an essential micronutrient for plant
growth and development that is involved in several processes, like acting as a cofactor for hundreds of
enzymes, chlorophyll biosynthesis, gene expression, signal transduction, and plant defense systems.
Many agricultural soils are unable to supply the Zn needs of crop plants, making Zn deficiency
a widespread nutritional disorder, particularly in calcareous (pH > 7) soils worldwide. Plant Zn
efficiency involves Zn uptake, transport, and utilization; plants with high Zn efficiency display high
yield and significant growth under low Zn supply and offer a promising and sustainable solution
for the production of many crops, such as rice, beans, wheat, soybeans, and maize. The goal of this
review is to report the current knowledge on key Zn efficiency traits including root system uptake,
Zn transporters, and shoot Zn utilization. These mechanisms will be valuable for increasing the Zn
efficiency of crops and food Zn contents to meet global needs for food production and nutrition in the
21st century. Furthermore, future research will address the target genes underlying Zn efficiency and
the optimization of Zn efficiency phenotyping for the development of Zn-efficient crop varieties for
more sustainable crop production under suboptimal Zn regimes, as well food security of the future.

Keywords: zinc; sustainability; food security; seed quality; zinc efficiency; staple foods; crops

1. Introduction

It is estimated that global food crop production must double in order to feed the increased world
population of 10 billion by the year 2050 [1]. Zinc (Zn) deficiency, together with vitamin A and iron
(Fe) deficiencies, are the most common nutritional disorders, especially in developing countries [2].
Research shows that 17.3% of people worldwide are at Zn deficiency risk [3]. Zn is one of the
17 essential mineral nutrients and plays an important role in plant growth, function, gene expression,
structures of enzymes, photosynthesis, pollen development, sugar transformation, protein synthesis,
membrane permeability, signal transduction, and auxin metabolism [4–6]. Plants take up the Zn from
the soil and soil Zn deficiency has become a critically important abiotic stress factor, affecting over
49% of arable lands worldwide (Figure 1a) [5–8]. Zn deficiency negatively affects plant growth,
causing stunting short internodes, small leaves, and interveinal leaf chlorosis, as well as delayed
maturity and necrotic tissue death in severe cases [4]; therefore, adequate Zn is essential for crop yield
and quality. Moreover, the use of synthetic fertilizers is often insufficient to alleviate soil Zn deficiency.

In order to reduce Zn deficiency throughout the susceptible regions, research has been conducted
in various countries that are low in Zn, such as Turkey, Australia, Brazil, India, and China [8–11].
Plants with high Zn efficiency exhibit high yield and significant growth under low Zn supply [9].
Identifying, developing, and growing Zn-efficient crop varieties could provide approaches for managing
low-Zn stress in soils to minimize yield and quality losses [4]. Moreover, elucidating the mechanisms

Plants 2020, 9, 1471; doi:10.3390/plants9111471 www.mdpi.com/journal/plants3
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of Zn efficiency will provide important information for improving crop nutrition, as well as sustainable
global food systems [4,8,11].

 
Figure 1. Overview of Zn deficiency and plant Zn efficiency. (a) Zn deficiency world map showing
major countries and regions with low-Zn soils; (b) potential plant Zn efficiency approaches; and (c)
word cloud of plant Zn efficiency keywords from the literature.

Zn is also essential for human nutrition and development, therefore highlighting the importance
of improved Zn contents in staple food crops such as rice, wheat, maize, beans, and others [12].
Understanding the mechanisms of Zn transport and distribution within crops could inform
efforts to improve the Zn content of key foods. For example, an effective approach in recent
years is biofortification (biological fortification), enriching crops using transgenic techniques,
agronomic practices, or conventional crop breeding, which offers sufficient levels of Zn via cereals,
vegetables, beans, and fruits to the targeted regions worldwide [13].

This review will focus on advances in the strategies of how crop plants respond to low Zn
availability to cope with low-Zn stress conditions, as well as current knowledge of Zn efficiency and
future research directions.

2. Soil Zn Deficiency

Zn, a divalent cation, was established as an essential micronutrient for higher green plants in 1926
by Sommer and Lipman [14]. The type of soils affected by Zn deficiency include all soils with low
Zn availability, such as high pH calcareous soils, intensively cropped soils, sandy soils, and high P
soils [15]. About half of soils are naturally low in Zn worldwide [5]. When it comes to low-Zn soils,
there are many countries with soils extensively deficient in Zn [4,5]. For example, Zn is mostly deficient
in the majority of soils in Bangladesh, Brazil, Pakistan, the Philippines, and Sudan. Furthermore, Zn is
deficient in approximately 75% of the arable soils in sub-Saharan Africa, 50% of the cultivated soils in
India, 50% of the cultivated soils in Turkey, 45% of soils in western Australia, and 33% of the soils in
China (Figure 1) [4,5]. It has been reported that there is Zn deficiency in the Great Plains and western
regions of the United States [16] and sandy soils in Florida [17]. It appears that the use of synthetic
fertilizers is not necessarily sufficient for alleviating sub-soil Zn deficiency. Therefore, identifying,
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developing, and growing Zn-efficient crop varieties are preferred ways to manage low-Zn stress in
soils to minimize yield and quality losses [4,9]. Hundreds of genotypes of wheat (Triticum aestivum) [8],
beans (Phaseolus vulgaris) [9], chickpeas (Cicer arietinum) [18,19], and rice (Oryza sativa) [20,21] were
screened for Zn efficiency to accomplish this goal. Plant Zn efficiency screening refers to both visual
symptom rating systems as well as biomass and yield under low and sufficient Zn conditions [9,10].
More recent high-throughput phenotyping systems will be beneficial for improving plant Zn efficiency
assessment and prediction (Figure 1b,c). The development of cereal or vegetable cultivars with higher
Zn efficiencies suitable for low-Zn soils is important for sustainable agricultural production and
reduced fertilizer input, as well as population growth. Furthermore, the availability of Zn-efficient
cultivars will increase the cultivation of them worldwide.

3. Evidence of Natural Genetic Variation for Plant Zn Efficiency: A Large Untapped Resource for
Overcoming Low-Zn Stress

Soil Zn deficiency can cause negative impacts on yield and therefore economic losses [7]. One key
approach for crop improvement is identifying beneficial natural alleles and using association studies
to reveal the mechanisms underlying natural variation in Zn efficiency. Therefore, exploring natural
variation can be beneficial for crop breeding and selection. Indeed, many crop species and varieties
show considerable variation in Zn efficiency. While plant species such as alfalfa, carrots, oats, peas, rye,
and sunflower are considered Zn efficient, apples, beans, citrus, cotton, flax, grapes, lettuce, onions,
pecans, rice, soybeans, spinach, and sweet corn are considered Zn inefficient. Moreover, plant species
such as barley, canola, potatoes, sorghum, sugar beet, tomato, and wheat display medium-level Zn
efficiency (Figure 2a,b) [3,5].

Figure 2. Venn diagram showing the Zn-inefficient plant species (a) and Zn-efficient plant species (b);
overlap area: mildly Zn-efficient plant species.

It is well known that if researchers can identify crop traits that improve Zn efficiency, growers could
have improved yields in Zn-poor soils worldwide. Significant genotypic differences for Zn efficiency
have been observed in many crop species, such as rice (Oryza sativa) [20.21], wheat (Triticum aestivum) [9],
common beans (Phaseolus vulgaris) [10], maize (Zea mays) [22], sorghum (Sorghum bicolor) [23],
soybeans (Glycine max), tomatoes (Solanum lycopersicum) [24], chickpeas (Cicer arietinum) [18,19],
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barley (Hordeum vulgare) [25], and pigeon peas (Cajanus cajan) [26]. There is increasing importance for
Zn-efficient cultivars that could adapt to and cope with low-Zn soils. Moreover, while the above list
is not exhaustive, there are certain staple crop species with a broad screening of a large number of
genotypes in low-Zn soil [27,28]. For the past two decades, there has been substantial research into the
Zn efficiency of wheat, beans, and rice. Taking wheat (Triticum aestivum) as an example, several studies
have shown that wheat genotypes differ widely in their Zn efficiency when grown in low-Zn alkali
soils of Central Turkey [29], southern Australia [27], China [30], and Brazil [31]. As a result, there are
few Zn-efficient genotypes identified based on extensive field studies [29,32].

Common bean (Phaseolus vulgaris) is a prevalent, protein-rich legume crop that is extremely
sensitive to low-Zn stress in soil (Figure 2a). A large number of screenings of common bean genotypes
in Zn-deficient soil experiments have identified the most Zn-efficient genotypes [10]. Blair et al. [33]
investigated Zn accumulation in common beans, utilizing low-mineral (DOR364) and high-mineral
(G19833) genotypes and identified the linkage group B11 as an important locus for the Zn efficiency trait.

Rice (Oryza sativa) is one of the most important staple food crops for humans and feeds over
half of the world population. In the U.S. alone, rice is an economically important commodity with
a yearly economic value of USD 3 billion [34]. Zn deficiency in rice was first reported in the 1960s
in the U.S. [35]. Furthermore, rice is mainly cultivated in soils with low Zn availability (Figures 1a
and 2a). Recent studies showed have revealed that there is a wide genetic variation in Zn efficiency in
rice, and Zn in seeds is negatively correlated with yield [21]. Recently developed high-throughput
phenotyping systems will improve the assessment and prediction of Zn efficiency.

Maize (Zea mays) is the third most important cereal crop globally and the first crop with reported
Zn deficiency symptoms [36]. It was reported that there is significant genotypic variation among maize
cultivars in Brazil [37].

4. Zn Efficiency Strategies in Crop Plants

Zn is a critical nutrient for plants [4] and certain plant species and varieties have developed
strategies for securing an adequate supply or maximizing utilization of Zn. Zn-efficient crops and
plant varieties are able to achieve sustainable growth and production as well as yield, especially in
alkali soils, and could therefore be used to address the Zn deficiency problem. However, it is necessary
to better understand the mechanisms of Zn efficiency, as well as natural variation in Zn efficiency traits
in food crop plants. Although natural variation in Zn efficiency has been extensively studied in wheat,
beans, rice, and chickpeas, the underlying physiological and genetic mechanisms are still not well
understood [4–7]. Zn efficiency is a complex trait with two major mechanisms at a number of levels
(Figure 1b). Furthermore, Zn efficiency could be explained with other potential mechanisms, as well as
the combined effect of more than one mechanism.

4.1. Plant Zn efficiency Mechanism Candidate 1—Zn Uptake Systems and Transporters of Zn

In the uptake process, Zn2+ ions travel through the root epidermis, cortex, endodermis, pericycle,
and xylem and are then translocated to the stem, leaves, phloem, and seeds [38]. In the past three
decades, many attempts have been made to reveal the mechanisms of Zn-efficient plants in response
to low-Zn stress in order to determine effective crop breeding strategies [39]. There have been
various Zn efficiency mechanisms proposed for food crops in the literature; however, considerable
experimental evidence comes from root uptake studies [4,9,15,39,40]. A number of recent uptake
studies in crop plants found no strong correlation between root Zn2+ influx and Zn efficiency, especially
in wheat [6,11,40]. This indicates that Zn efficiency in higher plants is likely not a root-focused trait but
a shoot-focused trait. Furthermore, this was supported by the findings that the availability of Zn in
soil solution may be an important cause of low-Zn stress compared to total Zn in the soil [15].

Zn uptake can be facilitated by root hairs that increase the availability of Zn from the soil [2]. It is
well known that soil type and pH are important determinants of how much Zn is available for crop
plants to use [2,9]. Soil pH is important for Zn because it can form insoluble complexes, especially
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in alkaline (high pH and high CaCO3) soils [41]. Zn deficiency is also common in sandy soils with
low total Zn availability [2]. Furthermore, biological factors such as phytosiderophores could affect
Zn availability by exudation. As an example, Rengel and Graham [42] found that Zn deficiency
caused Fe deficiency may be the major factor that leads to phytosiderophore release by Zn-efficient
wheat varieties.

The uptake of Zn into the root follows a biphasic pattern of the high affinity transport system
(HATS) and low affinity transport system (LATS) before remobilization [4]. While the LATS mechanism
functions when Zn is at high concentrations, the HATS mechanism functions at low external Zn
concentrations [25,43]. In wheat, our previous studies demonstrated that Km values were 0.6 to 2nM
for HATS and 2 to 5 μM for LATS [4,25]. Milner et al. [43] further suggested a widespread role of the
high affinity pathway within plants.

Zn is transported across the root plasma membrane into root cells by transporter proteins
such as ZRT-IRT-like protein (ZIP) family, HMA (heavy metal ATPase) family (P-type ATPase),
MTP (metal tolerance protein) family cation diffusion facilitators (CDFs), vacuolar iron transporter
(VIT) family, and plant cadmium resistance family (PCR) proteins [44,45]. There are transporter
genes such as NAS2, NAS4, ZIP4, and IRT3 that act as free Zn2+ sensors in the Arabidopsis
genome [46]. There are Zn transporters such as MTP and HMA that are affected by Zn deficiency [47].
Zn transporter genes have been shown to have their expression regulated by transcription factors,
such as bZIP19 and bZIP3, depending on cytoplasmic free Zn changes [48]. Other transporters involved
in Zn uptake include OsHMA2 (in pericycle), OsZIP9, and OsZIP7 (in xylem) [49]. Additionally,
it was hypothesized that phytosiderophores, which are organic substances produced by plants,
including nicotinamine, mugeniec acid, and avenic acid, may promote Zn uptake, especially in rice in
waterlogged soils with high Fe and low Zn levels [50]. Other Zn transporter families included P-type
ATPase (metal transporting ATPases), cation diffusion facilitators (CDFs), CAX (cation exchangers)
proteins, and natural resistance-associated macrophage protein (NRAMP) [38]. Future research on
the characterization of Zn transporter proteins will help to understand how crop plants tolerate
low-Zn soils.

4.2. Plant Zn Efficiency Mechanism Candidate 2—Shoot Internal Zn Utilization

Zn is regarded as the only metal that is involved in all enzyme classes, including lyases,
transferases, isomerases, oxidoreductases, and hydrolases [4], which subsequently may affect Zn
efficiency. Moreover, it was reported that Zn deficiency caused the inhibition of carbonic anhydrase in
crop plants [4,15]. Therefore, it is required for the efficient functioning of more than 300 enzymes [4,5].
The use of more Zn-efficient crops will help to maintain crop yields in the future. It has been suggested
that Zn efficiency points to the existence of a shoot-coordinated pathway [32,51,52]. One of the complex
Zn efficiency mechanisms is the internal biochemical utilization of Zn in the shoot system. Considering
the fact that Zn-efficient and Zn-inefficient crop plants have similar leaf Zn concentrations, Zn-efficient
varieties have to be using their greater internal utilization efficiency mechanisms. There are several
key enzymes that require Zn as part of their essential components [9]. As a result, considerable recent
experimental evidence has been presented that plant shoot internal Zn utilization is based on enzymes
requiring Zn [4,5,32,53,54]. It has been proposed that greater activities of carbonic anhydrase and
Cu/Zn superoxide dismutase enzymes may be responsible for the increased utilization of cytoplasmic
Zn in Zn-efficient wheat genotypes compared with inefficient genotypes [53]. Finally, this was further
supported by higher expression of the genes for Zn-requiring enzymes, including Cu/Zn superoxide
dismutase [4,51]. A study was carried out with wheat that reported that physiological Zn utilization
plays an important role in Zn efficiency and grain Zn concentration was correlated with superoxide
dismutase and carbonic anhydrase activities [55]. Additional future research will help further our
understanding of Zn efficiency by discovering novel genes on shoot internal Zn utilization with regard
to Zn enzymes in crop plants.

7
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4.3. Other Mechanisms

Additional Zn efficiency mechanisms may be operating in crop plants (e.g., root system architecture
or seed Zn) and future studies are needed to identify and characterize these [56]. Furthermore, it has
been reported that soil conditions, together with the environmental conditions of geographic locations,
can impact micronutrient contents, such as Zn in seeds [4,8,33]. For example, Zn concentration in plant
parts such as seeds is an important parameter for human nutrition. Previous research reported seed Zn
content QTLs (quantitative trait loci) in wheat [57], rice [58], maize [59], and beans [60] that can be used
in the marker-assisted selection and breeding of Zn-biofortified crop varieties. There are 22 QTLs of
concentration of Zn, copper (Cu), and cadmium (Cd) identified in brown rice [61]. There are two major
QTLs of Zn efficiency and seed Zn accumulation identified in wheat [62]. Moreover, there are grain Zn
and iron (Fe) QTLs on chromosome 1, 4, 7, and 11 in rice [63]. This will increase our understanding
of plant Zn efficiency physiology and molecular genetics and contribute greatly to improving crop
tolerance to low-Zn soils around the world.

5. Conclusions, Future Challenges, and Perspectives

Zn impacts not only plant growth and function but also human nutrition since plants are a dominant
part of diets. Our understanding of the impact of Zn in living organisms continues to advance in
Zn-efficient crop varieties that can cope with low-Zn stress in soils. A comprehensive understanding of
plant Zn efficiency strategies, cellular mechanisms, and genes can facilitate opportunities for increasing
agricultural sustainability, improving human nutrition, and reducing synthetic fertilizer usage. In turn,
Zn efficiency could enhance crop production and nutritional quality for the increasing population of
the 21st century.

There is a need for more research and some of the suggested research approaches to further
explore Zn efficiency may include the following: (1) Identifying the target genes and pathways for
Zn efficiency in plants; (2) investigating potential genome editing technologies (CRISPR-Cas9) [64];
(3) developing new methods to advance Zn efficiency phenotyping for food crops in the field;
(4) metabolomic profiling of Zn efficiency responses under low-Zn stress in crop plants; and (5)
genome-wide association studies (GWASs) to detect the genetic basis of Zn efficiency and seed Zn
accumulation under low Zn stress environments.
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Abstract: Globally, one-third of the population is affected by iron (Fe) and zinc (Zn) deficiency, which
is severe in developing and underdeveloped countries where cereal-based diets predominate. The
genetic biofortification approach is the most sustainable and one of the cost-effective ways to address
Fe and Zn malnutrition. Maize is a major source of nutrition in sub-Saharan Africa, South Asia and
Latin America. Understanding systems’ biology and the identification of genes involved in Fe and Zn
homeostasis facilitate the development of Fe- and Zn-enriched maize. We conducted a genome-wide
transcriptome assay in maize inbred SKV616, under –Zn, –Fe and –Fe–Zn stresses. The results
revealed the differential expression of several genes related to the mugineic acid pathway, metal
transporters, photosynthesis, phytohormone and carbohydrate metabolism. We report here Fe and Zn
deficiency-mediated changes in the transcriptome, root length, stomatal conductance, transpiration
rate and reduced rate of photosynthesis. Furthermore, the presence of multiple regulatory elements
and/or the co-factor nature of Fe and Zn in enzymes indicate their association with the differential
expression and opposite regulation of several key gene(s). The differentially expressed candidate
genes in the present investigation would help in breeding for Fe and Zn efficient and kernel Fe- and
Zn-rich maize cultivars through gene editing, transgenics and molecular breeding.

Keywords: functional genomics; homeostasis; hormonal regulation; iron; maize; malnutrition;
photosynthesis; zinc

1. Introduction

Iron (Fe) and zinc (Zn) are essential elements for all living organisms, including plants and
animals. Fe and Zn also act as co-factors of numerous enzymes and in turn play vital roles in
various physiological process, viz., photosynthesis, respiration, electron transport, protein metabolism,
chlorophyll synthesis and hormonal regulations [1,2]. Therefore, any deficiency in Fe and Zn affects
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the economic yield in crops and thereafter manifests in the form of micronutrient malnutrition in
humans [3]. The development of Fe- and Zn-efficient cultivars is one of the effective approaches to
sustain crop production and to alleviate widespread micronutrient-malnutrition. Hence, understanding
the functional genomics of Fe and Zn homeostasis and identification of target genes and pathways in
major staple crops will help in the genetic biofortification of crop plants for Fe and Zn.

Plants adapt a complex network of homeostatic mechanisms to regulate Fe and Zn uptake,
transport and accumulation [4]. The uptake of Fe ions in plants occurs through two important
strategies viz., the reduction-based strategy (strategy-I) and chelation-based strategy (strategy-II). The
strategy-I is present in all the plants except those from the Poaceae family. Under Fe deficiency, the
strategy-I plants release the protons into the rhizosphere by H+-ATPases and makes the Fe more
soluble by lowering the soil pH. Subsequently, the NADPH-dependent ferric chelate reductase (FRO2),
reduces Fe3+ to Fe2+ form and which can then be transported into the root epidermis by the divalent
metal transporter, iron regulated transporter 1 (IRT1). On the other hand, plants of Poaceae family
mostly follow a mugineic acid (MA) pathway-based chelation strategy (Strategy-II) to uptake the Fe
from soil [5]. It has been reported that in the mugineic acid pathway, nicotianamine synthase (NAS) [6],
nicotianamine aminotranferase (NAAT) [7] and deoxymugineic acid synthase (DMAS) [8] mediate the
synthesis of deoxymugineic acid (DMA) from S-adenosyl-methionine via a series of reactions [9]. The
grass plants release derivatives of deoxymugineic acid (DMA) called phytosiderophores (PS) which
make the complex with the ferric ions (Fe3+). The efflux of PS is facilitated by transporters of the
mugineic acid family phytosiderophores (TOM1 and TOM2) whereas the influx of PS–Fe3+ is mediated
through yellow stripe like-1 (YS1) transporters [10,11]. Among Poaceae members, rice possesses both
strategy I and II for the uptake of Fe [2–4]. Interestingly, in maize, the recent finding showed the
presence of strategy-I genes for the uptake of Fe [12].

Plants absorb the Zn, mainly in divalent cationic form (Zn2+) [13]. The Zn uptake mechanisms in
plants are equipped with a dual-transporter system, viz., high-affinity transport system (HATS) and
low-affinity transport system (LATS) [14–16]. The LATS mechanism operates when the Zn is in high
concentration and the HATS operates when the Zn concentration is low [16]. Several transporters viz.,
ZRT-IRT-like protein (ZIP) family [17], HMA (heavy metal ATPase) family [18], MTP (metal tolerance
protein) family [19], vacuolar iron transporter (VIT) family, and plant cadmium resistance family (PCR)
proteins mediate the Zn transport across the root plasma membrane into root cells [14,20]. Additionally,
in plants many researchers also reported the chelation-based Zn uptake mechanism [20,21].

Various transporters and chelation agents viz., oligopeptide transporters (OPT) and yellow
stripe like (YSL) [22,23], ZIP [24–27], ferric reductase defective protein (FRD) transporters [28],
DMA [29], nicotianamine (NA) [22,30], and citrate [31] have been reported to be involved in the
mobilization of Fe and Zn ions. Furthermore, genome-wide transcriptome assays have been employed
to understand the expression pattern of genes and pathways associated with Fe and Zn deficiencies
in rice [32], Arabidopsis [33], maize [34], and several other crops [35]. The deficiency of Fe and Zn is
known to activate distinct functional gene modules such as the ‘transportome’ which, encompasses
genes encoding metal transporters, root system modifications, primary metabolic pathways and
hormonal metabolism [33]. Under Fe deficiency, Li et al. [34] reported the induced regulation of
genes associated with plant hormones, protein kinases and phosphatase in maize roots; whereas,
Zanin et al. [36] showed the presence of strategy-I components, which is most prominent in dicot
plant. Like Fe, Zn deficiency results in the higher expression of ZIP and NAS genes in maize [37].
The chlorophyll biosynthesis and rate of photosynthesis are severely affected through the altered
expression of genes associated with chloroplast biosynthesis and photosynthesis under Fe and Zn
deficiency [9,32,38]. Studies by Garnica et al. [38] in wheat and García et al. [39] in Arabidopsis
revealed the coordinated action of indole acetic acid (IAA), ethylene and nitrate oxide (NO) in the
signalling networks of Fe deficiency. Phytohormones viz., abscisic acid (ABA), and salicylic acid
(SA) regulate the expression pattern of ZmNAS in maize seedlings [40]. Similarly, ethylene increases
the transcripts abundance of genes viz., bHLH (BASIC HELIX-LOOP-HELIX), IRO2 (IRON-RELATED
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TRANSCRIPTION FACTOR 2), NAS1 (NICOTIANAMINE SYNTHASE 1), NAS2 (NICOTIANAMINE
SYNTHASE 2), YSL15 (YELLOW STRIPE LIKE 15) and IRT1 (IRON REGULATED TRANSPORTER
1) associated with Fe2+ and Fe3+-phytosiderophore uptake systems in rice [41]. In Arabidopsis, NO
enhances the expression of genes for Fe-acquisition and ethylene synthesis in roots [42,43] and the
interaction between the auxin and NO modulates the root growth under Fe deficiency in rice [44].
Apart from root growth, Fe deficiency induced auxin signalling, which results in photosynthesis
inhibition and defective shoot growth in rice seedlings [45].

The comparative analysis of nutrients and their interactions are crucial for the simultaneous
improvement of multi-nutrient use efficiency and enrichment in crops. Few of the interaction studies at
whole-genome transcriptome strata are available in crops for Fe and P [32] and Zn and P [46]. However,
there are hardly any reports on the genome-wide expression studies under Fe and Zn deficiency
interactions, in both root and shoot tissues of crops in general and maize in specific. Therefore, the
present investigation was designed to study the transcriptome response to Fe, and Zn deficiencies
individually and together to understand Fe and Zn homeostasis and metabolism in maize.

2. Results

2.1. Morpho-Physiological Evidence for Fe and Zn Interaction

Maize seedlings when tested under Fe and Zn deficiencies individually and together (–Zn, –Fe
and –Fe–Zn) along with control (+Fe+Zn). The stress treatments started showing Fe and Zn deficiency
symptoms from the fourth and fifth days after transplanting (DAT), respectively. However, the typical
stress symptoms were prominent among the stress treatments at 10 DAT (Figure 1). Seedlings showed
chlorosis under Fe deficiency (–Fe), interveinal chlorosis in the lower half of the top leaves under Zn
deficiency (–Zn), and severe chlorosis coupled with slight whitish blotches near the base of top leaves
under combined Fe and Zn deficiencies (–Fe–Zn). Furthermore, reduced root length and induced root
hair formation were observed under stress treatments (Figure 1).

Figure 1. Phenotypic expression of 19 days-old maize SKV616 seedlings in response to 12 days exposure
to Zn and Fe deficiencies (–Zn, –Fe and –Fe–Zn): (A) whole plant; (B) leaves; and (C) roots.

Plants in Fe (–Fe), and Fe and Zn (–Fe–Zn) deficiencies started showing chlorosis from the fourth
DAT; in contrast, the chlorophyll content of leaves increased significantly in the seedlings of the control
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treatment (+Fe+Zn) (Figure S1). However, no significant variation in the chlorophyll content was
observed between –Fe and –Fe–Zn deficiencies (Figure 2A). Zn starved the seedlings in comparison
to the control which did not show a significant reduction in stomatal conductance and transpiration
rate. In contrast, as compared to the control and Zn deficiency (–Zn), the Fe (–Fe) and Fe and Zn
(–Fe–Zn) deficiencies recorded a significantly reduced transpiration rate and stomatal conductance
(Figure 2B,C).

Figure 2. The morpho-physiological response of maize seedlings to –Zn, –Fe and –Fe–Zn deficiencies at
12 days after transplanting (DAT): (A) change in the chlorophyll content (soil plant analysis development
(SPAD) value) of the leaves in response to the (B) transpiration rate; (C) stomatal conductance; (D)
photosynthesis rate; (E) quantum efficiency of PS II photochemistry (Fv/Fm); and (F) root length (*, **,
*** significant at p < 0.05, p < 0.01 and p < 0.001, respectively; NS: non-significant).
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Additionally, the reduced rate of photosynthesis was observed in all the stress treatments as
compared to the control (Figure 2D). The –Fe and –Fe–Zn stresses showed a significant reduction in
the maximum photochemical efficiency of PSII (FV/FM), whereas no significant decrease was observed
under –Zn stress (Figure 2E). Furthermore, –Fe and –Fe–Zn stressed seedlings showed a similar level
of photochemical efficiency of PSII (Figure 2E).

Roots are the absorption points for nutrients and showed variation in the root length under
nutrient stresses. The reduction in root lengths was significant for all the stress treatments. However,
–Fe and –Fe–Zn treatments did not show any difference in root length. Therefore, Fe deficiency (–Fe
and –Fe–Zn) is the major contributor for root length reduction as compared to Zn deficiency (–Zn)
(Figure 2F). All the morpho-physiological traits showed a high degree of correlation (p < 0.01 and p
< 0.001) owing to interdependency on each other at physiological level. The stomatal conductance
and transpiration rate, and chlorophyll content and root length showed the maximum correlation
coefficients (r = 0.99, p < 0.001) (Figure S2).

2.2. Maize Transcriptome Profiles in Response to Fe and Zn Deficiencies

Root and shoot tissues collected from hydroponically grown maize seedlings under treatments
and control were analysed for a genome-wide transcriptome assay using the Affymetrix GeneChip
maize genome arrays (Affymetrix Inc., Santa Clara, California, USA). The transcriptome snapshots
of stress treatments were compared against control seedlings. Genome-wide transcriptome analysis
under –Zn, –Fe and –Fe–Zn stresses identified differential expression of 1349, 1920 and 6467 genes,
respectively, in root and 1466, 4224 and 6360 genes in the shoot, respectively (Figure 3). In both the root
and shoot, –Fe–Zn resulted in a higher number of differentially expressed genes (DEGs) as compared
to individual stress (–Zn or –Fe). The roots of –Fe–Zn treatment showed a relatively higher number of
DEGs (6467) as compared to the shoot (6360) (Figure 3). Conversely, the overall transcriptome snapshot
showed a greater number of DEGs in the shoot (8200) as compared to the root (7316).

2.3. Gene Ontology Assignments and KEGG Enrichment Analyses

Gene ontology (GO) assignments viz., the cellular component, molecular function, and the
biological process were used to classify the annotated DEGs based on the biological process, cellular
localisation and molecular functions. The top 15 sub-components in each of the categories were
depicted as bar graphs (Figures 4 and 5) and all the subcomponents of the categories with a p-value
for false discovery rate (FDR) enrichment is mentioned in Table S1. Under the biological process
category, a co-factor metabolic process and response to abiotic stimulus were common across the stress
treatments in both root and shoot tissues (Table S1).

In the cellular component category, Zn and Fe stresses in the root shared the sub-components
viz., the extracellular region, cell wall, external encapsulating structure, apoplast and protein
storage vacuole membrane. Similarly, in the shoot, all the stress treatments showed the cellular
components subcategories viz., plastid, chloroplast, cytosol, plastid part, organelle envelope, envelope,
photosynthetic membrane and chloroplast thylakoid (Table S1).

Furthermore, the molecular function terms viz., cation binding, metal ion binding, oxidoreductase
activity and the co-factor binding across the stress treatments and tissues (Figures 4 and 5, Table
S1). The numbers of GO terms under cation binding, metal ion binding, oxidoreductase activity and
co-factor binding were high in –Fe–Zn stress as compared to the individual –Fe and –Zn stresses
in both the root and shoot tissues (Table S1). Which confirms that the co-occurrence of Fe and Zn
stresses (–Fe–Zn) causes more physiological disturbance than individual stresses. Additionally, a
greater number of DEGs in the shoot as compared to the root tissue suggests the presence of diverse
physiological and metabolic activities in shoot. Moreover, the significant number of DEGs associated
with these mineral homeostasis GO terms indicates the metabolic and physiological demands for Fe
and Zn ions under stressed conditions.
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Figure 3. The overview of the spatial transcriptome responses to Fe and Zn stresses in the maize inbred
line of SKV616 seedlings. The genes showing > 2-fold expression under stress treatments and p < 0.05
are considered as differentially expressed genes (DEGs) in stress treatments as compared to the control:
(A) total number of upregulated and downregulated genes in response to –Zn, –Fe and –Fe–Zn stresses
in the root and shoot; and (B) the Venn diagram depicting the stress-specific and common DEGs in
response to –Zn, –Fe and –Zn–Fe stresses in the root and shoot tissues.
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Figure 4. Functional gene ontology annotations of differentially expressed genes (DEGs) under Fe and
Zn stresses in the root: (A) –Zn; (B) –Fe; and (C) –Fe–Zn. For graphical representation, we have the top
15 significant terms under each category viz., biological process (blue), cellular component (orange),
and molecular function (green). The complete list of terms along with significance of false discovery
rate (FDR) < 0.05 are mentioned in Table S1.
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Figure 5. Functional gene ontology annotations of differentially expressed genes (DEGs) under Fe and
Zn stresses in the shoot: (A)–Zn; (B)–Fe; and (C)–Fe–Zn. For graphical representation, we have the top
15 significant terms under each category viz., biological process (blue), cellular component (orange),
and molecular function (green). The complete list of terms along with the significance of FDR < 0.05
are mentioned in the Table S1.
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The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis categorised DEGs
into 15, 22 and 30 functional categories in the root under –Zn, –Fe and –Fe–Zn stresses, respectively
(Table S2). Similarly, in shoot 28, 30 and 30 functional categories were identified for –Zn, –Fe and
–Fe–Zn stress treatments, correspondingly (Table S2). The KEGG enrichment analysis and hierarchical
clustering of pathways were undertaken to visualize the relatedness in the enrichment results. In this
hierarchical clustering tree, related GO terms were grouped based on the number of common genes.
The size of the solid circle corresponds to the enrichment FDR (Figure 6). The KEGG-enriched DEGs
in the root are majorly related to themes such as amino acid, carbon and carbohydrate metabolism.
Similarly, in the shoot, the major themes fall under amino acid metabolism, carbon and carbohydrate
metabolism, photosynthesis and nucleic acid metabolism (Figure 6).

Figure 6. The clustering of KEGG-enriched functional categories of DEGs in the root and shoot under
Fe and Zn stresses: (A) –Zn in root; (B) –Fe in root; (C) –Fe–Zn in the root; (D). –Zn in the shoot; (E) –Fe
in shoot; and (F) –Fe–Zn in shoot.

2.4. Genes Expression in Response to Fe and Zn Deficiency

Fe and Zn are the vital micronutrients for various metabolisms and the survival of plants. During
Fe and Zn deficiency, several genes are known to regulate Fe and Zn homeostasis, phytohormonal
regulation and morpho-physiological adaptation. The present investigation recorded the DEGs
associated with the mugineic acid pathway, transporters, phytohormone metabolism, photosynthesis
and carbohydrate metabolism (Table 1).
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2.4.1. Mugineic Acid Pathway and Transporter Genes

The stress treatments (–Zn, –Fe and –Fe–Zn) showed a differential expression of mugineic acid
pathway genes in maize seedlings (Figure S3). S-adenosyl-L-homocysteine hydrolysing enzyme
ADENOSYL HOMOCYSTEINASE (GRMZM2G015295; –Fe: 7.51-fold and –Fe–Zn: 30.81-fold) showed
the upregulated expression under Fe deficiency in the shoot. O-methyltransferases mediate the
conversion of homocysteine to methionine and it serves as a precursor for derivatives of the mugineic
acid pathway. METHYL TRANSFERASES (GRMZM2G567452) showed the upregulation under Fe
and Zn deficiency treatments. The SAMS1 (GRMZM2G054123) is known to mediate the conversion
of methionine to S-adenosylmethionine (SAM) showed an increased transcript abundance under
–Fe (3.92-fold) and –Fe–Zn (–Fe–Zn: 9.42-fold) deficiencies in the shoot. Furthermore, the roots
showed a differential expression of NAS3 (GRMZM2G054123) in response to the stress treatments. The
upregulation of YELLOW STRIPE 1 (ZmYS1; GRMZM2G156599) was observed under Fe deficiency in
both roots (8.55-fold) and shoot (2.09-fold). However, in response to the –Fe–Zn treatment, the opposite
regulation of ZmYS1 was observed in the root (35.45-fold) and shoot (–38.26 fold). The expression
pattern of ZmYS1 suggests its higher affinity towards PS-Fe3+ and the prominent activity in roots.

In addition to mugineic acid pathway genes, Fe and Zn deficiencies resulted in the differential
expression of several transporters. The upregulation of membrane-localised natural resistance
associated macrophage protein (NRAMP), NRAMP TRANSPORTER 1 (GRMZM2G069198) have been
observed in both root and shoot. In plants, vacuoles serve as a sequestering site for minerals, including
Fe and Zn. Various tonoplast-located transporters mediate Fe and Zn homeostasis in plants. Vacuolar
transporters such as V-type ATPases, vacuolar proton pumps (VPPs), tonoplast intrinsic proteins
(TIPs) were differentially expressed under the Fe and Zn deficiency. Two TIPs viz., Zm.9197.1.A1_at
and GRMZM2G027098, were specifically upregulated in response to Fe deficiency (–Fe and –Fe–Zn)
and Zn (–Zn and –Fe–Zn) deficiencies, respectively. Similarly, vacuolar-type H+-ATPase (V-TYPES
ATPASE; GRMZM2G070360) showed Fe responsive expression in the shoot. Interestingly, VPP3
(GRMZM2G421857) showed Zn (–Zn and –Fe–Zn) and Fe (–Fe and –Fe–Zn) specific upregulation
in the root and shoot, respectively. Ferric chelate reductases (FRO) are the critical component of
strategy-I of Fe homeostasis, which showed the upregulated (GRMZM2G157263) expression in both
roots and shoot under all the stress treatments. Citrate is one of the potent chelators for the mineral
transportation in xylem [47]. CITRATE SYNTHASE 2 (GRMZM2G064023) showed a 6.89-fold and
5.41-fold increased expression under –Fe and –Fe–Zn stresses, respectively, in the roots. Among the
ABC transporters, the expression of ABC TRANSPORTER C FAMILY MEMBER 14 (GRMZM2G142870)
increased the expression by 2.09-fold and 15.46-fold in the root under the –Zn and –Fe–Zn stresses,
respectively. The ZIP-like transporter (ZIP5; GRMZM2G064382) showed Zn stress-specific upregulation
(–Zn: 5.53-fold; –Fe–Zn: 3.85-fold) in the root, whereas the metal ion transmembrane transporter
activity (GRMZM2G178190) was observed under Fe deficiencies only. Fe deficiency in the shoot
(–Fe and –Fe–Zn) resulted in the upregulation of MITOCHONDRIAL PHOSPHATE TRANSPORTER
(GRMZM2G015401; –Fe: 3.46-fold and –Fe–Zn: 10.28-fold).

2.4.2. Phytohormones

Phytohormone metabolism shows the dynamic responses to Fe and Zn availability, which enable
the plants to adapt to Fe and Zn deficiencies. In the present investigation, Fe and Zn deficiencies have
altered the expression of various genes associated with various phytohormone metabolism viz., ethylene,
auxin, gibberellins, cytokinin (Figure S4). The roots under Zn (–Zn and –Fe–Zn) and Fe (–Fe and –Fe–Zn)
deficiencies upregulated the CYTOKININ OXIDASE 2 (GRMZM2G050997) and CYTOKININ OXIDASE
3 (GRMZM2G167220) expressions, respectively. The CYTOKININ-O-GLUCOSYLTRANSFERASE 2
(GRMZM2G041699) showed downregulation across the stress treatments.

The upregulation of Aux/IAA genes IAA13 (GRMZM2G077356) and IAA24 (GRMZM2G115354) in
the shoot (–Zn: 2.59-fold; –Fe–Zn: 9.07-fold) and root (–Zn: 2.06-fold; –Fe–Zn: 2.13-fold), respectively,
was observed specifically to Zn deficiency. Similarly, IAA17 (GRMZM2G147243) showed Zn-deficiency
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induced expression in root tissue (–Zn: 41.19-fold; –Fe–Zn: 11.45-fold). The pin-formed (PIN)
protein PIN1b (GRMZM2G074267) crucial for the polar transport of auxins showed the downregulated
expression under –Fe (–3.48) and –Fe–Zn (–5.35) in the root. The repression or non-significant expression
of AIR12 (GRMZM2G427451) was observed in the root under –Fe and –Fe–Zn stresses.

Ethylene is another important class of hormones mediating plants’ adaptation under Fe and Zn
deficiencies. The –Fe and –Fe–Zn stresses resulted in the high expression of ETHYLENE RECEPTOR
(GRMZM2G102601) in the shoot (–Fe: 5.50-fold; –Fe–Zn: 3.43-fold). On the contrary, ETHYLENE
RESPONSE FACTOR (GRMZM2G052667) showed an upregulation in the roots under –Fe (2.86-fold) and
–Fe–Zn (3.61-fold) stresses. Ethylene responsive factors (ERF) mediate stress signals. The repression of
ERFs has been recorded in response to Fe and Zn deficiencies in a tissue-specific manner. ERF-LIKE
PROTEIN (GRMZM2G025062) was downregulated only in roots, whereas ETHYLENE-RESPONSIVE
FACTOR-LIKE PROTEIN 1 (GRMZM2G053503) was downregulated in both the root and shoot.
Furthermore, Zn stresses in the shoot (–Zn and –Fe–Zn) upregulated the gibberellin receptor gene
GID1L2 (GRMZM5G831102; –Zn: 5.00-fold; –Fe–Zn: 15.97-fold).

2.4.3. Photosynthesis and Carbohydrate Metabolism

Several photosynthesis and carbohydrate metabolism-related genes showed differential
expression under Fe and Zn stresses (Figure S5). Under –Fe (2.35-fold) and –Fe–Zn (20.44-fold)
stresses, FERROCHELATASE (GRMZM2G113325) showed the upregulated expression in roots. In
photosynthesis, ferredoxins transfer the electrons from photo-reduced photosystem-I to ferredoxin
NADP+ reductase in which NADPH is produced for CO2 assimilation. FERREDOXIN 3
(GRMZM2G053458) showed the enhanced expression under –Fe (25.82-fold) and –Fe–Zn (17.88-fold)
stress in the shoot. Similarly, the cytochrome complexes mediate the electron transfer between PSII and
PSI. Fe stresses in the shoot (–Fe, –Fe–Zn) resulted in the increased accumulation of APOCYTOCHROME
F PRECURSOR transcripts (GRMZM2G448174) in the shoot. Carbonic anhydrases (CAs) are Zn
metalloenzymes that catalyse the interconversion of CO2 and HCO3

- in plants. The root under –Zn and
–Fe–Zn deficiencies and shoot under –Zn and –Fe deficiencies upregulated the CARBONIC ANHYDRASE
(GRMZM2G121878), whereas –Fe–Zn stress in the shoot showed the downregulation of CARBONIC
ANHYDRASE (GRMZM2G121878). The activity of carbonic anhydrase mediates the supply of CO2

to Rubisco (Ribulose bisphosphate carboxylase). The –Fe and –Fe–Zn deficiencies resulted in higher
RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL SUBUNIT 2 (GRMZM2G113033) transcripts
accumulation. However, as compared to combined Fe and Zn deficiency (–Fe–Zn), Fe deficiency
(–Fe) showed very high expressions. The chlorophyll a/b-binding proteins are the apoproteins of the
light-harvesting complex of photosystem II. In the present investigation, the CHLOROPHYLL A-B
BINDING PROTEIN 6A (ZmAffx.1219.1.S1_s_at) was upregulated under all the stresses in the shoot.
The various proteins associated with photosynthesis co-translationally targeted the chloroplast via
signal recognition particles. The transcripts of CHLOROPLAST SIGNAL RECOGNITION PARTICLE
SUBUNIT (GRMZM2G145460; cpSRP54) were repressed across the stresses.

Fe stress resulted in a higher expression of DEGs associated with carbohydrate metabolism.
The Fe deficiency (–Fe, –Fe–Zn) showed a consistently greater accumulation of transcripts of the
glycolysis pathway in the shoot. The majority of glycolytic enzymes viz., PHOSPHOGLYCERATE
KINASE (GRMZM2G382914), ENOLASES (GRMZM2G064302, GRMZM2G048371), PHOSPHOHEXOSE
ISOMERASE (GRMZM2G065083), TRIOSEPHOSPHATE ISOMERASE (GRMZM2G030784),
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE (GRMZM2G051004) showed an enhanced
expression in the shoots under –Fe and –Fe–Zn deficiencies. However, Zn deficiency did not show
any consistent expression of glycolysis-associated transcripts. Furthermore, the roots enhanced the
transcripts of CARBOHYDRATE TRANSPORTER (GRMZM2G336448) in response to Fe deficiency
(–Fe: 4.22-fold; –Fe–Zn: 2.12-fold). On the other hand, genes associated with polysaccharide
synthesis and cell wall biogenesis viz., UDP-GLUCOSE 6-DEHYDROGENASE (GRMZM2G328500;
GRMZM5G862540), UDP-GLUCURONIC ACID DECARBOXYLASE 1 (predicted; GRMZM2G165357)
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and POLYGALACTURONATE 4-ALPHA-GALACTURONOSYLTRANSFERASE (GRMZM2G076276)
showed increased transcripts accumulation in the shoot under –Fe and –Fe–Zn stresses. The Zn stresses
in the shoot (–Zn and –Fe–Zn) resulted in the higher expression of CELLULOSE SYNTHASES in the
shoot (GRMZM2G424832, GRMZM2G018241, GRMZM2G142898).

2.5. Regulation and Interaction of Fe and Zn Transporters in Maize

The gene-regulatory network (GRN) is constructed to visualize the regulatory relationships of
miRNA and the transcription factors with their downstream differentially expressed transporter
and mugineic acid pathway genes under Fe and Zn deficiency. GRN revealed a total of
454 interactions of transporters with miRNA and transcription factors (TFs) (Tables S3 and S4;
Figure 7). The highest number of total degrees (31) were observed for the ZINC TRANSPORTER 4
(GRMZM2G015955), METALLOTHEIONINE LIKE PROTEIN (GRMZM2G099340) and METHIONINE
t-RNA LIGASE (GRMZM2G099628). However, the ZmYS1 (GRMZM2G156599) and VACUOLAR
PROTON-TRANSPORTING V-TYPE ATPASE, V1 DOMAIN (GRMZM2G128995) showed the highest
degrees (23) with miRNAs and TFs, respectively. Therefore, these genes are the potential hub nodes
in the regulation of the Fe and Zn homeostasis in maize. TF and miRNA and their interactions are
adding the regulatory complexity to transporters genes. The regulatory network showed the highest
gene–miRNA interactions with miRNAs of the zma-miR395 family (36) and the highest gene–TF
interactions with ERFs (104). Hence, zma-miR395 and ERFs are the major regulatory elements in
transporter and mugineic acid pathway regulatory network of maize. Furthermore, transporters’
regulatory network in the present investigation showed the regulation of genes with a common
expression pattern by a common transporter under Fe and Zn deficiency although this may not be a
universal phenomenon (Figure 7; Table S3). For instance, six transporter genes (GRMZM2G015295,
GRMZM2G067546, GRMZM2G070605, GRMZM2G099340, GRMZM2G099628, GRMZM2G128995)
showing Fe specific upregulation showed a common TF-mediated regulation through EREB142
(GRMZM2G010100). Conversely, many of the transporter genes’ expression is regulated by several
miRNA and TFs.
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Figure 7. The transcription factors (TFs) and miRNAs mediated the regulation of differentially expressed
transporters under Fe and Zn deficiency in maize: the regulatory network is characterized by 148
miRNA–target gene and 306 TF–target genes interactions. The green triangles represent the TFs, the
red ovals represent the target transporters and mugineic acid pathway genes, and the blue diamonds
represent miRNAs.

3. Discussion

3.1. Fe and Zn Deficiencies Shifted the Expression Pattern of the Transcriptome in Root and Shoot

The current investigation presents a genome-wide transcriptome response of individual and
simultaneous Fe and Zn deficiencies in both the root and shoot tissues. The experiments were
performed with the aim of understanding the changes in the global transcripts’ level under –Zn,
–Fe and –Fe–Zn stresses, and to decipher the expression of transcripts associated with Fe and Zn
homeostasis, phytohormone metabolism, photosynthesis and carbohydrate metabolism. Genome-wide
expression assay revealed a higher number of DEGs in the shoot (8200) as compared to root (7316)
for –Fe and –Zn stresses indicating greater physiological demand for Fe and Zn minerals in the shoot
over the root. The shoot controls most of the essential physiological activities viz., photosynthesis,
chlorophyll biosynthesis, carbohydrate and cytochrome biosynthesis, and that of several plant pigments.
Moreover, several enzymes employed in the shoot physiological activities required Fe and/or Zn as
co-factor(s) or their integral component(s) [48,49]. On the other hand, high metabolic and physiological
pressure on the root transportome and membrane-bound proteins to meet the Fe and Zn ions under
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–Fe–Zn stress could have resulted in contrasting trends of a higher number of DEGs in the roots as
compared to shoot. The results of the present investigations are in contrast with those of Zheng et
al. [32], who reported a higher number of DEGs in the root as compared to the shoot under Fe and P
interactions in rice. The functional classification of DEGs in the current investigation revealed many
of the GO terms associated with ion uptake and homeostasis viz., cation binding, metal ion binding,
oxidoreductase activity etc. The deficiency of Fe and Zn alters the expression of genes associated with
Fe and Zn homeostasis to regulate the plant physiological and metabolic requirement of Fe and Zn
ions [2,3,23,26,27].

3.2. Fe and Zn Stresses Alter the Root Length via Differential Expression of Phytohormonal Genes

The plant root system is a vital component for the uptake and transport of nutrients from the soil
and also exhibits considerable plasticity in response to endogenous and environmental signals [50].
The notable changes in the root length of maize inbred line SKV-616 under –Zn, –Fe and –Fe–Zn stresses
were associated with the differential expressions of several genes of hormonal metabolism (Figure 1C,
Table 1). Owing to Zn stresses (–Zn, –Fe–Zn), the upregulated expression of IAA17 (GRMZM2G147243)
and IAA24 (GRMZM2G115354) was observed in the root tissue. IAA17 prevents the initiation of lateral
roots by preventing the binding of AXR3 to auxin-responsive element (ARE) [51]. Similarly, the IAA3
gain of function in rice causes growth defects in crown roots [52,53]. Furthermore, AtIAA8 is an
ortholog of ZmIAA24 in Arabidopsis which has also been reported as a negative regulator of lateral
root formation [54]. In addition to the regulation of root phenotype, auxins also serve as signalling
molecules in mineral deficiency in plants. The enhanced expression of IAA13 (GRMZM2G077356)
and IAA17 (GRMZM2G147243) in –Zn and –Fe stress-specific manner in the shoot indicate their
probable role in a shoot-to-root auxin signalling under Zn and Fe deficiency, respectively. In wheat,
the application of IAA to shoots of Fe-sufficient plants resulted in the enhanced release of PS in
roots [38]. Furthermore, the opposite regulation pattern IAA genes could be associated with variation
in the spatial responses. In contrast to auxins, cytokinins play an inhibitory role in the lateral root
initiation and development [55,56]. The maize seedlings showed Zn and Fe stress-specific expression
of CYTOKININ OXIDASES (CKXs) in root tissues. Remarkably, CKX3 (GRMZM2G167220) showed a
higher upregulation in response to Fe stresses (–Fe, –Fe–Zn) as compared to CKX2 (GRMZM2G050997)
under Zn stresses (–Zn, –Fe–Zn). In Arabidopsis, the overexpression of cytokinin-degrading enzyme
encoding gene CKX in the lateral root primordia (LRP) results in reduced cytokinin levels and the
elimination of cytokinin signalling [57,58], thereafter which enhances the lateral root density by
reducing the distance between the adjacent LRP cells [59,60].

The synthesis of ethylene is perceived by membrane-bound ethylene receptors that initiate
the ethylene signalling pathway. The higher expression of ETHYLENE RESPONSE FACTOR
(GRMZM2G052667) in –Fe and –Fe–Zn stresses of the root appear to have contributed towards
reduced root length. In maize, ethylene-responsive factors (ERF1) play a vital role in stress signalling
pathways [61]. Similarly, in tomato, the overexpression of ethylene-responsive factors LeERF2/TERF2
showed the increased synthesis of ethylene [62]. Furthermore, the inverse association between higher
ethylene biosynthesis and primary root growth through decreased cell proliferation and elongation in
root apical meristem was observed in Arabidopsis [63,64].

Gibberellins increase primary root length through the cell elongation and proliferation of root
meristem and reduced levels of GAs result in shorter primary roots [65]. GA signalling in plants
involves the GA receptor GIBBERELLIN INSENSITIVE DWARF1 (GID1), GA signalling repressor
DELLA proteins and ubiquitin ligase complex [66]. The binding of GID1 to bioactive GA, causing
the degradation of DELLA proteins, which subsequently initiates the GA signalling in plants. In the
absence of bioactive GA, DELLA proteins repress the GA responses [67]. Hence, the downregulation
of GID1L2 (GRMZM5G831102) under –Fe and –Fe–Zn stresses in the root indicate a direct association
between the reduced root length and of GA signalling in maize. Previous findings also reported an
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association between the reduced root growth and endogenous GA level under Zn and Fe deficiency in
maize [68] and rice [67], respectively.

3.3. Fe and Zn Deficiency Affect Photosynthesis and Carbohydrate Metabolism Through Altered Expression of
Key Genes

In the present investigation, the enhanced expression of FERROCHELATASES (GRMZM2G113325),
APOCYTOCHROME F (GRMZM2G448174), CHLOROPHYLL A-B BINDING PROTEIN 6A
(ZmAffx.1219.1.S1_s_at) were observed under Fe deficiency stresses (–Fe and –Fe–Zn).
APOCYTOCHROME F (GRMZM2G448174) is the precursor of cytochrome b6-f complex, which
facilitates electron transfer between photosystem II (PSII) and PSI [69]. Similarly, ferredoxins involved
in electron transport from the photo-reduced photosystem-I to NADP+ reductases. The chlorophyll
a-b binding protein 6A (ZmAffx.1219.1.S1_s_at) acts as a component of the light-harvesting complex
(LHC) which is involved in the formation of a full-size NAD(P)H dehydrogenase-PSI super complex
(NDH-PSI) that triggers cyclic and chlororespiratory electron transport in chloroplast thylakoids,
especially under stress conditions [70]. Therefore, the Fe and Zn deficiency-induced overexpression
of APOCYTOCHROME F, CHLOROPHYLL A-B BINDING PROTEIN 6A and FERREDOXIN 3 affects
photosynthesis by disrupting the cellular redox poise and electron transfer mechanisms [69,71].

The increased expression of CARBONIC ANHYDRASE (CA; GRMZM2G121878) during Zn
deficiency (–Zn and –Fe–Zn) requires Zn2+ ions as co-factors for its functional activity. CA catalyses
the first biochemical step of the carbon fixation in C4 plants. As a co-factor in CA, Zn creates a proton
H+ and a nucleophilic hydroxide ion. The nucleophilic water molecules attack the carbonyl group of
carbon dioxide to convert it into bicarbonate. Additionally, the H+ ions reduce the pH, and inactivate
the enzymes associated with the hydrolysis of starch and glucose, and subsequently reduce the osmotic
gradient of cells and stomatal closure [72].

Rubisco is the most prominent protein on the Earth and serves as the primary engine of carbon
assimilation through photosynthesis. Fe deficiency resulted in higher accumulation of RuBisCO
subunit transcripts (GRMZM2G113033, GRMZM2G095252) in the shoot. However, previous reports in
soybean and sugar beet pointed the reduced as well as increased RuBisCO protein content under Fe
deficiency, respectively [73,74]. Fe and Zn deficiency-induced the disruption in the protein synthesis
machinery, which could be the reason for reduced RuBisCO proteins’ accumulation. In barley and
rice, the accumulation of RuBisCO was higher in the older leaves of Fe-deficient plants than in the
older control leaves, which suggests that RuBisCO accumulation is not decreased significantly by Fe
deficiency. Therefore, there is a non-significant association between chlorophyll concentration and
RuBisCO accumulation [75,76]. Overall, the photosynthetic machinery is known to be highly sensitive
to Fe deficiency as compared to Zn owing to the role of Fe ions as co-factors in the key components of
the photosynthetic machinery. There are two or three Fe atoms per PSII, 12 Fe atoms per PSI, five Fe
atoms per cytochrome complex b6–f (Cyt b6–f) and two Fe atoms per ferredoxin molecule as reported
by Briat et al. [77] and Krohling et al. [71].

The upregulation of glycolytic pathways genes viz., PHOSPHOGLYCERATE KINASE
(GRMZM2G382914), ENOLASES (GRMZM2G064302, GRMZM2G048371), PHOSPHOHEXOSE
ISOMERASE (GRMZM2G065083), TRIOSEPHOSPHATE ISOMERASE (GRMZM2G030784), and
GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE (GRMZM2G051004) under Fe deficiency
is associated with Fe deficiency-associated metabolic pressure. The Fe deficiency increases the demand
for reducing power, and ATP owing to the enhanced expression of Fe acquisition mechanisms and
increased organic acids content [76]. Fe deficiency enhanced the activity of the glycolysis pathway
to meet the reducing ATP and the enhanced carboxylation. However, the uptake and transport of
Fe demand the chelators and organic acids from the carbohydrate metabolism as compared to free
ionic movement of Zn and which could be one of the reasons for the greater response of the glycolytic
pathway to Fe deficiency as compared to Zn deficiency in plants.
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The Zn deficiency in the present investigation resulted in the enhanced expression of
cellulose synthase enzymes (CESAs) (GRMZM2G424832, GRMZM2G018241, GRMZM2G142898)
to meet the Zn requirement for cellulose synthesis. The flexibility of primary cell walls in
plants is necessary to adapt the plants under stress conditions to withstand the turgor pressure.
Cellulose is the main constituent of the cell wall and is directly synthesized at the plasma
membrane [78]. The CESAs carry the terminal Zn-binding domain, which oligomerizes the CESAs
under oxidative stress [78,79]. Likewise, Fe deficiency treatments (–Fe, –Fe–Zn) also enhanced
the accumulation of the transcripts of other non-cellulosic constituents of cell walls viz., pectins
(POLYGALACTURONATE 4-ALPHA-GALACTURONOSYLTRANSFERASE: GRMZM2G076276), xylans
(PREDICTED UDP-GLUCURONIC ACID DECARBOXYLASE 1: GRMZM2G165357), arabinoses
(UDP-ARABINOPYRANOSE MUTASE 3: GRMZM2G073725).

Sucrose-phosphate synthases (GRMZM5G875238, GRMZM2G140107) involved in sucrose
biosynthesis showed higher upregulation under Fe deficiency. The Fe deficiency in Arabidopsis increases
sucrose accumulation in the roots and subsequently promotes the auxin signalling cascades [80].
Therefore, the enhanced accumulation of sucrose may act as one of the junctions between carbohydrate
metabolism and phytohormonal signalling under Fe and Zn deficiency in plants.

3.4. Differential Expression of Transporters under Fe and Zn Stresses in Maize

The release of Fe and Zn chelators are crucial in root tissues. The expression pattern of ADENOSYL
HOMOCYSTEINASE (GRMZM2G015295), O-METHYL TRANSFERASES (GRMZM2G567452), SAMS
(GRMZM2G054123) and ZmYS1 (GRMZM2G156599) suggest higher sensitivity to Fe deficiency.
Furthermore, the upregulation of NAS3 (GRMZM2G050108) was observed under –Zn and –Fe–Zn
treatments, whereas the NAS1 (GRMZM2G034956) expression was induced under –Fe deficiency only.
Interestingly, NAS3 expression was highly repressed in the shoot under –Fe–Zn treatment suggesting
the possible spatial regulation of NAS3. The upregulation of the mugineic acid pathway genes is an
adaptive strategy in grasses to overcome the Fe and Zn starvation [81,82]. Furthermore, the activity of
transporter and chelator genes during Fe and Zn deficiencies occurs in a stress-specific spatiotemporal
manner. Nicotianamine is the potent chelator and mediates the uptake and transport of Fe and Zn
in plants [8]. The dual regulation of NAS genes in response to Fe deficiency has also been reported
in maize [83]. In addition to uptake and transport, NAS genes also known to be engaged in the
accumulation of Fe into the seed [84]. Hence, NA could be one of the significant contributors to the
long-distance transport of Fe and Zn in maize. The root tissue showed an enhanced expression of
NRAMP TRANSPORTER 1 (GRMZM2G069198) under Zn deficiency. However, for Fe deficiency, the
expression was prominent in the shoot. Similarly enhanced upregulation was also observed in maize
under Fe deficiency [36]. In Arabidopsis and rice, NRAMP1 is a key transporter for Fe homeostasis [85,86].
Additionally, NRAMP1 showed to translocate both divalent and trivalent ions in peanut [87] and
Arabidopsits [88].

Among Fe and Zn chelating complexes, the upregulated expression of CITRATE SYNTHASE 2
(GRMZM2G064023) was observed in response to Zn (–Zn, –Fe–Zn) and Fe (–Fe, –Fe–Zn) deficiencies in
the root and shoot, respectively, whereas the expression levels were very high under Fe deficiency in
the shoot (–Fe). Both strategy-I and II plants hold Fe–citrate complexes in the xylem sap [89,90]. Fe
starvation has been reported to increase the citric acid level in the xylem to enhance Fe mobility in
plants [91,92]. In maize, Fe3+–citrate and Fe3+–phytosiderophore are the Fe form in the xylem sap [93].
Similarly, the xylem of Thlaspi caerulescen showed ~21% of total cellular Zn as Zn-citrate complex [94].

The reduction of Fe3+ to more soluble Fe2+ ions by membrane bound FERRIC CHELATE
REDUCTASE 2 (GRMZM2G157263) is crucial for the subsequent Fe transport as Fe2+-NA and electron
transfer mechanism. Oligopeptide transporter family proteins can transport minerals in the form
of metal–NA complexes. OPT (GRMZM2G148800) showed an upregulated expression response to
Fe deficiency (–Fe, –Fe–Zn) in the root. However, the downregulation was observed in the shoot
under Zn deficiency (–Zn, –Fe–Zn). The accumulation of ZINC-TRANSPORTER 4 (GRMZM2G015955)
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transcripts under Zn deficiency in the root and shoot indicates the major function in Zn homeostasis.
Similarly, the transcripts of ZIP5 (GRMZM2G064382) were enhanced under Zn deficiency in the roots
(–Zn, –Fe–Zn), whereas anti-directional regulation was observed in the shoot. Several authors reported
a role of ZIP transporters in the homeostasis of divalent ions viz., Fe, Zn, Mg [17,25–27,95]. In maize, Li
et al. [96] showed that the overexpression of ZmZIP5 enhances the Zn and Fe accumulation. Similarly,
the overexpression of ZIP5 and ZIP9 genes in rice showed an increased accumulation of Zn over the
control plants [25–27].

Vacuoles in the cell help to regulate Fe and Zn flux. Transporters located in the vacuole membrane
play an important role in long-distance transport in addition to intracellular metal homeostasis [97].
During Fe and Zn deficiencies, the enhanced expression of vacuole transporters is necessary for the
mobilisation of stored Fe and Zn ions to meet the metabolic demands [98]. The enhanced expression of
TIPs in the shoot showed a possible association of Zm.9197.1.A1_at and GRMZM2G027098 in regulating
Fe and Zn homeostasis, respectively. Studies showed that the enhanced expression of ZmTIP1 facilitates
the rapid intracellular osmotic equilibration and permits quick water flow through the vacuoles [99].
The VACUOLAR PROTON PUMP 3 (GRMZM2G421857) transcripts increased in response to Zn and
Fe deficiencies in the root and shoot, respectively; and Fe deficiency enhanced the expression of
V-TYPE PROTON ATPASE SUBUNIT E3 (GRMZM2G070360), VACUOLAR ATP SYNTHASE SUBUNIT
B (GRMZM2G094497), and VACUOLAR PROTON-TRANSPORTING V-TYPE ATPASE, V1 DOMAIN
(GRMZM2G128995) in the shoot. The specialized functions of vacuoles depend on the tissue and
cell type and their developmental stage. All vacuoles seem to hold the majority of the proton pump
transporters and differ in their function, depending on the type of vacuole in which they reside [100].

3.5. Hormonal Signalling and Homeostasis Networks Involved in the Fe and Zn Deficiency Regulatory Network

Transcriptome response to Fe and Zn interaction helps in understanding the association and
crosstalk of Fe and Zn metabolism in maize. Very few attempts have been made to decipher Fe and Zn
interactions in crops at the transcriptome strata. At the transcriptome level, the Fe and Zn stresses acted
additively as the number of genes differentially expressed were quite high in the combined Fe and Zn
stress (–Fe–Zn) as compared to the individual Fe (–Fe) or Zn (–Zn) stress. However, the direction of the
individual gene(s) expression pattern varied with the genes. Many of the key genes associated with Fe
and Zn metabolisms were highly downregulated and showed an opposite regulation pattern under
both Fe and Zn (–Fe–Zn) deficiencies in the shoot (Table 1). It is known that Fe and Zn act as co-factors
of enzymes associated with various metabolic processes and the expression of key genes [48,49]. The
simultaneous deficiency of both Fe and Zn could hinder the deficiency-responsive enhanced expression
of key genes through altering the respective regulatory enzymes expression. Furthermore, the exertion
of high regulatory and metabolic pressure during Fe and Zn stresses to sustain the key metabolisms in
the shoot could have resulted in the downregulation and opposite regulation of various key genes. As
a support to the findings, the inverse regulation of auxin metabolism by Fe and Zn deficiency was
reported in bean [49] as well as in rice [101].

The expression of transporter genes under Fe and Zn deficiency is regulated by various regulatory
miRNA and TFs. The binding of miRNA to respective transcripts suppresses the expression of target
genes. The maximum interactions was observed for zm-miR395 family miRNAs. The zm-miR395,
is a regulator of key proteins viz., low-affinity sulphate transporter (AST68) and ATP sulfurylases
(APS1, APS3 and APS4) associated with sulphur homeostasis [102] and Fe–S clusters in plants. Fe is
present in the centre of Fe–S clusters which act as electron acceptors and donors in several cellular
processes including photosynthesis, respiration, sulphate assimilation and ethylene biosynthesis [77].
Furthermore, the binding of Zn ions to scaffold assembly protein ISU1 is more crucial for the stability
of Fe–S cluster [103]. Fe deficiency results in the downregulation of miR395 in Arabidopsis [104]. The Fe
and Zn deficiency-induced downregulation of miR395 is associated with the upregulation of its target
genes viz., ZIP4 (GRMZM2G015955), ZmYS1 (GRMZM2G156599), VACUOLAR SORTING RECEPTOR
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HOMOLOG 1 (GRMZM2G067546), VACUOLAR PROTON PUMP 3 (GRMZM2G421857), CITRATE
SYNTHASE 2 (GRMZM2G064023).

Similarly, among all the transcription factors, ERFs showed the highest interactions
(104) with transporters and mugineic acid pathway genes. In the present and previous
investigations, Fe and Zn deficiency resulted in differential expression ERFs [34]. Ethylene
acts as an important signalling molecule in the regulatory networks of transporter and
hormones. The regulatory network showed gene–ERF interactions with ZINC TRANSPORTER
4 (GRMZM2G015955), ZRT-IRT-LIKE PROTEIN 5 (GRMZM2G064382), METAL ION TRANSPORTER
(GRMZM2G122437), VACUOLAR PROTON-TRANSPORTING V-TYPE ATPASE, V1 DOMAIN
(GRMZM2G128995), ABC TRANSPORTER C FAMILY MEMBER 14 (GRMZM2G142870),
OLIGOPEPTIDE TRANSMEMBRANE TRANSPORTER (GRMZM2G148800), FERRIC-CHELATE
REDUCTASE (GRMZM2G157263), VACUOLAR PROTON PUMP 3 (GRMZM2G421857) and
MITOCHONDRIAL PHOSPHATE TRANSPORTER (GRMZM2G015401). Many of the ERFs are known
to acts as repressor proteins for transporters and ethylene biosynthesis through feedback inhibition [105].
Therefore, the downregulation of ERFs (GRMZM2G025062, GRMZM2G053503) could be associated
with the enhanced regulation of transporters and ethylene synthesis under Fe and Zn deficiencies.
Furthermore, in rice, the upregulated expression of Fe and Zn transporters was observed under
enhanced ethylene synthesis [41]. Additionally, the ethylene is known to alter the auxin signalling
cascades in plants [106]. The sensitivity and spatiotemporal expression of regulatory elements
could also play a role in the dual regulation of transporter genes. Furthermore, the regulation of
genes associated with different adaptive physiological pathways by miRNA and TFs enhances the
system’s complexity. In addition to regulatory elements, regulatory enzyme systems also increase the
interactions in plants. Fe and Zn deficiency has been reported to alter the hormonal signalling through
the accumulation of sugars [80]. These complex crosstalks and interactions through various pathways
need to be addressed through reverse genetic approaches.

4. Materials and Methods

4.1. Plant Material and Stress Treatment

Genotype SKV-616, a quality protein maize (QPM with superior protein quality) inbred line was
selected to carry out the genome-wide expression assay owing to its ability to accumulate a moderately
high level of Fe and Zn concentration [107]. The seeds of a maize inbred SKV-616 were surface sterilised
with 1% NaClO solution for 5 min followed by six rinses with Milli-Q water (18.2 MΩ). Seeds were
germinated on a Milli-Q water (18.2 MΩ)-soaked filter paper roll. The seedlings were germinated
and grown for seven days in the darkroom at 25 ◦C. The uniform seedlings were transferred to a
nutrient solution containing 0.7 mM K2SO4, 0.1 mM KCl, 0.1 mM KH2PO4, 2.0 mM Ca(NO3)2, 0.5 mM
MgSO4, 10 μM H3BO3, 0.5 μM MnSO4, 0.2 μM CuSO4, 0.5 μM ZnSO4, 0.05 μM Na2MoO4, and 0.1 mM
Fe3+-EDTA. The pH of the nutrient solution was maintained at 5.5 throughout the experiment with 1
M HCl [108]. Fe3+-EDTA and ZnSO4 were excluded from the media to induce Fe (–Fe +Zn) and Zn
(+Fe–Zn) deficiencies, respectively. For induction of simultaneous Fe and Zn stresses (–Fe–Zn), both
Fe3+-EDTA and ZnSO4 were removed from the complete solution. After the seeds germinated, the
plants were transferred to the respective treatment solution and grown until the clear expression of Fe
and Zn deficiency symptoms (12 days).

4.2. Morpho-Physiological Characterisation

All the morphophysiological parameters were recorded on five plants grown in hydroponic
culture with three data points per seedling. The chlorophyll content was measured with soil plant
analysis development (SPAD) chlorophyll meter (SPAD-502 Plus chlorophyll meter, Konica Minolta
Sensing Inc., Osaka, Japan). The readings were taken on the top, middle and base of the fully expanded
top leaf in each seedling. The same leaf was used for measuring the photosynthesis rate, transpiration
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rate and stomatal conductance with a portable photosynthesis system (LI-6400, Nebraska, USA). The
maximal quantum efficiency of the photo-system II (PS II) photochemistry (Fv/Fm) was recorded on
30 min dark-adapted leaves using a portable photosynthesis system with fluorescence attachment
(LI-6400, LI-COR, Nebraska, USA). The root length was measured manually with the measuring
scale. The statistical analysis was performed with a two-sample t test with the assumption of unequal
variances with all possible comparisons among the control and treatments.

4.3. Genome-Wide Expression Assay Using Affymetrix GeneChip Maize Genome Array

The microarray experiment was designed as a two-factor experiment with the four possible
treatments among Fe and Zn combination viz., 1) +Fe+Zn, 2) –Zn, 3) –Fe and 4) –Fe–Zn. The total RNA
was isolated in triplicates separately from the control and stress-treated root and shoot tissues of 19
day-old seedlings with a stress period of 12 days (50 mg each) using the RNeasy Mini Kit (Qiagen,
Hilden, North Rhine-Westphalia, Germany) as per manufacturer’s guidelines. The RNase free DNAse
treatment with a Thermo Scientific kit (La layette, USA) was given to each RNA sample to eliminate the
residual DNA present in RNA samples. Each DNAse-treated RNA sample obtained was examined for
quantity using a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, Delaware, USA).
RNA samples with a A260/280 ratio of 1.8 to 2.1 in were considered for further analysis. Affymetrix
GeneChip maize genome arrays (Affymetrix Inc., Santa Clara, California, USA) were used in three
replications for each treatment to ensure the reproducibility and quality of the chip hybridisation
using standard Affymetrix protocols (3’IVT protocol on GeneChip Fluidics Station 450; scanning on
Affymetrix GSC3000). For the microarray experiment, ~300 ng of total RNA was biotin-labelled for
GeneChip analysis and 10 μg of purified fragmented cRNA was used for hybridisation. All expression
data were derived based on the Minimum Information About a Microarray Experiment (MIAME)
guidelines [109].

4.4. Microarray Data Analyses

The GeneChip Operating Software (GCOS, Affymetrix GeneChip operating software with
autoloader ver. 1.4, manual) was used to generate the CEL file for each of the scanned microarray
chips. The raw CEL files containing probe hybridisation intensities from 24 chips were imported into
the R platform using the affy package [110]. The GeneChip Robust Multiarray Average (GCRMA)
algorithm was used for background correction, normalisation, and probe set summarisation [111].
The arrayQualityMetrics package was employed to generate microarray quality metrics reports [112].
The linear modelling of the microarray data and the identification of DEGs was performed with the
limma package [113]. The limma computes t-statistics and log-odds of differential expression by the
empirical Bayes shrinkage of the standard errors toward a common value. Probe sets having a p-value
of < 0.05 and a 2-fold expression change were considered as differentially expressed under mineral
stress treatments compared to the control. The gene model IDs for the probes were retrieved from the
Gramene database [114] for subsequent analyses. Where the gene model IDs are not available, the
Affymetrix probe IDs were used to mention the genes.

4.5. Gene Ontology, KEGG Enrichment and Gene-Regulatory Network (GRN) Analyses

Gene ontology (GO) and KEGG enrichment analyses were performed using ShinyGO v 0.61 [115].
The function categories of the genes were selected with the enrichment FDR (false discover rate) of p <
0.05. The transcription factors (TFs) regulating the expression of transporters (DEGs) were retrieved
from the PlantRegMap database and the miRNAs regulating the expression of stress responsive genes
at post-transcriptional level were predicted by the psRNATarget tool [116,117]. The complete Fe and
Zn transporters regulatory network was realised using Cytoscape [118] and furthermore, the network
was analysed to find important nodes (genes) that played a major role in the flow of information within
the biological system and helping plants’ adaptation during Fe and Zn deficiencies.
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4.6. Validation and Expression Correlation of DEGs

A total of 16 expression data points was validated using four genes through the qRT-PCR assay
(Agilent Technologies, Santa Clara, CA, USA) (Table S5; Figure S2). The first-strand cDNA was
synthesised from 250 ng of total RNA using an Affinity Script qRT-PCR cDNA synthesis kit (Stratagene,
Agilent Technologies, Santa Clara, CA, USA). With the help of the IDT server [119], gene-specific
primers were designed (Table S5). The qRT-PCR reaction was performed using Stratagene MX3005P
(Agilent Technologies, Santa Clara, CA, USA) with the following PCR conditions: 10 min at 95 ◦C
(preheating), followed by 40 cycles of amplification with denaturation for 30 s at 60 ◦C, primer annealing
for 1 min at 58 ◦C and primer extension for 30 s at 72 ◦C [120,121].

5. Conclusions

The current investigation uncovered Fe and Zn-deficiency-responsive transcriptome signatures
of transporters, phytohormone and carbohydrate metabolisms in maize. The Fe and Zn deficiencies
altered the morpho-physiological and molecular responses through the differential expression of genes
associated with phytohormonal regulations, transporters and photosynthesis. The result of the present
investigation also revealed the dual regulation and anti-directional expression of key transporter genes
suggesting something more than a direct/inverse association between Fe and Zn at transcriptome levels
through regulatory proteins. Furthermore, the GRN analysis revealed the interactions among genes
associated with hormone signalling and Fe and Zn transporters. The various DEGs regulating Fe and
Zn homeostasis could be employed as candidate genes for enhancing Fe and Zn efficiency in maize
through marker-assisted breeding, genetic engineering and genome editing approaches. Furthermore,
this investigation sets the stage for the use of reverse genetic tools to analyse the stress-hormone
signalling pathways and the interaction of various metabolic processes in the maize under Fe and Zn
deficiencies and their interactions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/12/1812/s1,
Figure S1. Initial and final chlorophyll content in the leaves of SKV616 maize inbred under complete (+Fe+Zn)
hydroponic solution (*significant at p < 0.5); Figure S2. Correlation coefficients among morpho-physiological
parameters under Fe and Zn stresses in maize. (CC: chlorophyll content (SPAD-value); PR: photosynthesis
rate; TR: transpiration rate; SC: stomatal conductance; Fv/Fm: quantum efficiency of PS II photochemistry; and
RL: Root length; **, *** significant at p < 0.01 and p < 0.001, respectively); Figure S3. Heatmap of differentially
expressed transporters and mugineic acid pathways genes. The z-scores are computed for all genes that are
differentially expressed with p < 0.05 and > 2-fold expression; Figure S4. Heatmap of differentially expressed
phytohormonal metabolism genes. The z-scores are computed for all genes that are differentially expressed with p
< 0.05 and > 2-fold expression; Figure S5. Heatmap of differentially expressed photosynthesis and carbohydrate
metabolism genes. The z-scores are computed for all genes that are differentially expressed with p < 0.05 and >
2-fold expression; Table S1. Gene ontology terms for differentially expressed genes in the root and shoot under
the –Zn, –Fe and –Fe–Zn treatments; Table S2. KEGG-enriched functional categories of differentially expressed
genes in the root and shoot under –Zn, –Fe and –Fe–Zn stress treatments; Table S3. The predicted miRNA–gene
and TF–gene interactions used to construct the gene regulatory network for the transporter and mugineic acid
pathway genes; Table S4. The GRN features of the transporter and mugineic acid pathway genes; Table S5. Primer*
sequences of DEGs selected from microarray analyses for qRT-PCR validation; Figure S6. Validation of DEGs
from microarray analysis through qRT-PCR. The x axis represents the probes and the y axis represents the fold
change expression values of genes. Error bars in the column represent the standard error. The letters ‘S’ and ‘R’
in the stress name on the x axis refer to the shoot and root, respectively. The reactions were performed using
the Stratagene MX3005P (Agilent Technologies, Santa Clara, California, USA) Real-Time PCR system with the
following PCR conditions: 10 min, at 95 ◦C (preheating), followed by 40 cycles of amplification with denaturation
for 30 s at 60 ◦C, primer annealing for 1 min at 58 ◦C and primer extension for 30 s at 72 ◦C.
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Abstract: The influence of soil characteristics on the lability and bioavailability of zinc at both
background and phytotoxic concentrations in Albic Retisol soil (Loamic, Ochric) was studied using
various methods. Ranges of insufficient, non-phytotoxic, and phytotoxic zinc concentrations in soil
solutions were established in an experiment with an aqueous barley culture. It was experimentally
revealed that for a wide range of non-toxic concentrations of Zn in the soil corresponding to the
indicative type of plant response, there was constancy of the concentration ratio (CR) and concentra-
tion factor (CF) migration parameters. As a result, a new method for assessing the buffer capacity of
soils with respect to Zn (PBCZn) is proposed. The transformation processes of the chemical forms
and root uptake of native (natural) zinc contained in the Albic Retisol (Loamic, Ochric) through the
aqueous culture of barley were studied using a cyclic lysimetric installation and radioactive 65Zn
tracer. The distribution patterns of Zn(65Zn) between different forms (chemical fractions) in the soil
were established using the sequential fractionation scheme of BCR. The coefficients of distribution
and concentration factors of natural Zn and 65Zn, as well as accumulation and removal of the metal
by plants were estimated. The values of the enrichment factor of natural (stable) Zn contained
in sequentially extracted chemical fractions with the 65Zn radioisotope were determined and the
amount of the pool of labile zinc compounds in the studied soil was calculated.

Keywords: zinc; 65Zn; soil; soil solution; barley; lability; specific activity; potential buffer capacity;
forms; labile zinc pool

1. Introduction

Increases in the concentrations of heavy metals (HMs) in soils as a result of techno-
genic pollution lead to negative effects in agricultural ecosystems such as crop losses,
deterioration in the quality of agricultural products, and decreases in soil microbiological
activity. However, among a wide range of pollutants, Zn deserves special attention for a
number of reasons

First of all, zinc is one of the 17 elements necessary for plants, with an average content
of 0.002% (20 ppm) in dry vegetative mass [1]. At the same time, it is also an important
trace element—zinc deficiency negatively affects the growth and maturation of plants [1,2],
which leads to crop losses and even, in the most severe cases, plant death. Zinc deficiency
is often caused not only by the low metal content in the soil but also by the influence of the
type of soil that determines its availability to plants. [2,3]. Thus, it was noted in [4] that Zn
deficiency is observed in all soils with a low availability of Zn, which primarily include
calcareous and highly phosphated soils with high pH.

In general, about 50% of the world’s soils contain insufficient amounts of Zn [5]. Zn
deficiency has been observed in significant amounts of soil in Bangladesh, Brazil, Pakistan,
the Philippines, Sudan, sub-Saharan Africa, India, Turkey, Western Australia, and China,
as well as on the Great Plains and in the western regions of the United States [2,6].

At the same time, zinc is the most common among heavy metals (HMs) polluting soil
as a result of anthropogenic impact [1,7–10]. The most significant sources of pollution are
the use of fertilizers and sewage sludge in agricultural practice, emissions and discharges
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from the mining and metallurgical industries, and road transport [11,12]. At high concen-
trations of zinc in the soil, various cytotoxic effects are manifested and lead to decreases in
the biomass and yield of agricultural plants.

Thus, the study of zinc behavior in soils is of particular interest. In addition, due
to its high mobility in soils and lack of ability to change the degree of oxidation in the
environment, Zn is a convenient object for studying HM migration.

Zn’s mobility in soils and availability to plants strongly depend on the ratio of the
different forms (chemical fractions) of the element in soils [5,8,12,13].

To date, a large number of methods for determining the fractional composition of
HMs in soils have been developed. All of them use specific reagents to isolate individual
groups of HM compounds in soils (exchangeable, easily soluble, and associated with
organo–mineral complex compounds, organic matter, carbonates, Fe, Mn oxides, etc.).
Using schemes of the sequential chemical fractionation of HMs [4,10,14–23], it is possible
to assess their lability and bioavailability, the distribution by fractions of the main groups
of compounds and minerals in soils (exchange associated with oxides of Al, Fe, Mn,
carbonates, phosphates, sulfides, organic matter, and crystal matrixes of soil minerals), the
lability and bioavailability of HMs under changing soil conditions (pH, redox potential,
humidity, salinity, etc.).

However, all of the above methods only allow researchers to solve the main task with
a modest degree of approximation—to estimate the real pool of labile and bioavailable HM
compounds. In fact, a more accurate solution of this problem is only possible when using
the isotopic dilution method [11,23–28].

This method is based on the law of ideal isotope exchange [29] of ions of applied
radioactive or stable isotopes acting as tracers and ions of native (stable) isotopes of the
HMs under study in a soil–soil solution–plant system. The isotopic dilution method allows
one to calculate the amount of reserves (pools) in the soil: (a) of the total number of labile
compounds of the studied HM (“E-value” (EHM)) and (b) the total number of biologically
available compounds of HM (“L-value” (LHM)).

Additionally, the isotopic dilution method, being a source of valuable data on the
total amount of stocks (pools) of labile and biologically available HM compounds in
soil, does not allow for the obtainment of information regarding potential lability in a
soil–soil solution system and the bioavailability of various forms of HMs. To solve the
abovementioned problem, it is necessary to apply an integrated approach, including the
joint use of methods of isotopic dilution and subsequent fractionation of soil into which a
stable or radioactive HM tracer has been previously introduced, followed by the analysis
of isotope ratios for individual chemical fractions.

An important aspect of the problem of interaction of technogenic HMs (including
Zn) with soils is the latter’s potential for the specific and non-specific sorption of heavy
metals due to the presence of soil minerals, the high molecular weight organic compounds,
occluding processes, co-deposition, and the action of other mechanisms. These processes
lead to the immobilization of HMs in soils. Their total effect, which can be quantified, is
manifested in the form of the buffer capacity of soils in relation to HMs [16,30–32].

The objectives of this work were:
(1) To clarify the issue with different models of plant behavior in conditions of Zn

pollution and to evaluate the buffer capacity of the soil with respect to Zn using barley as a
test plant.

(2) Determine the pool of labile compounds of native Zn using 65Zn as a radioactive
tracer and assess the potential lability and bioavailability of individual forms of the metal
in the soil under conditions as close as possible to equilibrium. For this purpose, a special
flow lysimetric installation of cyclic action was developed and tested in practice.
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2. Results and Discussion

2.1. Experiment I

The studied Albic Retisol (Loamic, Ochric) soil was found to be coarsely textured, poor
in available potassium, weakly acidic, contained a small amount of organic carbon, and had
a low cation exchange capacity. However, the content of biologically available phosphorus
was found to be high (the consequences of the abundant phosphating of agricultural land
during the Soviet era). As such, it was an infertile low buffer soil that was not located in
the best natural conditions.

More interesting is the behavior of zinc—one of the most important trace elements
for living organisms and the most common pollutant –when it enters soil in increased
quantities [33].

Before the experiment, a total content of zinc in the soil were determined in the samples
(Table 1).Because the soil did not contain carbonates, the results obtained for the exchange
of Ca2+ and Mg2+ (5.20 ± 0.06 and 0.40 ± 0.09 cmol(+) kg−1, respectively) with the use of
AAB-4.8 as an extractant did not significantly differ from the results obtained using neutral
salts as extractants: 1 M NH4Cl (5.70 ± 0.68 and 0.53 ± 0.05 cmol(+) kg−1) and AAB-7.0
(5.21 ± 0.08 and 0.47 ± 0.10 cmol(+) kg−1). Therefore, extraction with AAB-4.8 was used
to estimate the total pool of exchange (non-specific bound) forms of alkali, alkaline earth
elements and zinc. In addition, the exchange forms of HMs extracted by AAB-4.8 from
soils in the extracting solution were capable of forming weak complexes of HM(Ac)n that
prevented the hydrolysis and re-deposition of metals [32].

Table 1. Main characteristics of Albic Retisol (Loamic, Ochric) soil (mean ± standard deviation).

Parameter Value

Mass fraction of particles (mm) in soil, %
1–0.25 35.08

0.25–0.05 15.64
0.05–0.01 30.88

0.01–0.005 5.20
0.005–0.001 7.30

<0.002 8.75
<0.001 5.89

Exchangeable cation content, cmol (+) kg−1

Ca2+ 5.20 ± 0.06
Mg2+ 0.40 ± 0.09

K+ 0.15 ± 0.01
pHKCl 5.05 ± 0.01

pHwater 6.04 ± 0.01
Corg, % 1.0 ± 0.01

Total acidity (TA), cmol (+) kg−1 soil 1.89 ± 0.02
Total exchangeable bases (S), cmol (+) kg−1 5.3 ± 0.2
Labile P2O5, mg kg−1 (Kirsanov method) 126.9 ± 1.9

Mass fraction of total Zn in native soil, mg kg−1 37.1 ± 2.8

Extraction using the same reagent to obtain non-specifically related compounds of
various macro- and microelements was convenient in practical terms and created conditions
for the in-depth study of the relationship between links in the soil–soil solution–plant
migration chain. In addition, the validity of the determination of non-specifically bound
(exchange) forms of HMs in soils by extracting them with neutral salt solutions at pH 7.0 is
doubtful due to the tendency of multicharged transition element cations to hydrolyze with
repeated precipitation [32,34].

The mass fraction of “labile” forms of zinc in the studied soil linearly increased with
the amount of metal introduced (Figure 1). At the same time, the relative content of the
labile form of Zn with the amount of metal introduced into the soil non-linearly increased
in accordance with a power dependence. Thus, in the native soil, the proportion of “labile

47



Plants 2021, 10, 2496

(or accessible to plants)” Zn from the total metal content was equal to 33%. With increases
in the dose of Zn introduced into the soil, the proportion of its “labile” forms from the total
amount of metal in the soil increased to 75%.

 

Figure 1. The change in the content of the labile form of Zn in Albic Retisol (Loamic, Ochric) soil
(mean value ± standard deviation; n = 3). Data are from the vegetation experiment I.

The study of the features of Zn migration in the soil–barley system under the condi-
tions of a vegetative experiment with increasing amounts of introduced Zn is important
for the purposes of predicting the behavior of metals in agroecosystems, e.g., in the case
of technogenic contamination with metal in a water-soluble form. With the help of such
experiments, it was possible for us to obtain a general picture of the concentration depen-
dence of [Zn]plant = f[Zn]soil without investigating the essence of the involved migration
mechanisms. In our case, the obtained dependence of zinc accumulation in barley straw on
the total amount of metal in the soil presented the form of a straight line in a wide range of
metal concentrations in the soil from 38 to 538 mg kg−1, with a proportionality coefficient,
called the “Concentration Ratio (CR)”, equal to 3.8 (Figure 2a). This indicator depended on
both the properties of the soil and the individual characteristics of zinc uptake by plants.

  
(a) (b) 

Figure 2. Dependence of the mass concentration of Zn in barley straw on the total amount (a) and labile form (b) of the
metal in the soil (mean value ± standard deviation; n = 3).
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So why does the [Zn]plant = f[Zn]soil dependence present a straightforward character?
This was firstly due to the rectilinear nature of the dependence [Zn]soil,labile = f[Zn]soil,total,
(R2 = 0.98) (Figure 1) and secondly to the universal nature of the biological mechanisms
of Zn absorption involved in a wide range of non-toxic metal concentrations in the soil.
The relationship between the accumulation level Zn (and any other HMs) in the plant
and its content in the soil can be considered a response of the plant. If there is a directly
proportional relationship between the metal content in the soil and its accumulation in
the biomass of plants, then this type of response is called “indicative” [35]. Attention is
drawn to the fact that the concentration range of zinc is large, even in the low-fertility and
low-buffer soil under study.

Figure 2b shows the dependence of the concentration of Zn in barley straw on the con-
tent of metal in the labile form in the soil. This relationship was found to be directly propor-
tional, although slightly less pronounced than the previous case (CRZn,labile = 5.4, R2 = 0.96).
Studying the dependence of [Zn]plant = f[Zn]soil,labile allowed us to more objectively as-
sess the contribution of other soil characteristics (such as pH and cationic composition)
to the migration ability of HMs based only on the content of labile form of the metal in
different soils. This was due to the fact that part of labile form (α) of the total soil metal
content, as shown in the [Zn]soil,labile = α[Zn]soil,total expression, can differ for different soils
many times with the same amount of [Zn]soil,total and, accordingly, make an additional
contribution to the overall variance of the [Zn]plant dependent variable.

The [Zn]grain = f[Zn]soil,total and [Zn]grain = f[Zn]soil,labile dependencies presented, re-
spectively, in Figure 3a,b, were obviously non-linear. They were satisfactorily approximated
by a power function. The presence of such a dependence indicates the involvement of
different mechanisms during the translocation of Zn from vegetative mass into the econom-
ically valuable part of the crop—grain. In addition, at a 250 mg kg−1 dose of introduced
zinc (Zn250), grain formation did not occur, and at a dose of Zn500, even the development
of generative organs was not observed and the plants themselves did not survive to the
phase of the beginning of earing.

  

(a) (b) 

Figure 3. Dependence of the mass concentration of Zn in barley grain on the total amount (a) and labile form content (b) of
the metal in the soil (mean value ± standard deviation; n = 3).

The concentration dependence between the amount of the labile form of Zn in the
soil and the content of Zn in the phytomass of barley was most clearly demonstrated by
the data obtained for relatively young 21-day-old plants (Figure 4a,b). The dependences
were found to be directly proportional, and their angular coefficients (CRZn) were equal to
4.02 and 5.68, respectively; although these were close to the values shown in Figure 2 for
straw, they were still 5–10% more, which indicated a slight decrease in the concentration of
Zn in the straw compared to the dry biomass of the 21-day-old plants. Perhaps this was
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due to the effect of the “biological dilution” of Zn in the vegetative mass of barley in the
phenophases following the tillering phase (21 days) and with leaf litter at maturity.

  

(a) (b) 

Figure 4. Dependence of the mass concentration of Zn in the phytomass of 21-day-old barley plants on the total amount
(a) and labile form (b) of the metal in the soil (mean value ± standard deviation; n = 3).

Knowing the patterns of Zn behavior in the soil–plant system in a wide range of
concentrations provided us to an effective tool for predicting the accumulation of metal
in agricultural products under conditions of technogenic pollution. However, without a
detailed study of the liquid phase of the soil–soil solution, knowledge of the role of various
mechanisms in the accumulation of HMs by plants will be incomplete. Thus, due to the
almost ubiquitous increased content of Zn in soil due to technogenesis, the “zero” point
(without introducing Zn) in experiments with native agricultural soils will most likely be in
the area of sufficient concentrations with an indicative type of plant response. In this case,
it will not be possible to establish the patterns of Zn behavior in low concentrations zones,
where the accumulative type of plant response is formed. Nutrient solutions representing
an aqueous extract from the corresponding soils are ideal for clarifying migration patterns
in areas of low concentrations of Zn in long-term vegetation experiments.

2.2. Experiment II

Vegetation experiments with a water culture of barley were carried out for a fairly long
period of time—21 days. As a nutrient solution, a soil solution extracted from the studied
soil was used with a narrow soil:solution ratio = 1:2. Increasing amounts of Zn(NO3)2
were added to various soil solution batches. No additional nutritious elements were added
to the solution, except for a small amount of nitrogen in the form of Ca(NO3)2 (based on
0.2 mM N (NO3

−)) due to the need to adjust the nitrate content according to each variant
with a Zn concentration of 114 μmol L−1 (the metal concentration of 430 μmol L−1 turned
out to be highly phytotoxic). The obtained results regarding the accumulation of zinc in
plant roots and phytomass are presented in the form of a diagram in Figure 5a.

It is obvious that with a relatively low concentration of zinc in the soil solution
(<5.84 × 10−3 mM), an accumulative type of plant response to the metal content was
observed, characteristic of the lack of an element [35]. With a similar type of plant response,
the kinetic curve of metal accumulation by roots from a nutrient solution (obtained using the
water culture method) was satisfactorily described by a function resembling the power-law
y = a × x1/2 in appearance but representing a superposition of two functions: asymptotic,
described by the Michaelis–Menten enzymatic catalysis equation [36], and linear [6,37,38].
Moreover, the role of the latter was found to increase with increases in the concentration of
Zn in the solution. This indicated the dominance of at least two transmembrane transfer
systems in the region of very low and low concentrations of Zn in the substrate, differing in
the degree of affinity to metal and using both highly specific carrier proteins with respect
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to Zn, mainly ZIP family, and other less specific ones, the number of which is limited in the
cell [1,37,39]. Due to its participation in the process of the transmembrane transfer of metal
into the roots of highly specific carrier proteins, we found an increased accumulation of
Zn compared to the amount of metal that the plant would be able to assimilate as a result
of electrochemical diffusion processes. The linear component was primarily due to the
absorption of metal ions by plant apoplast and electrochemical diffusion [37,40].

  

Figure 5. The relationship between the concentration of Zn in the soil solution and its content in different parts of 21-day-old
barley plants (in terms of dry biomass) (a); values of CFZn,roots and CFZn,VPs, expressed for clarity in logarithmic form (b).
Straight lines denote constant values in the “indicative” region CFZn,roots = 2375 and CFZn,VPs = 640 dm3 kg−1.

Corresponding to the specified range of Zn concentrations in the soil solution, the
ranges of its concentrations in barley vegetative and root phytomass were found to be
1.7 ÷ 6.3 and 6 ÷ 25 mmol kg−1 of dry mass, respectively.

At higher concentrations of Zn in a soil solution, in the range from 5.84 × 10−3 to
1.14 × 10−1 mM, the processes of the non-specific transmembrane transport of Zn ions
entering the root surface begin to prevail as a result of a convective moisture flow and
electrochemical diffusion processes [1,7,40] and the absorption of metal ions by apoplast.
In our case, it can be argued that this range coincided with the range of non-toxic (normal,
or optimal [35,41]) concentrations of Zn in the soil solution. As already mentioned, this
type of plant response is called “indicative” (there is a directly proportional relationship
between the metal content in the substrate and its accumulation in the biomass of plants).
Corresponding to the specified range of Zn concentrations in the soil solution, the ranges
of its concentrations in the VPs and roots of barley were 6.3 ÷ 52.9 and 25 ÷ 160 mmol
kg−1 of dry mass, respectively, and the values of the corresponding constant coefficients of
proportionality, called “Concentration Factors (CF)”, were equal to CFZn,roots = 2375 and
CFZn,VPs = 640 L kg−1, respectively (CFZn = [Zn]plant/[Zn]soil solution) (Figure 5b).

Finally, in the area of high concentrations of Zn in the soil solution (1.14 × 10−1 mM
÷ 4.30 × 10−1 mM), the phytotoxicity of Zn for barley was manifested. In this case,
the physiological mechanisms regulating the uptake and translocation of Zn in plants
were seriously disrupted. The type of plant response could be characterized as barrier
restrictive [35]. At the same time, there was a strong oppression of barley plants and their
premature death.

Accordingly, it should be noted that the abovementioned indicative type of plant
response [35] in relation to zinc is the most common in real conditions with man-made soil
contamination via metal.

2.3. Assessment of Zn Mobility in the Soil–Plant System and Determination of the Inactivating
(Buffering) Ability of the Soil in Case of Contamination

As already mentioned, the migration ability of Zn in a soil–plant system is influenced
by biological factors related to the physiological characteristics of plants [8,39,41–45], as
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well as the edaphic factors that determine the inactivating ability or buffering of soils in
relation to Zn and other pollutants [34,35,40].

In the case of an indicative type of plant response, for example, for the aboveground
biomass of 21-day-old barley plants (Figure 4b), a simple ratio will be observed:

d[Zn]plant/d[Zn]exch = [Zn]plant/[Zn]exch = CRZn,exch = const (1)

and (Figure 5)

d[Zn]plant/d[Zn]soil solution = [Zn]plant/[Zn]soil solution = CFZn = const (2)

where [Zn]plant is the mass (or molar) fraction of HMs in the dry aboveground biomass
of the plant and CRZn,labile is the concentration ratio of HMs in the plant in terms of the
mass (or molar) content of its “labile (available to plants)” form in the soil. As follows from
Figure 4b, the value of CRZn,exch was equal to the tangent of the slope angle of the linear
section of the above dependence: 5.68.

Earlier [34,46], we proposed a methodological approach for assessing the inactivating
ability of soils with respect to HMs in conditions of technogenic pollution by using test
plants. It was based on the fact that plants are essentially a universal integrating link in
the soil–plant migration chains of different HMs. First of all, they uptake these metals for
a long time and from a sufficiently large soil volume; secondly, they demonstrate similar
patterns of behavior in conditions of HM pollution. The applied pollutant was zinc. Since
then, this approach has undergone some corrections and additions. Its current version is
presented below.

According to the definition given in [31] (p. 34), “the buffering of the system of
compounds of microelements of the soil horizon in relation to any chemical element is
understood as the ability to maintain the level of concentration of the element in the
soil solution of this horizon at a constant level when the element level changes from
the outside.”

As a measure of the potential buffering capacity (PBC) of soils in relation to a chemical
element (for example, potassium), F. Beckett [47] proposed the use of the quotient between
the change in the concentration of an exchange-sorbed element in the soil (Q, capacity
factor) and the activity of the cations of the element under study in a quasi-equilibrium
extracting (soil) solution aMe, normalized for the total activity of macronutrient cations
aCa+Mg (I, intensity factor) in a wide range of concentrations of the element in the soil, with
the exception of extremely low concentrations at which deviations from the law of ion
exchange are observed. In a formal form, a similar dependence for Zn2+ ions can be written
as the following equation:

PBCZn =
Q
I
=

Δ[Zn]exch
ΔAR

(3)

where Δ[Zn]exch is the amount of metal in the exchangeably sorbed state that the soil
absorbed from the equilibration solution or, conversely, gave into the equilibration solution
in comparison to the initial content of exchangeably sorbed Zn in the soil; ΔAR is the
ratio of the activities of the cations of the metal under study (aZn) and the cations of the
macroelements Ca2+ and Mg2+ (aCa+Mg) in a quasi–equilibrium soil solution at different
concentrations of Zn in this solution. In the graphical representation of the dependence
ΔAR − Δ[Zn]exch, the tangent of the slope angle of the linear part of the obtained depen-
dence characterizes PBCZn.

Equation (3) follows from the law of acting masses for exchanging cations in the
system cation exchange complex (CEC)—a quasi-equilibrium soil solution. Thus, the
equivalent exchange of divalent zinc cations on negatively charged surfaces of soil particles
for Ca2+ and Mg2+ cations (which in a sum of about 90% of the exchange positions in
CEC [48]) can be expressed using the following exchange reaction equation:

[Ca + Mg]exch + [Zn2+] ↔ [Zn]exch + [Ca2+ + Mg2+] (4)
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where [Ca + Mg]exch and [Zn]exch are the exchange cations in the composition of CEC, mmol kg−1

(determined using AAB-4.8 before the negative reaction to Ca2+ ions); [Ca2+ + Mg2+], and [Zn2+]
are the same cations in the composition of the soil solution, mM. The proposal to collec-
tively consider Ca2+ and Mg2+ ions in the soil–soil solution system as cations of the same
type, denoting them with the symbol of the predominant Ca cation, was formulated by
Beckett [49,50] with reference to the studies of other authors and their own previously
obtained results.

Accordingly, the ratio of exchanging cations in the CEC phase and the soil solution
can be expressed using Equation (5). The form of this equation shown below reflects
the fact that in the case of an equivalent exchange—for example, Zn/(Ca + Mg) − AR =
ARZn,(Ca+Mg) = [Zn2+]/[Ca2+ + Mg2+]:

[Zn]exch,i

[Ca + Mg]exch,i
= KS

Zn,(Ca+Mg)
[Zn2+]i[

Ca2+ + Mg2+
]

i

(5)

where i = 1 or 2 is the index characterizing the state of the system, aCa+Mg is the total activity
in a quasi-equilibrium soil solution of Ca2+ + Mg2+ions, and aZn is the activity of Zn2+ ions.
If we express the concentrations of exchange-bound Zn in the soil for states “1” and “2”
through Equation (5), then the change in the amount of the corresponding metal form in
the CEC can be described using the following equation:

[Zn]exch,1 − [Zn]exch,2 = KS
Zn,(Ca+Mg) ×

(
AR2 × [Ca + Mg]exch,2 − AR1 × [Ca + Mg]exch,1

)
(6)

Or, due to the low loading of the CEC with Zn2+ ions, it can be expressed as:
[Ca + Mg]exch,1 ≈ [Ca + Mg]exch,2 = [Ca + Mg]exch obtain:

Δ[Zn]exch = KS
Zn,(Ca+Mg) × [Ca + Mg]exch × ΔAR (7)

Or, introducing the designation PBCZn = KS
Zn,(Ca+Mg) × [Ca + Mg]exch , it can be

expressed as:
Δ[Zn]exch = PBCZn × ΔAR (8)

Considering Expressions (5), (7), and (8), the potential buffering capacity of the soil
for the linear part of the ion exchange sorption isotherm of Zn can be expressed as the
following expressions:

PBCZn = KS
Zn,(Ca+Mg) × [Ca + Mg]exch (9)

PBCZn =
[Zn]exch

ARZn,(Ca+Mg)
(10)

PBCZn =
[Zn]exch[

Zn2+
]
/
[
Ca2+ + Mga2+

] (11)

PBCZn = [Ca + Mg]exch × Kd, exch(Zn)
Kd, exch(Ca + Mg)

(12)

where Kd,exch(Zn) = [Zn]exch/[Zn]soil solution and Kd,exch(Ca + Mg) = [Ca + Mg]exch/[Ca2+ +
Mg2+]soil solution, which represent the distribution coefficients of Zn2+ and (Ca2+ + Mg2+),
respectively, between the exchange form in the soil (mmol kg−1) and quasi-equilibrium
soil solution (mM).

It follows that the above conclusions would be correct if the load of CEC with Zn2+

ions is higher than 1%. In this case, highly selective CEC sorption sites with respect to
zinc ions will be completely blocked, and low-selective sites will remain available for ion
exchange sorption, [51]. At the same time, the CEC loading of the studied cation should not
exceed 5–10% (according to F. Beckett [50]). If the above conditions are met, the following
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would be observed: KS
Zn,(Ca+Mg) = const, where KS

Zn,(Ca+Mg) is the selectivity coefficient
of ion exchange Zn2+/(Ca2+ + Mg2+) [52,53]. The specified range was determined using
the ion exchange equilibrium method and amounted to 0.5–19.6% of the total CEC of the
studied soil. The average value of KS

Zn,(Ca+Mg) was equal to 13.5 ± 6.6. It should also be
noted that the range of non-toxic concentrations of zinc in the soil fully fit into this range of
CEC loadings, which corresponded to the indicative uptake of Zn by barley.

Considering that in the range of non-toxic concentrations of Zn in the soil and, accord-
ingly, the soil solution, the values of CRZn,exch = [Zn]plant/[Zn]exch and
CFZn = [Zn]plant/[Zn]soil solution were found to be constant, so we substituted them in
the Kd,exch(Zn) parameter in Equation (12).

We also considered that for VPs (indicator part of barley plants):
- CR(Ca+Mg),exch = const (because of the constant concentration of Ca and Mg in the

soils, which have been applied with the increasing doses of Zn, i.e., [Ca + Mg]exch = const =
23.7 ± 4.4 mmol kg−1).

- CF(Ca+Mg) = const (because the concentrations of Ca2+ and Mg2+ in the soil solution
with an increasing concentration of Zn2+ was not changed, and the [Ca + Mg]plant/[Ca2+ +
Mg2+]soil solution ratio remained constant in the experiment with the water culture of barley.
It was found to be equal to 266 ± 91 dm3 kg−1.

Based on these arguments, we express the parameters Kd,exch(Zn) and Kd,exch(Ca + Mg)
through the parameters CRZn,exch, CR(Ca+Mg),exch, CFZn, and CF(Ca+Mg) in Equation (12).

We obtained the final form of the equation for calculating the potential buffer capacity
of soils with respect to technogenic Zn:

PBC(V)Zn = [Ca + Mg]exch × CFZn × CR(Ca+Mg),exch

CF(Ca+Mg) × CRZn,exch
(13)

With the help of this equation while knowing the parameters CFZn and CF(Ca+Mg) for
a specific agricultural crop (they can be obtained from experiments with water crops), it
is easy to calculate the values of the potential buffer capacity of any soil with respect to
zinc, for example, from agroecological examination materials in agricultural lands where
amounts of Ca, Mg, and Zn in soil (exchangeable form) and conjugate plant samples have
been determined.

Thus, considering the sum of green leaves and stems as indicator part of barley plants,
we obtained the following results of experiments I and II (Table 2).

Table 2. The determined values of the parameters used to calculate PBC(V)Zn (according to experi-
ments 1 and 2).

Parameter Value

Experiment I

[Ca + Mg]VPs, mmol kg−1 526 ± 9
[Ca + Mg]exch, mmol kg−1 23.7 ± 4.4

CR(Ca+Mg), exch 22.2
CRZn, exch 5.68

Experiment II

[Ca + Mg]VPs, mmol kg−1 613 ± 197
[Ca2+ + Mg2+]soil solution, mM 1.81 ± 0.26

CF(Ca+Mg), dm3 kg −1 339
CFZn dm3 kg−1 640

After substituting the values of the corresponding parameters into Equation (13), we
obtained the value of PBC(V)Zn for the studied Albic Retisol (Loamic, Ochric) soil:

PBC(V)Zn = [Ca + Mg]exch×(CFZn × CR(Ca+Mg), exch)/(CRZn,exch × CF(Ca+Mg)) = 23.7 × (640 × 22.2)/(5.68 × 339) = 175 mmol kg−1 (14)
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Thus, using CFMe(VPs), (Me = Ca + Mg, Zn) with values established in experiments
with aquatic crops of agricultural plants, it is possible to quantify the buffering capacity of
soils based on data on the content of a “labile (accessible to plants)” forms of Zn in these
soils and the metal concentrations in the vegetative mass of plants.

In parallel, the PBCZn of the studied Albic Retisol (Loamic, Ochric) soil was deter-
mined with the classical ion exchange equilibrium method under static conditions using
a modification of the Beckett method [47–50]. In this method, the concentration of the
macronutrient cation—Ca2+ in the balancing solution, with an increase in the amount of
the dissolved metal under study (Zn in our case)—remained unchanged and equal to 2 mM
(20 mM in the Beckett method), which is close to the concentration of the macronutrient
cation in the free (gravity) soil solution of the humus horizons of most soils. The value of
PBCZn was determined to be 150 mmol kg−1. This value was comparable to the PBC(V)Zn
value, obtained using test plants, despite the fundamental difference between the two
methods (the relative difference was 15%).

2.4. Experiment III

During the vegetation experiment with a flow lysimeter, it was found that the decrease
in the concentration of stable Zn and the volumetric activity density of 65Zn in the soil
solution before and after the vegetation vessels over time was satisfactorily described by a
power function with a negative indicator of the type [Zn]soil solution = a × tb, where a and b
are parameters and t is time in days (Figure 6a,b).

 

Figure 6. Experimental data for the soil solution in [Zn]stable in μg dm−3 (a); volumetric activity density (65Zn) in Bq dm−3

(b) (mean value ± standard deviation; n = 3).

The values of parameters a and b and the determination coefficient (R2) for Zn(65Zn)
in the soil solution at the output of the lysimeter (before the vegetation vessels) were: 263,
−0.81 (0.85) and 666, −0.71 (0.90), respectively. In the soil solution after leaving the vegetation
vessels and coarse filtration, they were: 262, −0.89 (0.90) and 609, −0.76 (0.90), respectively.

During the vegetative experiment, a significant decrease in the concentration of
[NO3

−] (mg dm−3) ions in the lysimetric solution was observed, while the average (at the
input and output from the vegetative vessels) pH value increased from 5 to 7 (Figure 7a,b).
The concentrations of [K+] and [NH4

+] ions in the solution also decreased during the
vegetation experiment, respectively, from 40 ± 6 to 11 ± 0.5 mg dm−3 and from 6.0 ± 0.9
to 0.6 ± 0.1 mg dm−3.

The values of the specific activity of 65Zn/Zn in studied objects are important indica-
tors for assessing the contribution of a particular form of zinc to the soil–soil solution–plant
migration chain.
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Figure 7. Concentration dynamics in soil solution (mean value ± standard deviation; n = 3): [NO3
−] (a) and pH (b). Data

on the 4th day were derived from single extractions.

Data on the dynamics of the specific activity of 65Zn/Zn in the soil solution, vege-
tative parts (VPs), and roots of the test plant (barley) in terms of stable Zn contained in
this solution (in Bq mg−1) are shown in Figure 8a–c. The average values for the vegeta-
tion period of the corresponding parameters Asp(65Zn/Zn)soil solution, Asp(65Zn/Zn)VPs,
Asp(65Zn/Zn)roots were, respectively, 3580 ± 390, 3210 ± 1250, and 3230 ± 780 Bq mg−1.
As a result of the alkalinization of the lysimetric solution, its extracting ability with
respect to the “freshly applied” 65Zn gradually decreased, although not as much as
with respect to the less labile native zinc. This led to pronounced trends in increasing
values of Asp(65Zn/Zn)soil solution, Asp(65Zn/Zn)VPs, and Asp(65Zn/Zn)roots during the
growing season.

  

Figure 8. Experimental data for the specific activity: Asp(65Zn/Zn)soil solution (a), Asp(65Zn/Zn)VPs (b), and
Asp(65Zn/Zn)roots (c), Bq×mg−1 (mean value ± standard deviation; n = 3).
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The data obtained on the dynamics of the content of Zn(65Zn) in the vegetative parts of
barley (data for roots are not given) showed that the content of zinc in the plants generally
increased during ontogenesis (Figure 9a,b).

  

Figure 9. Dynamics of Zn concentration in mg kg−1 (a); mass activity concentration of 65Zn (b) (mean values ± standard
deviation; n = 3).

The values of the Zn(65Zn) concentration factors grew with increasing plant age
(Figure 10) due to both the accumulative effect when zinc is absorbed by plants and de-
creases in its content in the soil solution during the experiment. Due to the high variability
of the data, it was not possible to identify a significant difference in the values of CFZn and
CFZn-65.

Figure 10. Dynamics of Zn(65Zn) concentration factors: CFZn, and CFZn-65, dm3 × kg−1 in the dry
vegetative mass of barley (mean values ± standard deviation; n = 3).

In order to study the contribution of different soil forms to Zn content of the liquid
phase of the soil in more detail, we used 65Zn as a radioactive tracer when applying a se-
quential fractionation scheme of selected soil samples in accordance with the modified BCR
method. The obtained results are presented in Figure 11a–c. A comparative analysis of the
data showed the following ratios of different forms of stable Zn and radionuclide 65Zn (data
shown in parentheses) in soil in percent: I. 34.2 ± 3.4 (10.7 ± 0.4); II. 31.9 ± 3.7 (17.3 ± 0.1);
III. 9.9 ± 2.6 (27.8 ± 2.3); and IV. 24.0 ± 7.7 (42.6 ± 3.9). According to Figure 11a,b, the
relative contents of labile and conditionally labile forms of 65Zn in the soil (Fractions I
and II) significantly exceeded the content of the corresponding forms of the stable (natural)
isotope Zn, respectively, by 3.2 and 1.8 times.
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(a) (b) 

  

(c) (d) 

Figure 11. The relative content (%) of the forms of stable (natural) Zn (a) and 65Zn (b) in Albic Retisol (Loamic, Ochric)
soil, as determined by the modified BCR method [21]; the enrichment factors (EF) of Zn forms by 65Zn in the soil (c); the
cumulative EF of Zn forms by 65Zn in the soil (d). Roman numerals I–IV indicate the forms of zinc in the soil, as given in
Table 2.

At the same time, the values of the relative content of conditionally fixed and fixed
forms of 65Zn in the soil (fractions III–IV) were significantly lower than that of Zn by 2.8
and 3.0 times, respectively.

The Enrichment Factor values of the corresponding forms of natural Zn with the radioac-
tive tracer 65Zn in relation to the main component of our model system—the lysimetric
soil solution at the time corresponding to the beginning of the growing experiment—
were: 1.54 ± 0.11, 0.82 ± 0.07, 0.19 ± 0.03, and 0.24 ± 0.03 (Figure 11c). The value of
Asp(65Zn/Zn)soil solution was equal to 3220 ± 110 Bq mg−1. The ordinate 1.0 secant value
was an EF (65Zn/Zn)soil solution.

The cumulative form of EF data obtained are represented as a curve (Figure 11d) on
which each subsequent EF value is an integral value, where the ratio of the total specific
activity of 65Zn of this and previous fractions (Bq kg−1) to the total mass fraction of the
corresponding fractions of stable Zn (mg kg−1 of a soil) is normalized to the specific activity
of 65Zn/Zn in soil solution: EFΣFr.#(65Zn/Zn) = Asp(65Zn/Zn)ΣFr.#/Asp(65Zn/Zn)soil solution.
The values of EF for the sum of the relevant forms of natural Zn with tracer 65Zn in
relation to the soil solution were 1.54 ± 0.11 (Fraction I), 1.08 ± 0.03 (Σ of Fractions I–II),
0.64 ± 0.02 (Σ of Fractions I–III), and 0.48 ± 0.03 (Σ of Fractions I–IV). The secant value of
the coordinate 1.00 was the EF (65Zn/Zn)soil solution.
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2.5. Mobility of Native (Natural) Zn and Technogenic Zn in the Soil Solution–Plant System
(According to Lysimetric Experience)

For stable Zn and radionuclide 65Zn, it was found that their concentration and vol-
umetric activity density in the soil solution decreased over time (Figure 6a,b), and at the
input of vegetative vessels, the corresponding concentrations were higher than at the
output from the vegetative vessels, which can be explained by the uptake of zinc by barley
roots. The decrease in the concentration of stable Zn and the volumetric activity density of
radionuclide 65Zn in soil solutions over time were associated with both the depletion of the
pool of water-soluble forms of metals in the soil as a result of continuous uptake by plant
roots (not compensated for by desorption of Zn (65Zn) from the cation exchange complex
(CEC) into the soil solution) and the alkalinization of the soil solution by root secretions.

The decrease in the concentration of nitrate, as well as ammonium and potassium
ions, in the soil solution (Figure 7a) can be described by exponential equations. It should
be noted that the high concentration of nitrates led to an increase in the alkalinity of the
quasi-equilibrium soil solution during the growing season (Figure 7b) due to the ability
of barley to alkalize nutrient solutions in the light, releasing HCO3

− or OH− ions in the
presence of a sufficient amount of nitrate ions and a low content of ammonium ions. This
fact has been reported by many researchers [7,40,54]. It is caused by compliance with the
principle of electroneutrality during the transmembrane transfer of anions and cations to
the root symplast.

It was found that the content of Zn (65Zn) in plants increased during ontogenesis
(Figure 9a,b). This fact indicates that zinc is continuously accumulated in plants during
the growth and development phases (before maturation) during ontogenesis, and this
should be considered when comparing data on the metal contents in the vegetative mass of
plants selected at different stages of development. We attribute a very significant increase
in the values of CFZn and CFZn-65 during ontogenesis to both the accumulative effect of
zinc plants uptake and a decrease in its content in the soil solution during the experiment
(Figure 10).

2.6. Assessment of the Mobility of Natural Zn in the Soil–Soil Solution–Plant System Using the
Radioisotope 65Zn as a Tracer

We assumed that the isotope 65Zn introduced into the soil as a radioactive label was
not evenly distributed between the various forms of natural (stable) Zn, but it turned out
to be primarily bound in the form of labile forms. In the future, its transformation into less
labile forms should theoretically take place. This process is very long, so much so that it
will not be possible to trace it for 65Zn (during this time, the radionuclide will repeatedly
decay). Nevertheless, it is possible to consider some theoretical aspects of the problem
related to the direction and speed of transformation of 65Zn forms in the soil.

It is known that in the case of the isotopic exchange of 65Zn/Zn, we are dealing with an
“ideal isotopic exchange” in which isotopic atoms that are identical in their physicochemical
properties participate. In our case:

Zn(soil form) + 65Zn2+(soil solution) ↔ 65Zn(soil form) + Zn2+ (soil solution) (15)

The processes of ideal isotope exchange are characterized by the absence of elemental
(chemical) changes, as well as the immutability of the number of interacting particles
and their concentrations. The reason for the spontaneous flow of ideal isotope exchange
processes is only an increase in the entropy of the system, since the change in its enthalpy in
this case will be zero (ΔH = 0). From a physical point of view, the increase in the entropy of
the system during isotope exchange corresponds to the transition of the system from a more
ordered state (different amounts of the isotope 65Zn are present in different forms) to a less
ordered one (the isotope is evenly distributed between the forms involved in the isotope
exchange process), which corresponds to the mixing of isotopes. When an equilibrium
state occurs with an ideal isotope exchange, ΔG0 = 0. Accordingly, the equilibrium constant
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(Kp) = 1 [29]. For the above equation of the ideal isotope exchange 65Zn/Zn, this ratio
looks like:

Kp = ([65Zn]soil × [Zn]soil solution)/([Zn]soil × [65Zn] soil solution) = 1 (16)

This leads to the identity of the isotopic composition of the exchanging forms:

([65Zn]/[Zn]) soil = ([65Zn]/[Zn]) soil solution (17)

In the case of a non-equilibrium state (as in our case), we present the following inequality:

([65Zn]/[Zn]) soil �= ([65Zn]/[Zn]) soil solution (18)

The value of ([65Zn]/[Zn])soil/([65Zn]/[Zn])soil solution is the same as EF(65Zn/Zn)soil.
The higher the value of EF (65Zn/Zn)soil, the further away the soil is from the state of
isotopic equilibrium between radioactive and naturally stable zinc isotopes present in the
solid phase in all forms (labile, conditionally labile, and fixed) on the one hand and the
water-soluble form on the other hand. Due to the insignificance of the values of [65Zn]soil
and [65Zn] soil solution, they are usually expressed by the values of mass and volumetric
activity density, respectively, of the radionuclide: Am(65Zn)soil, Av(65Zn)soil solution.

The solution is the most important effective phase of soil [52] at the boundary of
which with solid phases ion exchange processes occur (transformation function) and a
certain quasi-equilibrium state is established, as described, for example, by Equation (15).
However, due to its special properties, such as its high mobility (fluidity) and high rate
of diffusion transfer of dissolved substances, it acts as a connecting link due to which
ion-exchange reactions (for example, the zinc isotopes considered in this paper) indirectly
occur between various forms localized in different parts of the solid phase of the soil
(transport function). As a result, the total net process look such that the 65Zn present
in some forms in the solid phase will be predominantly desorbed into the soil solution,
passing into other forms.

If Asp(65Zn/Zn)Fr.# > Asp(65Zn/Zn)soil solution, i.e., the enrichment factor of any form
of Zn in the soil with radionuclide 65Zn relative to the soil solution is greater than 1, then
the process of isotopic exchange of radionuclide between the corresponding form and
the solution is shifted towards the latter. The place of 65Zn2+ ions in the soil is occupied
by ions of the natural stable isotopic carrier Zn2+ from soil solution. If Asp(65Zn/Zn)Fr.#
< Asp(65Zn/Zn)soil solution, the reverse process occurs. Thus, through the liquid phase,
as already noted, there is an exchange of Zn(65Zn) between competing binding sites in
the solid phase of soils, forming with zinc ions the corresponding chemical forms. The
concentration of [Zn] and the volumetric activity density of 65Zn in a quasi-equilibrium
soil (lysimetric) solution reflect the contribution of it different forms in the studied soil.

Values of the enrichment factor of the labile chemical Zn fraction (Fraction I) via the
radioactive tracer 65Zn (EF (65Zn/Zn)Fr.I = 1.54 > 1, while EF (65Zn/Zn)Fr.II = 0.82, EF
(65Zn/Zn)Fr.III = 0.19, and EF (65Zn/Zn)Fr.IV = 0.24 were less then 1 (Figure 11c). This
allowed us to assume that in the soil–soil solution system from chemical Fraction I, 65Zn2+

ions were predominantly desorbed into the soil solution, and for fractions II–IV, in contrast,
were sorbed from the solution, which gradually led to a decrease in Asp(65Zn/Zn) for the
first fraction and an increase for the second group of fractions.

Based on the obtained results and the assumption of the increasing ability of extrac-
tants used in the sequential extraction of zinc ions [20], it was possible to calculate the pool
of labile zinc in the unit of soil mass—the “E-value”: (EZn) = C(Zn)Fr.I = 3.95 ± 0.16 mg kg−1

(or 10.7 ± 0.4%). The corresponding specific activity value was 65Zn (Asp(65Zn/Zn)Fr.I)
equal to 4660 ± 830 Bq×mg−1.

Attention is drawn to the fact that the average value during the growing season
Asp(65Zn/Zn)soil solution = 3580 ± 390 Bq mg−1 < Asp(65Zn/Zn)Fr.I. This allowed us to
assume the existence of a slow process of isotopic exchange between mobile and other
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(“conditionally labile”, “conditionally fixed”, and “fixed”) forms of zinc by means of the liquid
phase of the studied soil–soil solution. It was possible to fix this moment thanks to a long
process of preliminary equilibration of 65Zn with the studied soil.

Later, during the vegetation experiment, as a result of the vital activity of plants, the
soil solution was depleted with zinc and alkalized, which led to an increase in the value
of Asp(65Zn/Zn)soil solution to values close to Asp(65Zn/Zn)Fr.I (Figure 9a), which actually
reflected the ratio of 65Zn/Zn in labile and “conditionally labile” forms in the soil and their
contribution to the composition of a quasi-equilibrium soil solution.

For balance calculations and the study of the transformation of the forms of Zn(65Zn)
in the soil, data on the total removal of both natural and radioactive zinc isotopes from
the soil–soil solution system by vegetative parts and barley roots are of particular interest
(recall that five plant selections were made in total). We found that the percentage of the
total amount of Zn(65Zn) contained in the soil was insignificant and amounted to only 0.34
(0.70)%. Consequently, the removal of metal by plants had no noticeable effects on the ratio
of the forms of zinc in the soil.

3. Materials and Methods

The behavior of Zn in a soil–plant system was studied in vegetation experiments
with soil culture with increasing zinc concentration in the soil (greenhouse conditions),
in vegetation experiments with water culture with increasing zinc concentration in a soil
nutrient solution (greenhouse conditions), and in a lysimetric experiment with an aqueous
culture with the sole application of radioactive 65Zn to the soil (laboratory conditions).

Barley (Hordeum vulgare L.) of the Zazersky-85 variety and soddy-podzolic sandy loam
cultivated soil—Albic Retisol (Loamic, Ochric) not containing free carbonates selected from
the arable horizon of agricultural land near Obninsk (Kaluga region, Russia) were selected
as our objects of research.

3.1. Experiment with the Soil Culture of Barley

During the research, most attention was paid to the root uptake and redistribution
of Zn between different parts of barley plants. To do this, 5 kg of air-dry Albic Retisol
(Loamic, Ochric) soil were placed into vessels. Nutrients were applied to the soil in the
form of aqueous solutions of KH2PO4 and K2SO4 salts at rates of 100 mg kg−1 P and K,
respectively, and Zn was applied in the form of nitrate solutions.

The amount of Zn applied to the soil was as follows: 0, 25, 50, 100, 175, 250 and
500 mg kg−1. The amount of nitrogen introduced with Zn(NO3)2 was adjusted according
to the variant with the sub-maximum dose of Zn using NH4NO3 (but no more than
1 g N/vessel). After applying salt solutions, the soils in the vessels were incubated for
30 days at a temperature of 20–23 ◦C. Twenty five barley seeds were sown in each vessel.
The plants on the green mass were harvested at 7, 14, 21, 30, 45 and 70 days after sowing.
The experiment was carried out in triplicate.

The experiment was carried out at a temperature of 20–29 ◦C, relative humidity of
55–75%, and soil mass moisture content of 60% of the full water capacity (FWC).

Exchangeable potassium, calcium, and magnesium were extracted from soils using
different reagents: 1 M NH4Cl (pH 6.5); 1 M CH3COONH4, pH 7.0 (AAB-7.0); and 1 M
CH3COONH4, pH 4.8 (AAB-4.8) [55], respectively, before a negative reaction to Ca2+

ions. The physical and chemical parameters of the studied soil were determined with
conventional methods [55,56]: pHKCl (pHwater) was determined with a potentiometric
method in a suspension of soil in 1 M solution of KCl (distilled water) with a ratio of
solid and liquid phases (S:L) = 1:2.5 (1:25 for peat soil), the granulometric composition of
soil was determined with the pipette method of N.A. Kachinsky [48,55], humus content
was determined by means of bichromatic oxidation by the Tyurin method, hydrolytic
acidity was determined by means of the Kappen method, the sum of exchange bases was
determined by means of the Kappen–Gilkovitz method, and the content of labile forms of
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P2O5 was determined by means of by the Kirsanov method in the modification of TSINAO
(0.2 M HCl, S:L = 1:5).

The combination of easily and difficult-to-exchange forms of Zn(65Zn) [18,34,57] was
extracted using 1 M CH3COONH4 at pH 4.8 with the modified method proposed by
N.G. Zyrin [32]—by successive, exhaustive extractions to a negative reaction to Ca2+. The
potential buffering capacity of soils with respect to Zn was determined by the Beckett
method [47,49,50] using 0.01 M CaCl2.

3.2. Experiment with Water Culture of Barley

Our experiments were carried out on constantly aerated and mixed nutrient solutions
extracted from the studied soil at a narrow soil:solution ratio = 1:2, in which, in addition
to the background concentration (0.07 μM), Zn was added in the form of nitrate at the
following concentrations: 0,0.63, 5.8, 29, 57, 114 and 430 μM. In the soil solutions, the
amount of applied Zn(NO3

−)2 of N(NO3
−) was adjusted according to the variant with

a 114 μM dose of HM using Ca(NO3)2 (“puriss”) at the rate of 0.2 mM N(NO3
−). The

contents of macroelement cations in nutrient solutions were (in mM): 1.60 ± 0.05 Ca2+

(considering the added in the form of Ca(NO3)2); 0.16 ± 0.02 Mg2+, and 0.38 ± 0.02 K+.
The pH value of the nutrient solutions was adjusted to 5.8, corresponding to the acidity of
a solution containing 114 μM Zn2+, using solutions of CitH3 and NaOH. The total content
of citric acid anion in nutrient solutions was 0.05 mM. The plants were grown for 21 days,
and we changed the solution to a fresh one daily.

3.3. Lysimetric Experiment with Water Culture of Barley

The vegetation experiment was carried out using a special stand, including a flow
lysimetric installation of an original design (Figures 12 and A1 in Appendix A). In addition
to the cyclic lysimetric installation, which provided the gravity runoff of soil moisture, the
stand included:

 

Figure 12. Structural and dynamic scheme of the stand used for studying the parameters of Zn(65Zn) migration in the
soil–soil solution–plant system (opened blue arrow is designated to soil solution before vegetation vessels (input), filled
blue arrow—after them (output)).
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- Flowing vegetative vessels with a soil solution in which sprouted plant seeds were
placed on special stands in containers with a mesh bottom (nylon fabric) filled with
coarse sand.

- A peristaltic pump.
- A system of tubes, taps, and adapter tees; a buffer tank.
- A lighting source for plants. From above, the flow lysimeter was non-hermetically

covered with a plexiglass lid with a sprinkler device.
The preliminary preparation of the soil included the introduction of 200 kBq kg−1 of

radionuclide 65Zn (T1/2 = 224 days) in the form of a working solution of 65Zn(II) without
an isotopic carrier such as stable Zn. The working solution was prepared from a sample
solution of 65Zn(II) in 0.1 M HCl (“CYCLOTRON Co., Ltd.”, Obninsk, Russia), which
contained 42.4 MBq 65Zn at the time of certification. The mass activity density of the soil
due to the presence of the radioisotope 65Zn (Am65Znsoil) at the beginning of the vegetation
experiment under consideration was 68,700 ± 2800 Bq kg−1.

The resulting soil suspension after the application of the radionuclide was thoroughly
mixed and incubated at room temperature for 1

2 year, moistened twice a month, and dried
in air (preventing complete drying). Then, the dried soil was ground and passed through
a sieve with a diameter of 2 mm. The soil prepared in this way, containing 65Zn, was
placed in layers in a lysimetric installation with alternating layers of soil and washed
quartz sand with a particle diameter of <1 mm as drainage (Figure 12). To prevent the
colmatation of soil pores under the gravitational current of moisture, soil/sand layers were
vertically oriented.

The total amount of deposited sand and soil was 5 kg each. The thickness of the layers
was 2.5 cm. After that, the soil–soil solution system has been balanced in the lysimeter for
5 months by pouring deionized water onto the soil surface in the lysimeter and periodically
returning the water flowing from the lysimeter back to the soil surface. Three weeks before
the start of the vegetation experiment, a growing installation was assembled and water
was added to the system up to a total volume of 5.5 dm3 along with the nutrient solutions
at the rates of 100 mg kg−1 N and K in the forms of NH4NO3 and K2SO4, respectively.
Additional phosphorus was not applied, since the content of its labile forms in the soil was
sufficient (Table 1). After assembly, the lysimetric installation and vegetative vessels were
wrapped with a light-tight film. Then, the peristaltic pump was started and the system was
left in operation for balancing for 3 weeks. Considering that the total volume of the liquid
phase in the system was about 5.5. dm3 and the rate of water supply by the peristaltic
pump through the sprinkler device was 4 cm3 per minute, the soil solution was subjected
to complete regeneration, passing through the lysimeter, during the day.

The plants were grown in glass vegetation vessels with a volume of 2 dm3 in triplicate.
The volume of the soil lysimetric solution in each vessel was approximately 1.25 dm3.
The mixing of solutions was carried out by continuously bubbling air supplied to each
vegetative vessel through thin silicone tubes using a low-power compressor. To compensate
for evaporating moisture, the total volume of deionized water added daily to the soil surface
in the lysimeter was 150–200 mL. In each vegetative vessel, a plastic separator was placed
on stands with 6 large holes into which cartridges filled with large washed quartz sand
(2–3 mm), closed from below with a nylon cloth, were inserted. Three barley seedlings
sprouted within 3 days were planted in each cartridge. When barley roots appeared outside
the cartridges, the latter were slightly raised above the water surface, ensuring that the
roots were in the water. At the same time, the movement of water in the vegetative vessels
caused by bubbling was sufficient to wet the substrate (sand) inside the cartridges. The
duration of the vegetation experiment was 35 days. In total, 5 plant selections were made
during the experiment each week (the 1st selection was double due to the small amount of
plant material).
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3.4. Determination of Zn(65Zn) Forms (Chemical Fractions) in the Soil

Using AAB-4.8, “labile (available to plants)” forms of zinc were extracted from the
soil using successive exhaustive extractions before a negative reaction to Ca2+ ions [32,35].

To determine the content of 65Zn(Zn) associated with different organo–mineral frac-
tions with the BCR method [21] (Table 3), the soil samples were preliminarily prepared.

Table 3. Sequental Extraction Procedure by BCR modified method [21].

#Form (Chemical Fraction of
Zn(65Zn)/Extraction with

Procedure

I. Exchangeable and carbonate bound/Acetic acid,
0.11 M

I. A sample of raw soil of known humidity (corresponding to 1 g of absolutely dry soil) without
signs of gluing was placed in a 50 mL centrifuge tube. Then, 40 cm3 of Solution A were added,
the tube was closed with a lid, and the material was extracted by shaking for 16 h at 22.5 ◦C (or
overnight) on a rotator. There was no delay between the addition of the extractant solution and
the start of shaking.
Then, the extract was separated from the solid precipitate by centrifugation at 3000 g for 20 min
and the subsequent decantation of the supernatant into a volumetric glass flask (V = 100 mL)
with a polished stopper. Next, 20 cm3 of deionized water were added to the sediment, which was
shaken for 15 min on a reciprocating shaker and centrifuged for 20 min at 3000 g, and the
washing waters were separated by decantation and combined with the extract in a measuring
flask. The solution in the flask was brought to the mark with deionized water, stirred, filtered
through a 0.45 microns membrane filter, and analyzed for the content of Zn(65Zn).

II. Associated with reducible Fe–Mn
oxides/Hydroxylammonium Chloride
(Hydroxylamine Hydrochloride), 0.5 M (pH
1.5, HNO3, 2 M fixed vol.)

II. We added 40 cm3 of freshly prepared Solution B to the remaining soil after stage (I) in a
centrifuge tube (see above). The contents were mixed, achieving the complete dispersion of the
residue by manual shaking. The centrifuge tube was closed with a lid, and the studied elements
were extracted from the soil by mechanical shaking for 16 h at 22.5 ◦C (night). There was no
delay between the addition of the extractant solution and the start of shaking. The procedure for
separating the extract, washing the sediment, and preparing the analyte sample was performed
in the same way as in step (I). It was necessary to carefully ensure that during the last operation
we did not accidentally lose part of the solid residue.

III. Associated with oxidizable organic matter and
sulfides/Solutions C and D. Solution C:
Hydrogen peroxide, 300 mg g−1, i.e., 8.8 M,
stabilized HNO3 to pH 2–3.
Solution D: Ammonium acetate, 1.0 M,
adjusted to pH 2.0 with HNO3.

III. We carefully added 10 cm3 of Solution C (in small aliquots to avoid losses due to a violent
reaction) to the remainder of the soil in a centrifuge tube after stage (II). Then, we covered the
tube with a lid (loosely) and kept it for 1 h at room temperature (shaking by hand periodically) to
oxidize the organic components of the soil with hydrogen peroxide. Then, the oxidation was
continued for another 1 h at 85 ± 2 ◦C in a water bath; during the first 1

2 hour, centrifuge tubes
with soil and extraction solution were periodically manually shaken.
The volume of the contents in the test tube with the lid removed was evaporated to
approximately V < 3 cm3. Then, aliquots of Solution C with a volume of 10 cm3 were repeatedly
added to the contents of the centrifuge tube. We covered the tube with a lid (leaky) and again
continued the oxidation of its contents for another 1 h at 85 ± 2 ◦C, periodically manually
shaking the centrifuge tubes for the first 1

2 hour. Then, we removed the lid and evaporated the
liquid in the test tube to about V ≈ 1 cm3, thus preventing the complete drying of the sample.
We added 50 mL of Solution D to the cooled wet residue in the test tube and shook it for 16 h at a
temperature of 22 ± 5 ◦C (or overnight). There was delay between the addition of the extractant
solution and the start of shaking. The procedure for separating the extract, washing the sediment,
and preparing the analysis sample was performed in the same way as in step (I).

Solution A. In a fume cupboard, we added 25 ± 0.2 cm3 of glacial acetic acid to about 0.5 dm3 of distilled water in a 1 dm3 graduated
polypropylene or polyethylene bottle and made up to 1 dm3 with distilled water. We took 250 cm3 of this solution (acetic acid, 0.43 M) and diluted it
to 1 dm3 with distilled water to obtain an acetic acid solution of 0.11 M.
Solution B. We dissolved 34.75 g of hydroxylammonium chloride in 400 cm3 of distilled water. We transferred the solution to a 1 L volumetric flask,
and added 25 cm3 of 2 M HNO3 (prepared by weighing from a suitable concentrated solution) by means of a volumetric pipette. We made up to 1
dm3 with distilled water. We prepared this solution on the same day the extraction was carried out.
Solution C. 8.8 M water solution H2O2 (comprised 300 mg g−1 of hydrogen peroxide), was stabilized with HNO3 to pH 2–3. It is recommended to
use hydrogen peroxide acid-stabilized by the manufacturer to pH 2–3.
Solution D. We dissolved 77.08 g of ammonium acetate in 800 mL of distilled water and adjust the pH to 2.0 ± 0.1 with concentrated HNO3 and
made up to 1 L with distilled water.

Various forms of 65Zn (Zn) were determined in the soil located in the lysimeter at
moisture content (W = FMC (field moisture capacity)) just before the vegetation experiment.
A mixed soil sample was obtained by combining micro-samples (m ≈ 5 g) extracted with
the use of a special bore made of a chemically inert material (a total of 10 injections). After
the careful homogenization of the combined sample, subsamples of raw soil material with
known humidity underwent successive chemical extraction in accordance with the BCR
fractionation scheme.
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In order to facilitate the further analysis and discussion of the obtained data, we
introduced the special classification of the forms of Zn(65Zn) in the soil: exchange and
carbonate bonds denoted as “labile”; bonds associated with recoverable Fe–Mn oxides
denoted as “conditionally labile”; bonds associated with oxidizable organic matter and
sulfides denoted as “conditionally fixed”; and residue denoted as “fixed”.

3.5. Elemental Analysis and γ-Spectrometry of Samples

During the vegetation experiments, the following dynamics were determined:
- Concentrations of zinc and the mass activity density of 65Zn in soil (including dif-

ferent forms) and plants: [Zn]soil and [Zn]plant (mg kg−1); Am(65Zn)soil and Am(65Zn)plant,
(Bq kg−1).

- Concentration of Zn and the volumetric activity density of 65Zn in the phase of the
soil solution: [Zn]soil solution (μg L−1) and Av(65Zn)soil solution (Bq L−1), respectively.

Values of mass and volumetric activity density of 65Zn were calculated on the date of
the beginning of the vegetation experiment.

Based on the above parameters, the values of the key parameter, conventionally called
the “specific activity of 65Zn/Zn”, were calculated in lysimetric waters, individual chemical
fractions (forms) of zinc in the soil, and parts of plants. These were determined as the ratio
of mass or volumetric activity density to the concentration of stable Zn contained in the
corresponding objects of study (Bq mg−1):

- In solution Asp(65Zn/Zn)solution = Av(65Zn)/[Zn]solution
- In the soil as a whole, and in individual chemical

fractions of the soil
Asp(65Zn/Zn)Fr.# = Am(65Zn)Fr.#/[Zn]Fr.#

- In vegetative parts (VPs) of plants Asp(65Zn/Zn)VP = Am(65Zn)VP/[Zn]VP
- In roots Asp(65Zn/Zn)roots = Am(65Zn)roots/[Zn]roots

Using the specific activity of 65Zn/Zn, the values of the parameter we called “Enrichment
Factors—EF(65Zn/Zn) (or simply EF)—were calculated. These factors comprised the enrich-
ment with the radioactive tracer 65Zn of natural (stable) Zn contained in soil (including
individual chemical fractions) and plants in relation to the main component of our model
system–soil solution, e.g., EFFr.#(65Zn/Zn) = Asp(65Zn/Zn) Fr.#/Asp(65Zn/Zn)soil solution.

The concentrations of Zn (65Zn) in the roots and vegetative parts (VP) of barley plants
were determined after the dry ashing of samples at 500 ◦C followed by the acid extraction
of metal HNO3; the total (gross) mass fraction of elements in the soil was determined
by the Obukhov–Plekhanova method [58] after ashing at 500 ◦C and the subsequent
decomposition of samples using heating with an HClconc.+HNO3conc.+HFconc. mixture
followed by successive treatments by HFconc (twice) and HNO3conc (triplicate).

Elemental analysis was carried out via the atomic absorption and optical emission
methods with inductively coupled plasma using 140AA (Agilent) and Liberty II (Varian)
spectrometers. The mass and volumetric activity densities of 65Zn were determined on a
gamma-spectrometric complex consisting of an ORTEC HPGe detector and analyzer (with
a relative recording efficiency of 40%) and LSRM SpectraLine GP software.

3.6. Statistical Analysis

The accuracy of the approximating equations used to describe the obtained depen-
dencies was estimated using the t-criterion and the coefficients of determination R2. The
statistical analysis of experimental data was carried out by standard methods using MS-
Excel based on the theoretical aspects set out in the works [59–61].

4. Conclusions

For the studied soils, various types of plant responses to changes in the concentration
of Zn were determined using barley as the test plant. Ranges of corresponding concentra-
tions in soils and various parts of test plants were established.

It was shown that the edaphic factors determining the buffering capacity of soils play
no less important roles in regulating the mobility of Zn in the soil–plant system than the
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biological factor (physiological characteristics of plants). For Zn, the concentration ratios
(CRs) and concentration factors (CFs) in various parts of plants were found to be constant
in the area of the indicative type of plant response to changes in the metal contents in soils
(for example, we found values of CRlabile = 5.68 and CF = 640 L kg−1 for the vegetative
mass of barley).

A method was proposed for determining the buffer capacity of soils with respect to
HMs (PBC(V)HM) using barley as the test plant (the tested part of the plant was leaves).
With this method, we determined the value of PBC(V)Zn in the field of non-toxic zinc
concentrations for the studied Albic Retisol (Loamic, Ochric)soil to be 175 mmol kg−1. In
parallel, the PBCZn of the studied soil was determined by the laboratory method of ion
exchange equilibrium under static conditions. The PBCZn value was 150 mmol kg−1. Thus,
the values of the buffer capacity of soils in relation to a heavy metal (Zn), determined by
two methods, turned out to be of the same order. The relative difference was 15%.

The considered methodological approach opened up opportunities for using data
obtained during the agroecological monitoring of contaminated agricultural lands (such
as the content of labile forms of HMs, the exchange forms of macroelements (Ca and Mg)
in soils, and the concentrations of HMs, Ca, and Mg in plants) to calculate the values of
PBC(V)HM of the studied soils. However, to do this, it is necessary to have a database
of the concentration factors of these HMs and macroelements (such as Ca and Mg) for
various crops that are intended to be used as test plants. It is desirable that the composition
of nutrient solutions be as close as possible to real soil solutions, at least at the level of
soil types.

With the help of an original lysimetric installation of cyclic action and the use of a
radioactive tracer 65Zn applied to the studied Albic Retisol (Loamic, Ochric)soil, various
aspects of the process of zinc migration and transformation of its forms in the soil–soil
solution–plant system were studied. This allowed us to obtain a number of important
parameters characterizing the lability and bioavailability of zinc in quasi-equilibrium
conditions. Thus, for the studied soil with a known content of natural (stable) Zn and
additionally introduced radionuclide 65Zn, the regularities of metal distribution between
different soil forms were established by using sequential fractionation method.

It was established that the enrichment of labile chemical Zn fraction by the radioactive
tracer 65Zn (EF (65Zn/Zn)Fr.I was 1.54 times higher than the same value for the soil solution
at the time corresponding to the beginning of the vegetation experiment. At the same time,
the ratio of the remaining (“conditionally labile”, “conditionally fixed”, and “fixed”) forms
of stable Zn in the soil with 65Zn was 0.19–0.82 times lower than that of the soil solution.
Based on the obtained value of EF (65Zn/Zn)Fr.I, we calculated the amount of the pool of
labile “E-value” (EZn) compounds of native zinc in the unit of the mass of the studied soil
as: EZn ∼= C(Zn), Fr.I = 3.95 ± 0.16 mg kg−1 (or 10.7 ± 0.4%). The corresponding specific
activity value of 65Zn (Asp(65Zn/Zn)Fr.I) equaled 4660 ± 830 Bq mg−1.

At the beginning of the vegetation experiment, we recorded a lower enrichment of
native zinc contained in the quasi-equilibrium soil solution with 65Zn (after balancing
it with the soil for 1 year) compared to the stable zinc contained in Fraction I. This indi-
cated the existence of a slow process of isotopic exchange between the mobile and other
(“conditionally labile”, “conditionally fixed”, and “fixed”) forms of zinc by means of the
liquid phase of the studied soil–soil solution. Later, during the vegetation experiment,
as a result of the vital activity of the plants, the soil solution was depleted with zinc and
alkalinized, which led to an increase in the values of Asp(65Zn/Zn)soil solution to those close
to Asp(65Zn/Zn) Fr.I.

The dynamics of the transition to the soil solution phase and the parameters of the
uptake of Zn(65Zn) by test plants were also evaluated. According to the results of the
experiment, the total removal of natural Zn and radionuclide 65Zn by plants (roots and
vegetative parts) was calculated as a percentage of the total amount of Zn(65Zn) in the soil:
0.34 (0.70)%. These data suggest that the removal of zinc from soil by plants is insignificant
and had no noticeable effects on the ratio of the forms of the metal in the soil.
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Appendix A

 

Figure A1. A stand for studying the parameters of 65Zn(Zn) migration in the soil–soil solution–plant system: 1—the
moment of equilibration of deionized water in the system with Albic Retisol (Loamic, Ochric) soil; 2—vegetative vessels
with plants.
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Abstract: Zinc (Zn) is an essential micronutrient for plants and animals, and Zn deficiency is a
widespread problem for agricultural production. Although many studies have been performed on
biofortification of staple crops with Zn, few studies have focused on forages. Here, the molecular
mechanisms of Zn transport in alfalfa (Medicago sativa L.) were investigated following foliar Zn
applications. Zinc uptake and redistribution between shoot and root were determined following
application of six Zn doses to leaves. Twelve putative genes encoding proteins involved in Zn
transport (MsZIP1-7, MsZIF1, MsMTP1, MsYSL1, MsHMA4, and MsNAS1) were identified and
changes in their expression following Zn application were quantified using newly designed RT-qPCR
assays. These assays are the first designed specifically for alfalfa and resulted in being more efficient
than the ones already available for Medicago truncatula (i.e., MtZIP1-7 and MtMTP1). Shoot and
root Zn concentration was increased following foliar Zn applications ≥ 0.1 mg plant−1. Increased
expression of MsZIP2, MsHMA4, and MsNAS1 in shoots, and of MsZIP2 and MsHMA4 in roots was
observed with the largest Zn dose (10 mg Zn plant−1). By contrast, MsZIP3 was downregulated in
shoots at Zn doses ≥ 0.1 mg plant−1. Three functional gene modules, involved in Zn uptake by cells,
vacuolar Zn sequestration, and Zn redistribution within the plant, were identified. These results will
inform genetic engineering strategies aimed at increasing the efficiency of crop Zn biofortification.

Keywords: ZIP transporters; nicotianamine; metal tolerance protein (MTP); yellow stripe-like protein
(YSL); zinc-induced facilitators (ZIF); heavy metal transporters (HMA)

1. Introduction

A large proportion of the world’s population suffers from Zn-related diseases (i.e.,
malabsorption syndrome, liver disease, chronic renal disease, sickle cell disease, and other
chronic diseases), since they rely on cereal-based diets with low Zn content due to poor
soil Zn availability [1–4]. Diversification of the human diet and biofortification of edible
crops are therefore needed to alleviate Zn deficiency in humans. Similarly to humans,
animals can suffer from Zn deficiencies that could be alleviated by biofortified feed or Zn
supplementation, thus improving livestock health and quality of food products, which
affect human health indirectly [5–8].

Zinc plays a major role as a co-factor of over 300 enzymes in plants and is an essential
micronutrient [9]. Zinc is involved in various physiological functions, such as CO2 fixation,

Plants 2021, 10, 476. https://doi.org/10.3390/plants10030476 https://www.mdpi.com/journal/plants

71



Plants 2021, 10, 476

protein synthesis, free radical capture, regulation of growth and development, and disease
resistance [9,10]. Many structural motifs in transcriptional regulatory proteins are stabilized
by Zn, such as Zn finger domains [11]. Zinc deficiency reduces crop production, as does
Zn excess [12]. Excessive Zn2+ can compete with other cations in binding to enzymes and
for transport across membranes, thereby impairing cellular activities [12]. Thus, the uptake
of Zn2+ by cells and its transport within the plant must be strictly regulated. Plant cells
have evolved several homeostatic mechanisms for avoiding Zn2+ toxicity when exposed
to large Zn availability in their environment. These include the reduction of Zn influx to
cells, the stimulation of Zn efflux from the cytosol, the sequestration of Zn in vacuoles,
and the chelation of Zn by Zn-binding ligands. In general, the concentration of Zn in
plant tissues must be kept between 15 and 300 μg Zn g−1 dry matter (DM) to maintain cell
structure and function [12,13]. Although tolerance to large tissue Zn concentrations varies
among species [12,14], Zn concentrations above 400–500 μg g−1 DM often cause toxicity
symptoms including impaired root and shoot growth, chlorosis and necrosis of leaves,
reduced photosynthesis, nutrient imbalance, and ultimately loss of yield [9,12,15,16].

The process of producing crops with greater mineral concentrations in edible tissues
is called biofortification and provides a solution to the problem of mineral deficiencies
in human and animal nutrition [17]. There are various approaches to Zn biofortification
of edible crops, including agronomic strategies and conventional or transgenic breeding
strategies. Agronomic biofortification aims to increase Zn concentrations in edible tissues
through the application of Zn fertilizers to the soil or to leaves. It is relatively inexpensive
and efficient [18]. Foliar application of Zn is generally more effective than the application
of Zn fertilizers to soil, since Zn uptake by plant roots is often limited by the low solubility
of Zn salts, its binding to organic substrates, and its immobilization in the microbial
biomass [19]. Both agronomic and genetic biofortification strategies have been studied
extensively in cereal staple crops, such as rice, wheat, and maize, but less in legumes,
such as beans, peas, or lentils [17,20,21]. An international program, the HarvestPlus Zinc
Fertilizer Project, is exploring the potential of Zn fertilizers to enhance the yields and
Zn concentrations in edible portions of staple crops in developing countries of Africa,
Asia, and South America (www.harvestzinc.org (accessed on 2 March 2021)) [22], but this
program does not include forage crops.

The natural direction of Zn flux in plants is from the soil via roots to the shoot
and seeds [23]. Various transport proteins and ligands that are responsible for Zn2+ up-
take by roots and its transport and sequestration within the plant have been character-
ized [12,24–26]. Among these, ZRT-IRT-like proteins (ZIPs) have been studied in several
plants, including Arabidopsis thaliana, soybean (Glycine max), barley (Hordeum vulgare),
barrel medic (Medicago truncatula), and rice (Oryza sativa) [27–31]. These proteins not only
transport Zn2+ across membranes, but can also transport other transition metal cations,
including Cd2+, Fe3+/Fe2+, Mn2+, Ni2+, Co2+, and Cu2+ [27,32,33]. Generally, the expres-
sion of ZIP genes is upregulated when plants become Zn-deficient [34–36], facilitating Zn
influx to cells and movement of Zn between organs, and also when plants become Fe-
or Mn-deficient [35,37–39]. Other proteins that transport Zn include the metal tolerance
proteins (MTPs), which function as cation/proton antiporters and are thought to transport
Zn into vacuoles [40], and the yellow stripe-like proteins (YSLs), which transport the
Zn–nicotianamine complex (NA–Zn) and load Zn into the xylem and phloem [41]. The
zinc-induced facilitators (ZIFs) and the heavy metal transporters (HMAs) are implicated
in Zn influx to vacuoles and to the xylem, respectively [24]. Zinc is chelated by organic
molecules, such as the carboxylic acid, citric acid, and nicotianamine (NA) in plants [42].
Nicotianamine is a non-proteinogenic amino acid with a high affinity for Fe, Cu, and Zn,
and is involved in their homeostasis [43]. Nicotianamine mediates the intercellular and
interorgan movement of Zn and was found to enable Zn hyperaccumulation in Arabidopsis
halleri and Noccaea caerulescens [43,44]. In general, the functions of these transporters have
been studied by expressing them in yeast, but to understand how the various Zn transport
proteins and chelates act together to maintain appropriate cytosolic and tissue Zn concen-
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trations, it is important to study the responses of an intact plant to fluctuations in Zn supply.
Moreover, since there is a knowledge gap on the regulation of Zn transport following Zn
foliar application, it is important also to elucidate plant transcriptional responses when Zn
is not applied to roots.

Thus, in this study the transcriptional responses of genes encoding Zn transport-
related processes facilitating Zn uptake by cells, vacuolar sequestration, and redistribution
within the plant were studied following foliar Zn application to the most productive and
widely cultivated forage legume, alfalfa (Medicago sativa L.). The study was designed to
provide information on the molecular responses to Zn biofortification of forage crops [7,45].
A model for the roles of putative genes encoding proteins involved in Zn transport- related
processes was built and used for the selection of genes (Figure 1).

 

Figure 1. Suggested model for roles of putative genes encoding proteins involved in Zn transport- related processes. The
sites of action in the plant (i.e., root cytoplasm, rc; root vacuole, rv; xylem and apoplast, X/A; phloem, P; leaf cytoplasm, lc;
leaf vacuole, lv) and the element (E) fluxes (K1–13) are reported. The concentration of the element is indicated in each site
[E]. The scheme synthetizes information across studies in various plants. Gene abbreviations: ZIP, Zrt-/Irt-like protein;
NAS, nicotianamine synthase; ZIF, zinc-induced facilitator; MTP, metal transporter protein; HMA, P1B-type heavy metal
ATPase; YSL, yellow stripe like protein; ZIP? indicates a generic ZIP; free diffusion: diffusion through leaf epidermis;
stomata: absorption through stomata. Plant abbreviations: Mt, Medicago truncatula; At, Arabidopsis thaliana; Os, Oryza sativa.
References: [29,30,41,46–54].

The following hypotheses were tested: (i) foliar application of Zn determines Zn
redistribution within the plant and is associated with changes in the expression of genes
involved in Zn transport-related processes; (ii) genes encoding Zn transport-related pro-
cesses are organized in functional modules that act in a concerted manner to redistribute
Zn within the plant to maintain non-toxic cytosolic and tissue Zn concentrations. Genes
encoding putative Zn transport-related processes were identified in alfalfa through phylo-
genetic comparisons and their likely roles are discussed. Changes in the expression of these
genes following foliar Zn application were determined and the possible effects of these on
the redistribution of Zn within cells and between tissues are also discussed. The knowledge
gained from this study could help to optimize Zn biofortification strategies when using
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foliar Zn fertilizers and to provide strategies for breeding forage crops to addresses Zn
deficiencies in livestock.

2. Results

2.1. Effects of Foliar Zn Application on Plant Zn Redistribution and Expression of Genes Involved
in Zn Transport-Related Processes

The first aim of this study was to provide information on Zn redistribution within
the plants and on the associated transcriptional responses of Zn transport-related genes
following foliar Zn biofortification to alfalfa.

2.1.1. Shoot and Root Zn Concentration and Content

To provide novel information on Zn redistribution within alfalfa plants following
foliar Zn application, we applied six Zn doses (0, 0.01, 0.1, 0.5, 1, 10 mg Zn plant−1) and
assessed Zn concentration and content in shoots and roots 5 days after application. The
application of Zn to leaves did not modify shoot or root fresh and dry biomass (Table S1),
and all M. sativa plants had a similar number of functional root nodules, irrespective of Zn
treatments (data not shown). However, Zn concentrations in both shoots and roots were
strongly affected by foliar Zn application (F(5,17) = 32.61, p < 0.001; F(5, 17) = 28.53, p < 0.001;
respectively) (Figure 2a). A foliar Zn application of 0.01 mg Zn plant−1 produced a shoot
Zn concentration similar to that of the control (no-Zn addition), but shoot Zn concentrations
were increased progressively by larger doses (0.1 < 0.5/1 < 10 mg Zn plant−1), from more
than 3-fold to 35-fold more than that of the control (Figure 2). Foliar applications of 0.01,
0.1, and 0.5 mg Zn plant−1 did not produce root Zn concentrations greater than that
of the control treatment, but foliar doses of 1 and 10 mg Zn plant−1 increased root Zn
concentrations to 3-fold and 11-fold more than the control treatment, respectively. Shoot
and root Zn contents were also strongly affected by foliar Zn application (F(5,17) = 53.73,
p < 0.001; F(5, 17) = 32.45, p < 0.001; respectively) and their responses to increasing foliar
Zn applications followed the corresponding Zn concentrations (Figure 2b). At all Zn dose
plants did not show any visual symptom of Zn deficiency or toxicity. Moreover, plants
grown for two months lacking Zn (i.e., 0 mg Zn plant−1) had shoot and root Zn content of
4.5 and 2.7 μg plant−1, respectively, probably relying on seed Zn content.

 

Figure 2. Zinc concentration (a) and content (b) in shoots and roots of alfalfa after the application of Zn to leaves. The Zn
doses were 0, 0.01, 0.1, 0.5, 1, or 10 mg Zn plant−1. Means ± standard error of three replicates are shown. Differences among
the applied Zn doses were tested separately for shoot and root by one-way analysis of variance. Different letters denote
significant differences in Zn concentrations in shoots and roots independently, according to Tukey-B honestly test (p < 0.05).

To summarize, the efficacy of Zn biofortification (i.e., shoot Zn concentrations in the
range 15–400 μg Zn g−1 d.w.) was proved for the doses of 0.1 to 1 mg plant−1, while
the lowest dose (0.01 mg plant−1) was ineffective, and the highest dose (10 mg plant−1)
produced toxic concentrations.
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2.1.2. Phylogenetic Analysis

To infer the putative roles of the selected M. sativa Zn transport-related genes, we per-
formed phylogenetic analyses. This was based on the assumption of a simple equivalence
between a minimum similarity threshold in the phylogenetic comparisons and the function
similarity between encoded proteins. Phylogenetic analysis of the coding sequences of the
ZIP genes revealed several distinct clades (Figure S1). One clade contained sequences for
MsZIP2 and MsZIP7, which were similar to each other. In addition, the sequence of MsZIP2
was closely related to those of MtZIP2 and GmZIP1-ZIP2, and the sequence of MsZIP7 was
closely related to those of MtZIP7 and AtZIP11. Another clade contained the sequences
of MsZIP1, MsZIP3, MsZIP5, and MsZIP6. The sequence of MsZIP1 clustered with that of
MtZIP1. Sequences of MsZIP3 and MsZIP5 were similar to each other and clustered with
the corresponding sequences for M. truncatula genes (Figure S1). Sequences for MsZIP1,
MsZIP3, and MsZIP5 were closely related to each other, whereas that of MsZIP6 formed a
separate cluster with the sequences of MtZIP6 and AtZIP12. The sequence of MsZIP4 was
distant from the sequences of other M. sativa ZIPs and formed a cluster with the sequences
of MtZIP4 and AtZIP4.

Phylogenetic analyses of the coding sequences of the other genes related to Zn trans-
port processes revealed that they were all similar to their M. truncatula counterparts. As
regards ZIF, the sequence of MsZIF1 clustered with the sequences of MtZIF1 and GmZIF1
(Figure S2a). As regards MTP, the sequence of MsMTP1 formed a cluster with MtMTP1
and GmMTP1 and was also related to AtMTP1 and AtMTPA1 (Figure S2b). Similarly, the
sequence of MsYSL1 was most similar to those of MtYSL1 and GmYSL1 (Figure S3a) and the
sequence of MsHMA4 was most similar to those of MtHMA4 and GmHMA4 (Figure S3b).
Finally, the sequence of MsNAS1 was closely related to those of MtNAS and GmNAS
(Figure S4).

To summarize, the genes selected for gene expression analysis were closely related
to the homologous of M. truncatula and of other plant species. Thus, on the basis of the
pattern of clustering and of the functions described in literature for the encoded proteins,
we were able to infer the putative roles of the genes.

2.1.3. Gene Expression Analysis

To provide novel information on the transcriptional responses of genes encoding Zn
transport-related processes following foliar Zn application, we analyzed the expression of
MsZIP1-7, MsMTP1, MsYSL1, MsHMA4, and MsNAS1 genes in shoots and roots, 5 days
after Zn application of 0, 0.1, 1, and 10 mg Zn plant−1. The Zn treatments were selected
on the basis of the significance of the results on Zn redistribution in shoots and roots. The
expression of MsZIP3 was significantly downregulated only in shoots at foliar doses of 0.1,
1, and 10 mg Zn plant−1 (F(3, 11) = 28.46, p < 0.01) (Figure 3). By contrast, the expression of
MsZIP2 was significantly upregulated in shoots and roots at the largest dose of 10 mg Zn
plant−1 (F(3, 11) = 5.59, p < 0.05; F(3, 11) = 9.26, p < 0.01). The expression of MsZIP1, MsZIP5,
and MsZIP6 in shoots was not significantly affected by foliar Zn application, although a
general trend towards downregulation with increasing foliar Zn doses was observed. The
expression of MsZIP4 and MsZIP7 in shoots was unaffected by foliar Zn application.

In roots, all ZIP genes except MsZIP2 were not significantly affected by foliar Zn
application, although a general trend of MsZIP1, MsZIP3, MsZIP5, and MsZIP7 towards
upregulation with increasing foliar Zn doses was observed. Of the other genes related
to Zn transport processes, the expression of MsHMA4 was significantly upregulated in
both shoots (F(3, 11) = 115.29, p < 0.01) and roots (F(3, 11) = 14.23, p < 0.01) following the
application of 1 and 10 mg Zn plant−1 (shoots: +63% and +424%, respectively; roots: +86%
and +66%, respectively; Figure 4).
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Figure 3. Relative expression of transmembrane Zn transporter genes after leaf Zn application to alfalfa. The Zn doses were
0, 0.1, 1, or 10 mg Zn plant−1. Means ± standard error of three replicates are shown. The expression levels were calculated
relative to reference genes (MsACT-101 for shoot and MsEF1-α for root) and to the control (0 mg Zn plant−1). The broken
line denotes the threshold between up- and downregulation relative to the control. Differences in the expressions of each
gene after different Zn doses were tested separately for shoot and root by one-way analysis of variance. Different letters
denote significant differences among Zn doses, according to Tukey-B test (p < 0.05).

Figure 4. Relative expression of genes related to Zn transport processes after leaf Zn application to alfalfa. The Zn doses
were 0, 0.1, 1, or 10 mg Zn plant−1. Means ± standard error of three replicates are shown. The expression levels were
calculated relative to reference genes (MsACT-101 for shoot and MsEF1-α for root) and to the control (0 mg Zn plant−1). The
broken line denotes the threshold between up- and downregulation relative to the control. Differences in the expression of
each gene at the different Zn doses were tested separately for shoot and root by one-way analysis of variance. Different
letters denote significant differences among Zn doses, according to Tukey-B test (p< 0.05).

In shoots, the expression of MsHMA4 was about threefold higher following a dose
of 10 mg Zn plant−1 than following a dose of 1 mg Zn plant−1, whereas the expression of
MsHMA4 in roots was similar when 1 or 10 mg Zn plant−1 was applied.

The expression of MsNAS1 was also significantly upregulated (F(3, 11) = 6.46, p < 0.05)
at the largest foliar Zn dose (10 mg plant−1), whereas its expression in roots was unaltered
following foliar Zn application (Figure 4). In shoots, MsYSL1 and MsZIF1 were not signifi-
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cantly affected by foliar Zn application, although there was a trend towards upregulation
of the expression with increasing Zn doses, while the expression of MsMTP1 remained
unaltered following the application of Zn (Figure 4). Finally, in roots, MsMTP1 and MsZIF1
were not significantly affected by foliar Zn application, although there was a trend towards
upregulation of the expression with increasing Zn doses, whereas the expression of MsYSL1
remained unchanged (Figure 4).

The permutation analysis of variance (PERMANOVA) showed that the expression of
ZIP genes was significantly affected by foliar Zn application dose and differed between
shoots and roots, which explained 29% and 23% of the total variance, respectively (Table 1).
The expression of other genes related to Zn transport processes that were studied (MsZIF1,
MsNAS1, MsHMA4, MsYSL1, and MsMTP1) were also affected by foliar Zn application
dose and the organ examined. Zinc application dose explained 17% of the total variance,
while plant organ explained 19%. PERMANOVA on all studied genes highlighted a signifi-
cant effect of Zn application dose, plant organ, and their interaction on gene expression,
explaining 68% of the total variance.

Table 1. Permutation analyses of variance (PERMANOVAs) on the effect of application of three doses of zinc (Zn) (0.1, 1,
and 10 mg Zn plant−1) and plant compartment (shoot and root) on the expression of seven MsZIP genes and separately
on the expression of other five genes (MsZIF1, MsNAS1, MsHMA4, MsYSL1, and MsMTP1). A PERMANOVA was also
performed on the response of all the genes. The analysis of homogeneity of multivariate dispersion (PERMDISP) was also
performed. The studied plant was alfalfa (Medicago sativa L.). The analysis also included no-Zn addition control.

Response Variables
Explanatory

Variables
Zn Application (Zn) Plant Compartment (Comp) Zn x Comp Residual

ZIP genes

Pseudo F 5.56 8.16 1.76
P(perm) 0.002 0.001 0.082

Explained variance (%) 29.1 22.9 9.7 38.3
PERMDISP P(perm) 0.412 0.852

Other genes

Pseudo F 3.06 5.59 1.76
P(perm) 0.007 0.015 0.1

Explained variance (%) 17.3 19.35 12.78
PERMDISP P(perm) 0.412 0.852

All genes

Pseudo F 4.27 10.49 3.41
P(perm) 0.001 0.001 0.003

Explained variance (%) 17.3 25.2 25.6 31.9
PERMDISP P(perm) 0.152 0.030

To summarize, among the 12 studied genes, only the expression of MsZIP2, MsZIP3,
MsHMA4, and MsNAS1 changed after foliar Zn application. MsZIP2 and MsHMA4 were
upregulated in shoots and roots, whereas MsZIP3 was downregulated and MsNAS1 upreg-
ulated only in shoots.

2.2. Functional Modules of Genes Encoding Zn Transport-Related Processes

The second aim of this study was to provide novel information on how Zn transport-
related genes are organized in functional modules in alfalfa. Using correlation analysis to
reveal functional modules of genes whose expression is co-regulated in plants, we observed
three functional modules for co-expression (Figure 5; r > 0.6). The first functional module
of genes consisted of MsZIP1, MsZIP5, and MsZIP6 in shoots and of MsZIP1, MsZIP3,
MsZIP4, MsZIP5, and MsZIP6 in roots. The second functional module of genes consisted
of MsMTP1 and MsZIF1 in both shoots and roots. The third functional module of genes
consisted of MsHMA4, MsYSL1, and MsNAS1 in both shoots and roots. Moreover, while the
expression pattern of ZIPs in shoots did not diverge from the one in roots, the expression
pattern of the other genes involved in Zn transport-related processes strongly diverged
(Figure 5).
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Figure 5. Heatmaps reporting correlations between expression of genes related to Zn transport after foliar Zn application.
Gene expression is calculated as the difference between 0.1, 1, or 10 mg Zn plant−1 and a control of 0 mg Zn plant−1. The
similarity in the degree of correlation in fold-change of gene expression to Zn application relative to the control was based
on the average linkage clustering of the Pearson correlations (r). In the clustering trees, the genes are indicated in brown for
roots and in green for shoots, while the ranks of correlations of the heatmap are indicated by color intensity (r 0 to 1: from
low to strong intensity of green). Seven genes encoding transmembrane Zn transporter (MsZIP1-7) (a); four genes encoding
cellular Zn transporters (including vacuolar transporters) (MsZIF1, MsHMA4, MsYSL1, and MsMTP1) and a gene encoding
a nicotianamine synthase (MsNAS1) (b).

The identification of these modules may allow for the definition of how the genes act
in a concerted manner to redistribute Zn within the plant, maintaining non-toxic cytosolic
and tissue Zn concentrations.

3. Discussion

In this work, for the first time, Zn biofortification was applied to the most productive
and widely cultivated forage legume, alfalfa. Specific qPCR assays were designed for this
crop and were successfully validated to study the gene expression response to foliar Zn
application. We firstly characterized the expression of Zn transport-related genes after
foliar Zn application to alfalfa and provide new molecular insights by identifying three
functional gene modules involved in Zn influx to cells, Zn sequestration in the vacuole,
and Zn redistribution within the plant.

3.1. Zn Redistribution within the Plant after Foliar Zn Application

The critical leaf concentration for Zn deficiency approximates 15–20μg Zn g−1 dry weight
and the critical leaf concentration for Zn toxicity approximates 400–500 μg Zn g−1 [12,13].
Before foliar Zn application, the alfalfa plants used in the experiments reported here
were probably Zn-deficient, since their shoot Zn concentrations were below the critical
leaf concentration for Zn deficiency (Figure 2). After the application of the lowest foliar
Zn dose (0.01 mg plant−1), plants probably remained Zn-deficient (7.6 μg Zn g−1 dry
weight), but all other foliar Zn doses increased Zn concentrations in shoots above the
critical concentration for Zn deficiency (Figure 2). Plants treated with 0.1 mg Zn plant−1

probably had an optimal Zn status for plant growth, whereas plants treated with 0.5 and
1 mg Zn plant−1 had shoot Zn concentrations close to the toxicity threshold. When a foliar
dose of 10 mg Zn plant−1 was applied, shoot Zn concentrations greatly exceeding the
threshold for Zn toxicity (Figure 2). Plants often exhibit characteristic visual symptoms
of Zn deficiency and Zn toxicity when these occur [12,13], but 5 days after foliar Zn
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application, no visual symptoms of Zn deficiency or toxicity, nor differences in plant
biomass, were observed among plants receiving contrasting foliar Zn doses (data not
shown). Foliar Zn doses larger than 0.1 mg Zn plant−1 resulted in incremental increases in
the Zn concentration and content of roots (Figure 2), despite Zn having limited mobility in
the phloem [20,55]. This observation suggests that roots can act as a sink for Zn applied to
leaves, thereby mitigating excessive Zn accumulation in shoot tissues.

In previous work, foliar application of Zn was shown to increase Zn concentration
in phloem-fed tissues, such as fruits, seed, and tubers [56–59]. The shoot to root Zn
concentration ratio shifted from values below one in conditions of Zn deficiency (0.4) to
values greater than one in Zn-replete or Zn-intoxicated plants (1.3–3.2) (Figure 2). When the
plants are Zn-deficient, the recirculation of Zn between organs via the xylem and phloem is
required to meet minimal growth demands and the application of foliar Zn to Zn-deficient
plants must be effectively redistributed within the plant [42,60], whereas when excessive
foliar Zn is applied, Zn must be chelated in the cytoplasm, sequestered in the vacuole, and
redistributed via the phloem or xylem to other organs to avoid toxicity [12].

3.2. Phylogenetic and Gene Expression Analysis

Despite several genes encoding Zn transporters having been identified in plants, and
the encoded proteins characterized, the mechanisms of Zn uptake and transport in alfalfa
are still largely unknown. However, the recently sequenced alfalfa genome has allowed for
the discovery of genes involved in Zn uptake and distribution within this species [61].

The influx and efflux of Zn across the plasma membrane of plant cells must be tightly
controlled to allow optimal cell functioning and hence to ensure normal plant growth and
development [42]. The expression of only two of the seven ZIP genes studied, MsZIP2 and
MsZIP3, showed statistically significant responses to foliar Zn application (Figure 3). The
expression of MsZIP2 was significantly upregulated in both shoots and roots in response to
the largest dose of foliar Zn applied (10 mg Zn plant−1). It is likely that this dose is toxic to
both shoot and root cells. The relative induction in the expression of MsZIP2 was greatest
in roots. The phylogenetic analysis of ZIP transporters revealed that MsZIP2 is closely
related to MtZIP2 and AtZIP2 (Figure S1). The AtZIP2 protein was previous found in the
same clade with HsZIP2 [62]. Thus, MsZIP2 is probably located in the plasma membrane
performing similar functions to MtZIP2, AtZIP2, and HsZIP2. The authors of [52] reported
that M. truncatula plants grown with adequate soil Zn availability expressed MtZIP2 in
roots and stems, but not in leaves. The expression of MtZIP2 in roots increased with
increasing Zn fertilizer applications to soil, with the greatest expression being found at
toxic Zn doses [52]. Similarly, the authors of [30] found that the expression of AtZIP2 was
≈10-fold higher in roots than shoots in Zn-replete Arabidopsis thaliana plants and that Zn
deficiency reduced the expression of AtZIP2 in both roots and shoots. The localization of
ZIP2 at the plasma membrane was observed in both M. truncatula [49] and A. thaliana [30].
The expression of AtZIP2 was localized to the stele of the root [30], supporting a role of
AtZIP2 in long distance transport of Zn between roots and shoots. It is possible that the
increased expression of MsZIP2 observed in our study when plants experience Zn toxicity
might be a detoxification strategy, either through storing excess Zn in xylem parenchyma
cells or recirculating Zn in the xylem.

The expression of MsZIP3 was significantly downregulated in shoots following the
foliar application of Zn (Figure 3). The ZIP3 transporter is thought to mediate Zn influx to
the cell from the apoplast [42]. Therefore, the downregulation of MsZIP3 in shoots of plants
receiving more Zn is consistent with the ability of plant cells to control their Zn uptake to
affect cytoplasmic Zn homeostasis. Reduced expression of MsZIP3 in plants with a greater
Zn supply is also in agreement with previous studies of M. truncatula and A. thaliana [27,29],
despite the higher phylogenetic similarity of MsZIP3 to MtZIP3 than to AtZIP3 (Figure
S1). However, although AtZIP3 could restore growth to a Zn uptake-defective yeast [30],
MtZIP3 was not found to be able to restore the growth of a Zn uptake-defective yeast in
Zn-limited media, although it did restore the growth of a Fe uptake-defective yeast in
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Fe-limited media [29]. Thus, the MsZIP3 transporter could have a higher affinity for Fe
than Zn. In O. sativa, the ZIP3 gene is expressed in the xylem parenchyma and transfer
cells and might be responsible for unloading transition metal cations from the xylem to
the parenchyma in plants receiving an excessive Zn supply [53]. The role of OsZIP3 in
unloading Zn from the vascular tissues suggests that the reduced expression of MsZIP3 in
shoots of M. sativa receiving an excessive foliar Zn dose might be a detoxification strategy
to reduce Zn uptake by shoot cells.

The observation that foliar Zn applications had no effect on the expression of ZIP
genes, except MsZIP2 and MsZIP3 (Figure 3), might be explained by the roles of ZIP
proteins in the transport of other transition metals. For example, evidence of Cu and Mn
transport by ZIP4 were provided through yeast complementation studies [29,63]. Moreover,
applying the same technique, a role of ZIP6 was highlighted in the transport of Fe by [29],
whereas the authors of [63] did not find any involvement of ZIP6 in the transport of Cu, Zn,
or Fe. Although the changes in the expression of MsZIP1, MsZIP5, and MsZIP6 following
foliar Zn application were not statistically significant, changes in their expression in shoots
were positively correlated with changes in the expression of MsZIP3, showing a general
trend for them to be downregulated following foliar Zn application and suggesting that
these four ZIPs might act as a functional module in the shoot (Figure 5). By contrast, the
expression of MsZIP1, MsZIP3, MSZIP4, and MsZIP5 were positively correlated in roots,
suggesting that these genes behave as a functional module in roots.

The expression of MsHMA4, which is implicated in Zn redistribution within the
plant [50–64], was increased in both shoots and roots of plants whose shoot Zn concentra-
tion suggested they were close to, or experiencing, Zn toxicity (Figure 4). The significant
upregulation of MsHMA4 following foliar application of ≥ 1 mg Zn plant−1 might be
related to the removal of excess Zn from both shoots and roots. This interpretation is con-
sistent with the role of HMA4 in A. thaliana and in the metal hyperaccumulators Arabidopsis
halleri and Noccea caerulescens [12,50,65–67], in which greater expression of HMA4 results
in greater Zn flux to the xylem and Zn translocation to transpiring leaves. However, the
phylogenetic similarity of MsHMA4 to MtHMA4 and, particularly, to AtHMA5 (Figure S3b)
suggests a role in Cu transport [68–70]. The implication of the latter observation is unclear.

Since Zn2+ concentrations are low in the alkaline phloem sap, the transport of most
Zn in the phloem is as Zn ligand complexes, such as zinc–nicotianamine (NA–Zn) [71].
Nicotianamine is the main Zn chelate in phloem transport and is also important for Zn
sequestration in vacuoles [43], and tolerance of excessive Zn uptake [46]. Nicotianamine
concentrations generally correlate with those of NAS transcripts, and for this reason NAS
expression can be used as a proxy for NA content [48,72]. Accordingly, in the work reported
here the increased expression of MsNAS1 in shoots following the application of ≥1 mg
Zn plant−1 (Figure 4) probably reflects the role of NA in Zn detoxification through its
sequestration within vacuoles and its redistribution from shoot to root after excessive foliar
Zn applications. This observation is consistent with the work of [71], who found that the
expression of NAS2 in wheat increased following foliar Zn application, despite the high
phylogenetic distance of the NAS genes in M. sativa and wheat (Figure S4). Moreover, other
authors reported that NAS expression is constitutively high in plants that hyperaccumulate
Zn [12,72–74].

Homologs of MsMTP1 and MsZIF1 were previously found to encode transporters
loading Zn and NA into the vacuoles of Thlaspi geosingense and A. thaliana cells, respec-
tively [48,75]. Unexpectedly, the expression of these genes was unaffected by foliar Zn
application (Figure 4). This observation suggests that the proteins encoded by these genes
might not contribute to Zn detoxification in M. sativa. Nevertheless, only MsZIF1 of all the
genes studied here showed a trend towards increased expression in roots with increasing
foliar Zn dose, which might indicate a role in detoxification of excess Zn in roots through
its sequestration with NA in the vacuole.

In A. thaliana, AtYSL1 has a role in the long-distance transport of the NA–Zn complex
and in loading Zn into seeds [41,76]. For this reason and according to the similarities in

80



Plants 2021, 10, 476

the phylogenetic tree between MsYSL1/MtYSL1 and AtYSL1 (Figure S3a), an increase in
the expression of MtYSL1 was expected to occur in parallel with the increased expression
of MsNAS1 in shoots. However, the expression of MsYSL1 did not show any significant
change in shoots or roots in response to foliar Zn application, although there was a trend
towards greater MsYSL1 expression in shoots with increasing foliar Zn doses (Figure 4).

3.3. Functional Modules of Genes Encoding Zn Transport-Related Processes

The responses of gene expression to foliar Zn applications suggest three functional
modules that effect cytoplasmic Zn homeostasis through Zn transport-related processes in
M. sativa: genes involved in Zn influx to cells (shoots: MsZIP1, MsZIP5, and MsZIP6; roots:
MsZIP1, MsZIP3, MSZIP4, MsZIP5, and MsZIP6), genes involved in Zn sequestration in the
vacuole (shoots and roots: MsMTP1 and MsZIF1), and genes involved in Zn redistribution
within the plant (shoots and roots: MsHMA4, MsYSL1, and MsNAS1) (Figure 5). In a
previous work that jointly analyzed the structures and phylogenetic trees of 21 ZIP genes
in Populus trichocarpa in response to metal stress, four classes of genes were identified [77].
Among them, class I and class II were identified as involved in the transportation and
absorption of metal ions (i.e., Zn, iron, copper, and manganese) during nutritional surpluses,
while class III and class IV were identified as induced for metal ion transport during stress.
Similarly to our results, in PtrZIP1, PtrZIP4, PtrZIP5, and PtrZIP6 belonged to the same
class (i.e., class I), but the pattern of gene expression under Zn deficiency and Zn application
differed. Accordingly, a joint sequence and expression analysis of ZIP transporter genes
revealed coexpression networks in iron acquisition strategies in land plants as well as in
green algae [78].

The high correlation found in the present work between the expression of MsMTP1 and
MsZIF1 in both shoots and roots (Figure 5) is also supported by previous works reporting a
synergistic action of these gene for the sequestration of Zn in the vacuole [48,75,79]. Finally,
the high correlation in the expression of MsHMA4, MsYSL1, and MsNAS1 found in shoots
and roots in response to foliar Zn applications (Figure 5) supports the expectation that
these genes are components of a functional module affecting the long-distance transport of
Zn in the plant, as it was previously highlighted in A. thaliana by [80].

However, more effort should be made in further studies to verify the localization
of those proteins within cell and tissue of M. sativa as well as of other known orthologs
involved in Zn transport. Moreover, additional time course studies should be performed
to account for time-dependent responses.

4. Materials and Methods

4.1. Plant Growth and Experimental Design

Surface-sterilized seeds of alfalfa (M. sativa L.) were germinated on moist sterilized
silica sand (1–4 mm size) in a climatic chamber at 24/21 ◦C day/night temperature, 16/18 h
light/dark cycle, and 200 μmol photons m−2 s−1. After 2 weeks of growth, 3 seedlings
were transplanted to 1500 mL volume pots and filled with sterilized silica sand (number of
pots 18), and Sinorhizobium meliloti was supplied as a filtrate to all plants to ensure that the
plants produced nodules in all treatments. A Hoagland nutrient solution lacking Zn [81]
was used to fertilize the plants, with 10 mL solution being applied every week. After
2 months of growth, when plants were in the vegetative growth stage, plants were treated
with 1 of 6 doses of Zn (0, 0.01, 0.1, 0.5, 1, and 10 mg Zn plant−1) (3 replicates per dose). Six
ZnSO4·7H2O solutions of 0, 0.05, 0.5, 2.5, 5, and 50 g Zn L−1 were prepared to supply these
doses. A drop of Tween 20 detergent was added to the 6 solutions to break the surface
tension of the leaves and enhance Zn uptake. Zinc was applied to the middle leaf laminae
of the 3 plants in each pot as twenty 10 μL droplets. The experiment was arranged in a
fully randomized design, with 3 replicates for each Zn dose. The shoots and roots of the
plants were harvested separately 5 days after Zn application. At harvest, 1 mM CaCl2
solution and water were used to remove any residual Zn from the leaf surface [82]. Shoot
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and root fresh weight was measured, whereas shoot and root dry weight was determined
on subsamples after oven drying at 70 ◦C to constant weight.

4.2. Measurement of Zn Concentration

Approximately 100 mg of shoot or root dry biomass was carefully weighed and
mineralized in a microwave medium pressure digestor (Milestone Start D, FKV Srl, Torre
Boldone, Italy) with 7 mL of 69% HNO3 and 2 mL of 30% H2O2 (ultrapure grade). Zinc
concentration in the resulting solutions was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) using an Optima 8000 spectrometer (Perkin Elmer,
Waltham, MA, USA), following the procedure of [83].

4.3. Gene Selection and Design and Validation of New RT-qPCR Assay

Seven genes encoding putative ZRT-IRT-like proteins (ZIP) were selected for investi-
gation (i.e., ZIP1-7) (Figure 1). The selection was based on information gathered by [29,52]
on the expression of genes encoding Zn transporters in the model legume M. truncatula
and on the structure of the neighbor-joining (NJ) tree built using available ZIP sequences of
several plant species. Five more genes, whose products are involved in Zn transport-related
processes [24], were also chosen for investigation on the basis of information gathered
by other authors and on sequence similarity with other plant species. The NAS1 gene
encoding nicotianamine synthase (NAS) was chosen because this enzyme synthesizes
nicotianamine (NA), which is involved in long-distance Zn transport [41] (Figure 1). The
HMA4 gene, which encodes a transmembrane P-type ATPase heavy metal transporter,
was chosen because this transporter loads Zn into the xylem in roots for its transport to
shoots [51] (Figure 1). The MTP1 gene, which encodes a transporter of the CDF family,
was selected because this transporter is implicated in the sequestration of excess Zn in
the vacuole [49,75] (Figure 1). The ZIF1 gene, which encodes the Zn-induced facilitator
1 transporter, was chosen because it transports NA into the vacuole to chelate vacuolar
Zn [48,84] (Figure 1). The YSL1 gene, which encodes a transporter of NA–Zn complexes,
was chosen because it is implicated in Zn loading and transport of Zn in the phloem [60]
(Figure 1). To standardize the expression of genes encoding Zn transport-related processes,
we selected 2 reference genes: actin (ACT-101) and elongation factor 1-α (EF1-α) [85].

Using the draft genome sequence of alfalfa in the Alfalfa Gene Index and Expression
Atlas Database (AEGD) [61] (http://plantgrn.noble.org/AGED/index.jsp (accessed on
2 March 2021)), we retrieved homologous gene sequences of M. sativa by Basic Local Align-
ment Search Tool (BLAST) similarity searches using the gene sequences of M. truncatula.
The chosen genes for M. sativa were named MsZIP1-7 for the seven ZIP genes and MsNAS1,
MsHMA4, MsZIF1, MsYSL1, and MsMTP1 for the other selected genes. The two reference
genes were named MsACT-101 and MsEF1-α. The gene sequences and their annotations
have been deposited in the National Center for Biotechnology Information (NCBI) under
the submission # 2338923.

Forward and reverse new PCR primers for the 12 Zn transport-related genes and
the 2 reference genes suitable for SYBR Green II RT-qPCR assays (Biorad, Hercules, CA,
USA) were designed (Table 2). The Primer-BLAST online tool in the National Center for
Biotechnology Information (NCBI; https://www.ncbi.nlm.nih.gov/tools/primer-blast/
(accessed on 2 March 2021)) was used to design primers. The newly designed RT-qPCR
assays are suitable for both M. sativa and M. truncatula. These assays are the first designed
specifically for alfalfa and resulted to be more efficient than the ones already available
for M. truncatula (i.e., MtZIP1-7 and MtMTP1; [29,52,86]). The length of the fragment, the
Sanger sequences of the PCR amplicons (Table 1), and the single melting temperature peaks
confirmed the specificity of the new RT-qPCR assays (Figure S5). Sanger sequencing was
performed on PCR amplicons of 3 complementary DNA (cDNA) samples (Material and
Methods S1). Examples of electropherograms of the sequences are reported in Figures
S6 and S7. The sequences of the obtained PCR amplicons have been deposited in the
NCBI under the submission # 2338930. Amplification efficiencies (E) in the range of
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96.1–111.0% were evidence of accurate quantification, while the coefficients of correlation
(R2 > 0.998) indicated a high precision of measurements across concentration ranges of at
least 3–4 orders of magnitude (Table 2 and Figure S8). The concentration ranges over which
the relationship between the relative fluorescence and the logarithm of the concentration
was linear, and the precision of quantification (standard curves) as reflected in the coefficient
of correlation (R2), was determined using 3 independent 10-fold serial dilutions of a cDNA
sample of M. sativa. The accuracy of quantification was determined by the efficiency (E) of
each qPCR amplification using the equation E = [10−1/S − 1] × 100, where S is the slope of
the standard curve. The evaluation of the reference genes based on the cycle threshold (Ct)
values made us choose the actin gene (MsACT-101) for quantifying relative gene expression
in the shoots and the elongation factor 1-α (MsEF1-α) gene for quantifying relative gene
expression in roots (Figure S9a,b). This choice was based on the observations that there was
no statistical difference in the expression of the reference genes in tissues following foliar
Zn applications and that MsACT-101 and MsEF1-α showed the smallest overall variation in
the shoot and root, respectively (Figure S9c,d).

4.4. RNA Extraction and Gene Expression Analysis

Total RNA was extracted from 50 mg subsamples of fresh shoot and root tissue using
the RNeasy Mini Kit (Qiagen, Hilden, Germany). The extractions were performed from
tissues of plants treated with the foliar Zn doses that produced a significant increase in
Zn concentration in shoots (0.1, 1, and 10 mg Zn plant−1) and the control plants to which
no foliar Zn had been applied (24 RNA extractions). Any DNA in the RNA extracts was
removed by a DNase treatment (Promega, Madison, WI, USA). The purity of the RNA ex-
tracts was verified by spectroscopic light absorbance measurements at 230, 260, and 280 nm
using the NanoDrop 2000 (Thermo Scientific, Worcester, MA, USA) [87]. The integrity and
approximate concentration of the extracted RNA was determined by electrophoresis of the
RNA extracts in a 1% agarose gel containing Sybr Safe (Invitrogen, Carlsbad, CA, USA).
One microgram of total RNA was reverse transcribed to complementary DNA (cDNA)
using the iScript cDNA Synthesis Kit (Biorad, Hercules, CA, USA) in a 20 μL reaction
volume. The RT-qPCRs for gene expression analysis were run as 3 technical replicates
with a final reaction volume of 20 μL, containing 10 μL of SYBR Green Supermix (Biorad,
Hercules, CA, USA), 5 μL of 100-fold diluted cDNA, and 0.4 μM final concentrations of
the gene-specific PCR primers on a CFX Connect Real-Time System thermal cycler (Biorad,
Hercules, California). The qPCR conditions were 95 ◦C for 3′, followed by 40 cycles of 95 ◦C
for 5’, and 60 ◦C for 30”. A dissociation curve of each reaction was performed (65◦ C to
95◦ C, 0.5◦ C increment every 5”) to check that PCR amplified only one product. The most
suitable reference gene for relative gene expression analysis was determined by comparing
the expression levels of the reference genes MsACT-101 and MsEF1-α across all cDNA
samples. Relative gene expression was calculated using the double standardization (ΔΔCq)
method that requires a reference gene and a control treatment [88].
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4.5. Bioinformatic and Statistical Analyses

A BLAST search was performed in the Alfalfa Gene Index and Expression Atlas
database using the ZIP1-7, ZIF1, MTP1, YSL1, HMA4, and NAS coding sequences from
M. truncatula. This allowed for the identification of gene sequences encoding potential
metal transporters and chelators in the whole M. sativa genome. The sequences obtained
were aligned with the corresponding sequences from M. truncatula, and the length of the
M. sativa genes was determined after removing the external unaligned nucleotides. The
M. sativa and M. truncatula ZIP gene sequences were also aligned with those of other plant
species (A. thaliana, G. max, H. vulgare, O. sativa, Triticum aestivum, and Zea mays) obtained
from a search of GenBank. Similarly, the M. sativa and M. truncatula gene sequences of ZIF1,
MTP1, YSL1, HMA4, and NAS were aligned with their corresponding sequences of other
plant species (A. thaliana, G. max, H. vulgare, O. sativa, T. aestivum, and Z. mays) obtained
from a search of GenBank. Sequence alignments were performed using the algorithm
ClustalW in MEGA X [89]. Phylogenetic comparisons were performed to infer the putative
roles of the selected M. sativa Zn transport-related gens. This was based on the assumption
of a simple equivalence between a minimum similarity threshold in the phylogenetic
comparisons and the function similarity between encoded proteins. For some proteins
belonging to the same family, this assumption can hold true, since they have been shown
to have very tightly correlating functions, such as those considered in this study. Thus,
functions are indicated with high probability by annotations based on similarities. The
phylogenetic trees were inferred by neighbor-joining (NJ) analysis [90] in MEGA X, and the
evolutionary distances were calculated using the p-distance method [91]. Branch support
bootstrap values were derived from 500 bootstrap replicates. The phylograms were drawn
by MEGA X and edited using Adobe Illustrator CC 2017.

The effect of the application of the foliar Zn on tissue Zn concentration and on the
expression of the selected genes was analyzed in shoots and roots separately by one-way
analysis of variance (ANOVA), followed by a Tukey-B test in the case of significance of
the response to foliar Zn application. When required, gene expression data were log-
transformed to meet the ANOVA assumptions. The data displayed graphically are the
means and associated standard errors of the untransformed raw data. All statistical
analyses were performed using the software package SPSS version 21.0 (SPSS Inc., Chicago,
IL, USA). Permutational analysis of variance (PERMANOVA) [92] was used to test the
effect of foliar Zn application and plant organ (shoot and root) on the expression of the
7 ZIP genes and of the other 5 genes encoding Zn transport-related processes separately.
In addition, the PERMANOVA was performed on the expression of all the genes together.
The response data matrices were standardized by sample and total, and then Euclidean
distances were calculated among samples. P-values were calculated using the Monte
Carlo test [93]. Since PERMANOVA is sensitive to differences in multivariate location
and dispersion, analysis of homogeneity of multivariate dispersion (PERMDISP [94])
was performed to check the homogeneity of dispersion among groups. The analyses
were performed using PRIMER 7 and PERMANOVA+ software [95]. Finally, heatmaps
were constructed to illustrate correlations in expression among ZIPs and among other
genes encoding Zn transport-related processes using the R package ggplot2 [96], using
the average linkage clustering of the Pearson correlations calculated from relative gene
expression following foliar Zn application.

5. Conclusions

This is the first study to characterize the expression of genes related to Zn transport
processes following foliar Zn application to a forage legume, providing new molecular
insights to the responses of Zn transport-related processes to foliar Zn applications. A
significant increase in the expression of MsZIP2 as foliar Zn doses increased suggests the
detoxification of excess Zn through the accumulation of Zn in xylem parenchyma cells. A
decrease in the expression of MsZIP3 as foliar Zn doses increased suggests a reduction in
the Zn influx capacity of shoot cells to reduce Zn uptake. An increase in the expression
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of MsHMA4 in roots and shoots as foliar Zn doses increased suggests an increase in the
transport of Zn in the xylem when plants are subject to Zn toxicity, while an increase in
the expression of MsNAS1 in the shoot suggests the chelation of excess Zn in the shoot,
enabling Zn sequestration in vacuoles or the redistribution of Zn to roots via the phloem.
The elucidation of three functional modules of genes involved in (a) Zn influx to cells,
(b) sequestration of Zn in the vacuole, and (c) redistribution of Zn within the plant are
fundamental to understanding the molecular mechanisms of cytoplasmic Zn homeostasis
and might inform the selection of appropriate genotypes enabling greater Zn accumulation
in edible portions or increased tolerance of Zn in the environment.
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Abstract: Zinc (Zn) is an important element determining the grain quality of staple food crops and
deficient in many Ethiopian soils. However, farming systems are highly variable in Ethiopia due to
different soil types and landscape cropping positions. Zinc availability and uptake by plants from soil
and fertilizer sources are governed by the retention and release potential of the soil, usually termed
as adsorption and desorption, respectively. The aim of this study was to characterize the amount of
plant available Zn at different landscape positions. During the 2018/19 cropping season, adsorption-
desorption studies were carried out on soil samples collected from on-farm trials conducted at Aba
Gerima, Debre Mewi and Markuma in the Amhara Region. In all locations and landscape positions,
adsorption and desorption increased with increasing Zn additions. The amount of adsorption and
desorption was highly associated with the soil pH, the soil organic carbon concentration and cation
exchange capacity, and these factors are linked to landscape positions. The Freundlich isotherm fitted
very well to Zn adsorption (r2 0.87–0.99) and desorption (r2 0.92–0.99), while the Langmuir isotherm
only fitted to Zn desorption (r2 0.70–0.93). Multiple regression models developed by determining the
most influential soil parameters for Zn availability could be used to inform Zn fertilizer management
strategies for different locations and landscape positions in this region, and thereby improve plant
Zn use efficiency.

Keywords: adsorption; desorption; landscape position; isotherm; plant available Zn

1. Introduction

Zinc (Zn) is a trace metal essential to all forms of life because of its fundamental role
in gene expression, cell development and replication [1]. In plants, it plays a key role
in various enzymatic reactions such as the synthesis of auxin, metabolic processes, and
oxidation reduction reactions. It also participates in chlorophyll formation and is essential
for many enzymes which are vital for nitrogen metabolism, energy transfer and protein
synthesis [2]. Zn has been classed as a catalytic, structural, and regulatory ion [3]. It also has
a critical effect on cellular homeostasis. Deficiencies of Zn in people are also widespread
due to a lack of dietary intake, which is of public health importance [4–6].

Zn deficiencies are common on many cultivated soils in Ethiopia. Soil types, texture,
pH, soil organic carbon (SOC), available phosphorus (P), total and available copper (Cu)
and iron (Fe), exchangeable cations and cation exchange capacity (CEC) are the main
contributors to the extent of Zn deficiency [7,8]. Zinc deficiency has been reported on
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several soil types in Ethiopia, for example, on Nitisols [9], Nitisols, Vertisols, Fluvisols
and Cambisols [10], Vertisols [11], and in a review on Vertisols, Cambisols, Fluvisols,
Nitisols, Andisols and Alfisols [12]. In addition, Zn deficiencies were also linked to
Cambisols, Luvisols and Regosols of the Tigray region [8], and to salt affected soils of
Eastern Ethiopia [13]. These deficiencies along with the potentially low Zn concentration
in the crops grown on these soils may cause serious impacts on human health [5,6].

Adsorption and desorption of nutrient ions are the primary processes that affect
transport of nutrients and contaminants in soils [14]. Adsorption refers to the quantity of a
nutrient that is retained on soil exchange surfaces while desorption is the release from these
surfaces; both occur in a system in the state of equilibrium. These are usually described
through isotherms, showing the amount of adsorbed/desorbed nutrient in the solid phase
(soil colloids) as a function of the concentration of that nutrient in the liquid phase (soil
solution), determined at equilibrium conditions and a constant temperature. Although
various isotherms have been developed, the two most commonly used isotherms are the
Langmuir and Freundlich isotherms. The relationships between adsorption-desorption
characteristics and soil properties have been extensively studied on metals such as Zn,
Cu and others. Amongst soil properties, pH, clay content, cation exchange capacity
(CEC), SOC and hydrous oxides exert the most significant influence on the adsorption-
desorption reactions of Zn in soils and, thus, regulate the amount of Zn dissolved in soil
solution [7,8,15–18].

Generally, the solubility of Zn in the soil decreases 100-fold for each unit increase
in soil pH [19]. This is due to the greater adsorptive capacity of the soil solid surfaces
resulting from increased pH-dependent negative charges, the formation of hydrolyzed
forms of Zn, chemisorption on calcite and co-precipitation as Fe oxides [7]. Similarly, [7]
reported that high pH and electrical conductivity (EC) are responsible for low availability
of Zn in soils. For example, Zn concentration of teff (Eragrostis tef, (Zucc.) Trotter]) and
wheat (Triticum asetivum, L.) leaves were significantly and positively correlated with soil
Zn and soil organic carbon, respectively while negatively correlated with pH and CEC of
soils in the Tigray Region [8].

Ethiopian farming systems and landscape positions are highly variable and hence
nutrient mobility in the soil and their effect on plant Zn uptake and grain quality are
also likely to vary. Although the application of Zn as a fertilizer proved to enhance the
productivity and quality of staple food crops to some extent in Ethiopia [8], this is not
always the case. Therefore, it is important to devise a mechanism for stratified nutrient
management options for these systems. Improving the grain Zn content of staple food
crops can only be achieved through a better understanding of Zn dynamics in these soils.
One way to do this is through adsorption-desorption studies.

The aim of this study was, therefore, to better understand the influence of different
landscape positions (upslope, midslope, and footslope) and the associated soil properties
on the amount of Zn adsorbed and desorbed in typical soils of Ethiopia. The fitness of the
most common adsorption-desorption isotherms for these soils was tested, to identify the
dominant soil characteristics driving these processes. Multiple regression models were
used, which can be used to inform the amount of adsorbed and desorbed Zn and which in
turn could be used to help devise stratified Zn fertilizer recommendations and improve
crop Zn use efficiency for these systems and landscape positions.

2. Materials and Methods

2.1. Site Description

The soils used in this study were collected from on-farm trials during the 2018/19
cropping season in the Amhara Region of Ethiopia. Experimental sites were at locations in
three districts of the Amhara Region (Bahir Dar Zuriya, Enarj Enawega and Bure Districts),
named Aba Gerima, Debre Mewi, and Markuma, respectively (Figure 1). The climate in the
region is subtropical with an average annual rainfall of 1022 mm at Aba Gerima, 1240 mm at
Debre Mewi and 1450 mm at Markuma and annual minimum and maximum temperatures
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of 12 and 30 ◦C respectively [20]. The experimental locations are characterized by hilly
landscapes on a plateau at about 1800 to 2200 m ASL. Experimental fields were chosen
based on landscape position which in this region has strong effects on soil characteristics
(Table 1). Landscape position determines erosion/accumulation of soil particles, causes a
notable shift of clay and organic matter concentrations, and of soil colour. The soils at Aba
Gerima are highly degraded on the upslope with a clear clay movement to the footslope
(Table 2). Few landscape position effects were observed at Markuma which has relatively
gentle slopes. The most dominant soil types for all locations were Nitisols but Vertisols
were observed in the footslope of Debre Mewi.

Figure 1. Location of the study sites in the Amhara region, Ethiopia.

The dominant crops grown were: Aba Gerima—tef, maize and finger millet; Debre
Mewi—tef, wheat and maize, and Markuma—maize and wheat. At Aba Gerima and
going down the slope, there was a shift of crops from the other cereals to finger millet
which was sown in high planting density on the footslope. Likewise at Debre Mewi, but
the crops are limited to tef and wheat on the footslope with predominantly maize on
the upslope, whereas the Markuma sites consistently grow maize and wheat across all
landscape positions.
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2.2. Soil Sample Collection, Preparation and Standard Analysis

Geo-referenced representative soil samples were collected from 60 on-farm experi-
ments in the 2018/19 cropping season. The soil samples were top-soils (0–20 cm depth),
combined from 5 sub-samples in each plot, and were collected just before the cropping sea-
son. The individual experimental fields were chosen based on landscape position (upslope,
midslope, and footslope) and crop grown, i.e., teff (Eragrostis tef, (Zucc.) Trotter]), maize
(Zea maize, L.), wheat (Triticum asetivum, L.) or finger millet (Eleusine coracana (L.) Gaertn.).
These soil samples were used for adsorption-desorption studies. Approximately 100 g of
each sample were air dried at ambient temperature (25 ◦C), ground with mortar and pestle
and passed through a 2-mm-sieve.

All samples were subjected to wet chemistry analysis following standard procedures.
The soil pH was measured in deionized water, a soil: water ratio of 1:2.5 (10 g of soils with
25 mL of water) and with a temperature compensated two combination pH electrode. Total
carbon and nitrogen concentrations were determined by dry combustion [21] using a Leco
TruMac CN Combustion Analyser (Leco Corporation, St Joseph, Michigan), and because the
pH of all soils was below 6.5, total carbon was assumed to be equivalent to SOC. Available
phosphorus (Olsen’s P) was extracted by the sodium bicarbonate method [22]. Phosphorus
in the bicarbonate solution was determined using the phospho-molybdenum blue method
on the Skalar SANPLUS System (continuous colorimetric flow analysis; Skalar Analytical
BV). Total elemental concentrations were measured after an aqua regia extraction [23],
followed by inductively coupled plasma optical emission spectrometry (ICP-OES; model,
Perkin Elmer Life and Analytical, Shelton, USA). Acid oxalate extractable Fe, Al, Mn and
P were determined following extraction with a mixed solution of ammonium oxalate
and oxalic acid at a soil: solution ratio of 1:100 [24]. Samples were shaken in the dark
(4 h, 20 ◦C) using a reciprocal shaker, filtered, then acidified and analyzed by ICP-OES.
The eCEC determination started with a one-step centrifuge extraction with a 0.0166 M
cobalt (III) hexamine chloride solution (Cohex) [Co[NH3]6]Cl3. All exchangeable cations
are in the extract while the decrease in Co concentration is a measure of the eCEC, and
concentrations were measured by ICP-OES analysis [25]. Soil texture was analyzed using a
Laser Scattering Particle Size Distribution Analyser (LA-960, Horbia Ltd., Kyoto, Japan).

2.3. Adsorption and Desorption Isotherms

For the adsorption experiments, 0.50 g of soil was equilibrated with 10 mL 0.01 M
CaCl2 solution containing varying concentrations of ZnSO4 × 7H2O (0, 2, 5, 10, 15 and
30 mg Zn L−1) and shaken end-over-end for 24 h at room temperature. CaCl2 was used as
the aqueous solvent phase to improve centrifugation and minimize cation exchange [14].
Controls were prepared with only Zn in 0.01 M CaCl2 solution (no soil added), for cali-
bration and checking the stability of the test substance in CaCl2 solution. A 24-h shaking
period was sufficient for complete equilibration of the Zn solutions and the soil in Zn
solutions ranging between 1 to 160 mg L−1 [26]. The soil and stock solution mixtures
were then centrifuged at 3600 rpm for half an hour and the clear supernatant solution was
decanted and analyzed for the Zn concentration. This value was set as the Zn equilibrium
concentration (Ce), and the difference between the initial stock solution (Co) and the equi-
librium solution concentration (Ce) is the adsorbed Zn. To derive desorption isotherms,
the original samples were re-suspended with 10 mL of fresh 0.01 M CaCl2 stock solution
and shaken for 24 h. Again, the mixture was centrifuged, and the supernatant solutions
was analyzed for the desorbed Zn concentration (Cde). The amount of Zn adsorbed at
equilibrium Qe (mg kg−1) was calculated from the following equation [27]:

Qe = (Co − Ce)
V
W

(1)

where Co and Ce (mg L−1) are the initial and equilibrium concentrations of Zn in the
solution, respectively; Qe (mg kg−1) is the amount of adsorbate per unit mass of soil. V is
the volume of the solution added (L), and W is the weight of the adsorbent (soil) used (kg).
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The percentage of Zn adsorbed or desorbed by the soil was determined from the difference
between the initial and equilibrium concentrations for adsorbed Zn and the ratio between
desorbed to initial Zn for desorbed Zn [27]:

% Adsorption =
(Co − Ce)

Co
∗ 100% (2)

% Desorption =
Cde

Co − Ce
∗ 100% (3)

where Co, Ce and Cde (mg L−1) are the initial, equilibrium and desorbed Zn concentrations
in the soil solution, respectively.

2.4. Zn Analysis in the Soil Solutions

Portable X-ray fluorescence (pXRF, Tracer 5i, Bruker) was used to measure the amount
of Zn in the adsorption and desorption extracts. For this, the pXRF was set to spectrometer
mode, selecting the precious metals calibration, configuring the settings to voltage 40 KV
and current 40 μA, and 90 s scanning time with Ti/AL filters. First, the equipment was
calibrated with the Ag-925 (sterling silver metal for calibrating the Tracer 5i) and the
average of fifteen readings was within the range set by the laboratory (8.010–8.323 for Cu
and 91.677–91.990 for Ag). Regression analysis between the concentrations of the standard
stock solutions (0, 2, 5, 10, 15 and 30 mg L−1) and the pXRF readings in pulses gave an r2

of 0.99.

2.5. Langmuir and Freundlich Isotherm Models

The adsorption and desorption data were fitted to the two most commonly used
isotherms in soils. The linear form of the Langmuir isotherm [28] is represented by the
following equation:

Langmuir adsorption
Ce
Qe

=
1

Kb
+

Ce
b

(4)

Langmuir desorption
Ce

Qde
=

1
Kb

+
Ce
b

(5)

where Ce (mg L−1) is the equilibrium concentration, Qe and Qde (mg kg−1) are the amount
of adsorbate adsorbed and desorbed per unit mass of adsorbent, and b and K are the
Langmuir constants related to adsorption capacity and rate of adsorption and desorption,
respectively. The essential characteristics of Langmuir can be expressed by a dimensionless
constant called separation factor or equilibrium parameters, RL, defined as:

RL =
1

1 + KCo
(6)

where K is the Langmuir constant and Co (mg L−1) is the initial Zn concentration. The
value of RL indicates the type of isotherm to be either unfavorable (>1), linear (RL = 1),
favorable (0 < RL < 1) or reversible (RL = 0).

The linear form of the Freundlich equation [29] is:
Freundlich adsorption

logQe = logKf +
1
n

logCe (7)

Freundlich desorption

logQde = logKf +
1
n

logCe (8)

where Qe and Qde (mg kg−1) are the amount of adsorbed and desorbed at equilibrium and
Ce (mg L−1) is the equilibrium concentration; Kf and n are Freundlich constants, where n
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gives an indication of how favorable the adsorption process is; Kf is the adsorption capacity
of the adsorbent.

2.6. Statistics and Modelling

Multiple linear regression models were developed for adsorption and desorption
trends by including those independent variables pH, SOC, eCEC and clay that are known
to significantly affect these processes; by including all soil parameters and eliminating
those which were not significant through backward elimination; forward selection, forcing
the model to have pH, eCEC and SOC in and backwards selection, but first removing
high Variance Inflation Factor (VIFs), respectively. The aim was to determine the most
explanatory factors affecting Zn adsorption/desorption, and to search for new important
factors. Models were fitted in the R statistical environment v. 3.6.2.

3. Results

3.1. General Soil Physico-Chemical Properties

Generally, the study sites were characterized by increasing pH and decreasing soil
organic carbon and total soil N towards lower landscape positions except in the field
planted with teff at Aba Gerima (Table 1). No consistent trend with landscape positions
could be detected for Olsen P or any of the total elements determined. These soils are
classified as strongly to slightly acidic at Aba Gerima teff planted fields and Debre Mewi,
strongly to moderately acidic at Aba Gerima maize planted fields while Markuma is
characterized by strongly acidic soils [30]. Soil organic carbon (SOC in %) contents of these
soils are classified by the same author as low (0.5–1.5%) except at Markuma, which has
medium (1.5–3.0%) SOC concentrations. Total nitrogen concentrations (%) are rated as
low to moderate for all except for moderate values at Markuma [30]. Available Olsen P
concentrations (mg kg−1) are generally classified as low [31] and total P (mg kg−1) ranges
from low to medium [32]. The total concentration of all the secondary macronutrients
(Mg and S) fall into medium classes whilst calcium was found to be low at Markuma,
medium at Aba Gerima and high at Debre Mewi [32]. With the exception of total Fe and
Mn concentrations, which are very high, all the other micronutrients determined (Cu, Mo
and Zn) fall in the medium class [32].

Table 2 shows the ammonium oxalate extracts, exchangeable cations, eCEC and
soil texture for each site and landscape positions. Generally, ammonium oxalate ex-
tractable elements were highly variable and no consistent trend with landscape position
could be detected for Al, Fe, Mn and P. Exchangeable cations decreased in the sequence
Ca > Mg > K > Na and can be characterized as high for Ca, very low to medium for K,
medium to high for Mg and very low for Na [32,33]. The eCEC varied and can be con-
sidered medium [32,33], but was generally low at Markuma. Exchangeable cations and
eCEC indicate a base saturation between 76% and 91% which corresponds well with the
soil pH values in Table 1. The soil texture at all sites ranges from clay-loam to clay, with
clay contents between 38% to 70%, and sand contents between 13% to 36%. Again, none
of these soil characteristics indicated any clear trend corresponding with the landscape
position except texture which usually showed increasingly finer texture (more clay) from
the top to the bottom (except for the Aba Gerima fields planted with maize).

3.2. Effect of Stock Solution on Equilibrium, Adsorbed and Desorbed Zn

Regardless of the rate of adsorption, the amount of Zn adsorbed (mg kg−1) on the
soil particles increased with increasing added Zn concentrations for all sites and landscape
positions (Figure 2). The variation in the ranges of Zn adsorption at the different sites could
be due to differences in soil characteristics such as pH, clay and soil organic carbon content
or CEC. The subsequent Zn desorption also followed similar trends at all sites; the desorbed
amount increased with increasing concentration of the previously used adsorption solution,
but relatively smaller amounts of Zn desorbed than adsorbed (Figure 2).
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Figure 2. Stock solution concentration on adsorbed and desorbed Zn along the landscape positions.

Generally, the percentage of adsorbed Zn increased with increasing initial Zn con-
centrations at all sites (Figure 3). However, the adsorption rate reached a maximum with
stock solutions of 5 mg Zn L−1 at for Aba Gerima fields planted with tef while it needed
10 mg Zn L−1 for this at Aba Gerima fields planted with maize and at Debre Mewi, except
for the footslope at all sites which did not reach a plateau. However in Markuma, the per-
centage and rate of Zn adsorption kept increasing with increasing initial Zn concentrations
in all landscape positions (Figure 3) because most of the soil parameters were similar across
the topo sequence (Tables 1 and 2).

Figure 3. Percentage of adsorbed and desorbed Zn along the landscape positions.

The separation factor RL ranges between 0 and 1 (Table 3) for all soils which indicates
that the situation is favorable for reversible adsorption and desorption processes; a RL > 1
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means that ad/des is not strong whereas values close to 0 indicate non-reversible processes.
The separation factors generally decrease with increasing initial Zn concentrations for
all locations and landscape positions. However, at the highest concentration of the stock
solution (30 mg L−1) the RL factor approaches 0.25 which might indicate a declining rate
of desorption for all landscape positions (Figure 3).

Table 3. Summary of the RL factor for adsorption and desorption.

Landscape
Position

Co
(mg L−1)

Aba Gerima_Tef Aba Gerima_Maize Debre Mewi_Maize, Tef, Wheat Markuma_Maize, Wheat

RL_Ad RL_De RL_Ad RL_De RL_Ad RL_De RL_Ad RL_De

Upslope

2 0.92 0.84 0.87 0.89 0.90 0.90 0.84 0.89
5 0.83 0.67 0.73 0.77 0.78 0.78 0.67 0.77

10 0.71 0.50 0.57 0.63 0.64 0.64 0.51 0.62
15 0.62 0.40 0.47 0.53 0.54 0.55 0.41 0.52
30 0.45 0.25 0.31 0.36 0.37 0.38 0.26 0.35

Midslope

2 0.93 0.91 0.90 0.90 0.91 0.89 0.82 0.89
5 0.84 0.80 0.79 0.79 0.80 0.77 0.65 0.77

10 0.72 0.67 0.65 0.65 0.66 0.62 0.48 0.62
15 0.63 0.58 0.55 0.56 0.57 0.52 0.38 0.52
30 0.46 0.41 0.38 0.39 0.40 0.35 0.24 0.35

Footslope

2 0.73 0.88 0.90 0.91 0.95 0.93 0.83 0.90
5 0.52 0.74 0.79 0.80 0.89 0.84 0.66 0.77

10 0.35 0.58 0.66 0.66 0.80 0.73 0.49 0.63
15 0.26 0.48 0.56 0.57 0.73 0.64 0.39 0.53
30 0.15 0.32 0.39 0.40 0.57 0.44 0.24 0.36

LSD 0.10 0.11 0.10 0.11 0.09 0.11 0.12 0.11

DF 72 72 67 67 67 67 72 72

RL-Ad and RL_De refers to separation factor for adsorption and desorption, respectively; LSD is the average Least Significant Differences
while DF is degree of freedom.

In contrast to adsorption, the percentage of desorbed Zn decreases with increasing
initial Zn regardless of the location and landscape position (Figure 3). Separation factors
followed similar trends to that of adsorption and decreased with increasing initial Zn
concentrations.

3.3. Comparing the Adsorption-Desorption Results with the Langmuir and Freundlich Isotherms

The Langmuir and Freundlich isotherm coefficients for adsorption and desorption, and
the respective functions are presented in Tables 4 and 5 and Figures 4–6, respectively. Both
Langmuir and Freundlich isotherms, assume linearity in their equations for their respective
variables. Accordingly, the Langmuir isotherm assumes linearity when equilibrium Zn
vs. the ratio between equilibrium to adsorbed Zn is plotted while the Freundlich isotherm
assumes the same for the log equilibrium vs. log adsorbed. The same assumptions are
valid for desorption.

Freundlich isotherms were found to fit well for the observed adsorption (Figure 4) and
desorption process (Figure 6) for all locations and landscape positions, and similar results
were found in [8]. In contrast, Langmuir isotherms described only the desorption processes
well (Table 4, Figure 5). These results were confirmed by good relationships (r2) between
log equilibrium vs. log of adsorbed, log equilibrium vs. log of desorbed and equilibrium
vs. ratio of equilibrium to desorbed, respectively (Table 5). Unlike the Freundlich isotherm,
which had regression coefficients ≥0.87 for adsorption and desorption across all sites and
landscape positions, the Langmuir isotherm achieved variable regressions of between
0.70–0.93 for desorption and between 0.12 and 0.53 for adsorption (Figure 5, Table 4).
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Table 4. Langmuir coefficients for adsorption and desorption isotherms.

Location_Crop * Landscape Position

Langmuir Isotherm Coefficients

Adsorption Desorption

b K r2 b K r2

Aba Gerima_T
Upslope −646 −0.04 0.16 152 0.09 0.75
Midslope −890 −0.02 0.17 365 0.07 0.72
Footslope −452 −0.03 0.41 753 0.02 0.55

Aba Gerima_M
Upslope 3020 −0.02 0.18 305 0.06 0.93
Midslope −420 −0.05 0.35 377 0.05 0.80
Footslope −671 −0.03 0.36 334 0.06 0.85

Debre Mewi_MTW
Upslope −27554 −0.01 0.12 329 0.06 0.86
Midslope −1061 −0.05 0.20 45 0.04 0.72
Footslope −654 −0.18 0.53 165 0.21 0.70

Markuma_MW
Upslope −877 −0.02 0.30 313 0.05 0.80
Midslope −324 −0.04 0.44 333 0.05 0.81
Footslope −211 −0.02 0.21 289 0.06 0.83

LSD 4716 0.02 90 0.02

DF 285 285 285 285

* Crops grown at the sites were tef (T), maize (M) and wheat (W).

Table 5. Freundlich coefficients for adsorption and desorption isotherms.

Location_Crop * Landscape Position

Freundlich Isotherm Coefficients

Adsorption Desorption

1/n Kf r2 1/n Kf r2

Aba Gerima_T
Upslope 1.24 1.39 0.90 0.78 0.99 0.96
Midslope 0.91 1.43 0.88 1.33 1.33 0.95
Footslope 0.79 0.63 0.91 1.21 1.21 0.99

Aba Gerima_M
Upslope 1.17 1.06 0.97 0.75 1.27 0.99
Midslope 0.76 1.24 0.96 1.21 1.29 0.98
Footslope 0.80 1.23 0.97 1.28 1.31 0.98

Debre Mewi_MTW
Upslope 0.93 1.23 0.99 1.34 1.29 0.99
Midslope 0.80 1.27 0.95 1.20 1.24 0.98
Footslope 0.64 1.68 0.94 1.40 1.36 0.92

Markuma_MW
Upslope 0.87 0.95 0.97 1.44 1.30 0.98
Midslope 0.75 0.86 0.96 1.38 1.28 0.98
Footslope 0.86 0.92 0.87 1.46 1.32 0.98

LSD 0.09 0.10 0.03 0.03

DF 285 285 285 285

* Crops grown at the sites were tef (T), maize (M) and wheat (W).
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Figure 4. Adsorption data fitted to the Freundlich isotherm.

Figure 5. Desorption data fitted to the Langmuir isotherm.
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Figure 6. Desorption data fitted to the Freundlich isotherm.

3.4. Empirical Models with Soil Parameters

Soil factors play different roles with different magnitudes in any dynamic soil nutrient
processes. Accordingly, not all soil factors are equally important and do affect the adsorp-
tion and desorption processes, and only some will have significant affects [8]. Therefore,
we decided to develop functional models with the most relevant soil factors, both from
the literature and the current experiments, in order to describe the observed adsorption
and desorption processes. Nevertheless, an attempt was made to develop different models
including other known factors affecting Zn adsorption/desorption as well as to search
for new important factors. However, all models including more factors than pH, SOC
and eCEC provided no substantial improvement and tended to overfit the functions for
adsorption and desorption. The selected models below conform to statistical assumptions
of normality and residual plots and were fitted in the R statistical environment v. 3.6.1. The
resulting multiple regression model for adsorption and desorption were:

Multiple regression model for adsorption

Adsorption = −0.92 + 0.26pH + 0.03SOC; adjusted r2 = 0.90 (9)

Adsorption = −0.57 + 0.17pH + 0.04SOC + 0.006eCEC; adjusted r2 = 0.92 (10)

Multiple regression model for desorption

Desorption = 0.89 − 0.11pH − 0.03SOC; adjusted r2 = 0.70 (11)

Desorption = 0.89 − 0.11pH − 0.03SOC − 0.00005eCEC; adjusted r2 = 0.69 (12)

In general, the models were better in predicting adsorption as compared with desorp-
tion, and the use of more model parameters improved the prediction for desorption (but
had the risk of overfitting). In these models, including eCEC improved the adjusted r2 for
adsorption very little and gave no improvement for desorption. This implies that in the
studied soil, pH and SOC drive the adsorption-desorption process and help to determine
the potentially available soil Zn for plant uptakes. These models help to understand and
potentially estimate the amount of Zn adsorbed in the soil and desorbed from the soil and,
therefore, the plant availability of Zn in these soils. They can also help to guide fertilizer
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recommendation schemes to improve crop Zn use efficiency as the soil pH and soil organic
carbon were found to be influential soil parameters.

4. Discussion

4.1. Amount of Adsorbed and Desorbed Zn with Landscape Positions

The amount of adsorbed Zn (mg kg−1) increased with increasing initial Zn concentra-
tions of the stock solutions, and the amount of Zn desorption increased with increasing
amounts of adsorbed Zn (Figure 2). This was as expected and due to the increasing mass
transfer driving force from high concentrations (high stock solution Zn concentration
or soil with high adsorbed Zn) to low concentrations (low Zn adsorption on the soil or
the zero Zn blank solution), resulting in adsorption and desorption processes moving
towards an equilibrium. Similar research findings have been reported on many different
soils of Tigray [8]. However, the strength of the reactions differed considerably for the
different soils.

In all landscape positions, an increase in the adsorption (Figure 2) of Zn was highly
associated with an increase of clay content, soil pH, and eCEC of these soils (Tables 1 and 2).
Along the landscape positions from upslope to footslope at Debre Mewi (pH, clay, eCEC)
and Aba Gerima fields planted with maize (eCEC), and from footslope to upslope for
Aba Gerima fields planted with teff (pH, eCEC), these soil parameters increased, leading
to greater adsorption. However, no clear differences were observed among the different
landscape positions at Markuma and this was probably because these soil parameters did
not differ substantially along the landscape positions. The effects of these soil parameters
in the adsorption of Zn has been well studied by several authors. Studies found out that
increasing soil pH, soil organic carbon and eCEC significantly increase the amount of
adsorbed Zn in soils [8,34–36].

Low soil pH in the upslope of Debre Mewi and Aba Gerima fields planted with maize
and the footslope of Aba Gerima fields planted with teff could be a stronger driving factor
for low adsorption rather than landscape positions. These low pH soils were associated
with corresponding low eCEC, hence adsorption is low and Zn is more freely available and
can be found in the soil solution [15,16]. In contrast, higher soil pH, usually accompanied
by higher eCEC increases adsorption [17]. Except at Debre Mewi, no consistent trends
were observed with these soil characteristics and clay content (Tables 1 and 2). However,
increasing clay content increased Zn adsorption, and consequently the activity of Zn in
the soil solution decreased with increasing clay content [15]. Furthermore, it seemed that
a decrease or increase in soil organic carbon did not influence the adsorption patterns on
these locations, possibly because the differences in soil organic carbon were too small and
crop management practices are relatively similar within the location. This study aligns with
several others that show the activity of Zn in the soil solution increases with decreasing soil
pH and decreases with increasing the content of organic carbon and clay particles through
adsorption [15–17].

Desorption is the opposite of adsorption; as adsorption increases, desorption decreases
and vice versa. Desorption continually decreased from upslope to footslope in Aba Gerima
fields planted with maize and Debre Mewi while in increased at Aba Gerima fields planted
with teff (Figure 2). However at Markuma, desorption was relatively uniform across the
landscape positions, most likely because most of the soil parameters such as soil pH, eCEC
and even the total Zn content of these soils were similar (Table 1). It has been found that
SOC, CEC, and soil pH are the most important factors controlling Zn desorption while
calcium carbonate equivalent and clay content were not [37]. In addition, these authors
found that soil pH had a negative relationship with Zn desorption. The multiple regression
models developed for desorption align with these findings (Equations (3) and (4)).

4.2. Langmuir and Freundlich Isotherms

Adsorption and desorption isotherms can be used to describe the equilibrium rela-
tionship between the amounts of adsorbed and dissolved species at a given temperature
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considering the intensity, quantity and capacity factors, which are important for predicting
the amount of soil nutrient required for maximum plant growth. In the Langmuir model
it is assumed that even at maximum adsorption capacity, there is only a monomolecular
layer on the surface. This means that there is no stacking of adsorbed molecules. The
Freundlich model does not have this restriction and stacked cation layers are possible.
Both models were applied in a number of studies investigating Zn availability in soils
and found that soils with divergent characteristics showed good fit to either Langmuir
or the Freundlich isotherms [38–40]. On calcareous Vertisols soils from Jordan [41] found
that both fitted to the soil studied but Freundlich resulted in better fits as compared with
Langmuir. Failure of Zn adsorption data to conform to the linear Langmuir equation has
been attributed to the existence of more than one type of Zn adsorbing sites, such as occur
on different types of clay. In Ethiopia, some of the soil data could not be described with the
Langmuir isotherm [8]. The findings by [17] also showed poor fits of soil characteristics to
Langmuir adsorption isotherms. The same author reported that the reason for the poor
fit was unclear although even though low realistic Zn additions were used for their study.
Similarly, the Zn additions in the current study were low representing the low soil Zn status
of agricultural soils in Ethiopia. And as described by [17], the Langmuir isotherm did
also not fit well to the soils we analyzed, possibly because this isotherm assumes a linear
relationship between adsorbed vs. adsorbed/equilibrium Zn variables (Table 4). However,
desorption conformed to the Langmuir isotherm (Table 4, Figure 4). In contrast to these
results, [42] observed Langmuir isotherm best fits to addition of high Zn concentrations.

The Freundlich isotherm fitted very well to the observed Zn adsorption (Table 5,
Figure 4) and desorption (Table 5, Figure 6) for the soils investigated. Similar findings have
been reported by [38,39]. Because the Freundlich isotherm is applicable to adsorption and
desorption processes that occur on heterogeneous surfaces [43], the good fit of this isotherm
indicates that the soil characteristics such as soil pH, eCEC and clay content do vary with
landscape positions and locations, significantly affecting the amount of adsorbed and
desorbed Zn in the studied soils. The higher r2 values for both adsorption and desorption
suggested that the Freundlich isotherm is the better model for soils in the studied regions
of Ethiopia.

4.3. Soil Factors Driving These Processes

Soil pH has been identified in many studies as one of the main factors affecting Zn
mobility and sorption in soils [8,15,16]. Zn becomes more soluble as soil pH decreases,
it is more mobile and increasingly available in low pH environments, especially below
pH 5.0 [44]. As the soil pH at Markuma is classified as strongly acidic (below 4.9 and
almost the same for all landscape positions, see Table 1), the rate of adsorption (Figure 3) is
very low compared with the moderate Aba Gerima fields planted with Maize, and the less
acidic soils at Aba Gerima fields planted with teff and Debre Mewi with soil pH values of
5.5, 6.0 and 6.2, respectively (Table 1, Figure 2).

Absorption and adsorption are two properties related to the surface area of clay
minerals. Therefore, the bioavailability of trace elements, including Zn, decreases generally
with the clay mineral content in soils [44,45]. Zn may even be irreversibly fixed by clay
through isomorphous substitutions or solid-state diffusion into the crystal structure of
layered silicates. However, although the soil texture at all the studied sites is classified
as clay, the actual clay percentage varied considerably. The amount of clay in Markuma
(39–44) was low compared with the other sites which is probably another reason for the low
adsorption of Zn at this location. In contrast, high adsorption at Debre Mewi (50–70% clay)
is related to the high amount of clay in the soils there, while Aba Gerima fields planted
with Maize (47–37% clay) and teff (38–50% clay) had moderate clay content, contributing
to the modest Zn adsorption and desorption (Table 2).

In addition, eCEC seems to affect the adsorption of Zn in the studied soils. Ref. [8]
found that in his studies of many soils from Tigray region, this was one of the main
soil factors affecting adsorption and fitting to the different isotherms. At Debre Mewi

105



Plants 2021, 10, 254

(17.0–37.3 cMole kg−1) and Aba Gerima fields planted with Maize (13.6–25.9 cMole kg−1),
the eCEC increased with landscape position which was associated with increasing ad-
sorption and decreasing desorption at these locations. In contrast, at Aba Gerima fields
planted with teff (29.8–12.4 cMole kg−1) decreasing eCEC values reduced the adsorption
and promoted the desorption process. The eCEC values for the Markuma site were similar
across landscape positions (12.7–12.5 cMole kg−1) and hence the adsorption and desorption
processes were similar. eCEC is of course affected by pH, clay content, clay mineralogy and
soil organic carbon content, and all these factors interact to produce the observed effects.

4.4. Implications for Zn in the Soil and Potential Availability for Crop Uptake

Generally, as soil pH changes across positions in the landscape, the solubility of
native soil Zn differs, and adsorption increases with increasing soil pH and vice versa.
For example, in the tef planted field at Aba Gerima, soil pH decreased from upslope
to footslope while at Debre Mewi it increased with landscape position from upslope to
footslope (Table 1). Therefore, in landscape positions with low soil pH, the native soil Zn
solubility increased and this, coupled with low adsorption (Equation (1)) and relatively
high desorption (Equation (2)), suggests that the application of Zn fertilizers can potentially
improve net available soil Zn levels and hence enhance plant Zn uptake.

Soil factors such as soil pH and organic carbon in the studied soils do vary along
landscape positions and play a vital role in determining the availability of Zn in the
soil by affecting the solubility of native soil Zn reserves and/or added Zn from applied
fertilizers through adsorption-desorption process. This will, in turn, determine the net
soil Zn potentially available for the plant uptake and improve efficiency. Hence, using
important soil factors helps to estimate the amount of Zn in the soil that could be available
for crop uptake and would be useful for refining fertilizer recommendation schemes or for
suggesting the introduction of Zn uptake efficient crops.

5. Conclusions

We conducted this study with the aim of better understanding the soil Zn charac-
teristics along the different landscape positions in order to improve crop uptake through
adsorption-desorption studies in Ethiopia. For this objective, we analyzed how well
adsorption-desorption data fitted to the most common isotherms and identified the influ-
ential soil factors affecting the potentially available soil Zn for uptake by plants.

In general, adsorption fitted to the Freundlich isotherm only while desorption fitted
both isotherms. Soil parameters such as pH and SOC were identified as the most factors
governing the adsorption and desorption processes and we determined the potential
available net soil Zn at different locations. From this study it can be concluded that the
most probable reasons for the widespread Zn deficiency in the study is the high rate of
Zn adsorption with little desorption. Hence, in areas where the soil has high adsorption
capacity, high application rates of Zn fertilizer are needed while soils with low adsorption
will need lower rates of Zn fertilizers, which would minimize expense and accumulation
of Zn. The models will help to quantify the amount of potentially available soil Zn for crop
uptake and can be used to devise stratified Zn fertilizer recommendations for these sites
and different landscape positions.

Further studies linking the net potentially available Zn in the soil with plant uptake
are needed to better understand uptake efficiencies of different crops and factors affecting
plant uptake of Zn from the soil. This will help to improve our understandings on Zn
uptake efficiencies on highly adsorptive soils and help in making a decision to select crops
which are efficient in the different landscape positions and locations.
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Abstract: Zinc (Zn) is an essential micronutrient involved in a large variety of physiological processes,
and its deficiency causes mainly growth and development disturbances, as well as oxidative stress,
which results in the overproduction and accumulation of reactive oxygen species (ROS). A possible
environmentally friendly solution is the application of silicon (Si), an element that has shown
beneficial effects under abiotic and biotic stresses on many crops. Si could be applied through the
roots or leaves. The aim of this work is to study the effect of Si applied to the root or shoot in
cucumber plants under different Zn statuses (sufficiency, deficiency, and re-fertilization). Cucumber
plants were grown in hydroponics, with 1.5 mM Si applied at the nutrient solution or sprayed on
the leaves. During the different Zn statuses, SPAD index, fresh weight, ROS, and Si, Zn, P, Cu and
B mineral concentration were determined. The results suggested that Si application had no effect
during sufficiency and deficiency periods, however, during re-fertilization foliar application of Si,
it showed faster improvement in SPAD index, better increment of fresh weight, and a decrease in
ROS quantity, probably due to a memory effect promoted by Si previous application during the
growing period. In summary, Si application to cucumber plants could be used to prepare plants to
cope with a future stress situation, such as Zn deficiency, due to its prompt recovery after overcoming
the stress period.

Keywords: silicon; Zn-deficiency; Zn-sufficiency; Zn re-fertilization

1. Introduction

Monosilicic acid (H4SiO4) is the plant-assimilable form of silicon (Si), which can be
found in soils with a concentration ranging between 0.1 and 1.4 mM [1]. Although all
soil-grown plants contain some Si in their tissues [2], plants have different capacities to
accumulate it, with values varying between 0.1% and 10% Si (dry weight) [3]. This element
has been classified as a beneficial but non-essential nutrient for higher plants [1,2,4,5], as
some species are almost unaffected by silicon fertilisation compared to others [6], and with
different expression and functionality of Si transporters [7]. However, the beneficial effect
of Si on the plant growth promotion under biotic and abiotic conditions has been exten-
sively studied [2,8–12] in both root [13–15] and shoot [16–18] application. As discussed
above, many studies have been conducted on the beneficial effects of Si in plants, but the
mechanism of action of this element is still under discussion. Coskun et al. [6] proposed
that the effect of Si is due to Si deposits formed in the apoplast, triggering the activation of
the plant’s stress responses. Hernández-Apaolaza et al. [17] also noted that the application
of Si appears to be related to the induction of the corresponding stress responses, at least
under micronutrient deficiencies, and included the hypothesis of the activation of some
kind of memory effect that was activated by the Si addition, which was evident under

Plants 2021, 10, 2602. https://doi.org/10.3390/plants10122602 https://www.mdpi.com/journal/plants

109



Plants 2021, 10, 2602

resupply experiments. In any case, further studies are needed to clarify and prove these
emerging theories.

Zinc (Zn) is one of the essential microelements for plants, which has a functional and
structural role in enzymatic reaction, being part of numerous enzymes, such as: carbonic
anhydrase, responsible for CO2 fixation in photosynthesis; alcohol dehydrogenase, that
converts acetaldehyde to ethanol in anaerobic respiration in roots; or superoxide dismutase
(SOD), which protects the plant against oxidation by superoxide radicals [19]. It also is
involved in the synthesis of tryptophan, a precursor of the hormone auxin (IAA) necessary
for plant growth [20], has an essential role in maintaining the structure and permeability
of the plasma membrane [21], and is involved in the transport of phosphorus through
the plant [19]. The high pH in calcareous soils decreases the solubility of the metal, thus
precipitating it in the form of carbonates or hydroxides [22], decreasing its bioavailability,
and causing a deficiency of this element in plants. Zn deficiency generates a delay in
the growth of the plant, decrease and malformations in the young leaves, shortening
of the internodal distance and, in the case of a severe deficiency, chlorosis and necrotic
spots [1,23]. Furthermore, Zn deficiency can give rise to oxidative stress, which triggers
an over-production and accumulation of reactive oxygen species (ROS), species that, in
excess, can behave as toxic compounds [24]. Additionally, Zn deficiency is related to a
higher accumulation of phosphorus in the old leaves; the more severe the Zn deficiency,
the higher the phosphorus concentration [25]. There are different strategies to alleviate Zn
deficiency, such as the application of inorganic salts to the soil or synthetic chelates among
others [26], however, these strategies are expensive and have a high environmental impact.
Another environmentally friendly alternative to alleviate Zn deficiency symptoms could
be Si fertilization.

Bityutskii et al. [13] tested the effect of root Si addition on Zn-deficient cucumber
(Cucumis sativus L.); for this, plants were grown for 2 weeks in hydroponics with or without
Zn, Si was added as 1.5 mM H4SiO4. They observed that Zn deficiency symptoms were
only partially prevented because no necrotic spots were observed, which may be relayed to
an enhanced antioxidant capacity. Mehrabanjoubani et al. [27] observed that the application
of Si in the form of sodium metasilicate (Na2SiO3·5H2O) increased: nutrient uptake, shoot
biomass, and grain yield in rice plants submitted to Zn deficiency, toxicity and optimal
Zn levels. It is commonly known that Si is essential for rice growth. Moreover, silicon
application increased Zn, as well as Ca2+, K+, P and B contents in plants supplied up to
50 μg L−1 Zn. In the experiment conducted by Pascual et al. [28] 0.5 or 1.0 of Na2SiO3·5H2O
was added to the nutrient solution of Zn-deficiency soybean (Glycine max L.) plants; after
each sampling, Zn concentration in root, stem and leaves were measured. It was observed
that treatment with 0.5 mM of Si promoted Zn accumulation in the root apoplast, and its sub-
sequent remobilization by shoot, ameliorating the Zn deficiency symptoms. These authors
developed a preculture with Si addition before the Zn depletion from the nutrient solution.

The aim of this work is to evaluate, for the first time, as far as we know, the effect
of foliar and root application of Si in cucumber plants under different Zn statuses: Zn
sufficiency, Zn deficiency, and Zn re-fertilization. Moreover, the effect of Si in other nutrient
content (Cu, P, B) was also studied under the three Zn statuses. P concentration was studied
for the well-known antagonism between this element and Zn, and Cu was evaluated due
to its presence in the Cu/Zn SOD enzyme, which among others is uncharged, to decrease
ROS concentration generated by Zn deficiency (and the rest of biotic and abiotic stressors),
and finally, B has been studied due to its chemical similarities to Si.

2. Results

Silicon addition to the root (+SiR) or shoot (+SiF) of cucumber plants has been evalu-
ated under Zn sufficiency (+Zn), deficiency (−Zn), and re-fertilization (−Zn(+Zn)). Two
samplings were carried out: sampling 1 at the end of the Zn deficiency period, and sam-
pling 2 at the end of the re-fertilization period. In each sampling, plants were compared
with their respective controls (−Si+Zn and −Si+Zn(+Zn)).
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2.1. Effect of Silicon on SPAD Index and Biomass under Different Zn Nutrient Statuses

The SPAD index was assessed in new leaves after the Zn deficiency period (sam-
pling 1, Figure 1a), and at different days (4, 6, 8 and 11) during the Zn resupply period
(Figure 1b), and compared to their respective controls (+Zn for sampling 1 and +Zn(+Zn)
for sampling 2). In sampling 1, +Zn treatments showed significantly higher SPAD index
values than the −Zn treatments. Among the treatments with +Zn, no differences were
observed with or without Si application, and the same occurred in the deficient treatments
(−Zn). In sampling 2 (Zn resupply), treatments with a continuous Zn addition (+Zn(+Zn))
showed significantly higher SPAD index than plants that have suffered a previous period
of Zn deficiency (−Zn(+Zn)), being the treatment without Si application (−Si+Zn(+Zn)),
the one with the highest SPAD index. The application of Si to the leaves after a period of Zn
deficiency followed by a Zn resupply (+SiF−Zn(+Zn)) showed significantly better results
than the other Si treatments (−Si−Zn(+Zn) or +SiR−Zn(+Zn)), presenting similar levels to
the treatments with a continuous Zn application (+SiR+Zn(+Zn) and +SiF+Zn(+Zn)), at
day 8 and 11 after Zn resupply (Figure 1b).

 
Figure 1. Effect of Si addition on the root (+SiR) or on the shoot (+SiF) of cucumber plants grown under different Zn nutritional
statuses on SPAD values: (a) After a Zn deficiency period (−Zn) compared to the control plants with continuous Zn addition
(+Zn) and (b) During a Zn re-fertilization period (−Zn(+Zn)) compared with their corresponding control plants (+Zn(+Zn)).
The data are the mean ± SE (n = 5). Different letters indicate significant differences according to Duncan’s test (p < 0.05).
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With respect to plant biomass (Table 1), plants were divided into root, stem, old
leaves (grown before the Zn depletion from the nutrient solution in sampling 1 or grown
before the refertilization in sampling 2), and new leaves (grown during Zn deficiency
and resupply periods). In sampling 1 (after Zn deficiency), control plants (+Zn) showed
significantly higher fresh weight (FW) values than the −Zn ones. In both sufficiency (+Zn)
and deficiency (−Zn) statuses, the application of Si (+SiR and +SiF) had no effect; also, in
both cases, it was observed that the highest percentage of fresh weight was located in the
root. After Zn resupply (sampling 2), control treatments with +Zn(+Zn) have a significantly
higher fresh weight than treatments that have undergone a period of deficiency (−Zn(+Zn)).
In the treatment (+Zn(+Zn)), the application of Si (+SiR and +SiF) significantly increases
fresh weight compared to the treatment without Si (−Si), the foliar application (+SiF) being
the treatment that presented the highest fresh weight values. With respect to the −Zn(+Zn)
treatments, the application of Si (+SiR and +SiF) had no effect. As in sampling 1, most
of the fresh weight was located in the root (Table 1). In addition, in the treatments with
Zn-refertilization (−Zn(+Zn)), an important percentage of the fresh weight was also located
in the new leaves (Table 1).

Table 1. Fresh weight distribution in plant tissues (%), and total fresh weight (FW, g) of cucumber
plants with a root (+SiR) or shoot (+SiF) Si application and grown under different Zn nutritional
statuses. Sampling 1: plants collected after a Zn deficiency period (−Zn) compared to the control
plants grown with continuous Zn addition (+Zn), and sampling 2: plants collected after a Zn
re-fertilization period (−Zn(+Zn)) and compared to their corresponding control plants (+Zn (+Zn)).

Fresh Weight Distribution in Plant Tissues (%)
Total FW (g)

Root Stem Old Leaves New Leaves

Sampling 1

−Si+Zn 47.40 b 9.52 ab 31.23 a 11.85 ab 11.56 a

+SiR+Zn 50.94 b 8.32 b 33.58 a 7.17 b 9.62 a

+SiF+Zn 55.26 a 7.33 ab 25.44 a 11.97 a 15.96 a

−Si−Zn 45.62 c 15.67 c 11.06 b 27.65 b 2.17 b

+SiR−Zn 43.70 c 14.96 c 4.72 b 36.61 b 2.54 b

+SiF−Zn 38.24 c 15.69 c 12.25 b 33.82 b 2.04 b

Sampling 2

−Si+Zn(+Zn) 35.62 c 25.12 b 14.81 b 24.46 c 31.81 c

+SiR+Zn(+Zn) 51.45 b 19.51 a 12.01 a 17.04 d 72.95 b

+SiF+Zn(+Zn) 57.48 a 15.25 a 11.28 a 15.98 d 96.1 a

−Si−Zn(+Zn) 37.15 c 22.55 c 7.95 c 32.35 b 5.41 d

+SiR−Zn(+Zn) 41.90 c 16.50 c 7.83 c 33.76 b 13.15 d

+SiF−Zn(+Zn) 34.74 c 18.36 c 4.49 c 42.40 a 7.57 d

The data are the mean ± SE (n = 3). Different letters in the same column for each sampling indicate significant
differences according to Duncan’s test (p < 0.05).

2.2. Effect of Silicon on ROS under Different Zn Nutrient Statuses

Reactive oxygen species (ROS) are an indication of oxidative stress in a plant; the more
ROS there are, the greater the oxidative stress. A decrease in ROS indicates the activation
of the plant’s antioxidant defense capacity. After Zn deficiency, control plants treated with
foliar Si (+SiF+Zn) seemed to be more stressed than control plants without Si application
(−Si+Zn) (Figure 2), but when Si was applied to the root, no differences were observed.
However, in Zn deficient plants (−Zn), Si addition, either to roots or leaves, increased ROS
concentration in these tissues.
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Figure 2. Effect of Si addition on the root (+SiR) or on the shoot (+SiF) of cucumber plants grown
under different Zn nutritional statuses on reactive oxygen species (ROS) (FU). Plants were collected
after a Zn deficiency period (−Zn) and compared to the control plants grown with continuous Zn
addition (+Zn) after 16 days of growth. The data are the mean ± SE (n = 9). Different letters indicate
significant differences according to Duncan’s test (p < 0.05).

To study the effect of Si addition on Zn resupply response, the variation of ROS was
calculated between both statuses (Zn deficiency and resupply) by subtracting the ROS
after the Zn resupply period (Sampling 2) from the ROS, after the Zn deficiency period
(Sampling 1). Moreover, this ROS increment was compared with the ROS variation in
control plants which did not suffer a Zn deficiency period (+Zn(+Zn)) (Table 2). Both
types of Si application reflected a significant decrease in ROS increment, being the Si foliar
addition, the one which reduces ROS after Zn resupply in a greater amount. These results
indicated that, after overcoming a period of Zn deficiency, the foliar application of Si (+SiF)
helped the plant to decrease its ROS concentration.

Table 2. Effect of Si addition to the root (+SiR) or to the shoot (+SiF) of cucumber plants on re-
active oxygen species increment (ΔROS (FU)) in the new leaves of plants harvested after a Zn
deficiency period (sampling 1), followed by a Zn re-fertilization period (sampling 2), compared to
their corresponding control plants, with a continuous Zn supply, and without Si (−Si).

ΔROS (FU)

Zn Sufficiency
(Sampling 2-Sampling 1)

−Si −182.47 ± 44.06 e

+SiR −223.23 ± 39.52 e

+SiF −220.93 ± 26.77 e

Zn Resupply
(Sampling 2)—Zn Deficiency (Sampling 1)

−Si 202.68 ± 13.42 a

+SiR 114.54 ± 21.77 b

+SiF −43.33 ± 8.45 c

The data are the mean ± SE (n = 3). Different letters in the same column for sufficiency and resupply treatments,
respectively, indicate significant differences, according to Duncan’s test (p < 0.05).
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2.3. Effect of Silicon on Mineral Concentration in Plant Tissues under Different Zn
Nutrient Statuses

The concentrations of silicon (Si), zinc (Zn), copper (Cu), boron (B) and phosphorus
(P) in plant tissues (root, old leaves and new leaves) were determined at the end of the Zn
deficiency period (sampling 1) and Zn re-fertilization period (sampling 2).

Regarding the Si concentration at the end of the Zn deficiency period (Figure 3a),
the −Si+Zn treatment showed the lowest concentrations, and the treatment with root
application of Si (+SiR+Zn) showed higher concentrations in all plant organs than the foliar
application (+SiF+Zn). The same trend could be observed in the treatments where Zn
deficiency was generated (−Zn). The results obtained indicated that more Si was absorbed
in Zn-deficient plants, although it was more poorly remobilized in the plant, since the
concentration of Si in the root after root or foliar application of Si (+SiR and +SiF) in the Zn-
deficient treatments (−Zn) was higher than in the counterpart treatments with sufficient Zn
(+Zn); however, the opposite occurred with respect to the concentration of Si in the aerial
part. On the other hand, these results indicated that Si was better absorbed and remobilized
when applied by root (+SiR) than when applied foliar (+SiF). After Zn re-fertilization
(sampling 2) (Figure 3b), the trend in Si concentration in the different plant tissues was
similar to that observed after the deficiency period (sampling 1), Si concentration in the
treatment without Si application (−Si) was the lowest, Si concentration in the treatments
where it was applied to the root (+SiR) was higher in all tissues than in the treatments
where it was applied to the leaves (+SiF); this trend was observed both in plants with a
continuous supply of Zn (+Zn(+Zn)), and in those with a period of deficiency (−Zn(+Zn)).

In relation to the total Zn concentration in the whole plant at the end of the Zn defi-
ciency period (sampling 1) (Table 3), in the control treatments with continuous Zn supply,
no differences due to Si application have been found. However, Zn distribution was af-
fected by the type of Si application. Compared to the control treatment (−Si+Zn), root Si
addition (+SiR+Zn) decreased Zn percentage in root, but no differences were obtained in
old or new leaves, although with foliar Si supply (+SiF+Zn), Zn significantly increased in
new leaves. In sampling 2, plants with foliar Si and continuous Zn supply (+SiF+Zn(+Zn))
significantly increased the total Zn concentration with respect to −Si plants, although no
differences with Si applied to the roots were obtained. According to Zn distribution in
plant organs, Si enhanced Zn accumulation in root with both application types. Under
Zn deficiency (sampling 1), only foliar Si application maintained similar Zn levels than in
sufficiency (Table 3), and this Zn was mainly accumulated in new leaves. In the Zn resupply
period (sampling 2), both Si treatments (+SiR−Zn(+Zn) and +SiF−Zn(+Zn)) enhanced Zn
restoration to sufficiency levels compared with the control plants (−Si+Zn(+Zn)), and no
statistical differences were observed between them. Interestingly, Zn was mainly in new
leaves in +SiF treatment and in roots in +SiR treatment after re-fertilization. Related to
P concentration, in sampling, 1 Zn depletion from the nutrient solution did not affect P
concentration in the whole −Zn plants (Table 3). Phosphorous percentage in new leaves
decreased in −Zn conditions without Si addition to the media but increased when Si was
applied to the leaves. In sampling 2, after plant recovery, no differences in total P concen-
tration in the entire plant were obtained in −Zn(+Zn). In root, +SiR−Zn(+Zn) treatment
had the highest percentage of P; meanwhile, in the +SiF−Zn(+Zn) one, P was accumu-
lated in new leaves (Table 3). In +Zn conditions at both samplings, data for roots showed
that +SiR addition enhanced P percentage compared with the control plants (−Si+Zn and
−Si+Zn(+Zn)); in old leaves, plants without Si drastically increased P percentage; although
when Si was applied, this increment was not observed.
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Figure 3. Effect of Si addition on the root (+SiR) or on the shoot (+SiF) on the Si concentration (μg g−1 DW) in root, old and
new leaves of cucumber plants (a) After a Zn deficiency period (−Zn) compared to the control plants with a continuous Zn
addition (+Zn) and (b) After a Zn re-fertilization period (−Zn(+Zn)) compared with their corresponding control plants
(+Zn(+Zn)). Data are mean ± SE (n = 9). Different letters indicate significant differences for each plant organ according to
Duncan’s test (p < 0.05).
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Table 3. Zinc (Zn) and phosphorus (P) distribution in plant organs (%) and Zn (μg g−1 DW) and P concentration (mg g−1 DW)
in the whole plant under different Zn and Si treatments (no Si (−Si), root (+SiR), and foliar (+SiF) application): (a) After a
Zn deficiency period (−Zn) compared to the control plants with continuous Zn addition (+Zn) (sampling 1) and (b) After a
Zn re-fertilization period (−Zn(+Zn)), compared to their corresponding control plants (+Zn(+Zn)) (sampling 2).

Zn Distribution in Plant Tissues (%) P Distribution in Plant Tissues (%)

Root Old Leaves
New

Leaves
Total
(μg/g)

Root Old Leaves
New

Leaves
Total

(mg/g)

Sampling 1

−Si+Zn 51.59 a 21.28 n.s 27.14 bc 117.78 a 33.49 cd 20.36 c 46.14 b 4.18 b

+SiR+Zn 45.97 bc 18.13 35.90 abc 94.48 ab 32.381 b 48.56 ab 19.05 c 6.75 ab

+SiF+Zn 44.40 ab 15.02 40.58 a 118.57 a 25.53 bcd 31.99 bc 42.46 c 5.61 ab

−Si−Zn 40.49 c 29.50 30.00 c 78.57 b 34.60 d 51.40 a 13.99 c 5.89 ab

+SiR−Zn 42.65 c 24.79 32.56 c 80.37 b 36.43 a 47.75 abc 15.82 c 6.18 ab

+SiF−Zn 40.06 bc 20.67 39.28 ab 110.75 a 26.09 bc 21.10 bc 52.80 a 9.45 a

Sampling 2

−Si+Zn(+Zn) 26.02 b 22.30 ab 51.68 a 145.64 b 14.36 c 64.07 c 21.55 b 1.96 b

+SiR+Zn(+Zn) 47.30 a 15.43 b 37.27 a 170.64 ab 59.82 ab 15.87 c 24.30 b 7.91 a

+SiF+Zn(+Zn) 37.33 a 23.51 a 39.16 a 183.89 a 23.27 c 50.79 bc 25.93 b 3.57 b

−Si−Zn(+Zn) 33.45 c 25.77 b 40.77 b 93.20 c 36.03 bc 48.68 a 15.27 b 7.71 a

+SiR−Zn(+Zn) 46.78 a 15.73 b 37.49 a 164.31 ab 41.42 a 43.99 ab 14.57 b 6.70 a

+SiF−Zn(+Zn) 34.80 b 18.01 b 47.19 a 128.68 bc 22.46 c 29.96 bc 47.57 a 8.00 a

The data are the mean ± SE (n = 3). Different letters in the same column for each sampling indicate significant differences according to
Duncan’s test (p < 0.05).

Copper (Cu) and boron (B) concentrations in the entire plant at the end of Zn suf-
ficiency, Zn deficiency and Zn re-fertilization periods in all treatments were measured
(Table 4). With respect to the total Cu concentration in the whole plant at sampling 1,
among the +Si treatments of Zn sufficient plants, the +SiR+Zn one showed the highest
concentration of Cu, and it was mainly located in new leaves. In sampling 2, the treatment
with foliar application of Si (+SiF+Zn(+Zn)) presented the lowest concentration of Cu in
the whole plant. In this sampling, the distribution of Cu in the Si treatments was mainly in
the root, while in the control plants (−Si+Zn(+Zn)), Cu was found in the new leaves. The
concentration of Cu in the treatments under Zn deficiency (sampling 1) was higher than in
the Zn sufficiency plants. Under Zn deficiency, the treatment with root application of Si
(+SiR−Zn) showed the lowest concentration. Plants without Si application (−Si−Zn) and
with root application of Si (+SiR−Zn) presented a higher percentage of Cu in new leaves;
however, after foliar application of Si (+SiF−Zn), Cu was found mainly in the root. In the
Zn resupply period (sampling 2), Cu concentration attained much higher values than the
control treatment (−Si+Zn(+Zn)), except for the root application of Si (+SiR−Zn(+Zn)),
which showed similar values to the control. In all treatments, Cu was mainly located in the
root. In relation to B concentration, in sampling 1 treatments, with or without Si application
and with an optimal or deficient Zn nutritional level (+SiR+Zn; +SiF+Zn), they did not
present significant differences with respect to control plants in the concentration of B in the
entire plant (Table 4). Regarding the distribution of B in the plant, in all treatments B, was
found mainly in the old leaves. In sampling 2, Si addition significantly increased B concen-
tration in the plant compared to untreated plants in well fed plants. Under Zn resupply,
+SiF−Zn(+Zn) presented the highest B concentration in the plant, and this element was
found mainly in old leaves.
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Table 4. Copper (Cu) and boron (B) distribution in plant organs (%), and Cu and B concentration (μg g−1 DW) in the
whole plant under different Zn and Si treatments (no Si (−Si), root (+SiR), and foliar (+SiF) application: (a) After a Zn
deficiency period (−Zn) compared to the control plants with continuous Zn addition (+Zn) (sampling 1) and (b) After a Zn
re-fertilization period (−Zn(+Zn)), compared to their corresponding control plants (+Zn(+Zn)) (sampling 2).

Cu Distribution in Plant Tissues (%) B Distribution in Plant Tissues (%)

Root Old Leaves
New

Leaves
Total
(μg/g)

Root Old Leaves
New

Leaves
Total
(μg/g)

Sampling 1

−Si+Zn 29.12 bc 27.42 a 43.46 b 84.31 c 17.40 b 68.22 a 14.39 c 49.51 ab

+SiR+Zn 28.90 bc 11.83 c 59.26 a 152.56 b 32.64 a 64.50 a 2.86 d 55.47 a

+SiF+Zn 26.79 c 14.91 c 58.30 a 77.85 c 15.71 b 62.41 a 21.88 bc 58.23 a

−Si−Zn 35.16 b 25.05 a 39.79 c 259.78 a 10.82 b 52.17 b 37.01 a 44.55 b

+SiR−Zn 39.73 b 12.93 c 47.34 b 168.67 b 12.73 b 51.61 b 35.67 a 43.72 b

+SiF−Zn 59.50 a 20.12 b 20.38 d 274.10 a 12.77 b 48.56 b 38.66 a 56.11 a

Sampling 2

−Si+Zn(+Zn) 33.01 d 22.13 ab 44.86 a 81.78 c 32.64 b 46.31 b 21.05 b 70.29 b

+SiR+Zn(+Zn) 48.91 c 24.75 a 26.34 c 76.02 c 12.77 c 68.20 a 19.03 b 94.34 a

+SiF+Zn(+Zn) 49.79 c 22.79 ab 27.43 c 62.06 d 28.79 b 37.43 c 33.78 a 103.19 a

−Si−Zn(+Zn) 60.67 b 7.28 c 32.05 b 170.52 a 26.84 c 70.03 a 3.13 c 44.73 c

+SiR−Zn(+Zn) 56.80 b 18.51 b 24.70 c 86.43 c 26.85 c 36.95 c 36.20 a 57.93 c

+SiF−Zn(+Zn) 71.57 a 27.23 a 1.20 d 116.25 b 38.78 a 40.25 bc 20.97 b 108.87 a

The data are the mean ± SE (n = 3). Different letters in the same column for each sampling indicate significant differences according to
Duncan’s test (p < 0.05).

3. Discussion

Different effects could be observed in the parameters measured during the study,
depending on the nutritional status of the cucumber plant and the treatment applied, so
discussion has been divided into Si impact on Zn sufficient, deficient, and re-fertilized
plant for each determination.

3.1. Effect of Silicon on SPAD Index and Biomass under Different Zn Nutrient Statuses

For the first time, the effects of Si applied to the root (+SiR) and leaves (+SiF) were
tested on cucumber plants that underwent periods of Zn sufficiency, deficiency, and Zn
deficiency recovery. In the plants that had a continuous supply of Zn in sampling 1
(16 days of growth), no differences have been observed in the SPAD index, although in
sampling 2 (27 days of growth), the application of Si to both root (+SiR+Zn(+Zn)) and
leaves (+SiF+Zn(+Zn)) provided a significantly lower SPAD index compared to the control
(−Si+Zn(+Zn)) (Figure 1). Hernández-Apaolaza et al. [17], in a similar experiment in which
cucumber plants were grown with Si applied both foliar and to the roots to well nourished
seedlings, only found a decrease in the SPAD index with respect to the control plants
when Si was applied to the roots (+SiR+Fe). These authors grew the plants under optimal
nutrient conditions for 10 days, but in the present work, only 7 days of growth with a
completed nutrient solution were applied. This fact may explain why the treatment with
foliar Si did not suffer an SPAD decrease at that point. Several authors have argued that
Si application enhances the Casparian Band of the root exodermis development [6,29–32];
this increase of apoplastic barriers may hinder nutrient uptake such as iron [33–35], and
maybe Zn, which could explain the low SPAD levels compared to the Si-untreated plants,
as it is well known that Zn deficiency promotes chlorosis in leaves [1]. This parameter
may indicate that Si, when applied to the root, promoted Zn deficiency even when plants
were submitted to a complete nutrient solution, as it was described before by Hernandez-
Apaolaza et al. [17]. However, results obtained at this stage (Sampling 2) showed that
plants with foliar Si (+SiF+Zn(+Zn)) significantly increased the total Zn concentration in
the plant (Table 3) with respect to −Si plants, although no differences when Si was applied
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to the roots were obtained. However, the Zn distribution in plant organs showed that
Si enhanced Zn accumulation in root with both application types, so this may explain
the lower SPAD index found when Si was added. SPAD results of Zinc deficient plants
(Figure 1a) indicated that Si addition did not have any influence on this parameter under
−Zn. However, when Zn concentration is taken into account (Table 3), plants with foliar
Si presented a significant higher amount of Zn than the other Si treatments, and were
similar to control plants without Si and +Zn. In this case, Zn was equally distributed
between roots and new leaves (Table 3). Likewise, Farias Guedes et al. [36] observed a
significant increase in chlorophyll content, with foliar applications of Si to Zn-deficient
Sorghum plants. Furthermore, the studies of Pascual et al. [28] and Bityutskii et al. [13]
with soybean and cucumber plants, respectively, did not show significant increases in
SPAD or chlorophyll content when Si was added to the nutrient solution (+SiR).

In plants that underwent a Zn deficiency period followed by a recovery one (−Zn(+Zn)),
the treatment with foliar application of Si showed significantly higher SPAD levels than the
other Si treatments (Figure 1), similar to that observed by Hernández-Apaolaza et al. [17]
with Fe resupply of cucumber plants. These authors hypothesized that this quicker recov-
ery from the chlorosis, was possibly related to plant memory effect. Srivastava et al. [37]
observed that plants have to cope with different stresses all along their crop cycle, and
retained ‘memories’ of previously encountered stresses as an adaptive mechanism that
help them to confront forthcoming stresses more rapidly and efficiently. Such memories
can be induced artificially, through preexposure to low-dose stressor, or by the addition of
beneficial compounds like silicon. The induced stress memory is called ‘acquired tolerance’,
and it can be retained either in the short term (somatic memory), or may be transferred
to succeeding generations (intergenerational memory), or in some cases, inherited across
generations (trans-generational memory) [37]. Ding et al. [38] applying successive dehy-
dration stress/recovery treatments in a relatively short time in Arabidopsis plants, pointed
out that leaf cells during recurring dehydration stresses displayed a transcriptional stress
memory. During recovery (watered) states, trainable genes produce transcripts at basal
(preinduced stress) levels, as expected, but remain associated with atypically high stress
marks, that reinforced the response to the rewatering process. Our results may conduct a
similar plant response related to Zn resupply. With respect to Zn concentration (Table 3),
both +SiR−Zn(+Zn) and +SiF−Zn(+Zn) presented a tendency of Zn accumulation in the
plant compared to −Si−Zn(+Zn), although only the +SiR treatment had a significant higher
amount of Zn; even though Zn distribution in plant organs pointed to new leaves of +SiF
having the greatest Zn percentage, which would explain this treatment having the highest
SPAD index.

With respect to biomass (Table 1), in sampling 1, no significant differences were
found in plants that had a correct Zn nutritional status (16 days +Zn); nevertheless, after
27 days of growth (sampling 2) the application of Si to the roots or shoots significantly
increased the fresh weight compared to the treatment without Si application, +SiF being
the treatment that produced the greatest increase. These results pointed to the beneficial
effect of Si on biomass increase, especially if Si was applied to the leaves. A period of
more than 16 days of growth was required to observe the beneficial effect of Si on biomass.
Similar results were obtained by Mehrabanjoubani et al. [27] in rice plants, when different
Zn concentrations (1, 10, 50 and 100 μg L−1) were applied, and root Si was added as
sodium silicate (1.5 mM) in hydroponics. They observed a significant increase in biomass
in plants, with an optimal Zn nutritional status due to the application of Si after 105 days
of treatment. Zn is an essential micronutrient necessary for optimal growth [1], and as
expected, the observed increase in biomass was well correlated with significant increase in
Zn concentration in the whole plant in +SiF+Zn(+Zn) plants, with respect to the control
plants (−Si+Zn(+Zn)) (Table 3). As mentioned before, the apoplastic obstruction caused by
Si and described by Coskun [6] was avoided when Si was applied to the leaves. This fact
may explain why these plants presented the highest fresh weight values. On the contrary,
Si application had no effect on fresh weight under Zn deficiency conditions (Table 1), which
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were consistent with the results obtained by Pascual et al. [28] in soybean plants. However,
Mehrabanioubani et al. [39] observed that root Si addition increased total weight in −Zn
rice plants. These differences among experiments were probably due to the different
plant species used, and their ability to accumulate Si. Plants with active uptake of Si are
classified as high accumulators, with passive silicon uptake are classified as intermediate
accumulators, and with rejection mechanisms, are classified as non-accumulators [40]. Rice
is known to be a high Si accumulator [41], and both soybean and cucumber are intermediate
accumulators [42,43]. The total Zn concentration in the +SiF−Zn plants (Table 3) had a
significantly higher concentration of Zn than the other treatments (−Si−Zn and +SiR−Zn),
though a higher fresh weight was not recorded. In plants to which Zn was added back into
the nutrient solution (−Zn(+Zn)), no significant differences in fresh weight were observed
(Table 1), but fresh weight and Zn concentration (Table 3) values tend to be higher in
the treatments with Si application. Maybe, if the period of re-fertilization were extended,
significant differences in fresh weight could be observed.

3.2. Effect of Silicon on ROS under Different Zn Nutritional Statuses

Reactive oxygen species (ROS) are regulated naturally by the action of enzymes such
as catalase and superoxide dismutase [44], or by non-enzymatic mechanisms, such as
the accumulation of phenols [45,46]. Several authors have reported the improvement of
the antioxidant defense capacity of the plant due to the application of Si to the root, as
enzymatic activities such as SOD and CAT have been improved by the application of Si,
which would cause a ROS reduction [47,48]. In addition, as with root application (+SiR),
foliar application (+SiF) also stimulates the activation of antioxidant defenses [49–51]. Here,
plants with continuous Zn supply and treated with foliar Si were more stressed than the
−Si plants after 16 days of growth (sampling 1; Figure 2), but the Zn concentration in the
whole plant was similar in all the treatments (Table 3). These data have been supported by
Hacisalihoglu et al. [52], who observed no differences in shoot Zn concentrations between
the Zn-inefficient and Zn-efficient bean genotypes grown under low−Zn conditions, where
differences in Zn efficiency were exhibited. Zn efficiency is defined as the ability of plants
to maintain high yield under Zn-deficiency stress. However, at the end of the experiment
(27 days) no significant differences between treatments were found in ROS variation values,
which decreased for all of them when Zn was resupplied to the nutrient solution (Table 2).
Even though there were no stress situations, plants with Si application presented higher
ROS (specially with Si foliar application) at the first sampling time. After that period, plants
will be recovered (Table 2) and probably show the beneficial effect of this element at longer
testing periods. Different results were obtained by de Farias Guedes et al. [36] in sorghum,
where they observed that plants with a correct nutritional status sprayed with Si decreased
their cell damage. In their experiment, the effect of Si on oxidative stress was studied
111 days after emergence, so the difference in the experiment duration, as well as the plant
species used, may explain the disparity of the results. ROS levels in Zn-deficient plants with
both Si applications (+SiR−Zn; +SiF−Zn) were significantly higher than in Si untreated
plants (−Si−Zn) (Figure 2). It is well known that Zn deficiency produces an increment of
ROS [20], and due to the results obtained, both types of Si application increased plant stress,
since they presented significantly higher levels of ROS compared to the treatment without
Si application (−Si). The results obtained for Zn sufficiency at first sampling time, and at
Zn deficiency, were in agreement with the previously explained hypothesis of apoplastic
obstruction. On the other hand, if after a period of Zn deficiency, Zn was added back to
the nutrient solution, the treatments with Si application showed an improvement in the
mitigation of ROS concentration in new leaves; specifically, the effect was more relevant in
+SiF plants (Table 2). The data obtained suggest that there was a significant improvement
in plant antioxidant defense capacity with foliar Si application, which was attributed to the
“memory effect” of the plants [38], that “remember” the previous stress caused by the Si
addition and were better prepared to cope with it than the non−Si-treated plants.
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Silicon application improves the accumulation of Cu-ligands, such as proteins like
Zn/CuSOD [53], which will contribute to ROS concentration reduction. There are three
types of superoxide dismutase enzymes that are described in plants: FeSOD, MnSOD,
and Cu/ZnSOD (where Cu is the redox active catalytic metal). However, the overpro-
duction of superoxide dismutase only gives limited protection to abiotic stress, and does
not remarkably improve plant performance [54]. Surprisingly, plant lines lack the most
abundant Cu/ZnSOD or FeSOD activities performed, as well as the wild-type under most
conditions tested, indicating that these superoxide dismutases were not limiting to the
prevention of oxidative damage. As Cu was the catalytic metal involved in SOD activity,
Cu was measured either for sufficient, deficient, or refertilized plants. In general, under Zn
sufficiency, foliar Si decreased Cu concentration in plant (Table 4), and no Cu accumulation
in roots was observed, as described by Bosnić et al. [53]. The expected increase in ROS
concentration in the +SiF+Zn due to Cu decrease was obtained after 16 days of plant
growth (Figure 2), although this has not reflected at the end of sampling 2 (Table 2), which
supported the Pilon et al. [54] statement that SOD was not really a limiting factor to prevent
oxidative damage. Comparing these data according to Zn concentration results (Table 3),
in sampling 1 no differences in Zn concentration was observed, so the copper effect was
the main fact that controlled Cu/Zn SOD activity. In sampling 2, +SiF significantly in-
creased Zn concentration in the plant compared to −Si+Zn plants, so this may compensate
for the decreased in Cu concentration found for this treatment, and finally show similar
behavior according to ROS accumulation. Zinc-deficient plants showed that +SiR−Zn
had the lowest Cu concentration in plant; subsequently, a high ROS concentration was
found, although no statistical differences with +SiF−Zn were obtained. Moreover, the +SiF
treatment was the one that accumulated the most Cu in the root. This may be due to the fact
that foliar-applied Si enhances Cu binding capacity to the cell wall, and the accumulation of
Cu-ligands, more than root-applied Si [55]. As mentioned above, Pilon et al. [54] indicated
that the lack of the most abundant Cu/ZnSOD or FeSOD activities is not limiting, but
a strong defect in chloroplast gene expression and development appeared in plants that
lack the two minor FeSOD isoforms, which are expressed predominantly in seedlings,
and that associate closely with the chloroplast genome. On the contrary, several authors
have reported that Fe deficiency enhanced SOD activity [8,56,57], but the literature did not
distinguish between the FeSOD isoforms altered. In refertilization, −Si plants presented
the highest ROS increment, which means that ROS concentration produced due to −Zn
was still present in the plants. Their Cu concentration was the highest among treatments,
but its Zn concentration was the lowest, along with foliar Si treatment. This shows that the
Zn concentration plays an important role in ROS scavenging, related to Cu/ZnSOD activity.
As can be seen in the distribution of Cu in plant tissues (Table 4), the +SiF treatment had
most of the Cu lodged in the root, which could provide evidence for an improvement in the
Cu binding capacity of the root cell wall; this may have enhanced Zn/CuSOD accumula-
tion, which would help to decrease oxidative stress. To verify this fact, future experiments
could measure the amount of SOD isoforms present in the plant in such conditions.

3.3. Effect of Silicon on Mineral Concentration in Plant Tissues under Different Zn
Nutritional Statuses

Concentrations of Si at the different Zn statuses were measured (Figure 3), and the first
relevant thing observed was that, when Si was applied through the roots, a significantly
higher amount of Si was measured than when applied to the shoot. It was necessary to
note here that foliar Si addition tested was at the optimal levels reported in previous works
(for example [12,17,58]) for different crops. Therefore, the Si amount added through root
and leaf applications was not the same. When Si was added to the nutrient solution, the
concentration was 1.5 mM, and it was renewed weekly, however, when Si was added
to the leaves by spraying, three doses (125 μL each) per leaf per week were used. The
difference was due to the instability of the Si solutions at the high concentrations required
to spray shoots, if a similar amount of Si should be added through roots and shoots.
When Si concentration in Zn-sufficient and -deficient plants were compared (sampling 1)
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(Figure 3a), a significantly higher accumulation of Si in the root at Zn deficiency treatments
was observed. In Figure 3b, resupply and sufficient plants only differ in the Si root
treatment, in which Si in new leaves were lower in the resupply experiment than in the
sufficient one.

Many attempts have been made to reveal the mechanisms of Zn-efficient plants in
response to low−Zn, but they are still not well described [59]. As Hacisalihoglu [59] de-
scribed in his review, several uptake Zn+2 studies in crop plants found no strong correlation
between root influx and Zn efficiency, which indicates that Zn efficiency in higher plants
is likely not a root-focused trait, but a shoot-focused trait, possibly related to shoot Zn
compartmentation; because efficient plants maintain higher cytoplasmic Zn concentrations
under Zn deficiency conditions, which provided enough elements to continue with the nu-
merous cytoplasmatic localized physiological processes that require Zn [52]. As observed
by Bityutskii et al. [13] in cucumber plants, root application of Si in Zn deficient plants
had no effect on Zn concentration and mobility in plant tissues, which is confirmed in
this study. In plants to which Zn was added back to the nutrient solution (−Zn(+Zn)),
the concentration of Zn in the treatment with root application of Si (+SiR) showed sig-
nificantly higher values than the treatment without Si application (−Si). No significant
differences were observed between the Si treatments. These results suggested that root
application of Si after a period of Zn deficiency, significantly increases the concentration
of this element compared to the non-application of Si. Similar findings were observed by
Hernández-Apaolaza et al. [17] in a Fe resupply assay.

It has been found that Si improves P uptake by the root, and a subsequent increase in
soluble inorganic P concentration in leaves of wheat and corn, and the enhancement of the
utilization of P within the plant tissues under P deficiency conditions was described [60,61].
In +Zn plants in sampling 2, root application of Si (+SiR) showed significantly higher
concentration of P (Table 3) than the other treatments. However, +SiR treatment presented
the highest fraction of P in the root, indicating that Si improved P uptake; although,
no remobilization to the leaves was observed. Silicon stimulated root Pi acquisition by
increasing the exudation of carboxylates [60], although the effect of exuded carboxylates on
P-mobilization in the soil is still controversial [62]. Neither in deficiency nor re-fertilization
periods were significant differences in P concentration found; although under Zn deficiency,
an overaccumulation of P in the aerial part was expected according to the literature [63].
It is interesting to note that, at −Zn treatments, a higher accumulation in the shoot of the
plant was detected, similar to what was described by [60]. Moreover, in Zn deficiency and
resupply periods, the −Si and +SiR treatments had more P fraction in old leaves, and the
+SiF treatment in new leaves. This may be due to the effect of foliar application of Si on the
mobility of P to the new leaves.

Keller et al. [64] found that Si induces Cu accumulation in the root epidermal cells, thus
limiting root-to-shoot Cu translocation in wheat (Triticum turgidum) seedlings. The author
proposed an increase in the Cu adsorption onto the root surface and immobilization in the
vicinity of root epidermis, and a limitation of translocation through the thickened Si-loaded
endodermis areas. Moreover, Bosnić et al. [53] provided evidence that the binding of Cu
to the Cu-chelating proteins, such as Zn/Cu SOD in roots and plastocyanin in leaves, are
important components of the Si-alleviating mechanism in cucumber exposed to Cu excess.
With respect to +Zn treatments, in sampling 1, Cu concentration (Table 4) was significantly
higher when Si was applied to the root (+SiR), but this effect disappeared in sampling 2.
However, a significantly higher fraction of Cu in the root was observed in the Si-applied
treatments (sampling 2), which may be due to the improved binding capacity of Cu to
the root cell wall previously described [53,55,64]. In Zn-deficient plants, no accumulation
of Cu was observed, due to Si addition (Table 4). Cu concentration, in plants with Zn
re-fertilization, was significantly higher in treatment without Si. Furthermore, the Cu
concentration in +SiF treatment, it was significantly higher than in +SiR treatment. In the
deficiency period, in the re-fertilization, the treatment with foliar application of Si (+SiF)
also presented the highest Cu fraction in the root.
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Several authors [65,66] proposed the existence of a certain degree of competition
within the B transport system, favoring Si uptake, due to both elements showing consider-
able chemical similarities. The effect of Si in decreasing B accumulation has been reported
in numerous species [67–69]. A possible mechanism could be the formation of Si complexes
with B in soil/nutrient solution, thus reducing the availability of B [70]. On the other hand,
Rogalla and Römheld [71] reported that the application of Si to cucumber exposed to high
B had no effect on total B concentration. However, Loomis and Durst [72] supported that
there were positive correlations between Si and B uptake within different barley genotypes.
Thus, genotypes with lower Si uptake also showed lower B uptake. At the three different
Zn statuses, Si foliar application significantly increased B concentration in the whole plant
(Table 4). Although the effect of +SiR was not clear, insufficient B availability affects several
physiological and metabolic processes in plants, such as cell wall and plasma membrane
structure and function, phenolics and nitrogen metabolisms, secondary metabolism and
oxidative stress, gene expression, shoot and root growth (see [73]). Therefore, Si application
leads to higher B concentration in the whole plant, and these will cause the cell wall and
plasma membrane to become more structured, and then more prepared to cope with differ-
ent stresses (in this case, Zn deficiency). Moreover, as B controls the phenolic compounds
biosynthesis, and these compounds are related to antioxidant activity (ROS decrease), a
relationship between Si, ROS, and B could explain the Si effect on ROS scavenging in
refertilization. Further research about the interaction between Si, ROS and B for different
plant species and nutrition statuses is needed.

To sum up, Zn sufficiency plants, as expected, presented the highest SPAD index
values at both sampling times, but Si addition significantly reduced this index. However,
this fact was not related to the Zn concentration in the whole plant, as Zn concentration
in the +SiF plants was significantly higher with respect to the −Si control plants. This
Zn concentration was mainly located at the roots; when Si was added either to the root
or to the shoot, which could explain the lowest SPAD index found when Si was applied.
Si supply increased fresh weight; especially the foliar application. Silicon addition to
plants grown under optimal nutritional conditions, did not present clear advantages or
disadvantages according to ROS values as stress indicators; however, Si influenced P, Cu,
and B concentrations. Then, analyzing the Zn-deficient plants results, it can be seen that
the Si addition did not improve the SPAD index, the fresh weight, or the P concentration.
Moreover, the plants treated with Si were more stressed than the control without this
element, although the Zn and B concentration in +SiF−Zn showed levels like Zn sufficient
plants. This fact did not support the apoplastic obstruction theory given for Fe, that
explained the lower uptake of this element when Si was added to the nutrient solution. In
conclusion, Si addition to Zn-deficient plants did not show clear benefits on ameliorating
its symptoms. Finally, a distinctive benefit of Si addition has been observed on refertilized
plants, as foliar Si supply improves SPAD index, drastically reduced ROS concentration,
and increased Zn and B concentration in plants, to levels similar to those of plants which
did not suffer from Zn deficiency. This effect was slightly lower when Si was applied
through the root, and could probably be due to the “memory effect” of the plants. These
results suggest that foliar Si application to cucumber plants could be used to prepare plants
to cope with a future stress situation, such as Zn deficiency, and to give them a prompt
recovery after overcoming the stress period.

4. Materials and Methods

4.1. Plant Material and Growing Conditions

Cucumber (Cucumis sativus L. cv. Ashley) seeds were sterilized and placed on top of a
filter paper which was moistened with a solution of CaSO4 1 mM; then, the paper was rolled
out and allowed to germinate in a growth chamber (Dycometal-type CCK) under controlled
conditions (photoperiod 16/8 h (day/night), 25/20 ◦C, 40/60% relative humidity, and a
photosynthetic photon flux density at the leaf of 1000 μmol·m−2·s−1), with a CaSO4 1 mM
solution at the base of the paper. After one week of germination, uniform seeds were
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selected and transferred to 2 L plastic buckets, with nutrient solutions uninterruptedly
aerated. The composition of the nutrient solution was: macronutrients (mM) Ca(NO3)2
(1.0), KNO3 (0.9), MgSO4 (0.1) and KH2PO4 (0.1); micronutrients (μM) NaCl (35), H3BO3
(10), Na2MoO4 (0.05), Na2-EDTA (Ethylenediamine tetraacetic acid) (115.5), MnSO4 (2.5),
CuSO4 (1.0), ZnSO4 (1.0), CoSO4 (1.0), NiCl2 (1.0). Furthermore, 0.1 g/L of solid CaCO3
and 0.1 mM of HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) was added to
simulate conditions of calcareous soil; the pH was buffered to 7.5 and checked daily.

Iron chelate solution N,N′-bis(2-hydroxybenzyl)ethylenediamine-N,N′-diacetic acid
(HBED) was prepared as described by [74], HBED was purchased from Strem Chemicals,
ligand was dissolved in NaOH 1:4 molar ratio; subsequently, Fe(NO3)3 solution was
added, pH was adjusted to 7.0, and the mixture was left to stand overnight, filtered,
and made up to volume. Silicic acid (H4SiO4) was freshly prepared as described by [75]
passing on Na2SiO3·5 H2O (Sigma-Aldrich, Darmstadt, Germany), through a column
containing a cation-exchange resin in its H+ form (Amberlite IR 120+, Sigma-Aldrich,
Darmstadt, Germany).

Plants were grown in a full-strength nutrient solution continuously aerated for 1 week,
and Si was applied as follows: A concentration of 1.5 mM of silicic acid was applied via
foliar (+SiF) by spraying three doses (125 μL each) per leaf per week, dripping was not
observed; the same concentration was applied through the root (+SiR) by adding silicic
acid to the nutrient solution,; finally control plants without silicon (−Si) were also tested.
Then, zinc deficiency (−Zn) conditions were induced in half of the plant material of each
treatment, allowing them to grow during 9 days in zinc-free nutrient solution. Finally, Zn
was re-added (−Zn(+Zn)) to the nutrient solution for 11 days more. Three replications of
each treatment were performed; each replica had 3 plants. Two samplings were carried
out: S1 at the end of the Zn deficiency period, and S2 at the end of the Zn re-fertilization
period. In sampling 1: Zn sufficient plants [(+Zn): 16 days with Zn]; and Zn deficient
plants [(−Zn): 7 days with Zn + 9 days without Zn] were collected; and in sampling 2: Zn
sufficient plants [(+Zn(+Zn): 27 days with Zn] and Zn resupply plants [(−Zn(+Zn)): 7 days
with Zn + 9 days without Zn + 11 days Zn re-fertilization] were obtained

4.2. Determinations

The degree of chlorosis of the leaves was quantified by a nondestructive method using
the SPAD (Soil and Plant Analyzer Development) model 502 (Minolta Co., Osaka, Japan)
digital chlorophyll meter.

Plant material was divided into root, stem, old leaves, and new leaves, then was
washed with 0.1% Tween 80 (v/v) and 1% HCl (v/v), rinsed twice with distilled water, and
fresh weight (FW) was determined. Subsequently, all the material was stored at −80 ◦C
for stress analysis. Macronutrients and micronutrients concentration was quantified af-
ter microwave (CEM Corporation MARS 240/50; Matthews, NC, USA) digestion with
HNO3 65% and H2O2 30% by Thermo Scientific Inductively Coupled Plasma Optical Emis-
sion Spectroscopy (ICP-OES, Thermo Fisher Scientific, Waltham, MA, USA). Phosphorus
concentration was determined by Bray I method [76].

Analysis of reactive oxygen species (ROS) was performed using fresh plant mate-
rial (0.2 g); this material was chopped into 2 mL 50 mM HEPES at pH 7. Then, the
extract (50 μL) with 150 μL 50 mM HEPES and 4 μL 5 μM H2DCFDA (diacetate of 2′,7′-
diclorodihydrofluorescein) (Molecular Probes, Invitrogen, Carlsbad, CA, USA) was mixed
and incubated for 30 min at 37 ◦C in agitation (100 rpm). Thereafter, the extract was
centrifuged at 1000 rpm for 10 min; the pellet was resuspended in 0.2 mL HEPES and
incubated for 10 min more at 37 ◦C fluorescence intensity of DCF was measured using
a fluorescence spectrophotometer (Cary Eclipse Fluorescence, Varian, Australia) at room
temperature, with an excitation wavelength of 488 nm and emission filter between 500
and 600 nm ( excitation and emission slits width 5 nm). Relative ROS production was
determined using the fluorescence intensity.
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4.3. Statistical Analysis

Data were treated by one-way analysis of variance (ANOVA). Treatments were com-
pared using Duncan’s test for p < 0.05. Statistical analysis was performed by the SPSS
software for Windows (V.24.0; SPSS, Chicago, IL, USA).
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Abstract: Agronomic biofortification is one of the main strategies for alleviation of micronutrient
deficiencies in human populations and promoting sustainable production of food and feed. The aim
of this study was to investigate the effect of nitrogen (N)fertilization on biofortification of maize
crop (Zea mays L.) with zinc (Zn), iron (Fe) and selenium (Se) grown on a micronutrient deficient soil
under greenhouse conditions. Factorial design experiment was set under greenhouse conditions.
The experiment consisted of two levels of each N, Zn, Fe and Se. The levels for N were 125 and
250 mg N kg−1 soil; Zn were 1 and 5 mg Zn kg−1 soil; levels of Fe were 0 and 10 mg Fe kg−1 soil;
levels of Se were 0 and 0.02 mg Se kg−1 soil. An additional experiment was also conducted to study
the effect of the Zn form applied as a ZnO or ZnSO4 on shoot growth, shoot Zn concentration and
total shoot Zn uptake per plant. Shoot Zn concentrations increased by increasing soil Zn application
both with ZnSO4 and ZnO treatments, but the shoot Zn concentration and total Zn uptake were much
greater with ZnSO4 than the ZnO application. Under given experimental conditions, increasing
soil N supply improved shoot N concentration; but had little effect on shoot dry matter production.
The concentrations of Zn and Fe in shoots were significantly increased by increasing N application.
In case of total uptake of Zn and Fe, the positive effect of N nutrition was more pronounced. Although
Se soil treatment had significant effect, N application showed no effect on Se concentration and
accumulation in maize shoots. The obtained results show that N fertilization is an effective tool in
improving the Zn and Fe status of silage maize and contribute to the better-quality feed.

Keywords: biofortification; maize; micronutrients; nutrient uptake; plant nutrition

1. Introduction

Agronomic biofortification of field crops with micronutrients is one of the main strate-
gies in sustainable production of healthy and nutrient rich food and feed [1]. Human health
problems are associated with micronutrient deficiency worldwide, especially in devel-
oping countries, but also the productivity of farm animals grown in these countries is
negatively affected [2–4]. Low amount of phytoavailable micronutrients in cultivated soils
and commonly consumed food and feed crops are main reason of the high prevalence
of micronutrient deficiencies in humans [5,6]. According to Hill and Shannon (2019) [7],
grazing animals are often exposed to high risk of reduced Zn intake because the pastures
usually contain inadequate Zn concentration for a proper animal nutrition that is associated
with low amount of phytoavailable Zn in soils. Consequently, there is an increasing trend
for biofortification of feed crops with Zn to contribute to better Zn nutrition of livestock.
Similarly, enrichment of feed crops with Se is of great importance for animal nutrition and
health [8]. Selenium and selenoproteins, such as selenomethionine and selenocysteine,
play a role in several critical biological functions in human and animal body and prevent
development of various important diseases [9,10]. In essence, micronutrient deficiency
affects all phases of food and feed production chain, from field to the final consumer.
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Thanks to successful impacts of green revolution, farmers have managed to grow
more high-yielding cereal crops, leading to the increased feed and food production and
decline in cereal prices. However, this trend had a negative side effect, and resulted in
dilution in the concentrations of micronutrients in the food and feed and unintentionally
enhanced hidden hunger problem [11–13].

Zinc, Fe and Se deficiencies in soils are common in both developed and developing
countries [5,8,14]. Soils of Western Balkan countries differ greatly in the concentration
and availability of micronutrients, such as Zn, Fe and Se, as their availability is affected
by soil factors, such as pH, soil organic matter, fertilization application, micronutrient
concentration [15]. Manojlovic and Singh (2012) (15) also found that some fodder crop
samples contained Zn and Se below the critical deficiency level and dietary requirement
for ruminants.

Dairy cattle nutrition is highly affected by Zn, Fe and Se presence in the feed, because
these micronutrients have crucial role in different metabolic processes [4,16]. Many different
enzymes in animal body either contain Zn or are activated by Zn. Zinc is required for up to
10% of the proteins in biological systems for their functioning and structural stability [17].
Proteins bind Zn tightly with very high affinity, from picomolar to femtomolar range,
to maintain their cellular functions and interactions [18]. Zinc is involved in cell replication,
hormone production and immune system and electrolyte balance [19]. Iron makes 90%
part of proteins, e.g. hemoglobin. A host of biochemical reactions, especially the enzymes
of the electron transport chain (cytochromes) are activated by Fe [19].

Selenium, which acts as an antioxidant, makes an integral part of several enzymes.
Selenium as selenocysteine (Se-Cys) is incorporated in the active center of at least 25 seleno-
proteins [8,20]. Analysis of 105 sheep and 160 cow blood samples collected from different
Western Balkan countries indicated low Se nutrition in animals, and therefore the need to
improve animal feeds with Se to ensure a better Se nutrition of animals was highlighted [21].

Maize (Zea mays L.), the most grown field crops worldwide, provide dietary staple food
for > 200 million people with about 20% of their calories needs [22,23]. Furthermore, 67% of
maize produced globally is utilized, either as grain or as silage, for livestock feed [24].

In Europe Union, green maize production is also increasing, especially as silage crop,
and it was grown on more than 6.4 million hectares in the EU-28 in 2019. The area increased
by 0.5 million hectares (+10.9%) compared with 2011 [25]. Its production amounted to
248.6 million tons, nearly 48 million tons more than in 2010 (+23.9%) [25]. This significant
increase in production of silage maize is mainly because: (i) it extends the area of tolerable
climatic conditions for maize growth, (ii) has high biomass yield, (iii) it represents main
component of domestic ruminants diet and (iv) recently it is used as source for biogas
production in developed countries [26]. Micronutrients play an important role in producing
high-quality maize silage with respect to its mineral status and therefore, to improve crop
productivity and its nutritive value, adequate micronutrient concentrations are needed [27].
Maize is extremely sensitive to deficiency of Zn and Fe and therefore, farmers have made a
regular agronomic practice of using micronutrient fertilizers [24,28].

New agronomic approaches have been developed to improve capacity of maize plants
to absorb more Zn from soils, such as localized ammonium sulphate and superphosphate
applications [29]. The form of Zn fertilizers has a significant effect on plant growth and
Zn accumulation in plants, especially in high pH soils. Previously, Mortvedt (1992) [30]
and Gangloff et al. (2002) [31] have highlighted that the Zn fertilizers applied in high pH
soils should have at least 50% water solubility to improve growth and Zn concentrations of
plants in high pH calcareous soils.

Recent research on foliar and soil application of Zn and Fe showed that agronomic
biofortification is efficient in reduction of these micronutrient deficiencies, particularly in
wheat and rice, as main staple crops in human nutrition [32–34]. In recent years, it has been
shown that foliar spray of a mixture of micronutrient solution containing simultaneously
Zn, Se, Fe and iodine to wheat and rice grown in different countries greatly increased grain
concentrations of Zn, Se and iodine [35,36]. In these studies, the effect of foliar sprayed
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Fe on grain Fe was not adequately high compared to Zn, Se and iodine. In previous
studies, it has been suggested that N nutritional status of plants has an important role in
increasing root uptake, shoot transport and grain deposition of Fe as well as Zn [1,37]. It was
interesting to notice that increasing rate of Fe application had little effect on grain Fe; but at
a given Fe application rate increasing N application increased grain Fe [32]. Kutman et al.
(2010) and Erenoglu et al. (2011) [38,39] showed that increasing N application promotes
root uptake of Zn and Fe and increases shoot and grain concentration of these nutrients.
Literature reports also suggest that, in case of maize, N application positively affects
maize shoot and grain micronutrient concentrations to certain extent under different field
conditions [40–43]. Agronomic biofortification, a widely accepted approach in preventing
micronutrient deficiency in several food and feed crops, is not a well- known practice in
Western Balkan countries [15].

Considering that, maize silage is one of basic feed component for the dairy cattle
in many Balkan countries [44], it is important to investigate the effect of N fertilization
on uptake and concentration of Zn, Fe and Se in maize plant. Since N, fertilization is
shown to stimulate the uptake and concentration of Zn and Fe and perhaps Se in plants,
this may help to produce silage of higher nutritional value, with respect to daily needs
of dairy cattle. Practically this fortified silage could lead to reduce the use of different
micronutrients supplements.

The present study was planned to examine the effect of N and Zn application on:
(1) maize shoot dry matter yield; (2) Zn, Fe and Se concentration and uptake in maize;
and (3) the relationship between the concentration of N and that of Zn and Fe in maize
plants. Furthermore, the effect of the Zn form applied as a ZnO or ZnSO4 on shoot growth,
shoot Zn concentration and total shoot Zn uptake was also investigated.

2. Materials and Methods

2.1. Greenhouse Experiment

A climate-controlled greenhouse experiment was conducted at the Sabanci University
campus (40◦53′24.5” N; 029◦22′46.7” E) Turkey.

The soil used for this experiment originated from the Zn-deficient region of Central
Anatolia and has clay loam texture with pH 7.6 (H2O), 1.5% organic matter, and 18%
CaCO3. The diethylentriamine pentacetic acid (DTPA)-extractable Zn and Fe concentration
was 0.1 mg kg−1 and 2.1 mg kg−1 soil, respectively, and 0.1 M KH2PO4 extractable Se was
0.002 mg kg−1 soil.

Two experiments were established. In the first one, the experiment consisted of two
levels of each N and Zn. The levels for N were 125 and 250 mg N kg−1 soil and that of Zn
were 1 and 5 mg Zn kg−1 soil. The sources of N and Zn were Ca (NO3)2 4H2O and ZnSO4
7H2O, respectively. Similarly, there were two levels of Fe, i.e., 0 and 10 mg Fe kg−1 soil and
two levels of Se, i.e., 0 and 0.02 mg kg−1. Iron and Se fertilizers were applied in form of
Fe-sequestrene and Na2SeO4, respectively.

Basic fertilizers added were phosphorus (P) 100 mg P kg−1 soil in the form of KH2PO4,
sulfur (S) 50 mg S kg−1 in the form of K2SO4, and potassium (K) in the form of KH2PO4
and K2SO4. All these nutrients and basic fertilizers were homogeneously mixed with 3 kg
soil prior to putting the mixture into plastic pots. The experiment was laid out as factorial
randomized design with 4 replicates. Twelve seeds of maize (Zea mays L.cv. Shemal)
were sown in each plastic pot. Shortly after emergence, number of plants was reduced
to 6 plants/pot. The pots were irrigated daily with deionized water. When plants were
25 days old, their shoot parts were harvested.

In the 2nd experiment, two different forms of Zn (i.e., ZnSO4 and ZnO) were used
to study how these Zn sources affect the shoot growth and shoot concentration of Zn of
maize plants. Zinc was applied at the rates of 0, 0.5, 1, 2.5 and 7.5 mg kg−1 soil in the forms
of ZnO and ZnSO4 at the sowing time. When the plants were 35 days old, plants were
harvested and analyzed for shoot production and shoot Zn concentration.

131



Plants 2021, 10, 391

2.2. Plant Sampling and Chemical Analysis

Plant shoot materials, after washing with deionized water, were dried at 70 ◦C for the
dry mater determination of shoot weight and analysis of micronutrients. Dried and ground
plant samples (0.2 g) were digested with acid [a mixture containing 2 mL of 30% (v/v)
H2O2 and 5 mL of 65% (v/v) HNO3] in a closed-vessel microwave system (Mars Express;
CEM Corp., Matthews, NC, USA). The digested solution was diluted with DI water. For the
determination of Zn, Fe and Se in the digested solution, inductively coupled plasma optical
emission spectrometry (ICP-OES) (Vista-Pro Axial, Varian Pty Ltd., Mulgrave, Australia)
was used. A dry combustion method (950 ◦C) using a LECO Tru-Spec C/N Analyzer
(Leco Corp., St Joseph, MI, USA) was used for the determination of N concentration in the
samples. The certified standard reference materials, obtained from the National Institute of
Standards and Technology (Gaithersburg, MD, USA), were used for checking the precision
in mineral nutrient analysis.

As standard sample, the SRM 1547 peach leaves, were used and the deviation was
below 2%. The total uptake per plant was calculated by multiplying the concentration with
dry mater yield.

2.3. Statistical Analysis

The R commander program was used for statistical analysis of the results obtained.
Analysis of variance (ANOVA) was used to assess the significance level of the effects of
treatments and their interactions on the reported traits. Tukey test at 5% level (p ≤ 0.05)
was used for significant difference among means, whenever ANOVA (general linear model)
indicated significant effect of treatments. The relationship between the treatments was
assessed by linear regression model.

3. Results

Zinc deficiency symptoms (i.e., development of yellow or yellowish–white stripes
along the midrib of younger leaves) appeared in plants grown under low supply of Zn
(Figure 1). The symptoms started to develop first following 2 weeks of growth without
Zn application under given conditions. Expression of these symptoms was more severe at
low N than at adequate N supply. In case of Fe deficiency, uniform chlorosis on younger
leaves appeared. Under low N supply, older leaves turn uniformly pale green and then
whole shoot look slightly yellowish. The effect of soil N and Zn applications on maize
shoot dry matter (DM) yield, shoot Zn and Fe concentrations, and their total uptake per
plant was significant.

By contrast, soil N and Zn applications did not significantly affect shoot Se concentra-
tion and total Se uptake (Table 1).

Table 1. Analysis of variance (ANOVA) of effects of soil N and Zn applications on shoot dry matter, Zn, Fe and Se
concentration and Zn, Fe and Se uptake in 25-days old plants a,b.

Source of Variation
(Treatments)

df
Shoot

Dry Matter
Shoot Zn

Concentration
Shoot

Zn Uptake
Shoot Fe

Concentration
Shoot Fe
Uptake

Shoot Se
Concentration

Shoot Se
Uptake

SS F Pr SS F Pr SS F Pr SS F Pr SS F Pr SS F Pr SS F Pr
Soil N (A) 1 0.047 0.461 332.3 <0.001 3802.4 <0.001 6088.3 <0.001 67,088 <0.001 0.0463 0.586 0.221 0.703
Soil Zn (B) 1 1.981 <0.001 1539.2 <0.001 19,448.5 <0.001 1838.8 <0.001 6056 0.039 0.0019 0.911 0.192 0.722

A × B 1 0.058 0.749 34.2 0.172 564.7 0.093 41.5 0.576 32 0.878 0.0299 0.661 0.342 0.635
Experimental error 44 3.756 783.6 8472.5 5752.5 59,400 6.7965 66.2

a Data of 25 days old maize (Zea mays) plants grown under greenhouse conditions. b ANOVA test values: df, SS and F Pr.

Variation in N supply did not show a significant impact on the shoot dry matter yield
of the plants at both low and adequate Zn treatment (Table 2), indicating that low N supply
was still enough at this growth phase of maize under given experimental conditions.

On the other hand, variation in Zn soil application both under low and adequate N
supply significantly affected shoot dry mater production (Table 2). Table 2 shows that the
shoot dry matter of plants at low Zn and adequate N supply was 10% higher than the shoot
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dry matter of plants produced under low Zn and low N treatments. The shoot dry matter
of plants under adequate Zn and N supply was 12% higher than those plants grown under
adequate Zn but low N supply.

Both Zn concentration and total Zn uptake by shoots were increased by increasing
soil Zn application (Table 3). At the low Zn application rate, the plants grown under
adequate N supply showed significantly higher concentration and shoot uptake of Zn
than the plants grown under low N supply. The increased soil N supply showed positive
effect on the shoot Zn concentration and uptake in plants grown with adequate Zn soil
application (Table 3).

 

Figure 1. Zinc deficiency symptoms on young leaves of maize plants.

Table 2. Effect of varied N supply on shoot dry matter production of 25-days-old maize grown at
low and adequate Zn levels.

N Treatment a Shoot Dry Matter (g plant−1) b,c

Low Zn Adequate Zn

Low 2.99 ± 0.28 Aa 3.27 ± 0.29 Ab
Adequate 3.02 ± 0.12 Aa 3.37 ± 0.41 Ab

a N treatments: low (125 mg of N kg−1 of soil) and adequate (250 mg of N kg−1 of soil). b Data for 25 days
old maize plants grown at low (1 mg of Zn kg−1 of soil) and adequate (5 mg of Zn kg−1 of soil) Zn supply on
a Zn-deficient soil under greenhouse conditions. c The average of 4 independent replicates makes the mean
values presented and those in column followed by different uppercase letters and in a row followed by different
lowercase letters are significantly different by Turkey test at the 5% level.

Selenium soil treatment had significant effect on Se concentration and shoot Se uptake
in maize shoot (Table 4), while both N and Zn application did not affect plant Se status
(Table 3). Although, not statistically significant, a decrease of the Se concentration could be
observed with increase of both N and Zn soil application (Table 3).
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Table 3. Effect of varied N and Zn supply on the shoot concentration and uptake of Zn, Fe and Se in 25-days-old maize plants.

Micronutrient
Zn

Treatment a

Shoot Concentration c,e Shoot Uptake d,e

Low N b Adequate N b Low N b Adequate N b

Zn
Low 7.2 ± 0.5 Aa 10.8 ± 0.5 Ab 21.4 ± 2.3 Aa 32.5 ± 2.4 Ab

Adequate 16.8 ± 1.1 Ba 23.8 ± 1.2 Bb 54.9 ± 4.3 Ba 80.1 ± 11.8 Bb

Fe
Low 51.4 ± 5.5 Aa 80.0 ± 7.3 Ab 153.5 ± 16.1 Aa 241.6 ± 25.3 Ab

Adequate 36.3 ± 2.5 Ba 57.2 ± 3.0 Bb 118.3 ± 11.8 Ba 192.8 ± 27.1 Bb

Se
Low 0.83 ± 0.06 Aa 0.80 ± 0.12 Aa 2.4 ± 0.30 Aa 2.5 ± 0.32 Aa

Adequate 0.88 ± 0.03 Aa 0.71 ± 0.07 Aa 2.8 ± 0.25 Aa 2.4 ± 0.37 Aa
a Data for 25 days old maize plants grown at low (1 mg of Zn kg−1 of soil) and adequate (5 mg of Zn kg−1 of soil) Zn supply on a
Zn-deficient soil under greenhouse conditions. b N treatments: low (125 mg of N kg−1 of soil) and adequate (250 mg of N kg−1 of soil).
c Concentration measured in mg kg −1 per micronutrient. d Uptake measured as μg of micronutrient/plant.e The average of 4 independent
replicates makes the mean values presented and those in column followed by different uppercase letters and in a row followed by different
lowercase letters are significantly different by Turkey test at the 5% level.

Table 4. Effect of varied N supply on the shoot concentration and uptake of Fe and Se in 25-days-old maize plants grown
under different Fe and Se soil treatments.

Micronutrient
Micronutrient

Treatment a

Shoot Concentration c,e Shoot Uptake d,e

Low N b Adequate N b Low N b Adequate N b

Fe
No treatment 29.2 ± 2.8 Aa 47.2 ± 3.7 Ab 92.3 ± 4.4 Aa 147.4 ± 17.9 Ab

Adequate 42.6 ± 2.5 Ba 71.0 ± 2.9 Bb 137.7 ± 9.6 Ba 222.3 ± 25.6 Bb

Se
No treatment 0.04 ± 0.01 Aa 0.05 ± 0.01 Aa 0.1 ± 0.0 Aa 0.2 ± 0.0 Aa

Adequate 0.85 ± 0.03 Ba 0.88 ± 0.08 Ba 2.7 ± 0.2 Ba 2.8 ± 0.4 Ba
a Data for 25 days old maize plants grown at different Fe (0 and 10 mg of Fe kg−1 of soil) and Se (0 and 0.02 mg of Se kg−1 of soil) supply on
micronutrient deficient soil under greenhouse conditions. b N treatments: low (125 mg of N kg−1 of soil) and adequate (250 mg of N kg−1

of soil). c Concentration measured in mg kg −1 per micronutrient. d Uptake measured as μg of micronutrient/plant. e Values are means of
four independent replicates. e The average of 4 independent replicates makes the mean values presented and those in column followed by
different uppercase letters and in a row followed by different lowercase letters are significantly different by Turkey test at the 5% level.

Shoot Fe concentration and uptake were greatly affected by N and Zn supply (Table 3).
Both Zn and Fe uptake were positively affected by increasing soil N supply (Tables 3 and 4).
Shoot Fe concentration and uptake at adequate N application were significantly higher
compared to low N application, while the shoot Fe concentration and uptake at adequate
Zn supply significantly decreased compared to the low Zn treatment (Table 3). Although
increase in soil N supply promoted the Zn and Fe concentration in maize shoot, the ratio
between Zn and Fe was mainly affected by the level of soil Zn application (Figure 2).

Figure 2. Correlation between shoot Zn and Fe concentrations under different N soil supply. Data for
25. days old maize plants. N rates: low (125 mg of N/kg of soil), (—, �), and adequate (250 mg of
N/kg of soil), (—, �).
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The relationship between N-Zn and N-Fe concentrations in shoot is shown in Figure 3.
The positive impact of N nutrition on Zn and Fe concentrations in shoot in relation to N
shoot concentration is shown both under low and adequate Zn supply.

Figure 3. Correlations between Zn, Fe and N concentrations in maize shoot under different Zn soil
supply. (A) Low Zn soil supply. (B) Adequate Zn soil supply. Data for 25 days old maize plants.
Fe maize shoot concentration (—, �), Zn maize shoot concentration (—, �).

The relation between N-Zn in shoot is highly dependent on availability of N in
the soil irrespective of Zn soil availability. Although Zn application decreased shoot Fe
concentration (Figure 2), still increase in N supply significantly affected N-Fe relationship,
and as in case of N-Zn relationship, N-Fe relationship is strengthened by the increase of N
soil availability (Figure 3).

The well-documented effects of Zn nutrition on growth of plants and shoot Zn con-
centrations and uptake were more distinct with the soil ZnSO4 application when compared
to the soil ZnO application (Table 5). A progressive increase in shoot dry matter production
was observed with increasing soil Zn application, and this increase was stronger and
more pronounced in case of soil ZnSO4 application. These much better effects of ZnSO4
application on shoot growth than the ZnO application are also shown in Figure 4a,b.
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Table 5. Effects of increasing soil Zn supply as ZnO and ZnSO4 on shoot dry matter production, shoot Zn concentration
and total Zn uptake of 34-days-old maize plants grown on a Zn-deficient calcareous soil. Zinc has been applied at the rates
of 0, 0.5, 1, 2.5 and 7.5 mg Zn kg−1 soil in form of ZnO and ZnSO4.

Zn Source Zn Supply mg/kg Dry Matter (g plant−1) Shoot Zn (mg kg−1) Shoot Zn Uptake (μg plant−1)

Control No Zn 0.60 ± 0.02 5.65 ± 0.10 3.4 ± 0.1

ZnO

0.5 0.98 ± 0.11 5.01 ± 0.65 4.9 ± 1.1
1 1.28 ± 0.32 6.32 ± 0.29 8.1 ± 1.9

2.5 2.52 ± 1.35 8.09 ± 0.36 20.7 ± 11.9
7.5 4.64 ± 1.97 9.24 ± 1.10 44.5 ± 23.3

ZnSO4

0.5 2.21 ± 0.48 6.88 ± 0.77 15.3 ± 4.3
1 3.97 ± 0.60 7.24 ± 0.54 28.7 ± 4.6

2.5 6.16 ± 0.24 8.36 ± 0.27 51.5 ± 2.7
7.5 7.43 ± 0.30 13.55 ± 1.32 99.6 ± 8.6

 

 

a 

b 

Figure 4. (a) Effects of increasing soil Zn supply in form of ZnO on growth of maize plants on
a Zn-deficient calcareous for 20 days (bottom), 27 days (middle) and 35 days (top). (b) Effects of
increasing soil Zn supply in form of ZnSO4 on growth of maize plants on a Zn-deficient calcareous
for 20 days (bottom), 27 days (middle) and 35 days (top). Zinc has been applied at the rates of 0, 0.5,
1, 2.5 and 7.5 mg Zn kg−1 soil in form of ZnO and ZnSO4.
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The plants receiving ZnO could not develop well when sol Zn application was <1 mg
Zn kg−1 soil. However, shoot Zn concentrations showed a clear increase by increasing soil
Zn application both with ZnSO4 and ZnO treatments. Since the enhancements in shoot dry
matter by increasing soil Zn supply was more obvious by ZnSO4 application, the shoot total
Zn uptake was accordingly much greater with ZnSO4 than the ZnO applications (Table 5).

4. Discussion

Maize is known to be highly sensitive to low Zn in soils [24]. In good agreement with
this, decreases in Zn soil application showed detrimental effects on the shoot growth of
maize plants (Tables 2–5; Figure 4a,b). Very positive response of maize plants to increasing
soil Zn application was pronounced in case of ZnSO4 application. This indicates clearly
that use of water-soluble Zn fertilizers in high pH soils is highly desirable. The results
presented here are similar those presented for maize plants grown in calcareous soils in
the previous studies [45,46]. ZnO is known to be nearly water insoluble (e.g., 0.0016 g per
liter) while ZnSO4 shows very high-water solubility (i.e., 580 g per liter) [47]. Use of water-
soluble Zn fertilizer is, therefore, highly desirable for high pH soils. At least 40 to 50% of Zn
in each granular fertilizer should be water soluble to achieve a positive agronomic impact
on plant growth by using Zn-containing compound fertilizers in high pH soils [30,46,48].
Recently, Degryse et al. (2020) [48] emphasized importance and relevance ofwater-soluble
Zn in each granular fertilizer and highlighted that water-soluble Zn rather than the total
Zn should be considered in the fertilizer labeling regulations.

Studies dealing with the use of nanoparticle ZnO in Zn fertilization of plants is
growing with controversial results and debates [49,50]. One critical debate is related to the
very poor solubility of Zn existing in nanoparticulated ZnO. Published evidence shows
that solubility and diffusion of Zn from a granular fertilizer which is coated by a bulk or
nanoparticulated ZnO are not affected from the size of ZnO used [51]. Therefore, use of
nanoparticulated ZnO-containing granular fertilizers in high pH soils may have a very
minimal agronomic impact on plant growth and plant Zn uptake when compared to use of
fertilizers containing higher percentage of water-soluble Zn.

The present study shows that besides the form of the Zn fertilizer used, the N nu-
tritional level of the plants also influences plant Zn concentration. Although varied soil
N supply only slightly affected the shoot dry matter production of plants under given
experimental conditions, shoot Zn concentration as well as Zn accumulation (i.e., total Zn
uptake by shoot) of plants were significantly increased through the increase in N fertiliza-
tion of plants (Table 2). These results are like those published by LeBlanc et al. (1997) [40],
and Xue et al. (2014) [43] for maize and Cakmak et al. (2010b) [52] for wheat grown under
field conditions. Positive effects of increasing N fertilization on plant Zn concentrations
have been also shown under greenhouse conditions [53].

In a short-term experiment, Erenoglu et al. (2011) [39] showed that Zn transport
through root uptake and root to shoot was significantly promoted by N fertilization.
An increased N nutrition of plants showed probably positive effects on abundance of
Zn-chelating ligands (such as amino acids and amines) and transporter proteins involved
in the root uptake and root to shoot transport of Zn in the plants such as nicotianamine,
ZIP family proteins and YSL transporters [37,38]. The presented positive effect of higher
soil N supply on Zn concentration and uptake is more emphasized under adequate soil Zn
application. This result compares well with those found by Kutman et al. (2010) [38] in
wheat. According to Kutman et al. (2010) [38] Zn and N are synergistic in their effects on
increasing plant Zn concentrations and their levels in growth medium should be at enough
levels to achieve the synergistic effect of N on root Zn uptake.

Like Zn, increasing soil N supply also positively affected shoot Fe concentrations,
even at much higher level than Zn (Tables 3 and 4). Losak et al. (2011) [41] in maize
and Aciksoz et al. (2011a) [32] in wheat also found the positive effects of N fertilization
on plant Fe concentrations. Interestingly, increasing soil Fe fertilization in the form of
FeSO4 and FeEDTA had no clear effect on shoot and grain Fe concentrations of wheat
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plants; but at a given Fe dose, increasing N fertilization significantly improved shoot and
grain Fe [32]. The N-dependent increases in plant Fe concentrations were ascribed to
N-dependent increases in level of Fe-chelating and transporting nitrogenous compounds
such nicotianamine and phytosiderohores. Accordingly, it was shown that improving
plants N nutritional status increased root release of phytosiderophores from roots [54]. It is
known that phytosiderophores play an important role in mobilization of Fe and Zn from
sparingly soluble Fe and Zn sources in soils as well as in root uptake and shoot transport
of Zn and Fe within plants [55–57].

In contrast to Zn and Fe, increasing N fertilization did not affect plant Se concentration
(Table 4), which shows that the increasing effect of N fertilization on plant Zn and Fe seems
to be specific. Even, an increasing N fertilization has been found to have an inhibitory
effect on Se concentrations of vegetables [58]. Similarly, the concentration and uptake of Se
in maize plants was not significantly affected by varied Zn supply (Table 1), which could
be explained by different root uptake mechanisms for Se and Zn.

Plants are very responsive to soil Se fertilization and show substantial increases in
shoot and grain concentrations of Se as shown in field-grown maize plants by Chilimba
et al. (2012) [59] in Malawi, Mao et al. (2014) [60] in China and Ngigi et al. (2019) [61] in
Kenya. The results presented in Table 4 compare well with those results from the field trials.

Considering the average concentrations of observed micronutrients in experimental
maize plants and dietary requirement of the dairy cattle, we can suggest that biofortified
maize grown on the deficient soils can meet the dairy cattle requirements to certain extent.
Average Se maize shoot DM levels ranged between 0.04–0.88 mg kg−1 (Table 4), while the
defined selenium requirement is 0.3 mg/kg of dietary dry matter for all categories of
dairy cattle [62].

This indicates that maize silage could be very successfully Se biofortified after opti-
mization of the application rates. In case of Zn, required dietary concentration for milking
cows is 63 mg kg−1 DM, for heifers 31 mg kg−1 DM and dry cows 22.8 mg kg−1 DM [63],
while the average maize shoot DM values ranged between 7–24 mg kg−1. According
to this comparison, Zn biofortified silage could meet the requirements of dry cows and
heifers but not those of milking cows. Required dietary concentration of Fe for milking
cow is 24 mg kg−1 DM [63]. Thus, average range of maize Fe shoot concentration of
36–80 mg kg−1 DM could easily meet the dietary requirements of all cattle categories.

The present study showed that N nutritional status represents a key factor in bioforti-
fication of silage maize with Zn and Fe. It is suggested that an optimum N fertilization of
feed and food crops are required to contribute to better human and animal dietary intake
of Zn and Fe. The results also highlighted importance of use of water-soluble Zn fertilizers
in Zn biofortification of plants grown on high pH soils.
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18. Kluska, K.; Adamczyk, J.; Krężel, A. Metal binding properties, stability and reactivity of zinc fingers Coordination. Chem. Rev.

2018, 367, 18–64.
19. McDonald, P.; Edwards, R.; Greenhalgh, J.; Morgan, C.; Sinclair, L.A.; Wilkinson, R.G. Animal Nutrition, 7th ed.; Prentice-Hall:

London, UK, 2007; Volume 11, pp. 264–271.
20. Rayman, M.P. Selenium and human health. Lancet 2012, 379, 1256–1268. [CrossRef]
21. Ademi, A.; Govasmark, E.; Bernhoft, A.; Bytyqi, H.; Djikic, M.; Manojlović, M.; Loncaric, Z.; Drinic, M.; Filipovic, A.; Singh,
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Abstract: Millions of people worldwide have an inadequate intake of selenium (Se) and zinc (Zn),
and agronomic biofortification may minimise these problems. To evaluate the efficacy of combined
foliar Se and Zn fertilisation in bread making wheat (Triticum aestivum L.), a two-year field experiment
was established in southern Spain under semi-arid Mediterranean conditions, by following a split-
split-plot design. The study year (2017/2018, 2018/2019) was considered as the main-plot factor, soil
Zn application (50 kg Zn ha−1, nor Zn) as a subplot factor and foliar application (nor Se, 10 g Se ha−1,
8 kg Zn ha−1, 10 g Se ha−1 + 8 kg Zn ha−1) as a sub-subplot factor. The best treatment to increase
both Zn and Se concentration in both straw, 12.3- and 2.7-fold respectively, and grain, 1.3- and 4.3-fold
respectively, was the combined foliar application of Zn and Se. This combined Zn and Se application
also increased on average the yield of grain, main product of this crop, by almost 7%. Therefore,
bread-making wheat seems to be a very suitable crop to be used in biofortification programs with Zn
and Se to alleviate their deficiency in both, people when using its grain and livestock when using
its straw.

Keywords: sodium selenate; zinc sulfate; cereal; rainfed conditions; forage yield

1. Introduction

Cereals are the most important crops for both animal feed and human nutrition,
supplying between 25% and 90% of their daily energy needs. Among these, wheat is one
of the most important, being grown in 120 countries, China, India and Russia as the main
producers, with a harvested area of around 220 million ha and a production of more than
770 million Mg [1]. Its relevance lies in the fact that around 82% of wheat grain is made up
of carbohydrates, with more than 60% being starch, with an adequate protein content [2].
However, the vitamin and mineral content is generally low [3]. This low mineral content
is aggravated by the relatively high content of the anti-nutrient phytate that wheat has,
which hinders the absorption of nutrients such as Ca, Fe, Mg, Se and Zn [4,5].

Nowadays, mineral malnutrition, or hidden hunger, is a global problem affecting
around 60% of the world’s population, with Fe, I, Se and Zn deficiencies being the most
pronounced [6]. The main cause of these deficiencies is the low bioavailability of these nu-
trients into soil, which produce crops with an inadequate amount of these nutrients in their
edible parts. Soils in the semi-arid Mediterranean area have generally low concentrations
of both Se and Zn, especially in those of the Southwest of the Iberian Peninsula, which are
classified according to [7,8] as deficient to marginal in available Se (<27 μg Se kg−1) [9–11]
and deficient in available Zn (<0.5 mg Zn-DTPA kg−1) [12].

Selenium is not considered an essential nutrient for angiosperm plants, but it is
for animals and humans, where it is a key component of more than 30 selenoproteins
or selenoenzymes [13]. It is involved in cell protective processes and is related to the
proper functioning of the immune and endocrine systems [14,15]. Its deficiency is linked
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to oxidative stress, epilepsy, asthma, reduced male fertility, depression of the immune
system and the increased risk of certain cancers, such as rectal, liver, prostate and colon
cancer [13,16]. On the other hand, Zn is one of the most important trace elements for
all living organisms, including plants, in which it plays a particularly important role
during periods of rapid growth [17,18]. In animals and humans, it is present in high
concentrations in all body tissues, and is involved in many vital functions [19,20]. Its
deficiency is associated with diseases such as anemia, anorexia, cancer, gastrointestinal
and kidney problems, immune system dysfunction, delayed bone and sexual maturation
and DNA damage, as well as being linked to certain types of cancer [21,22]. Due to the
antiviral and immune-boosting properties of Se and Zn, recent studies have linked Se
levels to the severity of the infection of SARS-CoV-2 [23], and have proposed Se [24] and
Zn supplementation [25,26] as treatments to alleviate their symptoms.

One of the most effective remediation strategies to alleviate this problem is agronomic
biofortification, i.e., increasing the bioavailable concentration of nutrients in the edible
parts of plants through agronomic intervention [27]. While for Se there is some consensus
that foliar application of 10 g Se ha−1 applied as sodium selenate at anthesis is the most
efficient in semi-arid conditions [9,10,28,29], for Zn, there is more controversy. In general, it
is considered that zinc sulphate (ZnSO4-7H2O) is the most widely used fertiliser. However,
while the Zn soil incorporation before sowing at a rate of 50 kg ha−1 increases mainly grain
productivity, the foliar application of 4–8 kg ha−1 at the start of flowering seems to be more
efficient in increasing Zn concentrations in grain. Therefore, the combined soil and foliar
application is considered as a suitable option by [12,30].

However, the information regarding the combined biofortification of Se and Zn,
which may allow to alleviate their intake deficiency simultaneously and might reduce
application costs for farmers, is very limited, and mainly based on trials carried out under
greenhouse conditions [31]. Under in-field conditions, such combined application of Zn and
Se under semiarid Mediterranean climate has already demonstrated a high accumulation
of those micronutrients in forage peas [32]. However, the effect of the combined Zn and
Se biofortification on bread wheat, a crop of global importance, remains unknown under
these semiarid conditions, where the irregularity of rainfall could substantively influence
its efficiency. The general aim of this study is to contribute to achieve a basic crop in human
nutrition with a high enough content of both nutrients able to reduce Zn and Se deficiencies,
obtaining a functional crop with added value for farmers. Therefore, the present study
aims to evaluate the effect of the biofortification with Zn and Se, both individually and
in combination, on the accumulation of these minerals in the edible parts of wheat (grain
for humans and straw for animals), and on the yield and nutritional quality of such parts.
Likewise, in the plots with Zn treatment in the soil, the evolution and permanence of Zn
into soil was also evaluated to analyse its residual effect.

2. Results

2.1. Evolution of Soil Zn-DTPA in the Soil

The split-plot ANOVA performed to evaluate the residual effect of the Zn applications
by analysing the concentration of Zn into the topsoil showed the main effects ‘sampling
time’ (degree of freedom, df = 4, F value = 20.03, p < 0.001), ‘Zn application’ (df = 2,
F value = 75.04, p < 0.001) and their interaction (df = 8, F value = 5.49, p < 0.001) to be all
significant variables. The Zn-DTPA concentration increased significantly since its applica-
tion. Such an increment was lower in 50SZn + 0FZn, with an average of 1.00 ± 0.10 mg
Zn-DTPA ha−1, than in 50SZn + 8FZn, with 1.25 ± 0.12 mg Zn-DTPA ha−1, but only in the
first measurement after its application. Afterwards, no significant variation was observed
between both treatments, including Zn (Figure 1).
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Figure 1. Zn DTPA concentration into topsoil of the study area as affected by the interaction ‘sampling
time (five times) * Zn application (3 treatments: NoSZn, 50SZn + 0F and 50SZn + 8FZn)’. Error
bars indicate standard error (n = 3). Different letters mean significant differences between means
according to LSD test (p ≤ 0.05).

2.2. Zn and Se Concentrations and Contents in Straw and Its Bioavailability

Both the Zn concentration in the straw, and its bioavailability, measured through the
molar ratio phytate/Zn, were significantly affected by the main effects ‘Study year’ and
‘Foliar application’, as well as by their interaction (Table 1). The foliar treatments containing
Zn increase the Zn concentration in the straw almost 10-fold on average, although such
differences took place mainly in the study year 2018/2019 (almost 16-fold) in comparison
with 2017/2018 (more than 6-fold). The foliar Se application did not produce any effect
on the concentration of Zn in the wheat straw (Figure 2). The molar ratio phytate/Zn in
the straw was much lower in the treatments containing Zn, especially in the study year
2018/2019 (Table 2). When the total Zn content per ha was considered as response variable,
only the foliar application had a significant influence (Table 1). In this case, the treatments
containing Zn increased the total Zn content per ha about 8-fold (Figure 2).

Table 1. Summary of the split-split-plot ANOVAs showing the effect of the main-plot factor (year), subplot factor (Zn soil
application), sub-subplot factor (foliar application) and their interactions on each parameter evaluated in straw and grain.
DF, degree of freedom; F values, including the level of significance (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) are shown in the
rest of the rows.

Part Year (Y)
Zn Soil

Applic. (S)
Foliar

Applic. (F)
Y*S Y*F S*F Y*S*F

DF 1 1 3 1 3 3 3
Zn

(mg kg−1)
Straw 1 35.92 * 0.23 185.9 *** 1.25 13.70 *** 0.26 1.33
Grain 1.36 7.30 * 26.71 *** 0.00 3.75 * 0.10 0.49

Se
(μg kg−1)

Straw 1 0.07 0.06 27.78 *** 0.04 0.22 0.34 0.37
Grain 2 75.01 ** 0.33 55.93 *** 0.17 2.36 0.05 0.70

TZn
(g kg−1)

Straw 1 5.39 6.31 100.6 *** 1.48 0.69 0.53 1.09
Grain 101.2 ** 24.01 ** 25.92 *** 15.83 ** 13.78 *** 0.50 0.26

TSe
(mg kg−1)

Straw 1,2 29.45 * 1.04 47.86 *** 0.03 0.91 0.81 0.85
Grain 2 365.4 *** 0.50 53.62 *** 1.23 2.34 0.07 0.92

Phytic acid
(g kg−1)

Straw 1 1.04 0.30 0.24 0.11 2.18 1.26 1.47
Grain 0.04 3.09 0.33 0.93 0.45 0.20 0.14

Ph/Zn
Straw 1 49.29 * 1.62 96.10 *** 0.46 6.61 ** 0.90 1.09
Grain 0.03 5.09 39.30 *** 0.02 4.29 * 0.68 0.61

Ph/Se
Straw 1 0.05 0.04 57.46 *** 0.02 0.85 0.10 0.30
Grain 2 61.83 ** 0.24 54.70 *** 0.13 1.68 0.06 0.79

Yield
(kg ha−1)

Straw 195.4 *** 28.55 ** 0.64 0.27 1.58 1.70 0.78
Grain 394.7 *** 2.23 1.70 8.01 ** 2.19 1.42 0.55
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Table 1. Cont.

Part Year (Y)
Zn Soil

Applic. (S)
Foliar

Applic. (F)
Y*S Y*F S*F Y*S*F

1000 gw (g) Grain 60.75 ** 0.16 2.72 0.30 1.24 0.08 1.67
Hect. weight

(kg hL−1) Grain 31.38 * 0.29 2.34 3.16 0.91 0.82 0.78

NDF (%) Straw 1766 *** 1.46 0.88 0.18 0.42 0.60 0.12
ADF (%) Straw 937.1 *** 2.19 0.23 0.69 0.24 0.63 0.09
ADL (%) Straw 2.14 8.13 * 1.22 7.65* 1.52 0.88 1.53

Ashes (%) Straw 2 102.1 ** 0.07 0.32 3.35 0.38 1.74 1.09
Mg

(mg kg−1)
Straw 1 16.92 14.71* 0.56 3.77 0.48 0.87 0.79
Grain 0.35 0.02 1.03 1.98 1.58 0.58 1.35

Ca
(mg kg−1)

Straw 1 8.25 85.14 *** 0.44 71.44 ** 0.37 1.05 1.58
Grain 2.73 0.49 1.17 1.94 2.10 1.07 2.33

Fe
(mg kg−1)

Straw 1 101.8 ** 1.18 0.92 0.17 1.15 2.41 0.41
Grain 14.56 * 0.40 0.69 5.87 3.85 * 0.89 0.49

Ph/Mg Straw 1 18.60 * 10.54 * 0.96 1.41 1.09 0.51 0.67
Grain 0.00 0.18 1.31 3.00 1.82 1.45 1.57

Ph/Ca
Straw 1 9.94 18.00 * 0.93 15.13 * 1.53 0.95 1.80
Grain 0.14 1.10 1.57 2.33 2.08 1.52 2.55

Ph/Fe
Straw 1 403.9 ** 2.34 1.86 0.12 1.71 2.45 0.30
Grain 25.57 * 0.31 0.54 9.97* 4.21* 0.90 0.51

TZn: total Zn content = Zn*yield; TSe: total Se content = Se*yield; Yield: grain yield; 1000 gw: thousand grain weight; NDF: neutral
detergent fiber; ADF: acid detergent fiber; ADL: acid detergent lignin; Ph/mineral: molar ratio Phytate/each mineral.1 In these parameters:
n = 3; in the rest: n = 4. 2 These parameters were transformed by following: Ln(x + 1).

Figure 2. Concentration of Zn and total Zn content in the straw and grain as affected by the main
effects ‘Study year (Y)’, ‘Soil Zn application (S)’, ‘Foliar application (F)’, and by the interaction ‘Y*F’.
Charts indicate means (for straw n = 3; for grain n = 4) and error bars indicate standard error. Within
each factor and plant part, different letters mean significant differences between means according to
LSD test (p ≤ 0.05). To make the differences clearer, a different set of letters was assigned to each
factor and plant part (lowercase letters for ‘Y*F’, Greek letters for ‘S’, uppercase letters [A, B] for ‘Y’
and uppercase letters [Z, Y] for ‘F’). Letters follow by apostrophe (‘) for grain.
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Table 2. Molar ratio phytate: mineral (Zn and Se) in the straw and grain, expressed as mean value ± standard error (n = 3
for straw and n = 4 for grain) as affected by the main effects ‘Study year (Y)’, ‘Foliar application (F)’ (in bold) and by their
interaction ‘Y*F’.

Factor Treatment
Study Year

2017/2018 2018/2019 Average

Phytate:Zn

Straw

Foliar
application

0F 52.9 ± 10.1 bc 84.5 ± 8.4 a 68.7 ± 7.8 Z
10FSe 45.0 ± 5.5 c 66.5 ± 4.7 b 55.8 ± 4.7 Y
8FZn 7.2 ± 0.5 d 4.4 ± 0.3 d 5.8 ± 0.5 X

8FZn + 10FSe 7.1 ± 0.5 d 4.9 ± 0.3 d 6.0 ± 0.4 X

Average 28.0 ± 5.1 B 40.1 ± 8.0 A

Grain

Foliar
application

0F 17.3 ± 1.0 a 16.4 ± 0.8 ab 16.9 ± 0.6 Z
10FSe 17.1 ± 0.8 ab 15.5 ± 0.4 b 16.3 ± 0.5 Z
8FZn 11.7 ± 0.3 d 12.9 ± 0.5 cd 12.3 ± 0.3 Y

8FZn + 10FSe 12.0 ± 0.7 d 13.6 ± 0.4 c 12.8 ± 0.4 Y

Average 14.5 ± 0.6 14.6 ± 0.4

Phytate:Se

Straw

Foliar
application

0F 19.9 ± 2.9 22.5 ± 1.8 21.2 ± 1.6 Z
10FSe 8.1 ± 1.8 6.2 ± 0.5 7.2 ± 0.9 Y
8FZn 20.9 ± 1.3 21.8 ± 3.1 21.4 ± 1.5 Z

8FZn + 10FSe 8.2 ± 0.7 7.7 ± 0.5 8.0 ± 0.4 Y

Average 14.3 ± 1.5 14.5 ± 1.8

Grain

Foliar
application

0F 24. 0 ± 3.1 35.0 ± 5.7 29.5 ± 3.4 Z
10FSe 5.5 ± 0.8 14.0 ± 1.3 9.8 ± 1.4 Y
8FZn 20.4 ± 4.0 37.3 ± 5.5 28.9 ± 3.9 Z

8FZn + 10FSe 4.5 ± 0.8 11.0 ± 1.2 7.7 ± 1.1 Y

Average 13.6 ± 2.0 B 24.3 ± 2.8 A

Within each parameter and factor, different letters mean significant differences between means according to LSD test (p ≤ 0.05). If letters do
not appear, this factor did not have a significant effect according to split-split-plot ANOVA. To make the differences clearer, a different set of
letters was assigned to each factor (lowercase letters [a, b, c, d] for ‘Y*F’, uppercase letters [Z, Y, X] for ‘F’ and uppercase letters [A, B] for ‘Y’.

Regarding Se, its concentration in the straw and the molar ratio Phytate/Se were only
affected by the foliar treatment (Table 1). The treatments containing Se, regardless of the
Zn application, produced on average almost a 3-fold increase in the Se concentration in
comparison with the rest of treatments (Figure 3). The same pattern was observed for the
molar ratio phytate/Se (Table 2). The Se content per ha in the straw, besides the foliar
application, was also affected by the study year (Table 1), being 44% higher in 2017/2018
than in 2018/2019. Furthermore, the treatments containing Se produced the highest values
of total Se content in the straw (Figure 3).

Figure 3. Concentration of Se and total Se content in the straw and grain as affected by the main effects ‘Study year (Y)’ and
‘Foliar application (F)’. Charts indicate means (for straw n = 3; for grain n = 4) and error bars indicate standard error. Within
each factor and plant part, different letters mean significant differences between means according to LSD test (p ≤ 0.05).
To make the differences clearer, a different set of letters was assigned to each factor and plant part (lowercase letters for
‘F’, uppercase letters for ‘Y’). Letters follow by apostrophe (‘) for grain. Although the LSD test was performed on the
transformed variable, back-transformed values are represented to ease interpretation.
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2.3. Zn and Se Concentrations and Contents in Grain and Its Bioavailability

The ‘soil Zn application’ and ‘foliar application’ as main effects, and the interaction
‘study year*foliar application’ significantly affected the Zn concentration in grain. The
same pattern was observed for the Zn bioavailability (measured through the molar ratio
phytate/Zn), excepting for the ‘soil Zn application’, which did not have significant influence
(Table 1). Such as in the case of the straw, the foliar treatments containing Zn produced the
highest Zn accumulation in the grain, but the magnitude of the increase was much lower in
this case, at on average around 24% (Figure 2). In 2018/2019, those differences were even
lower. The soil application of Zn also increased the Zn concentration in grain to around
9%. When considering the molar ratio phytate/Zn, again, the treatments containing Zn
showed the lowest values, especially in 2017/2018 (Table 2). The total Zn content in grain
was affected by the three main effects of study year (Y), soil Zn application (S) and foliar
application (F), and by the interactions ‘Y*S’ and ‘Y*F’ (Table 1). The treatments including
Zn, either soil or foliar applied, showed the highest values, but only in 2017/2018, the year
with the highest total Zn content in the grain (Figure 2). The Se application did not have
any effect on the Zn accumulation in the grain.

The concentration of Se in the grain, the total Se content and the molar ratio phytate/Se,
were all affected by the main effects ‘study year’ and ‘foliar Zn application’ (Table 1). For
Se concentration and total Se content, the pattern was almost the same in all the significant
factors. The highest values were obtained in 2017/2018 in the treatments containing Se
(Figure 3). The treatments containing Se produced the lowest values of the ratio Phytate/Se
(Table 2).

2.4. Effect of Zn and Se Application on Grain and Straw Yield and Straw Nutritive Parameters

While in the case of the grain, yield was affected by the main effect ‘study year (Y)’ and
by the interaction ‘Y*soil Zn application (S)’, the straw yield was significantly influenced by
the main effects ‘Y’ and ‘S’ (Table 1). Grain yield was much higher in 2017/2018, the most
humid growing season, than in 2018/2019 (almost 2-fold higher). The Zn application in soil
caused an increase in the grain yield of around 10%, but only in 2017/2018. In 2018/2019,
the soil Zn application did not have any effect in the grain yield (Figure 4). Straw was
yielded more also in 2017/2018 than in 2018/2019 (more than 1.7-fold), and when Zn was
applied to soil (more than 21%) in comparison with the non-fertilised control. In both cases,
the Se application did not have any effect on the yield (Figure 4). The thousand grain weight
and the hectolitre weight were only affected by the study year (Table 1). In both cases,
values were higher in 2017/2018 than in 2018/2019: for thousand grain weight 35.8 ± 0.7%
vs. 25.8 ± 0.4 g, and for hectolitre weight 79.7 ± 0.3% vs. 76.1 ± 0.4 kg hL−1, respectively.

Fibres (both neutral detergent, NDF, and acid detergent, ADF) and ashes were all only
affected by the study year (Table 1). In all cases, the values were higher in 2017/2018 than
in 208/2019 (for NDF: 72.8 ± 0.4% vs. 63.2 ± 0.4%; for ADF: 43.3 ± 0.3% vs. 34.2 ± 0.4%;
for ashes: 1.9 ± 0.1% vs. 0.5 ± 0.0%, respectively. Lignin (LAD) was affected by the main
effect ‘soil Zn application (S)’ and by the interaction ‘Study year*S’ (Table 1). In this case,
the highest values were obtained when Zn was applied into soil, but only in 2017/2018
(Figure 5). Regarding the mineral status, the influence of the main factors studied and
their interactions on their concentration and their bioavailability (measured through the
molar ratio phytate/mineral) in the straw and grain can be observed in Table 1. Within
those, the most significant results are shown in Table 3. While the study year influenced
the Fe concentration and its bioavailability in both the straw and grain and the molar ratio
phytate/Mg in the straw, the soil Zn application affected the Mg and Ca concentration
in the straw and their bioavailability. The foliar application, although significant in some
interactions with the study year, did not present a clear pattern (Table 3). In general, the
highest concentration values for Mg, Ca and Fe were obtained in 2017/2018. In the case
of Mg and Ca, such highest values were reached when soil Zn was not applied, and in
the case of Fe, when foliar Zn and Se were applied in combination, but only in 2017/2018
(Table 3).
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Figure 4. Influence of the main effects ‘Study year (Y)’, ‘Soil Zn application (S)’ and their interaction ‘Y*S’ on both straw and
grain yield. Charts indicate means (n = 4) and error bars indicate standard error. Within each parameter and factor, different
letters mean significant differences between means according to LSD test (p ≤ 0.05). To make the differences clearer, a
different set of letters was assigned to each factor (lowercase letters (a, b, c) for the interaction, uppercase letters [A, B] for ‘Y’
and uppercase letters (Z, Y) for ‘S’. Letters follow by apostrophe (‘) for grain.

Figure 5. Acid detergent lignin for straw as affected by the main effect ‘Soil Zn application (S)’ and by the interaction ‘Study
year (Y)*S’. Charts indicate means (n = 4) and error bars indicate standard error. Within each factor, different letters mean
significant differences between means according to LSD test (p ≤ 0.05). To make the differences clearer, a different set of
letters was assigned to each factor (lowercase letters for ‘Y*S’ and uppercase letters for ‘S’).
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Table 3. Concentration of Mg, Ca and Fe, and their molar ratio phytate:mineral in either the straw or grain, expressed as
mean value ± standard error (n = 3 for straw and = 4 for grain) as affected by the main effects ‘Study year (Y)’, ‘Zn soil
application (S)’ and/or ‘Foliar application (F)’ (in bold) and by the interactions ‘Y*S’ and/or ‘Y*F’.

Factor Treatment
Study Year

2017/2018 2018/2019 Average

Straw

Mg
(g kg−1)

Soil Zn
application

0SZn 1.05 ± 0.05 0.77 ± 0.03 0.91 ± 0.04 Z
50SZn 0.85 ± 0.03 0.71 ± 0.02 0.78 ± 0.02 Y

Average 0.95 ± 0.03 0.74 ± 0.02

Ph/Mg

Soil Zn
application

0SZn 0.20 ± 0.01 0.27 ± 0.01 0.24 ± 0.01 Y
50SZn 0.25 ± 0.01 0.30 ± 0.01 0.27 ± 0.01 Z

Average 0.22 ± 0.01 B 0.28 ± 0.01 A

Ca
(g kg−1)

Soil Zn
application

0SZn 3.73 ± 0.15 z 2.67 ± 0.06 x 3.20 ± 0.14 Z
50SZn 3.05 ± 0.13 y 2.64 ± 0.08 x 2.84 ± 0.09 Y

Average 3.39 ± 0.12 2.65 ± 0.05

Ph/Ca

Soil Zn
application

0SZn 0.09 ± 0.00 x 0.13 ± 0.00 z 0.11 ± 0.00 Y
50SZn 0.12 ± 0.00 y 0.13 ± 0.00 z 0.12 ± 0.00 Z

Average 0.10 ± 0.00 0.13 ± 0.00

Grain

Fe
(mg kg−1)

Foliar
application

0F 36.3 ± 0.9 bc 35.0 ± 2.6 bcd 35.6 ± 1.3
10FSe 39.3 ± 1.9 ab 34.7 ± 2.9 bcd 37.0 ± 1.7
8FZn 37.8 ± 1.8 ab 32.0 ± 0.6 cd 34.9 ± 1.2

8FZn + 10FSe 42.3 ± 2.9 a 30.6 ± 0.9 d 36.4 ± 2.1

Average 38.9 ± 1.0 A 33.1 ± 1.0 B

Ph/Fe

Soil Zn
application

0SZn 1.24 ± 0.02 x 1.65 ± 0.02 z 1.44 ± 0.04
50SZn 1.38 ± 0.05 y 1.44 ± 0.05 y 1.41 ± 0.04

Foliar
application

0F 1.38 ± 0.04 cd 1.47 ± 0.09 bc 1.43 ± 0.05
10FSe 1.29 ± 0.06 de 1.49 ± 0.09 abc 1.39 ± 0.06
8FZn 1.34 ± 0.07 cde 1.56 ± 0.03 ab 1.45 ± 0.05

8FZn + 10FSe 1.21 ± 0.08 e 1.64 ± 0.05 a 1.43 ± 0.07

Average 1.31 ± 0.03 B 1.54 ± 0.03 A

Within each parameter and factor, different letters mean significant differences between means, according to LSD test (p ≤ 0.05). If letters
do not appear, this factor did not have a significant effect according to split-split-plot ANOVA. To make the differences clearer, a different
set of letters was assigned to each factor (lowercase letters [a, b, c, d, e] for ‘Y*F’, lowercase letters (z, y, x) for ‘Y*S’, uppercase letters [Z, Y]
for ‘S’ and uppercase letters [A, B] for ‘Y’.

3. Discussion

The present study was designed to perform the soil Zn application only once at the
beginning of the experiment, and with the minimum amount possible to reduce the total
inputs that satisfy the crop requirements. In this research, after the soil application, the
Zn-DTPA concentration in soil increased up to more than 1.00 mg kg−1, remaining always
above 0.5 mg kg−1, which is a critical value to meet the crop needs [30]. This fact confirmed
then the assumption that the used soil fertilisation rate was high enough to reach the
values of available Zn into soil above the crop requirements in both the application year
and at least in the following cropping year. This result agreed with the stated in previous
studies [12,30], where an important Zn residual effect into soil after a Zn sulfate fertiliser
application was reported. However, more years are needed to establish, in semi-arid
conditions, what is the duration of the effect of this application.

Without biofortification, the values of Zn and Se concentration in the straw were on
average 8.5 mg kg−1 and 33.0 μg kg−1, respectively, while in the grain were 33.1 mg Zn kg−1

and 26.3 μg Se kg−1. Considering that the required amount of Zn and Se by humans
is about 15 mg Zn day−1 and 55 μg Se day−1, respectively [33,34], and that livestock
requires about 35 mg Zn kg−1 and 0.1–0.5 mg Se kg−1 feed DM, respectively [35], without
biofortification, the levels reached in the different parts of the wheat plant might be under
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these values. This fact supports the idea that low levels of Zn and Se into soil, such as it
was in this case, might produce plants with inadequate Zn and Se concentration in their
edible parts to accomplish the required necessities in humans and livestock. Under these
soil conditions, the implementation of strategies like agronomic biofortification, which
allow alleviating such deficiencies, might make much more sense than in other situations.
To get a general application, while the obtained plant-derived products do not reach higher
prices because of the Zn and Se enrichment, public policies should fund to farmers the
extra costs generated by the application.

Regarding the situation without fortification, two results are interesting to be remarked.
The first is that while for Se, the concentration was quite similar in the straw and in the
grain, for Zn, it was much higher in the grain than in the straw. Because Zn is an essential
nutrient for plants involved in many physiological and metabolic processes [36], the Zn
accumulated in senescent tissues might be transported to younger sinks still in development
to be again used in the cellular activity of the novel part. This might be supported by
Longnecker and Robson [37], who indicated that Zn concentrations are usually higher
in growing tissues than in those that are mature. In the case of Se, because it is essential
for mammals [38,39], but not for plants [40], although different positive effects have been
reported, such as an increase on the chlorophyll content accumulation on the leaves [41]
with an improvement in the photosynthetic system [42], alleviated adverse effects of
drought stress in different species [43], maintaining under heat or drought stress and grain
yield in cereals [44]. The second aspect to be remarked is that for Se, its concentration
was higher in the most humid year (2017/2018) in the grain, but for Zn the effect was
opposite, i.e., the highest values were obtained in the growing season with the lowest
rainfall (2018/2019) in the straw (Figure 6). This apparently contradictory result can
be explained by a dilution effect, as a result of the different yield obtained. When the
total mineral content (multiplying the mineral concentration by the yield) is considered to
take into account this effect, in both cases, for straw and grain, and for both micronutrients,
the values obtained in the most humid year (2017/2018) were almost 2-fold of those in
2018/2019. Therefore, as stated previously [45,46], water availability might enormously
favour the uptake of these micronutrients.

Figure 6. Monthly and annual rainfall and mean maximum and minimum temperatures in 2017/2018, 2018/2019 and in an
average year from a 30-year period in Badajoz (Spain).

When biofortification was performed, the best treatment to increase both Zn and Se
concentration in both straw and grain was the combined foliar application of 8 kg zinc
sulfate ha−1 and 10 g sodium selenate ha−1. With this application, the values of Zn and Se
concentration in the straw were on average 98.8 mg Zn kg−1 (an increase of 12.3-fold in
comparison with that of controls) and 87.6 μg Se kg−1 (2.7-fold that of controls), respectively,
while in the grain were 46.4 mg Zn kg−1 (1.32-fold that of controls) and 124.9 μg Se kg−1

(4.3-fold that of controls), respectively. According to these results, the importance of the
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biofortification effect, although always effective, was quite inconsistent, depending on
the plant tissue analysed and the mineral considered. To explain this inconsistency, data
should be analysed considering each study year separately.

In 2018/2019, a year with an unusual very low precipitation (Figure 6), the foliar
application affected at a lower extent the Zn concentration in grain. However, such an
application had a very important influence in the Zn concentration in the straw, resulting
in values 16.7-fold higher when both nutrients were applied in comparison with the non-
fertilised controls. Therefore, under this situation, it seemed that the Zn absorbed by leaves
after application was not so effectively transported to the grain, remaining mostly in the
foliar system. This might be supported by the fact that phloem transport, main Zn fed
source for young sink tissues such as developing grains [47], it is known to fail, or at
least decrease, during drought [48]. In 2017/2018, the Zn concentration increased more
importantly in the straw than in the grain (6.5-fold vs. 1.5-fold, respectively). Although the
rainfall was higher in this year, it might not be still enough for an adequate transport to
the grain. Therefore, under the semiarid Mediterranean climate, characterised by scarce
and very irregular precipitations, the effectiveness of the Zn biofortification might be clear
and positively linked with the amount of rainfall. Nevertheless, further studies, including
a higher number of study years or designing specific experiments with different water
regimes, should be performed in order to clarify the exact influence of the water availability
in the efficiency of the Zn biofortification.

Regarding the Se accumulation after its foliar application, while in the straw the
importance of the increase was quite similar regardless of the study year (2.1-fold in
2017/2018 and 2.9 in 2018/2019), in the grain the influence of the year was determinant. In
the driest year, 2018/2019, the foliar application increased the Se concentration in grain
around 2.8-fold, while in the most humid year, 2017/2018, it increased almost 5.4-fold.
Again, as in the case of Zn, precipitation seems to substantively affect the efficiency of
the Se biofortification, such as it was also found in previous studies on bread-making
wheat [9,11,29]. The quite greater plant vegetative growth in 2017/2018, figured out after
observing the greater straw yield of this year, and an increased opening of the leaf stomata,
the main route for foliar nutrients entrance into the plant [49], as a consequence of the
higher rainfall, might explain this highest efficiency. In any case, even in the most effective
case, i.e., in the year 2017/2018 when Zn and Se were simultaneously applied, the Se
concentration in grain was quite lower than that obtained previously for bread-making
wheat in a very close area [9,11,29], which accounted for almost 800 μg kg−1 (vs. the
182 μg kg−1 of the present study). The higher amount of rainfall and the higher initial
total Se in the topsoil (6 μg extractable Se kg−1 vs. 1.27 μg extractable Se kg−1) of that
study could explain the observed differences. Another factor which has been regarded
to affect the Se uptake in bread-making wheat grain is the rain fallen during the days
before the Se application [29]. There it was found that the lower the precipitation in this
period, the higher the Se accumulation in grain. Considering all of these aspects, under
the semiarid conditions of the Mediterranean climate, special attention should be paid to
rainfall, especially in the days prior to the fertiliser application, in order to maximise the
success of the combined biofortification with Zn and Se in the driest years.

In terms of biofortification, not only the concentration of the target micronutrients
(Zn and Se in this case) is important, which increased by the way to values close to the
recommended under the studied conditions, but also how they are bioavailable for the
organism. In this regard, phytates are phosphorous-containing compounds that reduce
the nutrient absorption, especially for Ca, Fe, Mg and Zn [50]. Considering that a phy-
tate:Zn molar ratio lower than 15 is associated with high Zn bioavailability [51], foliar
treatments containing Zn, especially for the straw, caused a decrease in such values be-
low this threshold. Furthermore, biofortification is important to be analysed in terms
of productivity and nutritional quality of the edible parts. As the application of Zn in
deficient soil increased photosynthesis by increasing chlorophyll a and b concentrations,
transpiration and stomatal conductance rate [52,53], a yield increase is expected. In this
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experiment, the combined soil fertilisation with 50 kg Zn ha−1 and the foliar application of
8 kg Zn ha−1 + 10 g Se ha−1 increased on average the yield of grain, the main product of this
crop, by almost 7%. Although less important in the global farm incomes, the straw yield
also increased by around 26% after that combined application. Both increases, especially
that of the grain yield, might give solid arguments able to persuade farmers to implement
these programs, besides the increase in the Zn and Se concentration in their products
which, although beneficial for society and stockbreeders, are still not compensated in their
selling prices. Future trials should aim at facilitating and reducing costs to make agronomic
biofortification with Se and Zn even more attractive for farmers. A good example is that
reported by Wang et al. [54], who combined Zn application plus pesticide, showing it as
a cost-effective ready-to-use strategy to fight human Zn deficiency in wheat-dominated
regions around the world.

The rest of parameters analysed, such as straw fibres, lignin, or mineral status (Mg, Ca,
Fe), resulted in either unaffected or very few affected by the biofortification with Zn and Se.
Once again, this is a good result to try to successfully implement these programs among
farmers, as its application might not be detrimental for the quality of their productions.

4. Materials and Methods

4.1. Site, Experimental Design and Crop Management

The field experiment was conducted in Badajoz, southern Spain (38◦54′ N, 6◦44′ W,
186 m above sea level), in a Xerofluvent soil, according to Soil Taxonomy, under rainfed
Mediterranean conditions in 2017/2018 and 2018/2019 growing seasons. Weather-related
parameters for this area for the concerned years, as well as for the average year obtained
from a 30-year period, are shown in Figure 6. All climate data were taken from a weather
station located at the study site. In the first study year, rainfall was like the average year but
much higher (40%) than in 2018/2019. The months of March and April were exceptionally
rainy, with ~175 and ~80 mm, respectively, which is much higher than in the average
year. The second year was extraordinarily dry, with a very different seasonal distribution,
being autumn the wettest season, to the extent that it caused a two-month delay in sowing
compared to the first year, and with important drought periods between February and
March and May and June.

The experiment was designed as a split-split plot arrangement with four replications
randomly distributed. The main plots were the study year (2017/2018 and 2018/2019), sub-
plots were Zn soil application (without any application [0SZn] and with a soil application
of 50 kg ZnSO4-7H2O ha−1 [50SZn]) (equivalent to 11.4 kg of Zn ha−1) and sub-subplots
were foliar application with four treatments (without any application [0F]; two foliar ap-
plications of 4 kg ZnSO4-7H2O ha−1 each (equivalent to 0.91 kg of Zn ha−1) at the start
of flowering and two weeks later [8FZn]: a foliar application of 10 g Se ha−1 as Na2SeO4
(equivalent to 24 g ha−1 of Na2SeO4) at the start of flowering [10FSe]: a combination of
8FZn and 10FSe [8FZn + 10FSe]). The crop area for each treatment was 15 m2 (3 m × 5 m).
Zinc soil treatment was only made at the beginning of the first season, in October 2017,
before the sowing, sprayed as a solid in the soil surface and incorporated into the soil
by tillage.

The foliar Zn application treatment consisted of two times of foliar Zn application
at the start of flowering, and it was repeated two weeks later as described by Gomez-
Coronado et al. [12]. At each time, 0.5% (w/v) of aqueous solution of ZnSO4·7H2O ha−1

with 800 L per hectare were sprayed until most of the leaves were covered at the very
late afternoon to avoid burning in plants. For the Se treatment 10 g of Se applied as
Na2SeO4 ha−1 was diluted in 800 L H2O ha−1 to obtain a 0.003% (w/v) solution, and
applied as in the case of foliar Zn, as described by Poblaciones et al. [9].

The bread wheat (Triticum aestivum L.) cultivar used was “Antequera”. Conventional
tillage treatment was used to prepare a proper seedbed before sowing. The sowing was in
late October in the first year (2017) and late December in 2018 (due to the intense rainfall in
autumn in the second year). The sowing rate was of 350 seeds m2; each plot had six rows of
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20 cm apart. A N-P-K fertiliser (15-15-15) was applied before sowing at a 200 kg ha−1 dose
in all plots. Weed control was carried out by applying Trigonil (concentrated in suspension
to 400 g L−1 of chlortoluron and 25 g L−1 of diflufenican) in the sowing.

4.2. Soil Analysis

To characterise the experimental soil, four representative soil samples of 30 cm depth
were taken in September 2017 from the experimental site. Soil samples were air dried and
sieved to <2 mm using a roller mil. Texture was clay loam, determined gravimetrically; soil
pH was slightly acid, with 6.4 ± 0.2 (mean ± standard error) using a calibrated pH meter
(ratio, 10-g soil:25-mL deionised H2O), soil organic matter was very low with 1.31 ± 0.09%
determined by oxidation with potassium dichromate [55], total N was medium with
0.12 ± 0.007% [56], P Olsen with 4.9 ± 0.05 g P kg−1 was low, measured following the
Olsen procedure, and assimilable K was low with 321 ± 8 mg kg −1, determined with
ammonium acetate (1N) and quantified by atomic absorption spectrophotometry.

Soils contained low concentrations of Ca with 1248 ± 134 mg kg−1, medium of Mg
with 1455 ± 145 mg kg−1. They were extracted according to the method of [57] by extraction
with DTPA (diethylenetriamine pentaacetic acid) and measured by inductively coupled
plasma optical emission spectroscopy (ICP-MS) (Agilent 7500ce, Agilent Technologies, Palo
Alto, CA, USA). Extractable Se was very low (with 1.27 ± 0.01 μg Se kg−1) determined by
using KH2PO4 (0.016 mmol L−1, pH 4.8) at a ratio of 10 g dry weight soil: 30 mL KH2PO4
(w/v) [58]. The Se concentration in the extracts was determined by ICP-MS, as described
below. All the results were reported on a dry weight basis.

To evaluate the residual effect along the experiment of the Zn soil treatments, i.e.,
NoSZn, 50SZn + 0F and 50SZn + 8FZn, four sampling, as well as the initial sampling, was
taken in January in both study years and before each harvest (therefore in September 2017,
January 2018, May 2018, January 2019 and May 2019). Zinc-DTPA were determined in
each moment.

4.3. Plant Analysis

Harvesting was done at maturity in early July. Straw and grain samples were thor-
oughly washed with tap water, and then with distilled water to avoid the eventual presence
of residues from foliar applications. Afterwards, samples were dried at 70 ◦C until constant
weight, and their dry matter yield was then recorded. Thousand grain weight and hectolitre
weight were determined from the grain samples. Official procedures [59] were followed to
determine neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent
lignin (ADL) by means of a fiber analyser (ANKOM8–98, ANKOM Technology, Macedon,
NY, USA). Total ash content was determined by ignition of the sample in a muffle furnace
at 600 ◦C, as is indicated in the official procedure [59]. Total straw and grain mineral
concentration (Ca, Fe, Mg, Se and Zn) were determined as follows: straw and grain were
finely grounded (<0.45 mm) using an agate ball mill (Retch PM 400 mill); a 1 g was digested
with ultra-pure concentrated nitric acid (2 mL) and 30% w/v hydrogen peroxide (2 mL)
using a closed-vessel microwave digestion protocol (Mars X, CEM Corp, Matthews, NC,
USA) and diluted to 25 mL with ultra-purified water [60]. Sample vessels were thoroughly
washed with acid before use. For quality assurance, a blank and a standard reference mate-
rial (tomato leaf, NIST 1573a) were included in each batch of samples. The digested was
determined by ICP-MS. The studied mineral recovery was 95%, compared with certified
reference material (CRM) values. To consider the dilution effect in Zn and Se caused by the
different straw and grain yield between growing seasons, total nutrient uptake was calcu-
lated multiplying grain yield by the total Zn and Se concentration in grain. On the other
hand, phytate concentration was estimated by means of phytic acid, whose determination
is based on precipitation of ferric phytate and measurement of iron (Fe) remaining in the
supernatant [61]. Phytate was extracted from about 0.2 g of ground straw or grain in 10 mL
of 0.2 M HCl (pH 0.3) after shaking for 2 h. One ml of supernatant was treated with 2 mL
of ferric solution (NH4Fe(SO4)2·12 H2O) in a boiling water bath for 30 min. After cooling,
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samples were centrifuged, and 1 mL of supernatant was treated with 1.5 mL of 0.064 M
bipyridine (2-pyridin-2-ylpyridine, C10H8N2) to measure Fe. After mixing, the solution
was incubated for 10 min at room temperature, and the light absorbance was measured
with a spectrophotometer at 419 nm. Finally, the molar ratio between phytate and Ca, Fe,
Mg, Se and Zn was calculated to estimate the bioavailability of those nutrients.

4.4. Statistical Analysis

The evolution of the Zn soil treatments on the soil Zn-DTPA was evaluated by a
split-plot analysis of variance (ANOVA). The main-plot factor was “sample time” (before
starting, in January and harvest of 2018, and in January and harvest of 2019), the subplot
factor “Zn application” (0SZn + 0F, 50SZn + 0F, and 50SZn + 8FZn), and its interaction in
the model.

Data of mineral concentration (Ca, Fe, Mg, Se and Zn) and phytate/mineral molar
ratios in straw and grain, as well as straw and grain yield, thousand grain weight and hec-
tolitre weight, and nutritive value parameters of the straw were subjected to split-split-plot
ANOVAs, including the main-plot factor ‘study year’ (2017/2018 and 2018/2019), the sub-
plot factor ‘soil Zn application’ (0SZn and 50SZn), the sub-subplot factor ‘foliar application’
(0F, 8FZn, 10FSe and 8FZn + 10FSe), and their interactions in the model. When significant
differences were found in ANOVA, means were compared using Fisher’s protected least
significant difference (LSD) test at p ≤ 0.05. All these analyses were performed with the
Statistix v. 8.10 package (Analytical Software, Tallahessee, FL, USA). In order to normalise
the variable distribution, as well as to stabilise the variance of residues, the transformation
Ln(x + 1) was performed for the concentration of Se in grain, total Se content in grain and
straw, the molar ratio phytate/Se and the ash content in the straw.

5. Conclusions

The results presented here showed bread-making wheat to be a very suitable crop
to be used in biofortification programs with Zn and Se, as it was able to substantially
accumulate the Zn and Se applied in combination in the edible parts, to alleviate their
deficiency in people when used as staple food, or in livestock when using its straw. In fact,
the combined foliar application of Zn and Se increased in straw, 12.3- in Zn and 2.7-fold
in Se, and grain, 1.3- and 4.3-fold, respectively. However, the efficiency of the uptake and
later accumulation was highly affected by the rainfall. Thus, in Mediterranean climates,
characterised by irregularity in precipitations, the years with extensive drought periods
could account for lower values, especially in the grain. In addition to the higher Zn and Se
concentration in the edible parts, the application of 50 kg Zn ha−1 produced on average an
increase of around 7% in the grain yield, and 26% in the straw yield, with the remaining
productive and nutritive quality parameters almost unaffected.
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Abstract: Bryophytes are widely used to monitor air quality. Due to the lack of a cuticle, their cells
can be compared to the roots of crop plants. This study aimed to test a hypothetical relation between
metal tolerance and cell shape in biomonitoring mosses (Hypnum cupressiforme, Pleurozium schreberi,
Pseudoscleropodium purum) and metal sensitive species (Physcomitrium patens, Plagiomnium affine). The
tolerance experiments were conducted on leafy gametophytes exposed to solutions of ZnSO4, ZnCl2,
and FeSO4 in graded concentrations of 1 M to 10−8 M. Plasmolysis in D-mannitol (0.8 M) was used as
a viability measure. The selected species differed significantly in lamina cell shape, cell wall thickness,
and metal tolerance. In those tested mosses, the lamina cell shape correlated significantly with the
heavy metal tolerance, and we found differences for ZnSO4 and ZnCl2. Biomonitoring species with
long and thin cells proved more tolerant than species with isodiametric cells. For the latter, “death
zones” at intermediate metal concentrations were found upon exposure to ZnSO4. Species with a
greater tolerance towards FeSO4 and ZnSO4 had thicker cell walls than less tolerant species. Hence,
cell shape as a protoplast-to-wall ratio, in combination with cell wall thickness, could be a good
marker for metal tolerance.

Keywords: bioindication; bryophytes; moss; zinc; iron; cell shape; particulate matter

1. Introduction

Bryophytes, especially mosses, are widely used for biomonitoring in different en-
vironmental studies [1–3]. Similar to primary roots in seed plants, most bryophytes do
not possess a cuticle. Their leaflets consist of a monolayer of cells. Thus, bryophytes
indiscriminately collect nutrients and other substances from atmospheric, mainly wet
deposits. Therefore, they are perfectly suitable organisms to monitor the overall exposure
at a given locality over a prolonged time span. Additionally, most bryophyte species
are physiologically active over the winter and continue to adsorb deposited elements all
year long.

A common method to analyze the air quality is to measure particulate matter (PM)-
values [4]. PM may include solid particles and liquid droplets found in the air. PM2.5
are fine inhalable particles with a diameter of up to 2.5 μM, and PM10 includes inhalable
particles with a diameter of 10 μM and lower. These particles may contain hundreds
of different chemicals [5,6], some of which may seriously affect the human and animal
respiratory system [6], resulting in a need for constant PM surveillance.

In Austria, iron and zinc hold the largest proportions of all heavy metals in the
PM10 and PM2.5 range [4,7]. Therefore, the focus is on these two metals as they also play
an important political and environmental role regarding air quality monitoring by the
Austrian government to ensure policy compliances by the European Union. Furthermore,
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mosses may exhibit differences in metal uptake behavior and tolerance with respect to the
element [8,9]. However, biomonitoring usually considers widely distributed species within
the geographic region of interest and neglects possible differences of the species in terms of
tolerance levels to elements or compounds.

The over 12,000 moss species are representing a broad morphological diversity. Fur-
thermore, each species manifests itself as protonema, leafy or thallous gametophore, or
sporophyte [10]. Here, we focus on the leaflets (lamina, [11]) of the gametophyte since these
represent most of the total surface. In spite of a multitude of different lamina shapes, most
moss leaflets are composed of a single cell layer. The leaflets may consist of quadrate, rect-
angular, oblong, fusiform, rhomboidal, hexagonal, linear, flexuous, or vermicular shaped
cells of extremely different size, sometimes supplemented by a costa (“midrib”), aberrant
cells at the base of the leaf, or by lamellae, papillae and mamillae increasing the leaf sur-
face [11,12]. Usually, lamina cells are classified as parenchymatic (roundish, rectangular, or
hexagonal) or prosencymatic (elongated and interleaved; [13]). In this approach, we used
a simplified determination of lamina cell form comparing roundish or hexagonal shapes
with rectangular or elongated rectangular ones.

Although habitat or life forms have been frequently discussed as predictors of metal
tolerance in mosses [8,14,15], we are not aware of studies considering moss morphology
or anatomy as related to heavy metal pollutions. The focus is not on molecular differ-
ences in cell wall composition across kingdoms, as this has been thoroughly discussed by
Sarkar et al. [16] or Fangel et al. [17]. Here, the hypothesis is tested that cell size and/or
cell shape is related to tolerance of certain metals in selected moss species. Species com-
monly used in biomonitoring and species that are not considered as suitable were selected.
Comparison of the metal tolerance, therefore, contributes to quality assurance in the field
of biomonitoring of heavy metals.

2. Results

2.1. Lamina Cell Measurements

The five different moss species (Physcomitrium patens, Plagiomnium affine, Hypnum
cupressiforme, Pleurozium schreberi, and Pseudoscleropodium purum) have distinct leaflets
and differ significantly in the size and shape of lamina cells (Figure 1, Table 1). Lamina
cells showed a roughly rectangular shape for P. patens and a hexagonal shape for P. affine.
H. cupressiforme, P. schreberi, and P. purum had elongated rectangular or linear lamina cells.
No significant difference in cell shape was found within the same species.

Table 1. Five moss species (Plagiomnium affine, Physcomitrium patens, Pseudoscleropodium purum, Hypnum cupressiforme, and
Pleurozium schreberi) were compared by mean cell length (μm), cell width (μm), length to width ratio, shape, and mean cell
area (μM2) of mid lamina cells (n = 40). SD = Standard deviation; μ = mean value; p = 0.0001 (Kruskal–Wallis test comparing
all five species).

Moss Species
μ Cell
Length

(SD) (μM)

μ Cell
Width (SD)

(μM)

μ Cell
Length to

Width Ratio

Shape of Mid
Lamina Cells

μ Cell Area
(SD) (μM2)

μ Cell Wall
Thickness (SD)

(μM)

Plagiomnium affine 51 (4) 37 (3) 1 hexagonal 1402 (150) 0.65 (0.12)
Physcomitrium patens 63 (12) 31 (6) 2 rectangular 1979 (569) 0.26 (0.05)

Pseudoscleropodium purum 65 (8) 5 (1) 12 rectangular, longish 354 (73) 0.46 (0.07)
Hypnum cupressiforme 72 (11) 3 (1) 25 rectangular, longish 220 (53) 0.88 (0.17)
Pleurozium schreberi 94 (12) 8 (1) 12 rectangular, longish 735 (140) 0.86 (0.18)

P. schreberi had the greatest average cell length (94 μM) followed by H. cupressiforme
with 72 μM. The latter had the smallest cell width (3 μM), the biggest ratio of cell length
to cell width (25), and the smallest cell area with only 220 μM2 (always respective mean
values). The largest average cell width was measured in the moss P. affine (37 μM), but
the largest cell area was found for P. patens (1979 μM2). With a value of 1, P. affine had the
smallest ratio of cell length to cell width (Table 1).
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Figure 1. Lamina and cell shapes of five selected bryophyte species (A) Physcomitrium patens, (B) Plagiomnium affine,
(C) Hypnum cupressiforme, (D) Pleurozium schreberi, and (E) Pseudoscleropodium purum. Bar: 250 μM for leaflet (overview);
25 μM for the respective cell shape (middle panel); 10 μM for close up (right panel).
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Cell wall thickness differed significantly between the five species (Dunn’s test: p < 0.05)
except for H. cupressiforme and P. schreberi (p = 0.354). The thinnest cell walls were found
in P. patens (μ = 0.26 μM). Wall thickness increased from P. patens < P. purum < P. affine <
H. cupressiforme to P. schreberi with a mean thickness of almost 0.9 μM (Figure 2A). Thus,
the biomonitor species P. schreberi and H. cupressiforme form thick cell walls compared to,
e.g., P. patens. The tested species showed significant differences in the ratio of cell length to
cell wall thickness (Figure 2B; Dunn’s text: p < 0.05) except for P. affine and H. cupressiforme
(p = 0.3418) that both had a similar ratio of lengths to thick walls. This ratio increased
from P. affine = H. cupressiforme < P. schreberi < P. purum < P. patens that had the short
cells (μ = 63 μM) and thinnest walls (Figure 2B). Also, the ratio of cell width to cell wall
thickness was significantly different in all tested species (Figure 2C; Dunn’s test: p < 0.05)
and increased from H. cupressiforme < P. schreberi < P. purum < P. affine < P. patens. The thin
cells of H. cupressiforme (μ = 3 μM) had a width to cell wall thickness ratio of four whereas
P. patens with its wide cells (μ = 31 μM) had a ratio more than 100 times higher of cell
width to cell wall thickness (Figure 2C). The ratio of the cell area to cell wall thickness was
similar to the ratio of the width to wall thickness with the same increasing order of species
(Figure 2D). The ratio of the cell area to cell wall thickness was 30 times higher in P. patens
as compared to H. cupressiforme.

Figure 2. Box plots comparing the five investigated moss species. (A) cell wall thickness, (B) lamina cell length to cell wall
thickness, (C) lamina cell width to cell wall thickness, and (D) lamina cell area to cell wall thickness. Pa: Plagiomnium affine,
Ppa: Physcomitrium patens, Ppu: Pseudoscleropodium purum, Hc: Hypnum cupressiforme, and Ps: Pleurozium schreberi.
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2.2. Metal Tolerance

Metal tolerance was determined by viability tests using plasmolysis in 0.8 M mannitol
(Figure 3). Living cells are able to undertake plasmolysis, whereas dead cells have lost
semipermeable membrane function and therefore cannot plasmolyze [18]. The “no observed
effective concentration” (NOEC) and “lowest observed effective concentration” (LOEC) for
the three tested heavy metal solutions (ZnCl2, ZnSO4, and FeSO4) were assessed to achieve
a numeric variable of tolerance data (Table 2).

Figure 3. Percentage of dead lamina cells (0%, 25%, 50%, and 100%) and respective dose-response-curves for five moss
species (P. patens, P. affine, H. cupressiforme, P. schreberi, P. purum) in tenfold dilution series of (A) ZnCl2, (B) ZnSO4 and (C)
FeSO4. The arrows in B point to possible “death zones”; blue arrow: P. affine; red arrow: P. patens.

Table 2. Median of no effect concentration (NOEC) and lowest observed effect concentration (LOEC)
of tested substances (ZnCl2, ZnSO4, FeSO4 in Mol) for five moss species. n = 40–80 cells.

NOEC
Median

LOEC
Median

Species ZnCl2 ZnSO4 FeSO4 ZnCl2 ZnSO4 FeSO4

P. patens 10−4 10−4 10−5 10−3 10−3 10−4

P. affine 5.5 × 10−8 5.55 × 10−6 10−5 5.5 × 10−7 10−6 10−4

H. cupressiforme 10−5 10−3 10−2 10−4 10−2 10−1

P. schreberi 10−5 10−5 10−2 10−4 10−4 10−1

P. purum 5.5 × 10−3 5.5 × 10−6 10−2 10−1 5.5 × 10−5 10−1

For each effect concentration, the median of the tolerance experiments was calculated
(n = 40–80 cells per species). Since P. affine showed a death zone, the NOEC was formed by
an average of three concentrations (10−7 M, 10−6 M, 10−5 M).

For ZnCl2, we observed a decreasing tolerance of moss species P. purum > P. patens
> P. schreberi and H. cupressiforme > P. affine, whereby P. affine was the at least tolerant
moss of the investigated species. H. cupressiforme and P. schreberi showed the same LOEC
(10−4 M ZnCl2). P. purum could tolerate the highest observed concentration of 10−2 M
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ZnCl2 (Figure 3A). Apart from H. cupressiforme and P. schreberi, the tested species differ
significantly with regard to their tolerance to ZnCl2 (p < 0.05).

The tolerance of moss species to ZnSO4 dropped from H. cupressiforme > P. patens > P.
schreberi > P. purum > P. affine (concentration range: 10−8–1 M) with H. cupressiforme showing
the highest NOEC of 10−3 M (Figure 3B). There was a significant difference between all
tested species to tolerate ZnSO4 (p < 0.05). Interestingly, death zones emerged in the case of
P. affine showing 100 % viable cells at a concentration of 10−5 M ZnSO4 and only 50 % of
viable cells at a lower concentration of 10−6 M ZnSO4. Additionally, a death zone is likely
in P. patens between a concentration of >10−1 M ZnSO4: at 1 M ZnSO4, the tolerance tests
showed only 50 % of dead cells, whereas, at a lower concentration (10−1 to 10−2 M ZnSO4),
100 % of cells died (Figure 3B, arrow).

Thus, visible effects of ZnCl2 (Figure 3A) could be observed at lower concentrations
compared to ZnSO4 in P. affine and H. cupressiforme (Figure 3B) but not in P. patens, P.
schreberi, and P. purum. Apparently, some mosses are more sensitive to ZnCl2 than to
ZnSO4. P. patens and P. schreberi had the same LOEC for ZnCl2 and ZnSO4, although the
latter species with a slower transition and both tolerated a 10-fold higher concentration of
ZnCl2 and ZnSO4 according to the percentage of viability. In contrast, P. purum survived a
104 higher concentration of ZnCl2 than ZnSO4.

The overall tolerance to iron was greater than to zinc (Figure 3). In the concentration
range of 10−8–1 M FeSO4, the tolerance of the tested species decreased as: P. schreberi = P.
purum > H. cupressiforme > P. patens > P. affine. The species used for biomonitoring (P. schreberi,
P. purum and H. cupressiforme) had the same LOEC of 10−1 FeSO4, whereas P. patens and
P. affine had a LOEC of 10−4 M FeSO4. The transition from living to dead P. affine and
H. cupressiforme cells was sudden when compared to the other species (Figure 3C).

2.3. Correlations between Cell Shape and Metal Tolerance

The NOEC and LOEC for the three tested heavy metal solutions (ZnCl2, ZnSO4, FeSO4,
respectively) were assessed to achieve a numeric variable of tolerance data (Table 2) and to
correlate them to cell shape. The results are shown in Table 3.

Table 3. Spearman correlation between morphometric parameters and maximum no-effect concentrations, shown as ρ (p).
Strong (ρ ≥ 0.8) and highly significant (p < 0.01) correlations are highlighted (bold). n = 200 cells.

ZnCl2 ZnSO4 FeSO4

Cell Length 0.16 (0.023) 0.27 (<0.001) 0.60 (<0.001)
Cell Width −0.34 (<0.001) −0.24 (<0.001) −0.85 (<0.001)

Ratio Length/Width 0.24 (<0.001) 0.36 (<0.001) 0.85 (<0.001)
Cell Wall Thickness −0.57 (<0.001) 0.24 (0.001) 0.50 (<0.001)

Ratio Length/Cell Wall Thickness 0.68 (<0.001) −0.06 (0.406) −0.17 (0.017)
Ratio width/Cell Wall Thickness 0.09 (0.202) −0.25 (<0.001) −0.85 (<0.001)

A strong, negative correlation occurred between the cell width and the tolerance to
FeSO4 (ρ = −0.85, n = 200, p ≤ 0.001, Table 3), and also the correlation between the ratio of
the cell width to the cell wall thickness was highly negative (ρ = −0.85, n = 200, p ≤ 0.001).
A strong, positive correlation between the ratio of the cell length to the cell width was also
highly significant (ρ = 0.85, n = 200, p ≤ 0.001). The same trend, albeit with less strong
correlation, was found for both zinc treatments. These data show an increased metal
tolerance in species with elongated cells and thick walls.

3. Discussion

Many bryologists are aware of tolerance differences among selected species, their
physiological state, life form or even genotypes when comparing or interpreting the results
obtained. However, the mechanisms of resistance/tolerance to pollution substances remain
obscured. Moreover, with such a huge variation of species, in addition to environmental,
physiological, and morphological factors used in biomonitoring studies blur the pattern of
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pollutant tolerance. Therefore, we aimed to find a “simple” commodity like lamina cell
shape that could be linked to metal tolerance.

In general, the monitoring of airborne heavy metal pollutants is a very difficult
process [15]. Field receptor measurements are highly expensive, but they supply precise
and reliable distribution-estimations about the airborne pollutants. However, they lack
information on the effects of these pollutants on biological systems [19]. In this case, other
methods were more appropriate, like the biomonitoring of heavy metal pollutants using
bryophytes [1,2,15].

Different tolerance levels of the tested moss species to ZnCl2 and ZnSO4 were found
but also to FeSO4 (Figure 3). Interspecific differences in the sensitivity were also reported by
Tyler [20] as tested by net photosynthesis. We also used alternative tools and found different
tolerance levels according to bryophyte species, life forms, or metal applied [9,18,21–23].

The tolerance experiments conducted with the biomonitoring mosses and the cultured
mosses represent the tolerance of the species without considering their own background
concentration of trace metals. In monitoring surveys, this background concentration of
heavy metals in the mosses is usually not determined. However, if a pre-disposition
with metals exits in the field samples, the tolerance levels would be lower, which leads
to more conservative pollution estimations. The collection sites of the biomonitoring
species used here are in the Viennese forest, away from civilization. No particular metal
contamination is assumed. Furthermore, it should be noted that mosses have a relatively
high, intrinsic concentration of zinc (about 20 μg/g), which is not due to emissions [24]. The
same can be assumed for the tested iron samples. In H. cupressiforme, the comparison of
field samples and tissue culture probes did not result in significant tolerance differences (A.
Khan, unpublished data).

Death zones as found in this study for P. patens and P. affine exposed to ZnSO4 are
known from the literature [25–28]. Biebl [25] reported death zones for certain bryophyte
species, whereby a low and a high metal concentration resulted in little mortality, but
intermediate metal concentrations were lethal. Biebl’s observations fit with the results of
our study as a high (>1 M) concentration of ZnSO4 caused rather little mortality of lamina
cells of P. patens (Figure 3). However, further studies are necessary to show if lamina cells
of P. patens are completely viable at concentrations above 1 M ZnSO4. P. affine had a more
distinct death zone at a lower concentration of 10−6 M ZnSO4. Url [28] also observed death
zones in Nardia scalaris (a liverwort) for copper and vanadium. The physiological reasons
for the death zones are still unclear and would need further investigations.

Metals are positively charged and become first adsorbed to cation exchange sites at
the cell wall [29,30]. Sequential elution studies also found most metal retention in the cell
wall [31,32]. Hence, metals are deposited to the apoplast, where they have little impact on
the living cytoplasm. In mosses with thick cell walls, the apoplast contributes more to the
total surface of the leaf compared to mosses with thinner walls. The same is true for species
with elongated cells, compared to species with cells of the same volume but more globular
or cube-shaped cells. If the cell wall plays a major role in metal retention [21], moss species
with such cells or thick walls are therefore more tolerant.

In the present study, cell wall thickness was determined by light microscopy, but
even at the highest possible resolution, the edges of cell walls may appear blurry (see
Figure 2). To lower this statistical variance and conceive reliable results, a high number
of measurements was performed (n = 40–80). Certainly, the molecular composition of the
cell wall is also relevant as it has become adapted during evolution and in conquering
various ecological niches [16,17]. However, bryophyte species used in biomonitoring
appear to have a higher percentage of cell wall within the lamina. This renders them more
tolerant, and therefore, they can adsorb more metals. The application of these species
in biomonitoring thus results in higher metal amounts measured because other species,
mosses or vascular plants, have thinner cell walls with less adsorption capacity. However,
for the estimation of toxic pollution levels, we prefer a conservative approach that rather
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over-estimates the metal levels. This way, the present study confirms that the commonly
used species are well suitable for biomonitoring.

4. Material and Methods

4.1. Plant Species

Five species of mosses were selected to study the lamina cell shape in combination with
heavy metal tolerance. The chosen species are from five different families and four different
orders. Pleurozium schreberi (Will. ex Brid.) Mitt. (Hylocomiaceae), Hypnum cupressiforme
Hedw. (Hypnaceae), and Pseudoscleropodium purum (Hedw.) M. Fleisch. (Brachytheciaceae)
are commonly used in environmental and biomonitoring studies and were collected in
the forest near Vienna, Austria (14 March and 13 April, 2018). Additionally, we selected
two species with very different cell shapes and sizes, Physcomitrium (Physcomitrella) patens
(Hedw.) Bruch and Schimp. (Funariaceae) and Plagiomnium affine (Blandow ex Funck)
T.J. Kop. (Mniaceae). They were cultured in a growth cabinet (Conviron) at 20 ◦C with a
14/10 h light/dark cycle. Sterile cultures of P. patens were propagated according to [33].
The widely used model species P. patens has a shorter life span than the bigger P. affine,
and they also differ in life forms. None of the species shows a particular preference for
metal contaminated sites, although P. schreberi has been found at the periphery of mine
tailings [34,35]. Table 4 shows further details on the plant material and its cultivation.

Table 4. Taxonomy, origin, and culture of the plant material.

Species Collection Culture Conditions

Plagiomnium affine (Blandow ex
Funck) T.J. Kop. (Mniaceae) laboratory Non-sterile culture

20 ◦C, 14/10 h day/night

Physcomitrium patens (Hedw.)
Bruch and Schimp. (Funariaceae) laboratory sterile culture

20 ◦C, 14/10 h day/night

Pseudoscleropodium purum (Hedw.)
M. Fleisch (Brachytheciaceae) 48.183470, 16.067139 Natural habitat

Hypnum cupressiforme Hedw.
(Hypnaceae) 48.183470, 16.044465 Natural habitat

Pleurozium schreberi (Will. ex Brid.)
Mitt. (Hylocomiaceae) 48.183470, 16.066399 Natural habitat

4.2. Tolerance Tests

Two to three young but fully expanded leaflets of each moss species were placed in
96-well plates filled with serial dilutions (1 M to 10 nM) of ZnCl2 (Carl Roth, Karlsruhe,
Germany), ZnSO4 (Merck), and FeSO4 (Merck), respectively. After 48 h, cell viability was
tested via plasmolysis [18]; Figure 4B). In brief, after metal exposure, the leaflets were
transferred into 0.8 M mannitol (Carl Roth, Germany) solution for 20 to 30 min. Then, the
samples were placed in a droplet of the 0.8 M mannitol on a microscope slide, covered with
a coverslip, and imaged in the light microscope (see below). The high sugar concentration
of the mannitol solution causes osmotic water loss from the cell, mainly the vacuole. The
water efflux from the cell eventually leads to a detachment of the protoplast from the cell
wall as the vacuole diminishes in size (plasmolysis; Figure 4B). This process works by intact,
semipermeable membranes only; damaged or dead cells, e. g. by high metal concentrations,
do not plasmolyze. Hence, the plasmolytic viability tests allowed the determination of
effect concentrations for the respective metal as well as the generation of dose-response
curves. A minimum of 40 lamina cells were assessed per leaf. The leaflet was divided into
four quarters; cells at the edges or midrib were not counted. In each quarter, the cells were
analyzed individually using higher magnification, and the values summarized into 0%,
25%, 50%, or 100% dead cells, respectively, per quarter. Aiming to evaluate the significance
of species differences in tolerance, the “no effect concentration” (NOEC) was analyzed in R
Studio using Kruskal–Wallis rank sum test and Dunn’s test (see statistical analysis below).
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For the interpretation of the tolerance data, “the lowest observed effect concentration”
(LOEC) was also used.

Figure 4. (A) measurements of cell length and widths in rectangular cells using the “extended focus” function (Nikon
NIS -ElementsBR) of the microscope; bar: 50 μM; and (B) hexagonal cell type of P. affine, plasmolyzed in 0.8 M mannitol
for 20 min; the protoplasts are detached from the cell wall; bar: 25 μM. (C) schematic and formula for area calculation of
hexagonal cells (changed after Hnilica and Kohout 2018).

4.3. Cell Measurements

Cell lengths were counted parallel to the longitudinal axis of the leaf, and cell width
was defined as normally oriented to the longitudinal axis of the leaf (Figure 4). In all species,
random measurements were done in fully developed leaves, i.e., leaf four and five from
the top of the plantlets. Mid lamina cells are defined as those cells situated in the middle of
the leaflets but not next to the margins and not next to the costa (“midrib”). This was done
to reflect the cells that were covering the biggest leaf surface in each species and to avoid
artifacts of different cell types present in some leaves. For cell wall measurements, at least
two typical midleaf cells per lamina were randomly chosen, and at least 40 measurements
per cell were performed towards all cell neighbors to reduce possible variabilities of
wall thickness.

4.4. Microscopy

An upright light microscope (Nikon Eclipse Ni-U) was used in bright field and inter-
ference contrast mode. The instrument was equipped with the objectives Plan Fluor 4×
(NA 0.13), Plan Apo 10× (NA 0.45), Plan Apo 20× (NA 0.75), Plan Fluor 40× (NA 0.75),
Plan Fluor 60× oil immersion (NA 0.50–1.25), Plan Fluor 100x oil immersion (NA 1.30) and
an attached camera (Nikon DS-Ri2). For picture processing, the software NIS-Element BR
(Nikon), including an “extended focus” tool, was used. The calibrated measurements were
directly exported to Excel (Microsoft Office 365).

The cell areas of P. patens, H. cupressiforme, P. schreberi, and P. purum were calculated
using the formula of a rectangle. For P. affine, we used the area of a hexagon [36] as it fitted
best to the cell shape of this species (Figure 4C).

4.5. Statistical Analysis

Statistical analyses were conducted in STATA, version 14.2 (StataCorp LLC, College
Station, TX, USA), and documented by archival of files containing all commands. Cell size
was characterized by arithmetic mean (μ), standard deviation (SD), and sample size (n).
Since samples differed significantly from a normal distribution, differences between the
species were tested for significance by using the Kruskal–Wallis test with the post hoc
Dunn’s test for pairwise comparison. Possible correlations between cell size and metal
resistance were characterized by Spearman’s Rho (ρ). ρ > 0.8 was regarded as a strong,
ρ > 0.5 as a moderate, and ρ > 0.2 as a weak correlation. p < 0.05 was regarded as significant
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throughout the study. Insignificant correlations were considered as meaningless, regardless
of ρ. Figures were generated in R Studio, version 1.1.456 (RStudio, Boston, MA, USA).

5. Conclusions

In bryophytes, metal tolerance is species-specific, but the reasons for the different
tolerance levels are not clear. Our data confirm a hypothetic relation of lamina cell shape
and metal tolerance in the tested mosses. Those species with long and thin lamina cells
cope better with high levels of metal than species with isodiametric cells. In the tested
species, this correlation is particularly strong for iron, but a similar trend is shown for zinc.
Apart from the cell shape, the thickness of the cell wall plays an important role in metal
tolerance, most likely due to its adsorption capacity for positively charged ions. Although
more bryophyte species should be tested in the future, plant cell anatomy, as in the case of
lamina cells described here, is a helpful tool to indicate the metal tolerance of a moss.
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Abstract: The Dietary Guidelines for Americans recommends giving priority to nutrient-dense
foods while decreasing energy-dense foods. Although both flax (Linum usitatissimum) and sorghum
(Sorghum bicolor) are rich in various essential minerals, their ionomes have yet to be investigated.
Furthermore, previous studies have shown that elevated CO2 levels could reduce key nutrients in
crops. In this study, we analyzed 102 flax and 108 sorghum varieties to investigate their ionomic
variations (N, P, K, Ca, Mg, S, B, Zn, Mn, Fe, Cu, and Mo), elemental level interactions, and nutritional
value. The results showed substantial genetic variations and elemental correlations in flax and
sorghum. While a serving size of 28 g of flax delivers 37% daily value (DV) of Cu, 31% of Mn, 28%
of Mg, and 19% of Zn, sorghum delivers 24% of Mn, 16% of Cu, 11% of Mg, and 10% of Zn of the
recommended daily value (DV). We identified a set of promising flax and sorghum varieties with
superior seed mineral composition that could complement breeding programs for improving the
nutritional quality of flax and sorghum. Overall, we demonstrate additional minerals data and their
corresponding health and food security benefits within flax and sorghum that could be considered
by consumers and breeding programs to facilitate improving seed nutritional content and to help
mitigate human malnutrition as well as the effects of rising CO2 stress.

Keywords: food security; nutrient dense; superfood; multi minerals; health benefits; zinc; iron; gluten
free; percent daily value; elevated CO2

1. Introduction

There are several diet-related chronic diseases (e.g., diabetics, heart disease, obesity,
and cancer), and therefore, specifically plant-based nutrition is expected to be increasingly
important worldwide for prevention and control of these diseases [1]. Therefore, one of the
utmost research areas of plant biology has been plant nutritional values for the human diet.

Due to the growing popularity and demand for plant nutrition, there is an increasing
need for research on the improvement of yield and quality of crop plants. Flax (Linum usi-
tatissimum) is an annual crop and an important source of alpha linolenic acid (ALA) omega-3
fats as well as protein with all nine essential amino acids, except lysine (Figure 1) [2]. Flax
is grown in cool climates including Canada, China, Russia, and the United States (North
Dakota and Minnesota) [1]. Sorghum (Sorghum bicolor) is one of the Poaceae family cereal
crops with important antidiabetic, anticholesterol, and low glycemic index (GI) features and
is grown in the United States, India, Mexico, and China (Figure 1) [3]. Flax and sorghum
seeds both contain a diverse set of mineral nutrients together with protein, oil, and carbo-
hydrate (Figure 1). Ionomic profiling of the accumulated elements in living organisms has
been successfully applied to study leaves, roots, whole plants, and seeds [4]. Furthermore,
mineral and trace elements have been successfully determined in many other crop species
including common beans, peas, soybeans, and maize [5–13].
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Atmospheric carbon dioxide (CO2) levels have increased from 278 μmol/mol to
417 μmol/mol (present, 2021) and are expected to reach 550 μmol/mol and 800+ μmol/mol
by 2050 and 2100, respectively, with the current average increase rate of 2.5 μmol/mol [14].
A continuous rise in the levels of atmospheric CO2 is expected to potentially affect plant
life negatively. A study with soybean found that elevated CO2 levels influenced seed
nutritional levels by decreasing most mineral content including the concentrations of K,
Mg, Fe, and B [15]. Furthermore, a reduction in seed nitrogen (N) has been reported, and
therefore, protein levels under elevated CO2 levels [16].

Figure 1. Potential health and food security benefits of flax and sorghum seeds.

One way to mitigate future climate effects and maintain food sustainability is to
screen and identify top varieties that can naturally offer superior mineral concentrations.
The importance of seeds in maintaining human health and diet could be determined by
their nutritional content through a recommended percent daily value (% DV, how much it
contributes to a daily 2000 calorie diet) [6]. Therefore, measurement of mineral element
contents can provide valuable information for consumers and crop breeders.

Among several studies that have been conducted on seed ionome, most of them have
been carried out in major staple crop plants. The specific aims of this study were: (1) to
determine the variability of macronutrient and trace-element concentrations among 102 flax
and 108 sorghum varieties; (2) to analyze the elemental interrelationships and % DV of
nutrients; (3) to identify superior varieties that could be used to improve the nutritional
value potential in flax and sorghum.

2. Materials and Methods

2.1. Flax and Sorghum Seeds

A total collection of diverse global varieties including 102 flax (Linum usitatissimum)
and 108 sorghum (Sorghum bicolor) varieties were selected based on their maximum geo-
graphic diversity obtained from the USDA National Germplasm Center. All seeds used in
this study were field grown with standard agronomical practices (Tables 1 and 2).

2.2. Multi-Elemental Seed Analysis

Elemental concentrations of macro- and micronutrients were quantified by Waters
Agricultural Labs Inc. (Camilla, GA, USA). Minerals were analyzed by open vessel wet
digestion using an inductively coupled argon plasma spectrometer (ICAP, DigiBlock 3000
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ICP-MS). Briefly, seeds were dried at 80 ◦C in an oven overnight, and then ground in
a Wiley mill. A 0.5 g dried sample was mixed with 5 mL concentrated nitric acid and
incubated at 95 ◦C for 90 min. Then, 4 mL of 30% H2O2 was added to each tube and
incubated at 95 ◦C for 20 min. Samples were cooled for 2 min, brought to 50 mL with
distilled H2O, and mixed. Samples were transferred to ICP tubes for analysis, in accordance
with manufacturer’s specifications. The ICP-MS was calibrated using distilled H2O as a
blank and two plant standards.

Total nitrogen (N) determination was performed by U.S. Department of Agriculture
(Manhattan, KS, USA) using combustion gas analysis (LECO FP-628, St. Joseph, MI, USA),
following the manufacturer’s instructions as previously described in Hacisalihoglu et al. [13].

2.3. Estimating Nutritional Value (% DV)

The nutritional values of flax and sorghum seeds were estimated using a 28 g dry
weight serving portion. The U.S. recommended daily value indices (2000 calorie diet for
adults) were as follows: Mn (2 mg), P (1000 mg), Cu (2 mg), Fe (18 mg), Mg (400 mg), Zn
(15 mg), and Ca (1000 mg) [17,18]. Percent daily values (% DV) were estimated from a 28 g
of seeds serving (dry weight basis) by using the following formula:

% DV = (amount of nutrient mg / recommended DV mg)∗100 (1)

%DV; Percent daily values; mg; milligrams.

2.4. Data Analysis

All lab analyses were completed with three replications. Elemental statistical correla-
tion analysis was performed using SigmaPlot (SPSS Inc., Chicago, IL, USA), as described
previously [9]. Descriptive statistics for each macro- and micronutrients and varieties were
determined using the average of the ICP-MS results from the three biological replications.
Graphs were made with SigmaPlot software (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Variations in Flax and Sorghum Multi-Element Contents

The 102 flax varieties showed a wide variation in seed multi-element contents (Tables 1 and 2
and Figure 2). There was a 5.7-fold range of copper (Cu) content, 4.5-fold range of iron (Fe)
content, 4.2-fold range of boron (B) content, 3.3-fold range of zinc (Zn) content, 2.6-fold
range of manganese (Mn) content, 2.1-fold range of calcium (Ca) content, and 2-fold range
of potassium (K) and molybdenum (Mo) contents (Table 2).

The 108 flax varieties showed a wide variation in seed multi-element contents (Table 2
and Figure 2). There was a 46-fold range of Fe content, 12-fold range of Cu content, 6.6-fold
range of B content, 6.3-fold range of Mn content, 9.7-fold range of Zn content, 4.5-fold range
of Mo content, 5-fold range of Ca, 2.7-fold range of P, and 2.6-fold range of potassium (K)
(Table 2).

Figure 2. Cont.
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Figure 2. Average concentration of three replicates: (A) Flax Zn; (B) flax P; (C) flax Mg; (D) sorghum
Zn; (E) sorghum P; and (F) sorghum Mg. (see Table 1 for all others).

Table 1. Mean elemental concentrations of 102 flax varieties as % (N, P, K, Mg, Ca, and S) and μg/g
(Zn, Mn, Fe, Cu, and Mo) obtained from ICP-MS.

Flax Variety N P K Mg Ca S B Zn Mn Fe Cu Mo

Ames8040 3.36 0.82 0.75 0.46 0.23 0.27 17.7 93.5 23.8 87.4 10.4 3.06
Ariane 4.37 0.93 0.86 0.44 0.20 0.30 18.7 93.4 21.7 71.5 15.5 2.64

Beladiy6903 3.82 0.81 0.78 0.44 0.21 0.29 18.5 70.4 21.1 67.1 9.53 2.91
Benvenotolabrador 3.91 0.76 0.73 0.45 0.22 0.27 18.0 72.1 28.9 75.0 8.38 2.85
Charurraolajlen19 3.66 0.77 0.72 0.43 0.22 0.26 21.0 78.8 23.7 69.4 11.9 2.79
Charurraolajlen29 3.87 0.71 0.77 0.41 0.20 0.25 15.7 70.7 20.9 67.5 7.54 3.11

CIli1319 3.41 0.81 0.81 0.45 0.19 0.25 15.8 67.7 19.9 62.6 8.97 2.85
CIli1339 4.00 0.78 0.81 0.42 0.20 0.28 14.9 49.3 21.8 65.6 12.0 2.89
CIli1340 3.52 0.83 0.74 0.44 0.24 0.29 20.7 71.2 26.4 71.5 14.9 2.72
CIli1341 4.14 0.71 0.68 0.41 0.22 0.29 20.6 64.3 20.6 65.8 9.05 2.79
CIli1350 3.73 0.73 0.71 0.41 0.22 0.27 15.5 38.0 20.1 67.3 9.19 2.97
CIli1351 4.16 0.75 0.72 0.43 0.24 0.29 18.2 64.1 21.7 71.1 8.13 2.92
CIli1354 4.11 0.73 0.71 0.41 0.21 0.27 15.7 41.1 21.0 65.2 9.30 3.05
CIli1369 4.08 0.74 0.68 0.42 0.22 0.29 20.5 73.5 19.9 62.5 14.2 2.88
CIli1370 3.47 0.86 1.08 0.38 0.30 0.27 12.3 75.6 24.3 81.4 12.2 2.60
CIli1373 3.37 0.94 1.18 0.42 0.32 0.26 10.2 56.9 23.6 83.1 11.4 3.37
CIli1374 3.58 0.87 0.87 0.47 0.24 0.27 17.4 60.4 38.8 64.3 12.8 3.81
CIli1395 3.61 0.82 0.87 0.43 0.22 0.28 16.3 43.8 19.9 64.4 8.65 3.24
CIli1397 3.59 0.95 1.07 0.40 0.34 0.26 9.61 52.1 28.2 74.2 10.5 3.25
CIli1404 3.73 0.84 0.82 0.44 0.24 0.28 20.8 63.2 23.9 54.5 15.1 2.82
CIli1418 4.34 0.97 0.88 0.39 0.38 0.29 11.7 95.2 30.5 95.0 16.2 3.05
CIli1426 4.20 0.78 0.81 0.41 0.21 0.28 16.8 43.6 21.7 59.9 8.85 3.23
CIli1427 3.91 0.83 0.89 0.42 0.27 0.29 11.2 63.1 18.8 71.7 8.38 3.84
CIli1429 3.88 0.93 1.10 0.40 0.32 0.27 11.0 83.1 26.3 84.1 14.38 2.27
CIli1431 4.20 0.81 0.82 0.42 0.23 0.29 15.6 44.8 21.8 65.5 9.49 2.75
CIli1436 4.36 0.74 0.76 0.39 0.24 0.30 25.3 81.5 28.5 74.0 15.5 2.96
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Table 1. Cont.

Flax Variety N P K Mg Ca S B Zn Mn Fe Cu Mo

CIli1449 3.69 0.87 0.86 0.44 0.25 0.26 15.5 54.9 21.8 43.7 12.3 2.69
CIli1452 4.55 0.70 0.73 0.41 0.22 0.29 20.2 63.7 22.7 73.4 9.96 3.22
CIli1458 3.94 0.81 0.78 0.43 0.22 0.26 17.6 52.2 22.0 49.5 12.5 3.04
CIli1476 4.11 0.89 0.79 0.46 0.18 0.29 16.5 86.4 23.9 81.8 9.75 2.35
CIli1492 3.86 0.64 0.72 0.40 0.23 0.27 19.2 39.0 17.0 48.3 10.2 2.92
CIli1669 4.26 0.67 0.81 0.40 0.22 0.30 23.0 57.1 28.4 70.6 6.79 2.86
CIli1751 3.63 0.71 0.80 0.38 0.22 0.28 22.7 84.9 28.9 64.3 15.6 3.47
CIli1763 4.32 0.94 0.93 0.42 0.25 0.30 16.5 87.1 27.9 68.7 9.51 2.87
CIli1821 3.26 0.62 0.60 0.36 0.22 0.26 40.5 78.0 30.3 54.1 24.2 3.17
CIli1836 3.75 0.74 0.83 0.41 0.22 0.28 18.9 47.2 23.8 51.7 10.7 2.98
CIli1931 3.40 0.67 0.68 0.39 0.19 0.26 34.0 79.7 25.8 67.8 17.7 3.21
CIli1938 3.50 0.60 0.67 0.38 0.22 0.25 32.0 74.3 30.2 63.0 14.7 3.11
CIli1943 3.69 0.70 0.70 0.40 0.23 0.26 31.2 83.2 30.1 62.7 15.5 3.29
CIli1955 3.30 0.71 0.73 0.39 0.24 0.26 31.0 86.7 31.1 62.2 16.4 3.34
CIli1980 3.27 0.76 0.85 0.43 0.26 0.25 27.5 68.4 24.8 61.8 12.3 2.87
CIli1983 3.87 0.89 1.12 0.41 0.28 0.26 21.4 91.7 21.0 76.3 5.17 3.47
CIli1989 3.65 0.72 0.81 0.43 0.22 0.26 22.1 69.6 24.5 63.9 10.0 3.41
CIli1990 3.32 0.78 0.75 0.46 0.20 0.26 23.7 76.9 23.7 71.9 9.41 2.95
CIli2010 3.79 0.93 0.83 0.47 0.24 0.26 14.4 73.7 27.6 65.8 12.7 3.18
CIli2033 3.88 0.82 0.76 0.44 0.24 0.27 20.4 67.1 34.5 196.1 14.1 3.01
CIli2070 3.98 0.81 0.75 0.40 0.22 0.27 14.6 71.0 19.1 70.7 12.4 3.11
CIli2424 4.21 0.82 0.76 0.45 0.24 0.28 18.4 75.5 22.3 72.1 8.70 2.78
CIli2443 4.27 0.74 0.79 0.41 0.23 0.28 18.6 58.6 21.9 61.8 8.52 3.00
CIli2444 3.94 0.81 0.83 0.42 0.29 0.30 22.1 82.3 26.3 84.4 15.4 2.72
CIli2446 4.18 0.87 0.77 0.46 0.25 0.26 14.1 55.9 24.9 69.0 8.60 2.76
CIli2534 4.41 0.74 0.71 0.40 0.23 0.28 15.5 67.5 19.6 77.8 11.0 2.50
CIli3242 4.22 0.93 0.84 0.42 0.24 0.30 17.9 93.8 31.4 89.1 11.6 2.70
CIli3246 4.48 0.86 0.90 0.41 0.28 0.27 15.5 73.2 31.1 57.7 7.74 2.83
CIli3303 3.96 0.77 0.78 0.42 0.25 0.28 21.2 79.2 32.3 76.0 8.50 2.74
CIli3310 4.33 0.73 0.70 0.42 0.20 0.28 17.4 49.7 21.9 56.7 12.5 3.01
CIli3312 3.96 0.68 0.69 0.39 0.23 0.27 21.8 70.5 27.4 71.2 8.90 2.39
CIli3314 4.49 0.75 0.80 0.42 0.23 0.28 20.2 69.8 29.3 70.8 10.5 2.57
CIli3317 4.11 0.61 0.70 0.38 0.27 0.27 19.4 73.9 19.7 61.3 11.2 3.43
CIli3318 4.36 0.69 0.80 0.37 0.22 0.27 27.7 79.5 21.8 75.3 11.0 3.39
CIli452 4.41 0.88 0.87 0.44 0.24 0.29 13.7 100.4 34.0 92.9 7.53 2.41
CIli641 3.87 0.97 0.88 0.46 0.22 0.28 13.7 69.6 27.3 63.1 12.9 3.30
CIli642 4.11 0.79 0.77 0.41 0.25 0.27 13.0 61.2 23.0 53.3 12.2 3.09
CIli643 4.01 0.94 1.01 0.42 0.25 0.28 13.6 127.1 15.5 80.6 6.53 3.70

Coeruleum 4.02 0.92 0.95 0.40 0.30 0.28 14.1 91.2 28.1 95.3 15.4 2.54
CrownCanada 3.69 0.97 0.96 0.40 0.33 0.27 13.2 110.4 25.0 94.8 16.8 3.03

Danese129a 4.08 0.71 0.73 0.39 0.21 0.28 22.9 70.1 25.6 69.6 9.65 2.75
Dufferin 4.11 0.74 0.70 0.42 0.23 0.29 19.1 75.0 26.9 79.7 13.8 2.67
Flanders 3.72 0.72 0.67 0.41 0.23 0.27 19.0 41.8 19.4 47.4 15.1 2.91

FP966 3.61 0.63 0.72 0.39 0.25 0.25 29.3 66.2 24.5 69.7 13.6 3.52
Gercello 4.77 0.95 0.91 0.44 0.26 0.28 16.8 62.1 28.1 69.2 14.8 3.10
Giza139a 4.11 0.64 0.65 0.38 0.26 0.28 19.4 58.8 22.7 66.6 6.17 2.72
Gujrat2 2.90 0.63 0.66 0.37 0.24 0.24 29.7 77.3 37.3 57.9 15.8 3.16
H39seln 3.97 0.70 0.68 0.39 0.25 0.28 18.9 58.7 24.8 61.9 6.13 2.44

Hazeldean 4.44 0.95 0.81 0.44 0.21 0.28 14.8 94.7 23.2 82.7 13.1 2.93
Jalaun 3.90 0.76 1.00 0.37 0.29 0.26 15.9 67.6 21.5 59.6 5.72 2.39

Jalomita 4.27 0.87 0.75 0.44 0.23 0.28 16.3 84.5 20.9 73.9 14.2 2.86
Katan92 4.22 0.77 0.67 0.43 0.21 0.27 17.8 68.0 20.1 57.4 11.0 2.96
Katan93 3.63 0.81 0.71 0.41 0.21 0.27 17.5 83.6 24.7 67.1 12.4 3.08

Kenyaci709 3.90 0.73 0.62 0.34 0.22 0.27 21.1 90.3 41.0 66.5 14.0 2.92
Mcduffp900 3.58 0.65 0.66 0.38 0.28 0.27 17.4 67.5 23.2 57.7 12.0 3.39
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Table 1. Cont.

Flax Variety N P K Mg Ca S B Zn Mn Fe Cu Mo

Moose 3.97 0.93 0.87 0.46 0.24 0.28 15.1 71.6 26.3 60.5 11.9 3.26
NP80 3.74 0.60 0.59 0.35 0.20 0.25 25.0 85.6 30.8 53.5 16.9 2.97

NO1040 3.73 0.81 0.74 0.47 0.23 0.28 20.1 75.0 32.4 65.7 14.3 3.05
NO11 3.58 0.95 0.88 0.39 0.37 0.27 11.0 89.3 33.8 70.0 16.2 2.86

NO129 4.98 0.78 0.74 0.41 0.24 0.30 19.7 57.1 21.4 65.9 7.79 3.12
Norland 4.05 0.95 0.87 0.44 0.24 0.27 16.2 101.3 20.4 81.5 13.2 2.60
NP121 4.32 0.91 1.11 0.40 0.25 0.27 23.9 121.1 18.9 74.8 4.21 3.58
NP124 3.99 0.79 0.82 0.44 0.23 0.26 20.0 64.7 23.0 56.5 10.2 2.53
Omega 3.86 0.99 0.95 0.43 0.37 0.27 13.0 99.1 28.6 80.3 19.4 4.58
Pasrur2 2.91 0.67 0.63 0.37 0.24 0.24 26.0 84.5 34.5 65.9 16.0 3.05

Rembrandt 3.63 0.83 0.74 0.44 0.22 0.28 19.1 90.9 23.1 78.8 12.7 2.38
Saidabad 4.19 0.75 0.70 0.41 0.22 0.29 19.8 96.8 32.3 88.4 18.9 2.99
Somme 3.84 0.86 0.81 0.44 0.23 0.26 17.8 84.5 23.6 68.9 17.4 3.08

SzeepiOlajlen 4.11 0.92 0.87 0.36 0.37 0.27 11.4 73.3 25.2 70.3 13.9 2.85
Tomagaon 3.53 0.76 0.80 0.42 0.24 0.25 11.0 66.8 20.7 59.3 7.90 2.39
Uruguay 3.80 0.84 0.72 0.43 0.21 0.27 17.3 84.2 25.5 64.2 13.6 2.80

Verin 3.69 0.84 0.82 0.44 0.23 0.27 18.0 87.9 24.2 81.0 12.1 2.83
Viking 4.17 0.85 0.69 0.44 0.27 0.27 15.8 57.7 36.6 49.7 8.78 3.12
Vimy 4.00 0.68 0.97 0.41 0.27 0.28 23.0 64.9 35.8 76.3 9.59 2.93

W62611FKA14 3.74 0.92 0.79 0.45 0.20 0.27 15.8 83.6 22.0 74.3 11.4 2.98
WickingHeggenen 4.15 0.87 0.71 0.45 0.25 0.27 19.0 82.5 34.4 66.3 11.5 2.96

Table 2. Mean elemental concentrations of 108 sorghum varieties as % (N, P, K, Mg, Ca, and S) and
μg/g (Zn, Mn, Fe, Cu, and Mo) obtained from ICP-MS.

Sorghum
Variety

N P K Mg Ca S B Zn Mn Fe Cu Mo

52 2.99 0.70 0.58 0.25 0.05 0.43 10.3 43.3 50.9 91.5 11.3 2.65
282 2.19 0.48 0.46 0.19 0.02 0.17 5.07 47.3 25.5 267 8.41 2.32
434 2.28 0.70 0.54 0.25 0.05 0.39 9.97 60.9 50.2 235 16.6 3.52

1398 2.78 0.61 0.74 0.23 0.05 0.38 13.0 59.8 61.1 643 13.4 2.62
1491 1.94 0.47 0.47 0.20 0.01 0.15 2.80 45.7 26.1 269 3.37 2.02
1728 1.80 0.46 0.60 0.16 0.02 0.14 7.27 211 34.6 49.4 2.09
3967 1.51 0.41 0.47 0.18 0.01 0.14 3.05 43.3 18.1 35.6 3.83 2.10
4058 1.66 0.40 0.44 0.16 0.02 0.15 2.53 44.5 19.2 33.6 3.40 1.15
4080 2.02 0.49 0.53 0.19 0.02 0.15 3.16 36.7 20.8 32.6 3.15 1.46
4116 1.80 0.36 0.37 0.14 0.02 0.15 2.94 37.5 16.6 30.6 3.23 1.79

93447 2.02 0.41 0.53 0.17 0.04 0.12 3.54 55.7 21.9 44.2 27.3 2.06
54K94 2.21 0.63 0.72 0.21 0.02 0.16 4.69 43.4 35.1 55.3 6.37 1.81

88-07095 1.51 0.34 0.47 0.12 0.01 0.11 9.37 21.8 17.4 21.8 3.41 1.47
88-07105 1.60 0.26 0.37 0.12 0.02 0.14 2.40 29.7 15.6 35.8 4.92 1.34
88-07108 1.78 0.32 0.40 0.16 0.02 0.14 2.91 112 22.6 45.3 6.37 1.22
88-07197 2.01 0.41 0.41 0.19 0.02 0.16 2.89 31.4 17.5 44.7 6.55 1.76
88-07207 2.06 0.53 0.54 0.18 0.02 0.14 2.73 37.2 26.7 34.0 5.13 1.66
88-07225 1.99 0.54 0.63 0.17 0.02 0.16 2.64 48.1 27.8 45.2 6.82 1.99

A7774 2.78 0.56 0.57 0.21 0.02 0.18 3.31 63.0 18.7 53.5 4.58 2.43
A84 1.45 0.42 0.53 0.18 0.02 0.13 4.12 37.6 15.9 37.5 3.18 2.92
A96 2.12 0.46 0.48 0.19 0.03 0.14 3.64 35.4 18.8 42.1 4.11 2.60

ABTx631 1.48 0.38 0.41 0.17 0.02 0.12 3.16 30.0 15.2 29.6 4.22 2.96
AcchoKaruha 2.22 0.47 0.42 0.18 0.02 0.12 3.04 44.8 25.2 55.3 4.61 3.19

AS4055 1.49 0.37 0.49 0.15 0.01 0.12 3.11 27.3 11.7 24.9 3.31 2.17
AS4136 1.96 0.42 0.49 0.16 0.01 0.15 2.61 44.6 20.0 34.6 4.42 3.72
AS5826 2.06 0.40 0.43 0.18 0.02 0.14 3.22 42.7 15.9 20.6 5.89 3.35

Barking119 2.01 0.44 0.53 0.18 0.01 0.13 3.23 44.6 19.0 36.6 5.22 2.38
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Table 2. Cont.

Sorghum
Variety

N P K Mg Ca S B Zn Mn Fe Cu Mo

BE25 2.19 0.48 0.48 0.18 0.02 0.14 3.55 44.2 21.8 45.0 7.27 3.09
Bok11 1.68 0.43 0.44 0.19 0.02 0.15 3.60 36.0 17.2 38.0 4.00 3.91

BrownKaoliang 2.17 0.42 0.47 0.17 0.02 0.15 5.06 43.6 16.3 51.7 5.47 2.40
BTx623 1.81 0.37 0.49 0.15 0.02 0.10 3.78 23.3 13.0 39.0 5.15 1.48

ChananSingoo 1.99 0.43 0.43 0.18 0.03 0.14 3.76 51.0 20.5 33.8 6.16 3.14
ChineseAmber 2.63 0.53 0.45 0.23 0.02 0.17 5.76 57.1 28.6 46.1 7.17 2.94

Collier 1.73 0.41 0.39 0.17 0.01 0.17 4.04 24.2 21.1 32.3 3.97 2.23
Cowley 1.83 0.31 0.31 0.15 0.03 0.15 5.42 31.3 14.5 29.6 4.61 4.10

DaShanDong 1.69 0.47 0.53 0.18 0.02 0.13 3.80 39.9 17.9 35.0 4.24 2.52
Dokhnah 2.17 0.40 0.36 0.17 0.01 0.15 6.74 44.6 22.2 38.0 4.66 1.82
Elmota 1.92 0.46 0.43 0.20 0.02 0.14 5.13 43.1 18.7 38.8 6.29 2.46
ERJieZi 1.58 0.34 0.43 0.13 0.01 0.12 3.13 33.5 18.5 29.3 3.93 1.72

FAO54919 2.11 0.46 0.40 0.19 0.01 0.16 2.96 43.4 18.8 33.8 4.18 2.00
Grif534 1.63 0.26 0.34 0.13 0.02 0.13 2.08 35.7 16.6 40.0 5.67 1.48
Grif539 1.87 0.30 0.32 0.14 0.03 0.14 2.52 37.4 21.5 42.0 5.75 1.55
Grif553 1.89 0.32 0.33 0.14 0.01 0.15 2.08 28.4 19.6 35.7 5.83 1.48
Grif574 1.95 0.48 0.41 0.20 0.03 0.16 3.95 55.2 26.0 48.4 6.99 1.53
Grif604 1.74 0.29 0.28 0.14 0.02 0.14 2.28 31.2 9.7 49.9 5.02 1.61
Grif610 1.63 0.28 0.34 0.14 0.03 0.14 2.59 48.9 15.2 57.0 7.19 1.49

Grif7260 1.57 0.42 0.58 0.15 0.02 0.13 4.94 30.2 15.4 33.0 3.80 2.01
Grif7263 1.82 0.39 0.44 0.17 0.01 0.13 2.66 33.0 13.7 38.6 5.07 2.27
IS1019 2.25 0.31 0.41 0.14 0.02 0.14 5.73 34.0 17.7 28.7 4.58 1.85

IS10931 2.31 0.46 0.44 0.18 0.02 0.17 3.02 33.2 19.1 43.2 4.32 2.91
IS1213C 1.98 0.36 0.36 0.17 0.02 0.13 4.66 29.1 20.0 35.7 4.13 2.59

IS12684C 1.88 0.37 0.54 0.16 0.03 0.14 4.98 37.5 18.7 40.6 6.01 2.35
IS12845 2.06 0.44 0.44 0.19 0.04 0.13 5.76 39.2 29.2 38.6 6.52 1.43
IS13232 1.76 0.49 0.56 0.17 0.02 0.14 3.68 30.9 24.9 42.5 4.07 2.06
IS13236 2.20 0.50 0.62 0.17 0.03 0.15 3.63 32.6 32.0 41.9 6.32 1.92
IS14098 1.67 0.36 0.43 0.15 0.03 0.13 3.48 35.0 13.3 32.8 3.80 2.02
IS24424 2.24 0.52 0.49 0.23 0.03 0.14 4.94 47.5 25.4 47.7 4.39 1.78
IS24449 1.77 0.40 0.42 0.17 0.02 0.12 3.40 33.0 13.0 32.8 3.15 2.30
IS24451 1.97 0.41 0.34 0.19 0.01 0.14 2.68 37.4 16.3 32.8 4.20 2.27
IS27569 1.69 0.42 0.47 0.16 0.01 0.12 2.95 36.7 15.5 48.8 4.14 2.36
IS27601 1.43 0.37 0.52 0.15 0.02 0.14 3.67 38.7 19.2 14.0 4.24 1.88
IS28214 1.76 0.43 0.54 0.16 0.02 0.13 2.92 49.6 18.8 35.4 4.02 1.98
IS2871C 2.23 0.53 0.50 0.22 0.02 0.14 5.50 52.7 17.1 42.0 5.36 2.30
IS2874 1.87 0.45 0.46 0.19 0.03 0.14 3.04 48.0 13.9 45.0 4.16 2.26
IS3098 1.43 0.38 0.47 0.15 0.02 0.12 3.37 29.6 11.5 28.5 2.32 1.83

IS5168C 2.16 0.45 0.41 0.21 0.03 0.14 4.19 51.4 22.9 38.3 5.54 2.67
IS6541 2.13 0.41 0.32 0.18 0.02 0.14 3.25 35.6 14.6 37.1 3.67 1.59

IS6733C 1.79 0.37 0.47 0.15 0.01 0.13 3.50 40.4 16.2 34.5 4.03 2.58
IS8120C 1.91 0.34 0.38 0.14 0.01 0.12 2.72 22.2 12.7 19.3 3.43 2.42

JolaNandyal 1.72 0.36 0.41 0.13 0.02 0.12 3.63 29.1 13.4 25.2 2.71 1.78
JowarRedJan 2.06 0.38 0.39 0.16 0.02 0.12 6.00 38.1 22.3 27.2 3.35 2.24
KA12Janjari 1.84 0.41 0.69 0.18 0.02 0.14 5.03 32.6 15.5 28.0 5.38 2.73
Kabutuwa 1.96 0.51 0.56 0.21 0.03 0.14 5.24 57.6 25.2 24.4 7.93 5.12
Kaoliang 2.05 0.41 0.46 0.16 0.02 0.13 3.70 34.2 12.8 27.4 3.90 3.10

Kaoliangwx 1.48 0.38 0.43 0.15 0.02 0.13 3.16 35.1 13.9 34.7 4.11 3.26
KharuthWara 2.18 0.36 0.33 0.18 0.03 0.13 4.31 41.3 15.9 42.9 3.10 2.99

Kulum 1.61 0.38 0.45 0.14 0.02 0.12 3.27 27.1 12.9 35.1 3.61 1.75
Kuyuma 1.94 0.35 0.43 0.13 0.01 0.11 3.41 28.2 12.4 23.2 2.92 2.35

Leoti 1.70 0.38 0.44 0.18 0.01 0.13 4.52 32.7 25.2 22.1 3.33 2.06
LianTouSan 1.97 0.48 0.55 0.18 0.01 0.14 2.47 42.8 17.6 35.0 5.31 2.15

Lula 1.61 0.38 0.39 0.17 0.02 0.13 3.60 38.8 18.5 30.2 4.69 3.03
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Table 2. Cont.

Sorghum
Variety

N P K Mg Ca S B Zn Mn Fe Cu Mo

M35-1 1.68 0.32 0.36 0.16 0.01 0.12 3.42 26.7 10.5 24.9 2.19 2.24
ManfrediMinu 1.99 0.43 0.45 0.18 0.02 0.15 4.62 30.0 42.3 36.7 5.43 1.38

Marupantse 1.68 0.41 0.46 0.16 0.02 0.14 3.09 33.6 20.5 35.4 4.98 2.58
Mashica 1.97 0.43 0.52 0.17 0.02 0.13 3.75 34.1 14.9 26.5 2.51 2.79
MN1592 1.67 0.36 0.41 0.17 0.02 0.14 3.46 33.8 18.5 33.5 3.54 3.91
MN4315 2.41 0.54 0.44 0.23 0.02 0.16 7.76 44.8 22.5 42.3 6.86 2.08
MN586 1.73 0.41 0.46 0.17 0.01 0.17 5.47 38.2 16.6 34.5 6.12 3.03
MN707 1.93 0.41 0.48 0.15 0.02 0.14 3.28 26.5 20.3 21.1 4.27 3.82

MsumbjiSB117 2.07 0.47 0.41 0.18 0.02 0.14 2.62 43.5 32.7 39.0 4.56 1.62
N290b 1.71 0.36 0.47 0.16 0.02 0.12 2.63 28.5 14.0 29.7 4.06 2.86

OrangeNo1 2.16 0.28 0.31 0.12 0.02 0.14 2.53 28.4 20.7 22.6 4.27 3.92
P9517 1.83 0.39 0.42 0.17 0.02 0.14 2.03 35.9 19.5 37.1 6.55 2.33

R3 1.95 0.45 0.43 0.18 0.02 0.15 2.83 40.8 19.7 32.2 5.42 3.51
S1049 2.66 0.46 0.43 0.19 0.03 0.16 1.96 49.9 19.3 36.2 6.07 2.20

S24 2.85 0.50 0.44 0.22 0.02 0.15 4.66 43.2 21.3 37.7 9.02 1.93
SAP155 1.82 0.35 0.36 0.15 0.01 0.11 2.51 35.8 15.9 33.3 4.06 1.60
SAP157 1.55 0.36 0.38 0.17 0.02 0.12 3.74 26.3 16.1 24.6 4.32 2.37
SAP158 1.72 0.36 0.54 0.15 0.03 0.12 2.69 27.5 17.3 27.8 3.34 2.30
SAP172 1.80 0.43 0.42 0.18 0.02 0.13 2.25 37.2 14.7 36.7 4.46 2.82

SDSL87046T 1.52 0.38 0.41 0.16 0.02 0.11 2.71 31.0 15.1 29.2 4.59 1.75
Shangani9356 1.65 0.39 0.47 0.14 0.02 0.13 2.37 30.5 16.8 31.4 2.91 1.84

SO85 1.96 0.49 0.47 0.19 0.02 0.15 2.75 52.5 20.1 18.5 7.41 3.78
StFederita 2.22 0.45 0.43 0.17 0.03 0.13 3.64 29.3 22.3 27.2 6.49 1.72
Takanda 2.37 0.55 0.47 0.24 0.02 0.14 3.33 39.1 24.3 50.1 5.50 1.90
Texas660 1.93 0.44 0.35 0.20 0.02 0.14 2.05 44.0 15.9 42.1 5.54 2.52
UI4822 1.99 0.44 0.49 0.19 0.01 0.16 2.47 56.1 15.0 47.4 4.62 2.37
Wray 1.78 0.41 0.35 0.22 0.01 0.13 5.62 36.1 15.0 29.8 4.03 3.17

3.2. Elemental Correlations among Nutrients in Seeds

There was a positive relationship between flax seed P and Mg (Figure 3A) and a good
positive correlation between P and K (Figure 3B). There was a strong positive relationship
between sorghum seed P and Mg (Figure 3C) and S and Mn (Figure 3D,E). A weak rela-
tionship was observed between sorghum seed Zn and Cu (Figure 3F,G) when excluding
the very high singular point. Sorghum seed P and K had a reasonable positive correlation
(Figure 3H).

Figure 3. Cont.
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Figure 3. Selected correlations among seed elemental concentrations: (A) Flax P and Mg; (B) flax
P and K; (C) sorghum P and Mg; (D) sorghum S and Mn; (E) sorghum large subset S and Mn;
(F) sorghum Zn and Cu; (G) sorghum large subset Zn and Cu; (H) sorghum P and K. * and **,
significant at the p < 0.05 and p < 0.01, respectively. NS, not significant, as determined using linear
regression; R2, linear regression coefficient squared.

3.3. Nutritional Value of Flax and Sorghum

Eight minerals were analyzed based on the United States Department of Agriculture
(USDA) [16,17] recommended percentage daily value (% DV), which is a calculation of
nutritional content in a 28 g (1 oz) serving of food and contribution to a 2000 calorie daily
diet (USDA, 2020) [15]. As shown in Figure 4, daily consumption of 28 g of flax seeds could
provide 37% DV of Cu, 31% DV of Mn, 28% DV of Mg, 19% DV of Zn, 19% DV of Zn, 18%
DV of P, 11% DV of Fe, and 5% DV of Ca and K.

Our analysis of sorghum showed that daily consumption of 28 g seeds could provide
24% DV of Mn, 16% DV of Cu, 11% DV of Mg, 10% DV of Zn, 9% DV of P, 7% DV of Fe, 4%
DV of Ca, and 3% DV of K (Figure 4).

Figure 4. Daily value (% DV) provided by the 28 g serving size of flax and sorghum.
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3.4. Identification of Promising Top Flax and Sorghum Varieties

Based on the results of screening the 102 flax varieties, six varieties were chosen for
their superior mineral content performance: Omega, Clli1374, Clli1418, Clli1821, Clli643,
and Clli2033 (Table 3). Similarly for screening of 108 sorghum varieties, six varieties were
chosen for their superior mineral content performance: PI529799, PI365024, PI185574,
PI266958, PI534144, and PI550850 (Table 3).

Table 3. A set of top six superior varieties of flax and sorghum with superior seed mineral concen-
tration. Highest, the highest mean for that specific element; High, considerably higher mean than
other varieties.

Flax Variety Performance

Omega Highest: P; Mo. High: Ca, Zn, Cu, Ni
Clli1374 Highest: Mg. High: Mn, Mo
Clli1418 Highest: Ca. High: Ni, Fe, P
Clli1821 Highest: B, Cu
Clli643 Highest: Zn. High: Mo, K

Clli2033 Highest: Fe, High: Ni, Mn

Sorghum Variety Performance

PI520799 Highest: P. High: Mg, Ca, S, B, Zn, Mn, Fe, Zn, Cu, Mo
PI365024 Highest: K, B, Mn, Fe. High: Mg, Ca, S, Zn, Cu
PI185574 Highest: Mg, Ca, S, Ni. High: P, K, B, Mn, Fe, Cu
PI266958 Highest: Zn. High: K, B, Mn, Ni
PI534144 Highest: Mo. High: Zn, Cu, P
PI550850 Highest: Cu, High: Ca

4. Discussion

The expected rising carbon dioxide (CO2) levels (from 416 ppm in 2021 to 550 ppm
in 2050) could cause stress to food crop plants. Furthermore, this could cause a reduction
in nutritional quality or fewer nutritious crops, and therefore, trigger malnutrition [15,16].
One approach to minimize this issue is to identify food crop varieties with higher natural
nutrient composition potential.

In this study, we analyzed ionomic data from 210 flax and sorghum varieties collected
from around the world. Our results demonstrated substantial genetic variation in both crop
species (Figure 2 and Table 4). This is consistent and follows a number of recent findings in
peas, soybean and common beans, pearl millet, and sweet potato [7,9,13,19,20].

A better understanding of the relationships among various mineral nutrients is also
critically important. A small number of correlated element pairs were detected in the
current study. The selected correlations in Figure 3 were the best examples of elemental pair
correlations in both flax and sorghum. The results of our analysis of macronutrients (N, P, K,
Ca, Mg, and S) and micronutrients (Zn, Fe, Cu, B, Mn, and Mo) are summarized in Figure 3.
In particular, the correlation analysis showed that seed P had a positive correlation with K
and Mg in both crop species, therefore, their accumulation may be related. Furthermore,
sorghum seed Zn had a positive correlation with Cu, which suggests that accumulation
of these trace elements is related. Furthermore, the positive correlations between element
pairs suggest potential shared transport systems in flax and sorghum systems. Similar
positive associations between Zn and Cu have been reported in previous studies in soybean
and common beans [7,9]. These findings are also consistent with previous studies in sweet
potatoes that showed medium to high correlations among minerals such as Fe, Zn, Ca, and
Mg [20]. This may suggest that elemental correlations may simplify selection for future
breeding efforts. Furthermore, this is consistent with studies in pearl millet that have
reported good elemental correlation and the possibility of simultaneous improvement of
those nutrients [19].

Overall, among the 210 total varieties, six unique flax varieties and six unique sorghum
varieties were identified with superior seed nutrient composition (Table 3). In flax, the
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highest P and Mo were observed in variety Omega, while the highest Cu and B were
observed in variety Clli1821. In sorghum, the highest K, Mn, Fe, and B were observed in
variety PI365024, while the highest Mg, Ca, S, and Ni were observed in variety PI185574.
In addition, four more flax and sorghum varieties were identified as superior varieties
(Table 3). These sets of a few selected superior varieties show significantly higher mineral
concentration, which suggests that there is a potential of further improving mineral nutrient
content in both flax and sorghum. Similarly, Gorindaraj et al. [19] explored the genetic
variability of pearl millet for seed nutritional traits and reported the top 10 pearl millet
accessions that could be used to develop nutritionally superior cultivars.

Table 4. Descriptive statistics in seed ionomic concentrations of 102 diverse flax genotypes and
108 sorghum genotypes. SD, standard deviation. Each value is the mean of three replicates.

Macronutrients

N P K Ca Mg S

% % % % % %

F
la

x

Avg. 3.92 0.80 0.80 0.24 0.42 0.27
SD 0.37 0.10 0.12 0.04 0.03 0.01
Min 2.90 0.60 0.59 0.18 0.34 0.24
Max 4.98 0.99 1.18 0.38 0.47 0.30

S
o

rg
h

u
m Avg. 1.93 0.42 0.45 0.02 0.17 0.15

SD 0.32 0.08 0.09 0.01 0.03 0.05
Min 1.35 0.26 0.28 0.01 0.12 0.10
Max 2.99 0.70 0.74 0.05 0.25 0.43

Micronutrients (Trace elements)

Zn Fe Cu B Mn Mo

μg/g μg/g μg/g μg/g μg/g μg/g

F
la

x

Avg. 73.40 70.10 11.80 18.80 25.50 2.98
SD 16.90 16.50 3.45 5.36 5.11 0.35

Min 38.00 43.70 4.21 9.61 15.50 2.27
Max 127.00 196.00 24.20 40.50 41.00 4.58

S
o

rg
h

u
m Avg. 40.80 48.10 5.25 3.89 20.10 2.35

SD 20.1 69.10 2.96 1.79 7.98 0.73
Min 21.80 14.00 2.19 1.96 9.70 1.15
Max 211 643 27.0 13.0 61.1 5.12

5. Conclusions

In this study, the multi-element contents and nutritional values of 102 flax and
108 sorghum varieties were evaluated. Our results revealed that there is substantial genetic
variation of seed mineral nutrient traits both in flax and in sorghum. We elaborated on
the six superior flax varieties and the corresponding six superior sorghum varieties that
seem to hold promise for mitigating rising CO2 stress as well as malnutrition. This study
also provides an opportunity for future genetic studies to further efforts in biofortification
efforts of flax and sorghum.
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