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Plant Responses to Stress and Environmental Stimulus
Santiago Signorelli 1,2

1 Food and Plant Biology Group, Departamento de Biología Vegetal, Facultad de Agronomía, Universidad de la
República, Av. Garzón 780, Sayago CP, Montevideo 12900, Uruguay; ssignorelli@fagro.edu.uy;
Tel.: +598-2354-0229

2 The Centre of Excellence in Plant Energy Biology, School of Molecular Sciences, The University of Western
Australia, 35 Stirling Highway, Crawley, WA 6009, Australia

Plants respond to diverse environmental stimuli such as light, nutrients, temperature,
and oxygen, which shape their growth and fate. When these stimuli are suboptimal for
adequate plant growth, they cause stress. This Special Issue aimed to collect research
articles providing evidence about plant responses to stresses and environmental stimuli,
as well as some methodological papers describing new models or methodologies for
plant phenotyping.

One type of environmental stress, often overlooked, is low temperatures at night.
Rajametov et al. [1] studied the effect of low night temperatures on diverse growth and
productivity parameters of thirty-nine Capsicum annuum L. accessions, including chili and
bell fruit varieties, as a means to assist in the identification of low-temperature-tolerant
cultivars to assist breeding programs. Using 10 ◦C as the night-low temperature and
15 ◦C as a control, the authors found that low temperature reduced plant height; the
number of flowers; fruit weight, length, and diameter; and the number of seeds per fruit
in all accessions. However, a few parameters, such as stem diameter and length of main
axis, were differentially affected in the different accessions. By performing correlations,
principal component, and hierarchical cluster analysis, the authors observed that the
group of best-performing accessions was mainly discriminated by its positive influence
on most reproductive traits, such as number of fruits, fruit length, fruit diameter and fruit
fresh weight. The authors suggested these parameters to be critical to identify night-low-
temperature-tolerant genotypes in breeding programs. Finally, the authors identified bell
and chili pepper accessions with contrasting performances in low temperatures [1].

Aiming to understand the mechanisms involved in saline stress tolerance in rice
(Oryza sativa L.), Jahan et al. [2] analyzed the transcriptomic response to saline stress in
rice seedlings of elite mega-hybrid rice (LYP9) and its parents (PA64s and 93-11). The
authors found that the mega-hybrid LYP9 outperformed the parental lines in terms of salt
stress tolerance (100 mM NaCl). The transcriptomic response to salt of these genotypes
varied over time, initially (7 days) mainly relating to photosynthesis, but later (14 days)
relating to hydrogen peroxide metabolic processes and cell wall organization. In addition,
the authors found that the transcription factors belonging to the bHLH family were the
most abundant among the differentially expressed genes, suggesting that this family of
transcription factors may play a prominent role in salt stress tolerance.

In another study on rice, Ahmad et al. [3] evaluated the performance of 2030 japonica
rice accessions, based on six agronomic traits, under lowland and upland conditions, to
identify drought-tolerant genotypes. With these traits, they determined a drought-resistant
grade (DRG) score that was used to classify the accessions, 10% of them being classified
as drought-tolerant. Based on the drought-resistant grade, 42 elite genotypes, including
upland and lowland genotypes, were selected. These genotypes may be an essential source
of material for rice-breeding programs, or could even be used as such by producers, in
areas susceptible to drought conditions.
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Under drought conditions and other abiotic stress conditions, reactive oxygen species
are over-produced. Ascorbate and glutathione play a relevant role as soluble antioxidants
to prevent oxidative damage caused by excessive ROS [4]. In this Special Issue, Hoang
et al. [5] characterized arabidopsis ascorbate- (vtc2-4 and vtc5-2) and glutathione-(cad2-1)
deficient mutants under abiotic stress. These mutants had a reduced sensitivity to ABA
during germination and a lower germination rate under osmotic and salt stress. Moreover,
the glutathione-deficient mutants showed lower tolerance to osmotic, salt, oxidative, and
cadmium stress according to leaf area and root growth parameters. However, the ascorbate-
deficient mutants showed, in some traits such as primary root length, number of lateral
roots, and leaf area, a better performance than the wild type in some stress conditions.
Under more severe stress, the ascorbate deficiency resulted in poorer performance in
all stress conditions tested. This study evidences that ascorbate and glutathione are not
antioxidants with redundant functions.

Given the importance of root architecture responses under drought stress, Urbanav-
ičiūtė et al. [6] tested the root system diversity in six durum wheat genotypes with contrast-
ing performance under drought. Even though a small number of genotypes were used,
the authors found a large variability among them in terms of development, distribution,
and architecture of the root system when subjected to drought. Interestingly, even the
drought-tolerant genotypes showed contrasting strategies in response to drought. The
authors concluded that high-throughput scanners are a valuable tool to identify interest-
ing root traits in response to drought and speed up the selection of genotypes for plant
breeding programs.

Stomatal conductance is one of the most important physiological responses to drought.
Thus, stomatal conductance can be very informative of the capability of different geno-
types to respond to drought. However, monitoring stomatal conductance during drought
imposition can be a tedious and laborious activity. Simondi et al. [7] developed a mathe-
matical model to predict stomatal conductance and water consumption kinetics with low
sampling requirements. In particular, the authors developed this model using soybean
plants in controlled conditions, but the approach they used can be reproduced in other
conditions and plant species to determine the parameters B and k that feed the model in
the newer conditions, in order to simplify the monitoring of stomatal conductance and
water consumption.

Also in drought conditions, Berriel et al. [8] studied crop performance indexes, deter-
mined through isotopic analysis, in four legumes used as summer cover crops, Crotalaria
juncea, Crotalaria spectabilis, Crotalaria ochroleuca, and Cajanus cajan. Based on the analysis of
the parameters used as crop performance indexes, C. cajan was the most promising legume
to be used as a cover crop among the four cover crops tested. Furthermore, the authors
proposed the ratio between fixed nitrogen and transpired water, and the ratio between
fixed nitrogen and 13C isotopic discrimination, as good indicators of drought tolerance in
fixing legumes.

Kulczycki et al. [9] also studied the effect of drought and its combination with sulfur
fertilization on growth and yield parameters in maize and wheat. In these plants, in
the absence of sulfur fertilization, moderate drought (45% FWC, relative to 60% FWC in
control) had a small impact on grain yield, whereas a more severe drought condition (30%)
significantly affected grain yield. Interestingly, the authors showed that in these crops,
sulfur fertilization only had a positive impact in the absence of severe drought. These
results show that using fertilizers in the context of drought may not be recommended, as it
may not have beneficial impacts on growth-related parameters. Therefore, the investment
in applying fertilizers will not pay off in terms of productivity. From a methodological
point of view, this study also evidences that works intended to show the effect of mineral
fertilization on growth-related parameters need to ensure the absence of drought episodes
that can modify the response of plants to the nutrients attenuating the positive effects
of fertilization.
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However, in a different context, a similar message is obtained from the work reported
by Signorelli et al. [10], who evaluated the effect of soil water content on bud burst rate
using grapevine single node cuttings. The authors showed that soil water content (% of
field capacity) significantly affects bud burst rate, concluding that soil water content has to
be controlled to assess bud burst in perennial plants. Alternatively, when it is impossible to
monitor water content during the assay, the authors recommend using a high soil water
content to avoid the effect of water availability on bud burst rate. The manuscript has a
methodological scope and illustrates a protocol to determine field capacity and monitor it.
This protocol is helpful for works researching in the field of drought stress.

Although water restrictions are generally detrimental to plant growth, excessive
irrigation can also be detrimental, especially for plants domesticated in arid regions. This is
the case with olive trees, which were domesticated in the Eastern Mediterranean but now
grow in more humid environments such as the one found in Rio de la Plata (South America),
and where irrigation practices are very common. Conde et al. [11] compared the effect of
full irrigation (supplying the water equivalent to the average of 100% evapotranspiration),
partial irrigation (equivalent to 50% evapotranspiration), and water deprivation on fruit
yield, oil content, and other productivity-related parameters, in two cultivars, Arbequina
and Frantoio. The authors found that irrigation resulted in a significant increase in fruit
weight and pulp/pit ratio but did not reduce the oil content in either cultivar. On the other
hand, water restriction induced the content of polyphenols in the fruits in both cultivars,
revealing a possible management practice by limiting water availability to improve olive
oil quality without affecting oil productivity.

Another work dealing with agronomical management practices in tree corps was
presented by Severino et al. [12], who studied pre- and post-harvest management of
sunburn in apples (Granny Smith) under neotropical climate conditions. In multiple
seasons, the authors evaluated the effect of sunburn protectors, white nets (20% translucent),
black nets (35 and 50% translucent), and control without a netting system or sunburn
protector applications. The authors found that the black net-50% treatment had the most
positive effect on preventing sunburns, whereas the use of sunburn protectors did not affect
any parameter tested in the neotropical climate of Uruguay. Importantly, the netting did
not affect growth and leaf carbon assimilation, meaning that it can be recommended as a
management practice for apples susceptible to sunburn such as Granny Smith.

Other environmental stimuli may be due to the presence of microbes in the surround-
ing environment of plants. These microbes can be beneficial or detrimental to plant growth,
and understanding these possible interactions is relevant to proposing environmentally
friendly strategies to promote plant growth and quality. In this sense, some studies have
evaluated arbuscular mycorrhiza fungi (AMF) and seaweed extracts (SWE) as biofertilizers,
however, little is known about the interaction of these biofertilizers. Rasouli et al. [13]
studied the effect of these biofertilizers, separately and in combination, on plant growth
and antioxidant capacity of lettuce plants. The authors found that the use of Glomus mosseae
(20 g pot−1) as AMF and Ascophyllum nodosum (0.5, 1.5, and 3.0 g pot−1) as SWE had
positive effects on plant growth. Moreover, the combination of these biofertilizers had the
most positive results on plant growth and total antioxidant capacity, a property that can be
indicative of crop quality.

Plants themselves produce compounds that can affect other plant growth. This is the
case with walnut, which produces high amounts of juglone, a phenolic compound that
can be toxic or growth-stunting to other plants. Medic et al. [14] evaluated the effect of
pure juglone and walnut leaf extracts on the plant growth of four different crop species,
Beta vulgaris L., Brassica rapa L. var. japonica, Lactuca sativa L., and Valerianella locusta Laterr.
The authors found that beetroot and lettuce were less susceptible to juglone and other
allelochemicals than turnip and mache, which presented lower yield and reduced quality.
This research is useful to understand what crops can be grown in soils where walnuts were
grown, particularly in the early years post-planting the new crop.

3
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Together, these manuscripts help us to understand the multiple variables affecting crop
productivity and quality, and the magnitude of the consequences of the different variables
(such as water, salt, sunlight, temperature, microbes, and even other plant compounds). In
some of these cases, the studies have proposed better agronomical management practices to
avoid the effect of possible stressors, and in others, it is likely that the information generated
will assist other studies to translate the basic knowledge into applicable knowledge for the
agronomic field.
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Abstract: Pepper plants are subject to complex environmental factors including abiotic and biotic
stresses in fields, as well as the significant effects of climate changes, including low and high
temperatures. Low temperature stress in the growth and development of pepper plants is one of the
most critical issues, and directly impacts the crop yield and productivity of pepper plants. Therefore,
it is essential to select and breed low temperature-(LT) tolerant pepper (Capsicum annuum L.) cultivars.
This research was conducted to assess the agronomical traits of 39 pepper accessions belonging to the
chili and bell fruit varieties which were cultivated under two different night temperature set-points:
at 15 ◦C for a suboptimal temperature (CT) and at 10 ◦C for a low temperature (LT). The plant heights
(PH) of most pepper accessions in a LT were significantly decreased compared to those in a CT. The
stem diameter (SD) and the length of main axis (LMA) varied depending on the genotypes under
LT. Moreover, the number of flowers (NFL), total number of fruits (NFR), fruit yield (FY), fruit fresh
weight (FFW), fruit length (FL), fruit diameter (FD), and number of seeds in a fruit (NSF) remarkably
declined in a LT compared to in a CT. The evaluated agronomical traits between LT and CT were
further applied for the correlation analysis, principal component analysis (PCA), and hierarchical
cluster analysis. Notably, the FY trait was correlated with other reproductive traits including NFR,
FFW, FD, and FL on the positive directions and thirty-nine LT-treated pepper accessions were
clustered into seven groups by the hierarchical clustering analysis. The selected accessions were
primarily involved in the positive trends with the reproductive index including NFR, FL, FD, and
FFW traits and could be used for pepper breeding programs to develop LT-tolerant cultivars.

Keywords: chili and bell pepper; low temperature stress; vegetative and reproductive traits; pepper
breeding; PCA; hierarchical cluster analysis

1. Introduction

Pepper plants (Capsicum annuum L.) originate from the American tropics, are classified
into the Solanaceae family, and are considered as an essential horticultural crop. Among
the 30 species in Capsicum, around five species, including C. annum, C. baccatum, C. chinense,
C. frutescens mill, and C. pubescens, are broadly domesticated by plant breeders and farmed
in agricultural areas [1]. The pepper fruits of chili and bell peppers are used in diverse
cuisines as a source of basic ingredients, contributing a variety of vitamins, phytochemicals,
minerals, food colors, and capsaicin [2–4]. The importance of peppers in agriculture and
the cultivation area and production of peppers is increasingly worldwide. According to the
Food and Agriculture Organization (FAO) and the Korean Statistical Information Service
(KOSIS) in 2019, the cultivation area and the production of peppers accounted for approxi-
mately 4.5 million ha and 61 million tonnes of the total green and dried peppers grown
worldwide (http://www.fao.org/faostat/), as well as around 36,600 ha and 334,280 tonnes

5



Agronomy 2021, 11, 1986

of green and dried peppers of both chili and bell varieties in Korea (https://kosis.kr/eng
(accessed on 9 August 2021), respectively.

Climate changes, including low and high temperatures, strong wind, drought, flood-
ing, and heavy rainfall can severely influence crop yield and productivity [2,5]. Particularly,
reports demonstrated the impact of the night low temperature (NLT) with different tem-
perature regimes during the period of entire growth and development [6,7]. The NLT
remarkably affected seed germination, seedling growth, leaf morphology, stem diameter
(SD), and plant height (PH) during the vegetative stages of tomato, cucumber, and pepper
plants [7–14], causing poor growth and development. The temperature stress also affected
the reproductive index, including the agronomical traits of the number of flowers (NFL),
the number of fruits (NFR), fruit set (FS), and fruit yield (FY) during reproductive stages of
pepper plants [15–17]. Since the flower development was highly associated with NFR, FS,
and FY in response to LT, many studies focused on the development of the floral organs.
For example, the plants grown in temperatures below 15 ◦C resulted in abnormal flower
shapes, reduced pollen activity and quality [18–20], parthenocarpic fruits [21], a decrease in
the number of seeds in the fruit (NSF) [21–23]. Moreover, in comparison with those grown
in normal and low temperatures, flower development was shown in the malformation
of unexpanded petals, stunted stamens containing a few of pollen, and a reduced pollen
germination activity in androecium [19,22]. Flower development was also impaired by
the swollen ovary and shorter styles in the gynoecium, resulting in the poor quality of
fruit development; small, flat, and irregular shaped fruits [15–22]. Although the effects of
NLT on the aforementioned vegetative and reproductive parameters were determined in
pepper plants, the impact of NLT was only characterized in limited accessions and mainly
in sweet peppers.

The temperature regulation is one of the most important factors for pepper growth
and is preferentially considered for cultivation in a winter greenhouse. According to the
Korea Meteorological Administration (KMA) (https://www.weather.go.kr/w/index.do
(accessed on 9 August 2021)) and our previous publication [19], in Wanju, where this
study was performed in Korea, the minimum and maximum temperatures fluctuated
from −6.3 to 8.7 ◦C. Additionally, the average temperature was maintained from −1.7 to
3.9 ◦C for the winter season, as has been the case since 1970, indicating that the climate
of Wanju fluctuated from −7 to 10 ◦C during the period of winter season. Generally,
the heating demand for greenhouse cultivation significantly increased at night time in
winter [24] and the heating accounted for around 19–23% of the operating costs in Korea
from 2017–2019 [25]. Several studies showed that sub-optimal temperatures in greenhouses
could decrease energy costs by approximately 16% with a 2 ◦C temperature reduction [26],
suggesting that the sub-optimal temperature ranging from 15–20 ◦C could be considered
as the minimal low temperature, which avoided serious damage to plant growth and
development [27,28]. Interestingly, it was shown that LT led to a higher fruit yield than the
optimal temperature (>20 ◦C) [22], whereas LT (<10 ◦C) resulted in the severe defective
growth and development of the plants [29,30]. However, a few studies recently elucidated
the development of breeding systems for selecting low temperature (LT)-tolerant pepper
accessions. There is still a possibility of developing breeding programs with a large number
of different fruit types for pepper plants, economically regulating NLT at 10 ◦C with the
optimal temperature set-points at 15–20 ◦C in winter greenhouse.

In this work, we analyzed the agronomical traits of the pepper plants, including chili
peppers (n = 27) and bell peppers (n = 12), in response to night low temperatures in green-
house conditions. The vegetative parameters of PH, SD, and LMA and the reproductive
parameters of NFL, FY, FW, FD, NFR, and NSF were investigated among 39 pepper geno-
types between 15 ◦C and 10 ◦C in a greenhouse. On the basis of this correlation, as well as
PCA and cluster analysis, together with ten agronomical traits, we selected four genotypes
of chili peppers and four genotypes of bell peppers exhibiting low or high performances
of vegetative and reproductive parameters, which were associated with high FY traits
between LT and CT. The characterized and identified pepper genotypes in the present
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study will be used as a good resource for pepper breeders to breed LT stress-tolerant
cultivars in winter greenhouses, with the consideration of a high FY index.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

A total of 39 pepper breeding lines including chili (n = 27) and bell peppers (n = 12)
from National Institute of Horticultural and Herbal Science (NIHHS, Korea, 35◦83′ N,
127◦03′ E) were utilized in the experiments (Table S1). The seeds of the 39 pepper lines
were sown on 28 September 2020 in plastic trays which were 52 cm × 26 cm in pot size
and 6 cm × 6 cm in cell size. The trays were transferred into a glasshouse that maintained
26/18 ◦C (day/night) and relative humidity from 65–70% and given one liter of water,
daily. 14-day-old seedlings were transplanted on 13 November 2020 into two plastic film
greenhouses. Pepper seedlings of ten plants per accession were planted with a distance
of 1.5 m × 35 cm between plants in both LT and CT greenhouses. To help the pepper
seedlings adapt new environment conditions, night temperature set-point was initially
maintained at 15 ◦C for 2 weeks in both greenhouses and then was modulated for LT and
CT, respectively.

2.2. Soil Preparations

The soil preparations in the trays and two greenhouses were completed as previously
described in [16]. The commercial media (Bio Sangto, Seoul, Korea) which consisted of
coco peat (47.2%), peat moss (35%), zeolite (7%), vermiculite (10.0%), dolomite (0.6%),
humectant (0.006%), and fertilizers (0.194%), which were made of 270 mg kg−1 of N, P
and K, respectively. The soil preparations in two greenhouses were prepared, following
the recommendations of the Korea Soil Information System (KSIS) (https://soil.rda.go.kr
(accessed on 28 August 2021)), equally with pre-plant broadcast manure at a dose of
1 kg m−2 and basal fertilizer containing 16 g m−2 N, 8 g m−2 K2O, and 16 g m−2 P2O5,
which was regularly fertigated with the mixture of solution A (5.5% nitrogen, 4.5% potas-
sium, 4.5% calcium, 0.00014% boron, 0.05% iron, 0.0001% zinc, and 0.0002% molybdenum)
and B (6% nitrogen, 2% phosphorus, 4% potassium, 1% magnesium, 0.05% boron, 0.01%
manganese, 0.005% zinc, and 0.0015% copper) in 1200 L water (Mulpure, Daeyu Co., Ltd.,
Gyeongsan, Korea).

2.3. Temperature Regulations

The winter climate where this experiment was conducted was shown in our previous
report [16]. Briefly, the temperature was monitored and recorded in LT and CT greenhouses
during the period of the pepper cultivation using data logger (Figure S1) (WatchDog 1450,
Spectrum Technologies Inc., Aurora, IL, USA). Nighttime temperature was maintained by
heating machine (Model TKP-800, Tae Kwang Machine Co., LTD., Daegu, Korea) whenever
the temperature decreased below the 10 ◦C and 15 ◦C set-points. The relative humidity
(RH) was kept within approximately 40–60% in both greenhouses, respectively.

2.4. Diseases and Pest Controls

Diseases and pest controls were conducted as previously described in [16]. Briefly,
20% of Spiromesifen (Farmhannong, Seoul, Korea) was diluted with the ratio of 1:2000
for controlling whitefly; 5% of Rampage (Hankooksamgong, Seoul, Korea) was diluted
with the ratio of 1:1000 for controlling thrips. In addition to this, 30% of Iminoctadine tris
(Farmhannong, Seoul, Korea) was diluted with the ratio of 1:1000 for controlling leaf and
gray molds; 50% of Polyoxin B (Farmhannong, Seoul, Korea) was diluted with 1 to 5000 for
controlling powdery mildew and fungi.

2.5. Data Collections

The pepper accessions were planted with the same arrangement in LT and CT green-
houses from three independent biological plants, which were randomly selected among ten
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plants for measurement the reproductive parameters. The number of flowers (NFL) was
determined from the second to fifth internodes and the vegetative parameters, including
plant height (PH), stem diameter (SD), and length of main axis (LMA), were measured at
120 days after transplanting (DAT) of seedlings. Total number of fruits per plant (NFR)
and fruit yield per plant (FY) were measured from three individual plants, randomly. Five
fruits of each accession were collected for measurement of fruit fresh weight (FFW), fruit
length (FL), fruit diameter (FD), and the number of seeds in a fruit (NSF) using a digital
electron Micro Weighing Scale MW-II (CAS), a ruler, and a caliper, respectively.

2.6. Data Analysis

The significant difference in vegetative parameters of PH, SD, and LMA, and repro-
ductive parameters of NFL, NFR, FY, FD, FL, FFW and NSF were assessed as described in
the figure legends with Student’s t-test using EXCEL 2016 software (Microsoft Co., Ltd.,
Albuquerque, NM, USA). To figure out the effects of LT on the evaluated traits, the score
of agnomical traits was calculated by dividing LT by CT and multiplying by 100 (%). The
analysis of correlation coefficients was performed among the total populations (n = 39)
using EXCEL 2016 (Microsoft, Redmond, WA, USA). The multivariate analysis, including
correlation analysis, principal components analysis (PCA), and hierarchical cluster analysis
were assessed using SPSS program (IBM SPSS v27.0, Chicago, IL, USA). The adequacy of
the samples was carried out by the Kasier-Meyer-Olkin (KMO > 0.5), and Bartlett’s test of
Sphericity (BTS < 0.001) was utilized as an indicator in the proper construct of the PCA
model to evaluate the relationship between variables.

3. Results
3.1. The Vegetative Traits with Chili and Bell Peppers

In order to understand the response of pepper plants to the night low temperature
(NLT), the vegetative parameters including PH, SD, and LMA were investigated among
39 pepper accessions at 120 DAT in LT and CT greenhouses. The growth rate of most of the
accessions in PH significantly reduced in LT compared to that in CT (Figure 1A). Only one
accession C22 of chili pepper was observed with no significant difference in both LT and
CT. The lowest significant difference (p ≤ 0.05) was identified in C17 of chili pepper and
P06 of bell pepper.

Next, in order to evaluate the effect of LT on the stem growth, the plant stem diameter
(SD) was measured among 39 pepper accessions. Sixteen accessions of chili pepper and
seven accessions of bell pepper were observed to have no significant difference between LT
and CT (Figure 1B). The significant differences (p ≤ 0.01) were identified with C02, C05,
C17, and C20 of chili peppers and P01 of bell pepper. Interestingly, the SD of C05 accession
was higher in LT than in CT. In addition to this, the growth of LMA was investigated
and thirteen accessions of chili peppers and two accessions of bell peppers were observed
with no remarkable differences between LT and CT (Figure 1C). The significant difference
(p ≤ 0.001) was determined in C13, C16, C21, and C23 of chili peppers and P01 and P02 of
bell peppers. Taken together, the observations indicated that the effect of LT on vegetative
traits was widely varied from genotypes among 39 pepper accessions.
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Figure 1. The evaluation of vegetative traits on (A) plant height, (B) plant stem diameter, and (C) length of main axis 
among 39 pepper accessions in LT and CT greenhouses. Plant height, stem diameter, and length of main axis were meas-
ured at 120 days after transplanting. Significant differences were evaluated with Student’s t-test with p ≤ 0.05, p ≤ 0.01, and 
p ≤ 0.001 and denoted by *, ** and ***, respectively. NS means not significant and bars indicate ± standard deviation (n = 
3).  

Figure 1. The evaluation of vegetative traits on (A) plant height, (B) plant stem diameter, and (C) length of main axis among
39 pepper accessions in LT and CT greenhouses. Plant height, stem diameter, and length of main axis were measured
at 120 days after transplanting. Significant differences were evaluated with Student’s t-test with p ≤ 0.05, p ≤ 0.01, and
p ≤ 0.001 and denoted by *, ** and ***, respectively. NS means not significant and bars indicate ± standard deviation (n = 3).
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3.2. The Reproductive Traits of NFL, NFR, and FY with Chili and Bell Peppers

In order to determine the response of pepper accessions to NLT regarding the repro-
ductive traits, the reproductive parameters including NFL, NFR, and FY were investigated
among 39 pepper accessions at 120 DAT in LT and CT greenhouses. The effect of LT on
NFL was different depending on the pepper accessions (Figure 2A). The floral organs were
not developed in C04, C13, and C16 accessions in both LT and CT conditions, and the
flowers of C03, C17, and P11 were developed in CT but not in LT. No significant difference
in NFL was observed except for the P06 and P10 accessions between both LT and CT. In
addition, the effect of LT on NFR per plant at 120 DAT was subsequently evaluated and
observed in the significant reduction in most pepper accessions in LT (Figure 2B). Notably,
C04, C08, C13, and C16 of chili peppers were not shown in any fruit in both LT and CT,
whereas C22, P08, and P09 were not different between LT and CT. Because high fruit yield
was one of the most important parameters to determine LT-tolerant pepper cultivars in
breeding programs, the evaluation of FY was implemented and it was drastically decreased
in LT compared to CT, except for P08 and P09 of bell peppers (Figure 2C). Interestingly, the
highest index of FY over 500 g was identified in C01, C02, C05, C18, C19, C23, and C24 of
chili peppers and in P01, P02, P03, and P04 of bell peppers in CT, whereas it was observed
in C22 (226.7 g) of chili pepper and P04 (215.0 g) of bell pepper in LT.

3.3. The Fruit Traits of FD, FL, FFW, and NSF with Chili and Bell Peppers

In order to explore the impact of fruit traits in response to LT, the fruit traits-related
FD, FL, FFW, and NSF were evaluated among 39 pepper accessions at 120 DAT in LT and
CT greenhouses. FD dramatically decreased in most pepper accessions in LT in comparison
with CT (Figure 3A). However, no appreciable difference in FD was found in C23 of chili
peppers and P01 and P04 of bell peppers between LT and CT. In detail, the widest FD over
25 mm and 60 mm was found in C02, C05, C14, C15, C21, and C22 of chili peppers and
P02, P03, P5, and P10 of bell peppers in CT, respectively. The widest FD over 15 mm and
50 mm was observed in C02, C05, C14, C22, and C23 accessions, and in P01, P02, P05, P08,
and P09 accessions in LT.

A previous study reported that FD was highly associated with FL [31,32]. In order
to validate the effect of LT on FL, together with FD, FL was measured among 39 pepper
accessions and FL was noticeably reduced in most pepper genotypes in LT compared to
CT (Figure 3B). However, no appreciable difference in FL was observed in P06 and P08
of bell peppers between LT and CT. In detail, the longest FL over 15 cm and 10 cm in CT
was determined in C02, C05, C06, C14, C18, C19, C22, C23, and C24 of chili peppers, and
in P01 and P02 of bell peppers. Moreover, the longest FL over 10 cm and 5 cm in LT was
observed in C18, C19, C22, and C23 of chili peppers and P02, P04, and P09 of bell peppers,
respectively. FFW was also investigated and decreased in most pepper accessions in LT
compared to CT, except for P08 and P09 of bell pepper which exhibited no significant
difference between LT and CT conditions (Figure 3C). One study determined the effect of
LT on the seed development in the pepper fruit, which caused the growth of seedless fruit
(referred to as parthenocarphy) and a reduced fruit marketability [18]. To further confirm
the effect of LT on seed development in a fruit, the number of seeds per fruit was counted.
The results showed that NSF was reduced in a variety of pepper accessions and even all
fruits of bell peppers did not develop any seeds in LT condition (Figure 3D). Intriguingly,
the NSF of C12 accession increased in LT compared to CT and no appreciable difference
in NSF was found in C25 and P05 accessions between LT and CT. In addition, the highest
NSF over 80, 70, and 40 seeds in CT was identified in C20, C21, and C24 of chili peppers
and P01, P02, and P09 of bell peppers and the highest NSF over 40 in LT was observed in
C12, C24 and C25 of chili peppers.
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Figure 2. The evaluation of reproductive traits on (A) the number of flowers, (B) the number of fruits, and (C) fruit yield 
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transplanting. Significant differences were evaluated with Student’s t-test with p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 and denoted 
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Figure 2. The evaluation of reproductive traits on (A) the number of flowers, (B) the number of fruits, and (C) fruit yield
among 39 pepper accessions in LT and CT greenhouses. The reproductive parameters were measured at 120 days after
transplanting. Significant differences were evaluated with Student’s t-test with p≤ 0.05, p≤ 0.01, and p≤ 0.001 and denoted
by *, **, and ***, respectively. NS means not significant and bars indicate ± standard deviation. (n = 3).
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fresh weight, and (D) the number of seeds among 39 pepper accessions in LT and CT greenhouses. 
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were evaluated with Student’s t-test with p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 and denoted by *, **, and 
***, respectively. NS means not significant and bars indicate ± standard deviation (n = 3). 
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ure 4). A correlation matrix of 10 variables was produced in LT and CT conditions (Figure 
S2). The Kaiser-Meyer-Olkin (KMO) was calculated for the adequacy of measured sam-
ples on vegetative and reproductive traits, and the score was 0.720. Bartlett’s Test of Sphe-

Figure 3. The evaluation of reproductive traits on (A) fruit diameter, (B) fruit length (cm), (C) fruit
fresh weight, and (D) the number of seeds among 39 pepper accessions in LT and CT greenhouses.
The reproductive parameters were measured at 120 days after transplanting. Significant differences
were evaluated with Student’s t-test with p ≤ 0.05, p ≤ 0.01, and p ≤ 0.001 and denoted by *, **, and
***, respectively. NS means not significant and bars indicate ± standard deviation (n = 3).

3.4. The Principal Component Analysis (PCA) of Agronomical Traits

In order to understand the relationship between the multiple variables, including
the aforementioned parameters, a principal component analysis (PCA) was conducted
(Figure 4). A correlation matrix of 10 variables was produced in LT and CT conditions
(Figure S2). The Kaiser-Meyer-Olkin (KMO) was calculated for the adequacy of measured
samples on vegetative and reproductive traits, and the score was 0.720. Bartlett’s Test
of Sphericity (BTS) was significantly lower than 0.001, indicating that the samples and
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PCA construct were appropriate for PCA analysis. Five PCs were extracted from ten
studied agronomical traits and the eigenvalues were greater than one from the first three
(Table S2). To reduce the dimensions of the data space, the correlation matrix with the
first two components of PCA was applied. The total variance of the acquired data was
explained with the 65.76%, which represented 46.63% from component factor 1 (PC1) and
19.13% from component factor 2 (PC2), respectively. The traits (scores > 0.30) were loaded
onto PC1 and PC2 (Table S2A). The first component PC1 contributed to multiple traits,
concluding that FL had a major contribution towards positive loading vectors (0.885),
followed by FD (0.878) and FW (0.791) within the first component, and PC2 exhibited FY
(0.914) and NFR (0.815). This indicated that three major and two minor variables had a
strong correlation with the first PC and second PC, respectively.
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3.5. Clustering Analysis

In order to analyze the association with the PCs in 39 pepper accessions, a scatter plot
matrix was drawn using the component factor 1 (PC1) and factor 2 (PC2), exhibiting no clear
pattern for the grouping of pepper fruit varieties (Figure 4). The PC1 and PC2 factors were
further justified to agglomerative hierarchical clustering utilizing the Euclidean distance
matrix through Ward’s method and the dendrogram was produced on the basis of the
results. Seven major groups were distinctly clustered (Figure 5A). The results showed that
group 1 primarily had a very low value of LMA and PH; group 2 had a moderate low
value of SD and NFL; group 3 had a low value of both vegetative and reproductive traits;
and group 4 had a moderate value of SD in vegetative traits, and a high value of FL and
FD in reproductive traits. Additionally, it displayed that the group 5 had a high value of
PH and SD in vegetative traits and NFR and FL in reproductive traits; group 6 had a high
value of FW, FL, and FD in reproductive traits; and group 7 had a high value of LMA in
vegetative traits, and a high value of NFL, NFR, FY, FFW, and FD in reproductive traits.
Depending on the clustering and the studied agronomical traits, the plants displaying a
low performance of the agronomical traits were selected in two accessions (C01 and C02)
of chili peppers and two accessions (P01 and P02) of bell peppers, and the plants showing
a high performance of agronomical traits were selected in two accessions (C22 and C23) of
chili peppers and two accessions (P08 and P09) of bell peppers (Figure 5B).
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4. Discussion and Conclusions

Pepper plants were naturally exposed to harsh cold stress during winter season
in agriculture and possessed the cellular and molecular mechanisms to acclimate and
overcome low temperature stress [33–36]. Previous reports demonstrated a response to
LT with limited accessions, mainly in reproductive traits, including flower morphologies,
fruit shapes, fruit varieties, and fruit yield [6,18,19]. Additionally, the effect of LT on the
agronomical traits was determined primarily in sweet peppers. In this study, we assessed
39 pepper genotypes including chili (n = 27) and bell fruit varieties (n = 12) and evaluated
the vegetative and reproductive traits during the entire period of the pepper growth and
development stages under LT, which could economically reduce the heating demand of
the pepper cultivation in a winter greenhouse.

The effect of LT showed that the PH decreased significantly in almost all accessions,
except for one accession, C32, which was not significantly different among the chili peppers
grown between the LT and CT greenhouses (Figure 1A). In line with our current results,
previous studies determined that the effect of LT on PH influences the retarded growth of
plant height in pepper and cucumber plants with different low temperature regimes [7,9,37].
In addition to this, previous studies also reported that the reduction in tomato plant height
in LT could be correlated to the number of leaves, which influenced the relative growth
rate and net assimilation rate with the modulated photosynthetic ability [9]. Next, it was in
our interest to further investigate how the number of pepper leaves, leaf length, and leaf
width, as well as the photosynthetic parameters were involved in PH in LT.
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The effect of LT on SD exhibited a reduction in twenty-one accessions (40.8%) of chili
peppers and five accessions (41.6%) of bell peppers, respectively (Figure 1B), whereas
other accessions in LT did not significantly decrease in SD, except for C05 which showed a
higher growth of SD in LT than in CT. This result was in agreement with a previous study
which determined the difference in the SD of tomato plants under LT [15,16]. The finding
showed that the SDs varied depending on the tomato genotypes without fruit types [16].
Moreover, the effects of LT on LMA displayed a reduction in 13 accessions (48.2%) of chili
peppers and 10 accessions (83.3%) of bell peppers, respectively (Figure 1C), indicating
that the effect of LT on SD and LMA might be also significant among pepper genotypes,
irrelevant of fruit types (Figure 1), and that the bell peppers would be very sensitive to LT
in the vegetative traits compared to those in CT, as previous studies mentioned [18]. In the
current study, the positive high temperature (day temperature–night temperature > 0) in
tomato plants led to an increased stem thickness and enlogation, as well as the number
of xylem vessels via the modulation of genes involved in the cell wall, GA, and auxin
biosynthesis [38]. Furthermore, our studies were essential to provide factors affecting the
pepper stem diameter and enlogation with the phytohormones under diverse LT regimes.
Collectively, we did not completely understand how LT affected the vegetative index, such
as SD and LMA, in pepper plants. Nevertheless, our current results clearly suggested that
LT influenced pepper growth and development during the vegetative stages.

We conducted the investigation of a reproductive index including NFL, NFR, and FY.
A study reported that NFL, in the first truss of the tomato plant, displayed no significant
difference under a low temperature in the atmosphere, while the NFL was promoted by a
low temperature in the root area [39]. In addition, our previous research found that the
LT did not affect the NFL of the tomato plant and LT influenced the NFL with a genotype-
specific interaction [15,16]. In the agreement with our previous studies, our current finding
also showed that the NFL of most pepper accessions showed no remarkable difference
between the LT and CT, although NFL was reduced in several accessions of chili and bell
peppers (Figure 2). Despite that, we did not understand why the effect of LT on NFL in
most accessions was not influenced. Our further studies need to focus on elucidating the
mechanistic role of the impact of LT on NFL in pepper plants with a consideration of the
air and root low temperature.

Previous studies showed that NFR was closely associated with FY in LT [13,39] and
that NFR and fruit setting were key determinants to select LT-tolerant tomatoes and peppers
with high fruit yields [16,40]. In line with a previous study, the effect of LT on NFR and FY
resulted in the drastic decrease compared to those in CT (Figure 2B,C), suggesting that NFR
and FY were closely correlated in LT. Moreover, LT affected the reduction in FD, FL, and NSF
(Figure 3), resulting in irregular fruit shapes (Figure 5B). These findings were concordant
with previous effects of LT on the flower morphology and the fruit development [18]. The
studies assessed that the impact of LT on anther and ovary shapes caused the malformation
of floral organs including the stunted stamen, the decreased number of pollen, and a
reduced pollen activity by hindering pollination and fertilization [18,22], which further led
to the abnormal formations of fruit development, irregular fruit shapes, and parthenocarpic
fruits, together with reduced NSF [18,41]. The previous studies determined that the
malformation of fruit shapes in rice, mango, and pepper plants were produced by the
swollen ovary and shortened style in LT [2,6,42,43], indicating that the development of
floral organs with a stamen and an ovary was very sensitive to LT. Furthermore, the
parthenocarpic fruits and the declined NSF were associated with the balance of plant
hormones, including auxin, gibberillin, and cytokinin due to the lack of fertilization, but
might not be a defect of pollination [44,45]. Next, our important endeavor was to dissect
the involvement of the plant hormones and the anatomic structures of floral organs during
the period of flower development under different low temperature regimes.

We utilized the correlation matrix to perform a PCA analysis determining the crucial
factors with 10 variables of agronomical traits between LT and CT, and 5 traits (scores > 0.30)
were loaded into the plot. The first two PCA explained 65.76% of the agronomical variables
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(Figure 4). The angle between the vectors of traits, including FFW, FD, and FL in PC1 and
NFR in PC2 with FY, were less than around 80◦, indicating that the positive correlations
were exhibited in the variables which were in line with previously published statistics [16].
Our finding showed that FFW, FD, and FL were closely correlated in LT effect. Studies
were not conducted on the effects of LT and the LTN condition on fruit shapes such FFW,
FD, and FL. On the one hand, a study reported that the FFW was positively associated with
FD and pericarp thickness, but not in FL [46,47] under normal conditions. Moreover, some
studies determined that the quantative trait locus (QTL) governing FFW and FD was linked
on the choromosome P12, indicating that the positive trends between FFW and FD could
be described from our PCA result [48]. Additionally, studies assumed that the mechanism
of fruit development factors, including FD, FL, and FFW, were most likely shared [31,32].
Notably, in our current study, the effect of LT on the parameters of fruit development
uncovered that FL was highly correlated with FD. Given that one study mentioned that
the FL was governed by between 3 and 10 pairs of genes and was most likely affected by
environmental conditions [46], further studies should investigate the mechanistic role of
how the fruit developmental factors are governed by the gene clusters.

As our previous publication mentioned [27–29], the decreased NFR of sweet pepper
in LT was associated with FY, showing the close correlation between the traits. In line with
our current results, the previous PCA analysis of tomato plants also exhibited a strong
correlation with FY and NFR in LT effect [16], suggesting that the NFR plays an important
role in determining the yield-related parameters such as fruit set and fruit yield in pepper
plants for breeding programs when selecting LT-tolerant peppers. A biplot analysis was
further conducted to understand the multivariate relationships with 39 pepper accessions
containing 27 chili and 12 bell peppers accessions (Figure 4). The evaluated agronomical
traits and correlation matrix were applied to the cluster analysis and classified into seven
groups (Figure 5A). Our findings showed that group 1 to group 3 tended to have negative
trends with regard to the vegetative and reproductive parameters, but some accessions still
exhibited moderate high and low values for these parameters. On the one hand, group
4 to group 7 tended to have positive trends, mainly with the reproductive parameters
and with one or two of the vegetative parameter(s). Our previous study determined,
in the selection criteria for LT-tolerant tomatoes, that tomato plants displayed different
vegetative or reproductive indexes depending on fruit types [16]. Given that the clusters
grouped with the reproductive index still exhibited one or two vegetative parameters in
some accessions, or vice versa in different clusters, it is probable that the screening of
the pepper accessions tolerant to LT were also taken into consideration with a different
selection index among pepper accessions in the greenhouse. On the basis of our clustering
of 39 pepper accessions (Figure 5A), we selected two LT-sensitive two chili and bell pepper
accessions (C01 and C02 in group 2, P01 and P02 in group 1) which showed the low values
of the vegetative and reproductive indexes, respectively. Additionally, it was observed
that two LT-tolerant chili and bell peppers (C23 in group 4 and C22 in group 5; P08 in
group 6 and P09 in group 7) mainly showed a high value of the reproductive index, such
as FY, FFW, FL, and FD. Intriguingly, the fruit shapes of LT-sensitive chili and bell pepper
genotypes were much smaller than those in CT, whereas the the fruit shapes of LT-tolerant
genotypes were almost similar, or smaller to some exent, in comparison with those in
CT (Figure 5B). Our results indicated that FL and FD played a crucial role in selecting
LT-tolerant cultivars. Taken together, we assume that the results from our PCs and cluster
analysis can be importantly considered as a measure for the selection of LT-tolerant pepper
cultivars with reproductive and fruit shape-related traits, although the left traits are shown
to have a minimal contribution to positive or negative directions. The selected accessions
could be further used for pepper breeding programs to develop LT-tolerant chili and bell
pepper cultivars with the selection criteria in winter greenhouses.
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Abstract: Salinity is a major abiotic stressor that leads to productivity losses in rice (Oryza sativa
L.). In this study, transcriptome profiling and heterosis-related genes were analyzed by ribonucleic
acid sequencing (RNA-Seq) in seedlings of a mega rice hybrid, Liang-You-Pei-Jiu (LYP9), and its
two parents 93–11 and Pei-ai64s (PA64s), under control and two different salinity levels, where we
found 8292, 8037, and 631 salt-induced differentially expressed genes (DEGs), respectively. Heterosis-
related DEGs were obtained higher after 14 days of salt treatment than after 7 days. There were 631
and 4237 salt-induced DEGs related to heterosis under 7-day and 14-day salt stresses, respectively.
Gene functional classification showed the expression of genes involved in photosynthesis activity
after 7-day stress treatment, and in metabolic and catabolic activity after 14 days. In addition, we
correlated the concurrence of an expression of DEGs for the bHLH transcription factor and a shoot
length/salinity-related quantitative trait locus qSL7 that we fine-mapped previously, providing a
confirmed case of heterosis-related genes. This experiment reveals the transcriptomic divergence of
the rice F1 hybrid and its parental lines under control and salt stress state, and enlightens about the
significant molecular mechanisms developed over time in response to salt stress.

Keywords: expression profiling; heterosis; salinity stress; seedlings; rice

1. Introduction

Heterosis is an event whereby the heterozygous first filial (F1) hybrid displays growth
or fertility superiority over its homozygous parents, and has been widely used in rice-
breeding practices for increasing grain yield. Heterosis breeding is a powerful tool to
secure global food demands, because of its 10–20 percent higher yield than its two parental
lines [1]. The underlying molecular mechanisms of heterosis are broadly exploited by plant
breeders in modern breeding programs, however, as yet complex heterosis yet remains
poorly understood [2]. Before the development of molecular genetics tools, heterosis
focused mainly on three non-mutually exclusive hypotheses, of dominance, single-locus
overdominance, and pseudo-overdominance [3]. Evidence for each hypothesis has been
presented [4–7]. Recently, the yield heterosis of super hybrid rice was studied by integrating
phenomic, genomic, and transcriptomic data. The comprehensive mapping and analysis
of heterosis QTLs with multi-omics tools provide valuable data for both testing heterosis
hypothesis and purposely manipulating heterosis for breeding new cultivars.
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However, research reported that differential expression of genes could be responsible
for heterosis in parental lines and hybrids [8,9]. The present advancement of molecular
techniques facilitates expression profiling analysis at the RNA level, and transcriptome
profiling can be used to identify the underlying molecular mechanisms of heterosis between
a hybrid and its parents. For example, with the RNA-seq analysis, a total of 536 and 269
differentially expressed genes (DEGs) were identified between a hybrid and its parents
at the seedling stage for roots’ response under potassium deficiency, respectively [10].
Transcriptome analysis of divergent tissues of the hybrid rice and parents revealed that 10%
of genes were differentially expressed among parents and hybrid, and about 0.5–1.4% of
expressed genes were detected as non-additive genes [11]. Transcriptome-based heterosis-
associated gene analysis has been carried out for a wide range of traits in rice, maize,
cotton and Arabidopsis [10–14]. Heterosis contributes to superior phenotypic performance
for a broad range of attributes, such as plant height, biomass, grain and grain yield and
environmental stress adaptation, but salt stress response transcriptomic expression in
hybrid rice is still not clearly understood.

Salinity stress is one of the most consequential abiotic stresses that hamper the plant
lifecycle. The world climate change is seriously contributing to increases of soil salinity and
reducing crop productivity. Soil salinity is one of the critical abiotic stresses significantly
limiting crop production all over the world. Approximately 20% of irrigated and 8% of
rainfed agricultural land are affected by salinity [15,16]. Several transcriptome analyses
have revealed that thousands of transcription factor genes are altered in response to salt
stress [17,18]. However, limited statistics are available on the underlying mechinisms of
salt stress and heterosis-related genes. Transcriptomic analysis has been used to recognize
DEGs of the rice inbred lines 93-11 and PA64s and their heterozygous F1 (LYP9) hybrid in
response to grain quality traits and root traits under potassium stress [10,11], but salt stress
response DEGs for heterosis are not widely reported. Therefore, finding out if genes are
associated to heterosis is crucial to unveil candidate genes with important functions in the
response to salinity stress and the underlying mechanism of heterosis.

Salinity is a major problem for rice (Oryza sativa L.)-based farming systems in coastal
areas. About one third of the irrigated rice-growing area is affected by salinity [19]. Soil
salinity effects on rice may vary depending upon its different development stages and
stress duration period [20]. The effect of salinity stress arises as a result of the relationship
between the physiological and molecular responses of plants [21]. Understanding the salt
stress-tolerance mechanism of rice is crucial for identifying the responsible genetic material
and introducing hybrid rice in salinity stress-prone areas. To investigate the molecular
mechanisms in the response to salt stress, the expression profiles of LYP9 and its parental
lines were compared in seedlings under 7- and 14-day salinity stress treatment by RNA-
seq, and heterosis-associated genes were analyzed to explore the underlying mechanism
of heterosis. The results lay an important foundation for a better understanding of salt-
tolerance mechanisms in hybrids, and allow insight into the underlying molecular basis of
heterosis under salt stress.

2. Materials and Methods
2.1. Plant Growth Condition and Salinity Stress Treatment

Rice cultivars 93–11, PA64s and their hybrid LYP9 were cultured hydroponically in a
growth chamber under the following conditions: 14 h photoperiod, under a temperature
regime of 30 ◦C/25 ◦C and a relative humidity level of ∼70%. To grow seedlings under
hydroponics culture, the grains were surface-sterilized and allowed to germinate in water
for 3 days. The germinated seedlings were then transferred to nutrient solution containing
1.425 mM NH4NO3, 0.42 mM NaH2PO4, 0.510 mM K2SO4, 0.998 mM CaCl2, 1.643 mM
MgSO4, 0.168 mM Na2SiO3, 0.125 mM Fe-EDTA, 0.019 mM H3BO3, 0.009 mM MnCl2,
0.155 mM CuSO4, 0.152 mM ZnSO4 and 0.075 mM Na2MoO4 [22]. The pH was adjusted to
5.5–5.8. The nutrient solution was replaced every 2 days to adjust the volume and pH of
the nutrient solution. Seedlings were cultured in hydroponic solution for two weeks, and

22



Agronomy 2021, 11, 1328

after that, half of the seedlings were transferred to NaCl-containing solution under 100 mM
NaCl/L salt treatment as the salt stress treatment (S), and half of the seedlings were cultured
in normal solution as a control (CK) for a further 2 weeks. Shoots of control seedlings were
collected at 14 days and treated at 7 and 14 days of salinization for further assays.

2.2. Phenotype Evaluation of Seedlings under Salt Stress

Ten plants per line of uniform growth were evaluated for traits related to salinity
tolerance, such as shoot length (SL), root length (RL), shoot fresh (SFW) and dry weight
(SDW) and root fresh (RFW) and dry weight (RDW). Shoot lengths were measured from
the base of the culm to the tip of the tallest leaf, expressed in centimeters, and fresh weights
were taken of the same leaves in milligrams. Root lengths were measured from the base of
the culm to the tip of the longest root, and fresh weights were also measured of the same
roots. Root lengths were measured in centimeters and fresh weights in milligrams. For
dry weights, five plants per line per replication were collected and dried at 65 ◦C in an
oven for 5 days prior to weighing and expressed in milligrams. For transcriptomic analysis,
we collected 5 shoot samples from each of 2 biological replicates of each group after 7
and 14 days of treatment. The shoot samples were frozen in liquid nitrogen and stored at
−80 ◦C until they were used for transcriptome sequencing.

2.3. RNA Extraction and cDNA Library Preparation and Sequencing

Total RNA was isolated from both the parents 93-11, PA64s and LYP9 under control
and salt treatment by using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego,
CA, USA) and purified using poly-T oligo-attached magnetic beads (Illumina, San Diego,
CA, USA). RNA was stored at −80 ◦C until it was used for transcriptome sequencing
and real-time fluorescent quantitative PCR validation. The purified RNA was used to
construct the cDNA library using the AMPure XP system (Beckman Coulter, Beverly, CA,
USA). Fragmentation was carried out using divalent cations under elevated temperature
in an Illumina proprietary fragmentation buffer. First-strand cDNA was synthesized
using random oligonucleotides and SuperScript II. Second-strand cDNA synthesis was
subsequently performed using DNA polymerase I and RNase HExtracted. After the library
construction was completed, the library fragments were enriched by PCR amplification,
and then the library selection was performed according to the fragment size, and the
library size was 300–400 bp. Next, the library was subjected to a quality test by an Agilent
2100 Bioanalyzer, and the total library concentration and the effective concentration of
the library were examined. After RNA extraction, purification and library construction,
the library was subjected to paired-end (PE) sequencing based on the Illumina HiSeq
sequencing platform using next-generation sequencing (NGS). Subsequently, removing
adaptor sequences and low-quality reads, the high-quality paired-end reads were mapped
to the 93–11 reference genome (Oryza_indica.ASM465v1.dna.toplevel.fa) using the spliced
read mapper TopHat version 2.0.12 [23]. The prcomp function in R software with default
settings was used to perform principal component analysis (PCA) on each sample based on
the amount of expression and interpret the relatedness among all replicas in each genotype.

2.4. Data Filtering and Assembly

Before assembly of the transcriptome data, a stringent filtering process was carried out.
Data filtering was performed using Cutadapt. For filtering, the 3′ end of the adaptor was
cut with Cutadapt, and the removed part and the known linker have at least 10 bp overlap.
The adapter sequences of the raw reads were removed, and low-quality sequences (reads
with ambiguous bases ‘N’) and reads with more than 20% Q < 20 bases were removed.

2.5. Analysis of Differentially Expressed Genes and Functional Annotation

Differentially expressed genes (DEGs) were analyzed using the DESeq method by
comparing the read counts of the transcripts of the control and salt-treated samples. The
expression of all genes was determined with FPKM (fragments per kilobase of exon per
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million fragments mapped) values using the software Cufflinks. Significant differentially
expressed genes were determined based on a threshold of two-fold expression change and
false discovery rate (FDR) < 0.05. Differentially expressed genes were annotated using the
“Ensembl” database (http://www.ensembl.org/, accessed on 1 October 2019) data version
ASM465v1.40 and were subjected to GO enrichment analysis using topGO.

2.6. RT-qPCR Analysis

Total RNA was extracted from fresh leaf samples of the super rice hybrid LYP9, and
its parents PA64s and 93–11, under control and two salt stresses using a Micro RNA
Extraction kit (Axygen) and reverse transcribed into cDNA using a Rever Tra Ace qPCR-RT
kit (TOYOBA, Japan). qPCR for the qSL7 gene was conducted on an ABI PRISM 7900HT
Sequence Detector (Applied Biosystems) according to the manufacturer’s instructions.
Primers for RT-qPCR are listed in Supplementary Table S3. The rice histone gene was used
as an internal control. Two biological replicates of each sample were prepared.

3. Results
3.1. Transcriptome Sequencing of the Hybrid LYP9 and Its Parents under Two Salinity Stresses

To investigate the transcriptional changes in rice under salinity stress, we grew LYP9,
93-11 and PA64s plants hydroponically under 0 and 100 mM NaCl and evaluated the shoot
length (SL), shoot fresh weight (SFW), shoot dry weight (SDW), root length (RL), root
fresh weight (RFW) and root dry weight (RDW) (Supplementary Table S1). However, the
salt injury symptoms appeared in the seedlings after one day of NaCl treatment. Visual
symptoms showed up as brownish leaf tips, yellowing of leaves, drying leaves, reduction
in shoot growth and stunted height in both parents. Similar damage symptoms appeared in
LYP9, but in less number of leaves and increased in time of stress imposed (Supplementary
Figure S1).

An Illumina HiSeq™ 2500 was used to conduct high-throughput transcriptome analy-
sis of control and salt-treated rice seedling samples of super rice LYP9 (l), and its parents
93-11 (y) and PA64s (p) at three time points (Supplementary Figure S1). To evaluate the
potential molecular mechanism underlying salt tolerance, we compared LYP9 and both
parents at the transcriptional level. DESeq software was used to compare the expression
levels of all transcripts, followed by topGO for enrichment analysis of the GO categories.
We used two biological replicates of super hybrid LYP9 and two parents under control
and stress conditions, thereby constructing 18 cDNA libraries. After removing short and
poor-quality reads, clean reads were obtained at three time points, and accounted for over
88% of the total sequences (Table 1). The Q20 (~97%) and Q30 (~93%) values indicated that
the quality of the sequencing data was ample to carry out further transcriptome analysis
(Table 1).

Approximately 88% of the clean reads were aligned with the reference genome. We
examined the density plot based on the distributions of FPKM scores and correlations
among the experimental samples using Pearson’s correlation coefficient (Supplementary
Figure S2A,B). As shown in Supplementary Figure S3, PCA and the r-index values among
the sample ranged from 0.69 to 0.99, revealing high correlation among the two biological
replicates of eighteen LYP9, 93-11 and PA64s samples under CK and salt treatments. All of
the tested samples were efficient, the experiment was repeatable and the transcriptome
data were dependable for further assessment of the DEGs.
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Table 1. Sequencing statistics of 18 RNA libraries.

Sample Raw Data (bp) Clean Data (bp) Q20 (%) Q30 (%) Total Mapped

CKl_1 7,923,985,022 7,518,704,344 97.32 93.36 46,372,093 (93.13%)

CKl_2 6,480,020,342 6,146,625,630 97.58 93.36 37,908,455 (93.13%)

CKy_1 7,446,201,694 7,064,073,846 97.44 93.61 44,311,077 (94.72%)

CKy_2 7,585,693,380 7,207,629,244 97.58 93.89 44,852,039 (93.97%)

CKp_1 7,190,156,100 6,797,538,000 97.47 93.56 43,303,322 (95.56%)

CKp_2 7,312,592,400 6,912,223,200 97.51 93.64 43,166,663 (93.67%)

S-l_7_1 7,253,315,100 6,839,539,800 97.53 93.67 42,824,053 (93.92%)

S-l_7_2 7,295,699,100 6,890,722,800 97.35 93.24 43,026,950 (93.66%)

S-y_7_1 7,274,557,500 6,870,173,400 97.54 93.66 43,685,297 (95.38%)

S-y_7_2 8,194,719,300 7,745,438,400 97.38 93.35 49,557,272 (95.97%)

S-p_7_1 7,487,282,700 7,087,584,600 97.56 93.74 45,026,497 (95.29%)

S-p_7_2 7,109,772,900 6,710,789,400 97.51 93.64 42,096,782 (94.10%)

S-l_14_1 8,286,700,612 7,863,880,378 97.30 93.34 48,575,755 (93.27%)

S-l_14_2 6,374,416,680 6,056,998,372 97.24 93.25 36,757,809 (91.64%)

S-y_14_1 7,336,768,974 6,948,243,860 97.49 93.72 43,152,182 (93.78%)

S-y_14_2 7,461,388,972 7,071,076,924 97.46 93.64 44,220,646 (94.43%)

S-p_14_1 8,189,553,600 7,718,297,100 98.01 94.62 48,529,365 (94.31%)

S-p_14_2 6,494,686,800 6,111,858,300 97.97 94.51 38,808,204 (95.24%)

3.2. Identification of Salt Stress Response Differentially Expressed Genes (DEGs) by RNA-Seq

We compared the levels of all transcripts among 7-day and 14-day salt-treated samples
using DESeq software. Significant DEGs were screened with the criteria of fold change ≥ 1
and FDR ≤ 5% among different samples. Hierarchical cluster analysis showed that all the
samples were in the immediate vicinity of each other, which reflected the high efficiency of
reproducible results of RNA-Seq (Figure 1, Supplementary Table S2).
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To identify the DEGs in the three genotypes, six pairwise comparisons: A1 (CKp vs. 
S-p_7), B1 (CKp vs. S-p_14), A2 (CKy vs. S-y_7), B2 (CKy vs. S-y_14), A3 (CKl vs. S-l_7) 
and B3 (CKl vs. S-l_14), were performed. Comparison among genotypes shows that, in 
A1—8292 (3562 up- and 4730 down-regulated), A2—8037 (3585 up- and 4452 down-regu-
lated) and A3—631 (440 up- and 191 down-regulated) DEGs were identified (Figure 2, 

Figure 1. Hierarchical cluster analysis of 18 samples of three rice varieties, LYP9 (l), PA64s (p) and
93-11 (y), under control (CK) and salt stress (S) conditions at 7 and 14 days.

To identify the DEGs in the three genotypes, six pairwise comparisons: A1 (CKp
vs. S-p_7), B1 (CKp vs. S-p_14), A2 (CKy vs. S-y_7), B2 (CKy vs. S-y_14), A3 (CKl vs.
S-l_7) and B3 (CKl vs. S-l_14), were performed. Comparison among genotypes shows that,
in A1—8292 (3562 up- and 4730 down-regulated), A2—8037 (3585 up- and 4452 down-
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regulated) and A3—631 (440 up- and 191 down-regulated) DEGs were identified (Figure 2,
Supplementary Figure S4). The number of expressed DEGs was lower in LYP9 at 7 days
than that in its parents. Whereas, at 14 days, the expressed DEGs were significantly higher.
More gene activity was found after 7 days of salt stress acclimation in the parents, but the
hybrid showed gene activity after 14 days of acclimation.
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Figure 2. Venn diagram for differentially expressed genes of three rice varieties, LYP9, PA64s and
93-11, between the control (CK) and two salt (S) treatments. Where, A1 (CKp vs. S-p_7), B1 (CKp vs.
S-p_14), A2 (CKy vs. S-y_7), B2 (CKy vs. S-y_14), A3 (CKl vs. S-l_7), B3 (CKl vs. S-l_14).

Additionally, the DEGs were divided into different types according to the heterosis
characteristics among the hybrid rice LYP9, and its parents 93-11 and PA64s, under two
stress levels. We defined DEG related with heterosis because of the differences in expression
among F1 (LYP9) and its parents: the DEGs between parental lines (93-11 and PA64s) were
defined as DEGpp, and the DEGs between the hybrid rice LYP9 and its parents were
defined as DEGhp. DEGhp was further divided into two types, i.e., DEGhpu denotes the
unique portion of DEGhp and DEGo denotes the overlap between DEGpp and DEGhp.
H2P, B2P and L2P represent higher than both parents, between both parents and lower
than both parents, respectively. In heterosis analysis, 1727, 1729 and 342 DEGs related with
heterosis were observed in control (CK), and after 7 and 14 days of salt stress treatments,
respectively. However, the heterosis-related DEGs were found higher in number when
compared to the LYP9 and its parents, i.e., in control condition, the LYP9 vs. 93-11 (L/Y)
showed 9724 DEGs, whereas LYP9 vs. PA64s (L/P) showed 9827 DEGs. In the salt stress
condition (L/Y, L/P), less heterosis-related DEGs were found in 7-day than in 14-day
acclimation (Table 2). In the stress condition, the highest number of heterosis-related genes
overlapped between DEGpp and DEGhp at 7 days of salt acclimation. Additionally, the
DEGs of the hybrid were found to be higher than both parents (3251) at 14 days after salt
treatment, whereas the common DEGs of the hybrid and its parents were found to be lower
in number at 14 days (Table 2). This suggested that the hybrid performed better than its
parents under prolonged salt stress conditions. To further understand the function of DEGs,
we classified these genes according to their functional categories and relatedness.

Table 2. Number and classification of DEGs according heterosis analysis.

Traits DEGpp
DEGhp

L/Y L/P DEGhpu DEGo H2P B2P L2P

CK 1727 9724 9827 10,139 470 3430 1523 6505

7-day 1729 1397 1952 1592 142 1412 811 501

14-day 342 7581 5473 7993 65 3251 192 4834

Note: Y, L and P refer to 93-11, LYP9 and PA64s, respectively. CK refers to the control condition. DEGpp refers to DEGs between both
parents, DEGhp refers to DEGs between the hybrid and parents. L/Y refers to DEGs between LYP9 and 93-11, and L/P refers to DEGs
between LYP9 and PA64s under salt stress. DEGhpu denotes the unique portion of DEGhp, and DEGo denotes the overlap between DEGpp
and DEGhp. H2P, B2P and L2P represent higher than both parents, between both parents and lower than both parents, respectively.
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3.3. Functional Classification of Common DEGs

To assess the functional and biological process categories of the DEGs in LYP9 and
both parents under stress conditions, we performed GO enrichment analysis. Comparative
GO analysis between the three genotypes revealed that the salt-stress-related DEGs are
related with various molecular, cellular and biological processes (Figure 3). A total of
27,956 GO terms were matched with all predicted genes. Among the molecular functions,
genes that encoded proteins with chlorophyll binding and protein kinase binding activities
accounted for a large portion under 7-day and 14-day salt stress acclimation, respectively.
In the 7-day stress treatment, most of the DEGs were involved in photosynthesis activities
in cellular and biological processes (Figure 3A). Whereas, after the 14-day stress treatment,
DEGs were found to be involved in metabolic and catabolic activities (Figure 3B).
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CC—cellular component, MF—molecular function and BP—biological process.

Additionally, protein encoding genes confined in organelles were also considered
for a large number of those that were differentially expressed under salt stresses. Lots of
these genes take part in photosynthesis and their expression was stimulated by adverse
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environmental conditions. GO classification analysis of the DEGs revealed that these genes
perform important roles in response to salt stress.

To gain a better understanding of metabolic processes, we performed Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the identified
DEGs (Figure 4). The KEGG pathway analysis showed the top 20 most enriched pathway
subcategories, including the most profuse group represented as the phenylpropanoid
biosynthesis, plant hormone signaling and sugar metabolism. Enrichment analysis also
revealed that the DEGs involved in biosynthesis of metabolites were strongly influenced
by salt treatment, indicating that salt stress also affects the normal biological functions of
the plant (Figure 4). In the 7-day stress treatment, DEGs were involved in stress sensing
and processing pathways, such as plants’ hormone signal transduction and MAPK signal-
ing pathways and plant pathogen interaction pathways (Figure 4A). In the 14-day stress
treatment, DEGs were also found to be active in the ABC transporter pathway along with
other stress sensing pathways (Figure 4B).
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3.4. Identification of Transcription Factors That Respond to Salt Stress

High-throughput sequencing is one of the efficient assays for gene expression identifi-
cation in compared to microarrays and less abundant gene expressions are also detected
in this method, such as transcription factors. Further analysis of differentially expressed
genes (DEGs) in rice shoots showed that there were 18,992 transcription factors belonging
to 59 transcription factor families (Figure 5). Of these, salt stress transcription factors and
bHLH DNA binding factor family members were the most numerous. The bHLH tran-
scription factor concurrence correlated to a shoot length/salinity-related quantitative trait
locus qSL7 that we fine-mapped previously [16].
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Figure 5. The summary of TFs’ gene families represented in differentially expressed genes.

Then, we used qPCR to detect the target gene and found that the expression of LYP9
was significantly higher than that of 93-11 and PA64s after 7 days of salt acclimation.
Whereas, no significant differences were found among LYP9, 93-11 and PA64s expression
under the control and 14-day salt stress treatment (Figure 6 and Supplementary Table S3).
The salt stress transcription factor family regulates different stress responses in plants,
and the ethylene response factor family are primarily involved in DNA binding. Other
transcription factors are included in ion homeostasis and biological processes, including
signal transduction and the adverse environmental conditions guarding mechanism.
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Figure 6. qPCR analysis of qSL7 for expression analysis of three rice varieties, LYP9 (l), PA64s (p)
and 93-11 (y), CK refers to control condition, S-7 refers to salt stress treatment at 7 days, S-14 refers to
salt stress treatment at 14 days. * Indicates the 5% level of significance.4. Discussion.

This experiment engaged in high-throughput sequencing using three materials with
two different time point for the analysis of the rice shoot transcriptome under control
and salt stress conditions. The findings of the present study revealed that a large number
of genes exhibit clear expression changes in response to different salt stress conditions.
Among the expressed genes, a large number of them had unknown functions, implying
that research on the transcriptional changes in rice caused by salt stress is an abundant area
for future investigation.
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Furthermore, due to the higher performance of hybrids in comparison with their
parental lines, heterosis has been widely studied in plant breeding for years. Three main
basic models of classical quantitative genetics could explain heterosis, including compris-
ing dominance, overdominance and epistasis hypotheses [24]. Different study results
have revealed that gene expression level dissimilarity between hybrids and their parents
may be responsible for heterosis. However, the differences could also be because of the
presence of the multi-genetics background in F1. Furthermore, it is well-known that during
meiosis division, genes organized in tandem undergo to recombination events that produce
new genes in tandem duplicate, which causes dissimilarities between the hybrid and its
parents [25]. On the other hand, soil salinity is a major abiotic stress that has huge room for
improvement. Despite the complexity of abiotic stress responses, there are several hundred
salt-responsive genes that have been identified. Among those, a few genes could be effec-
tively utilized in breeding programs because of their complex biological responses [26].
However, heterosis could be a great genetic tool to improve salt tolerance in plants. In
the present study, RNA-seq was used to find out the expression patterns and heterosis
in seedlings of the rice hybrid LYP9 and its parental lines 93-11 and PA64s grown under
control and salt stress conditions.

The significant difference in gene expression between 9311 and PA64s may be an
important genetic element that causes the heterosis of LYP9. We also observed that the
number of DEGs increased between the F1 hybrid and its parental line. Further, the
heterosis-related DEGs were found to be higher in number when compared to LYP9 and its
parents, i.e., in control condition, the LYP9 vs. 93-11 (L/Y) showed 9724 DEGs, whereas
in LYP9 vs. PA64s (L/P), it showed 9827 DEGs. In the salt stress condition (L/Y, L/P),
less heterosis-related DEGs were found in 7-day than in 14-day acclimations. In the stress
condition, the highest number of heterosis-related genes overlapped between DEGpp and
DEGhp at 7 days of salt acclimation. Additionally, the DEGs of the hybrid were found to be
higher than both parents (3251) at 14 days after salt treatment, whereas the common DEGs
of the hybrid and its parents were found to be lower in number at 14 days. These results
suggested that the hybrid developed a coping mechanism under the salt stress condition
over time.

Among the six pairwise comparisons, the total number of DEGs in control vs. salt
stress samples was significantly higher than most of the other salt-treated samples: a total
of 8292 (3562 up- and 4730 down-regulated), 8037 (3585 up- and 4452 down-regulated)
and 631 (440 up- and 191 down-regulated). However, in tolerant cultivar LYP9, there
were more upregulated genes at the 14-day than the 7-day salt treatment, which were
different from those of genes showing changes in expression. This suggested that the
genes showed transcriptional changes at time periods under salt stress, which supports
a previous experiment [27]. The total number of DEGs increased under salt stress, and
similar results were obtained for other crop species in previous studies [28,29]. More gene
activity was found after 14 days of salt stress acclimation.

Functional classification of DEGs was further assorted by GO enrichment analysis.
Many genes were overrepresented in biological processes associated with diverse stress
response activities. Both GO and KEGG pathway analysis revealed that most of the DEGs
were involved in photosynthesis activity, light reaction and stress responses. Photosynthe-
sis is a major physiological mechanism that produces the energy required for growth and
development in plants. Salt stress usually restricts growth or directly leads to metabolic dys-
function in plants [13,30], with strong effects on plant physiology and biochemistry [31–33].
Salt stress directly affects photosynthesis by reducing cellular CO2 levels in leaves due
to limited diffusion through the stomata [34]. The current findings reveal that salt stress
in rice affects the expression of photosynthesis-related genes, including genes in the cate-
gories: photosystem I, photosystem II, Rubisco, chloroplast, curvature thylakoid protein,
chlorophyll a-b binding protein and PsbP-like protein 1. We uncovered how a hybrid
responds under salt stress. These results provide an overview of how heterosis improves
the salt-tolerance critical process of plants.
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Furthermore, TFs play vital roles in the salt tolerance mechanism in crops via tran-
scriptional regulation. Particular TF families were identified to control and attune salt
stress adaptive pathways, such as bZIP, WRKY, ERF/AP2, HB, MYB and bHLH [35–38].
The HB family TFs with basic helix loop domain are transcriptionally regulated in an
ABA-dependent manner, and also act in a signal transduction pathway which arbitrates
the abiotic stress response. Several transcription factors of the bHLH gene family were
discovered for regulating plant growth and plant responses to salt stress, such as Os-
bHLH094, OsbHLH062 and OsbHLH035, already reported to take part in salt tolerance by
DNA-binding in the promoter region of some ion transporter genes [39–41]. In the present
study, the highest number of bHLH DETFs were identified. This result is also similar to
our previous study, where we identified salt tolerance QTL in a unique position [16]. The
temporal gene expression patterns of these TFs involved in RNA processing in the hybrid
and its parents could be helpful in understanding the transcriptional regulation in rice
under salt stress.

4. Conclusions

Here, we provided a global view of the transcriptomic differences of the elite super
hybrid rice LYP9 and its parental lines under two salt stress treatments using RNA-seq.
This study suggested that the hybrid has an important role in the reaction to salt stress,
and provided new insights into the mechanisms of heterosis in salt tolerance. Additionally,
the hybrid LYP9 can tolerate longer periods of salt stress at the seedling stage. Finally,
the hybrid LYP9 and its parents PA64s and 93-11 will provide genetic resources for future
advancement of rice salinity tolerance.
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Abstract: Drought is a major abiotic factor restricting rice yield; therefore, to cope with this stress,
2030 japonica rice accessions from China and other countries were evaluated in Beijing in 2017
and 2018. This was the first time six agronomic traits in the large-scale germplasm of rice under
lowland and upland conditions with an augmented randomized complete block design (ARCBD)
were analysed. The genotypes revealing drought resistant grade (DRG) scores of 1, 1–3, 3 and 3–5
were considered drought-tolerant and comprised 10% of the assessed germplasm. These findings
were consistent with the agglomerative hierarchical cluster (AHC) analysis that classified germplasm
in nine clusters. The generated clusters were further grouped in A, B, C and D classes based on the
stress response. Approximately half of the genotypes with an upland ecotype were distributed in
drought-resistant class A (cluster VII and VI) and moderately resistant class B (VIII and IX). The
majority of the genotypes from China, Korea and Japan fall in drought-susceptible classes C and
D. Genotypes of DRG 1, 1–3 and 3 belonged to the clusters VII and VI. Finally, we screened out
42 elite genotypes including seven improved upland rice lines (D78, LB37-13, NSU77, Handao 385,
Handao 306, SF83 and HF6-65-119), three upland released varieties (Liaogeng 27, Hanfeng 8 and
IRAT109) and three traditional lowland cultivars (Hongmaodao, Weiguo 7 and Xiaohongbandao).
These genotypes might be used as priority parents in drought-tolerant rice breeding programmes
and some of them could be recommended directly to farmers in water-deficient rice areas of China.

Keywords: field identification; drought resistance; japonica rice; germplasm; agronomic trait

1. Introduction

Drought is a direct result of water scarcity, in particular the long-term lack of precipi-
tation that could result in low soil moisture content, reduced crop yields, and increased
water demand for irrigation (low runoff) and groundwater extraction [1]. Although China
accounts for 6% of the world’s freshwater, a total volume of 2.8 × 1012 m3 per capita water
availability is just 25% of the global average and the lowest among Asian countries [2]. Rice
(Oryza sativa L.), a major food crop for over half of the world’s population, is cultivated
worldwide in over 95 countries, with around 90% of the world’s rice being produced and
consumed in Asia, providing 35% to 60% of the dietary calories for more than 3 billion
people [3]. Yet, due to industrial and urban development, declining supply because of
resource depletion, pollution and population growth, water is becoming readily shorter
in supply [4], and its supply for rice production is becoming limited. Therefore, there is a
need for another production system for rice, especially for the areas with reduced labour
resources and supply of water.

Germplasm banks are warehouses of the crop plants, and its pools characterize a large
capability for resources of stress tolerance. The Institute of Crop Sciences at the Chinese
Academy of Agricultural Sciences (CAAS), Beijing, China has maintained a genetic pool of
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rice genotypes—mostly landraces or breeding materials of Oryza sativa, Oryza glaberrima,
representative species of the genus Oryza and other wild species. The future improvement
of crops is based on the genetic variability from traditional varieties and concerned wild
species to manage many abiotic and biotic stresses that impacted the production of rice in
the whole world [5]. The vast array of rice genotypic variation in the national germplasm
of China presents an outstanding prospect to identify and screen genotypes for stress
adaptability and to research the genetic characteristics which allow those accessions to
withstand the negative impact of stress on yield and growth of rice. To mitigate the
increasing food crisis, it is imperative to recognize or cultivate rice varieties that could
endure the stress of water scarcity and generate cost-effective yields. The maximum
amounts of improved varieties that are cultivated in water-deficient rain-fed lowlands were
grown under watered conditions and were not chosen for resistance to drought [6]. While
breeding attempts for lowland, aerobic, and upland rice make considerable developments
of new rice varieties for drought-prone conditions [7–11], more sources of drought tolerance
are required to tackle reduction problems in yield under a variety of drought conditions.
Additionally, yield assessment under normal environments is critical for the recognition of
accessions that would be valuable for agriculturists tackling water scarcity in some years
and adequate rainwater in others [6].

In the previous decade, a lot of strategies have been adopted to assess the drought
resistance of crops [12–14]. Even utilizing transgenic methods, several genes have been
found and bred for enhancing water-deficiency tolerance; yet, the majority of the research
was carried out in the controlled conditions, e.g., in greenhouses [15]. Accurately and
effectively examining the tolerance against drought in the rice field has turned out to be
a crucial goal for breeding against drought-tolerance. For breeding resources, screening
based on drought adaptive and physio-morphological traits, phenotyping is considered
main tool [16,17]. Therefore, experiments were conducted to check heat and drought
interactive effects during flowering and grain filling phases in divergent rice cultivars
sown in the field environments [18]. Further, screening based on the sole grain yield
trait turned out to be ineffective [19]; nevertheless, Torres et al. (2013) utilized the same
method for screening the germplasm of 988 accessions in a trial in IRRI. Similarly, sole
agglomerative hierarchical cluster (AHC) analysis resulted in poor performance due to the
merging errors [20]. On the other hand, AHC proved to be reliable for the identification of
drought-tolerant genotypes when the selection was made on multiple traits [21].

It is appropriate to develop a methodology to breed drought-resistant upland rice
which is accurate and rapid to differentiate drought resistance among different rice cultivars
displaying a good combination of important agronomic attributes cumulatively imparting
to enhanced yields [22]. Normally, selection would aim at accessions with comparatively
increased yields under both optimal and stressed conditions to adapt them better to climate
change. Thus, it is necessary to determine the relative drought stress susceptibility (RDS)
of test genotypes using AHC. For this, core yield attributes of rice are pertinent for drought
identification and screening consist of the following: plant height to leaf and panicle (PHL
and PHP), aboveground biomass plant−1 (ABP−1), grain yield plant−1 (GYP−1) and harvest
index (HI). Days to flowering (DF) are imperative as well, while breeding for drought
stress at the terminal phase as this assist drought escape [23]. This is the first time an
integrated selection based on combined results from RDS, drought resistance grade (DRG)
and AHC from large-scale rice germplasm under lowland and upland conditions applying
augmented randomized complete block design (ARCBD) has been made. Controlled water
application-based selection, with the support of RDS and AHC, presents efficient yield-
based genotype screening, permitting for identification of better yielding genotypes under
both stressed and watered environments.

The study aimed to uncover the genetic variability for drought resistance among
miscellaneous rice accessions based on agronomic characters and to sort out improved
promising lines for breeding. In this work, 2030 Oryza sativa ssp. japonica accessions from
various regions of China, Japan, South Korea, the Ivory Coast and Brazil were subjected to
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field trials conducted to find out the drought-tolerant and -susceptible genotypes which
can be used in future breeding programs, and also if a few of them can be grown directly
in farmers’ field.

2. Materials and Methods
2.1. Experimental Site and Plant Material

The field trials were carried out from May to October at Shangzhuang Agricultural
Research Station (40◦08′13.4” N, 116◦11′06.6” E), China Agricultural University, Beijing,
China in 2017 and 2018 to identify drought-resistant genotypes. For this study, 2000 japonica
rice accessions were supplied by the Institute of Crop Sciences from the Chinese Academy
of Agricultural Sciences (CAAS) and the Rice Research Centre, CAU provided 30 genotypes.
The evaluated germplasm was distributed among China (1900), South Korea (70), Japan
(57), the Ivory Coast (2) and Brazil (1). Concerning China, the maximum number of
genotypes originated from Liaoning (336), Jilin (330), Jiangsu (328) and Heilongjiang (244)
(Table 1). Soil observations including weather conditions for two consecutive years of
experiments are shown in Figure 1 and Table S1. Various types of genotypes were included
like traditional cultivars, several exotic varieties, promising lines and released varieties
with two main ecotypes of lowland and upland (Table S2).

Table 1. Origin, ecotype and type of germplasm evaluated in the study.

Origin

Ecotype Lowland Upland Total

Exotic Line Variety Cultivar Line Variety Cultivar

China 195 1351 203 31 28 92 1900
Anhui 8 8
Beijing 37 31 8 76

Guizhou 6 6
Hebei 31 20 3 54

Heilongjiang 192 37 2 13 244
Henan 67 4 71

Inner Mongolia 4 4 8
Jiangsu 176 150 1 1 328

Jilin 263 51 1 15 330
Liaoning 247 41 12 36 336
Ningxia 85 13 98

Shandong 19 60 25 16 120
Tianjin 2 2 4

Xinjiang 17 9 3 29
Yunnan 188 188
Brazil 1 1

Ivory Coast 2 2
Japan 56 1 57

South Korea 70 70
Total 126 195 1352 203 30 31 92 2030

Note. Exotic = exotic variety with unknown type; line = promising line; variety = released variety; cultivar = traditional cultivar.

These accessions accompanied by three control genotypes namely B1 [24] and Handao
277 [25] as tolerant controls and 297-28 as a susceptible control [24] were assessed in
lowland and upland environments. The Beijing-approved upland variety, Handao 277 is
widely cultivated by farmers in Huang (Yellow) and in the Huai River basins of China.
From 2004 to 2019, National Upland Rice Variety Regional Trials of China utilized this
genotype as a control in the same river basin areas of the country. B1 was developed
from IAPAR9 through mutation by γ-ray radiation and characterized as a semi-dwarf
mutant with high drought resistance. However, 297-28 is a drought-susceptible mutant
derived from Handao 297 by the same exposure to the same radiations. This mutant was
characterized by slender leaves, culms, roots and more tiller plants−1 from its wild-type
under lowland conditions but leaves wilt readily under drought stress, leading to a decline
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in yield. Agronomic traits were solely considered for the screening of drought-tolerant
accessions for two years of the experiments.

Figure 1. Rainfall (mm) and volumetric soil moisture content (%) situations at Shangzhuang Agricul-
tural Research Station, Beijing, China for the study carried out consecutively in 2017 and 2018 from
May to October. † Left and right axes have different scales.

2.2. Field Management

Before conducting the trials, the experimental field was levelled. The lowland and
upland experiments were established under irrigated non-puddled and rain-fed conditions,
respectively. Before sowing, the seeds of all germplasm were handled with the fungicide-
suggested dosage. Both experiments were manually established by seeding directly into
the dry soil at a depth of 2–3 cm per genotype in two shallow groves spread out at a
distance of 28 cm with approximately 80 grains per genotype for lowland conditions and
25 cm spaced two rows with 100 seeds per accession for the upland conditions.

The row lengths for lowland and upland were kept 1.45 m and 0.80 m, respectively,
with no specific plant-to-plant distance. The wet condition was maintained in non-stress
experiments from the date of sowing until maturity by either natural rainfall or supplemen-
tary irrigation as required. General cultural procedures were performed in two trials. The
applied basal fertilizers contained 48 kg·ha−1 of nitrogen (N), 120 kg·ha−1 of phosphorus
pentaoxide (P2O5), 100 kg·ha−1 of potassium oxide (K2O), 22.5 kg·ha−1 of zinc sulphate
(ZnSO4) and 30 kg·ha−1 of iron sulphate (FeSO4) and were applied in both conditions.
Later, at the seedling stage, nitrogen was placed in the amount of 45 kg·ha−1. Additionally,
dried sheep manure was supplied at a rate of 3.75 t·ha−1 consisting of 5% N. The chemical
properties of the 0 cm to 30 cm soil layer of the study site in 2017 were as follows: extracted
mineral N (Nmin) 7.0 mg·kg−1, pH (H2O) 7.7, Olsen-P 21.2 mg·kg−1, NH4OAc-K 106.1 mg
and organic matter 15.2 g·kg−1 [26]. In upland experiments, unwanted plants and weeds
were restricted by 2–3 times of cultural hoeing in each season, by uprooting, and along
borders by spraying herbicide. According to the requirement of the experimental layout,
the upland-released variety Handao 297 was utilized as a border crop, which protected the
experimental area of 0.24 ha in lowland and 0.81 ha in upland conditions.

2.3. Drought Trials and Investigations in the Field

Drought experiments were carried out in upland conditions to avoid rainfall-associated
water accumulation during the stress period. Under drought conditions, water was sup-
plied only once just after sowing for the sake of germination. Even after the onset of
drought, the germplasm was not irrigated again despite the severity of the stress, except
for the upland condition in 2017, when it was irrigated a second time after herbicide
spraying. For the lowland condition, irrigation was applied for the entire growth period
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to maintain a shallow layer of water on the surface and a wet state in the experimental
field. Investigation of the characters was conducted at maturity just before harvesting with
an exception for phenology. We investigated 28 plant and soil traits in total, including
visually scored parameters (Table S3), but for selection, six core plant traits were used. For
the whole experiment, the investigated traits’ detailed information is shown in Table 2.
TRIME-PICO32 instrument (IMKO Micromodultechnik GmbH, Ettlingen, Germany) was
utilized to record volumetric soil moisture content with a soil depth of 15 cm in three ran-
dom locations of the upland field. The drought was categorized as slight, mild, moderate,
severe and extremely severe based on the volumetric soil moisture content of 30% to 25%,
25% to 20%, 20% to 15%, 15% to 10% and less than 10% in the topsoil.

Table 2. Selected traits of study, their abbreviations and measurement details.

Trait Description

DF
Days to flowering was recorded as the number of days from sowing to the
time when inflorescences had emerged above the flag leaf sheath for more
than half of the individuals of a landrace.

PHL (cm) Measured height from ground to the highest leaf tip with a meter rod.
PHP (cm) Measured height from ground to panicle tip with a meter rod.

ABP−1 (g)
Shoot dry weight, including the grain yield and straw, were weighed for each
plant after being dried in an oven at 105 ◦C for 30 min and at 80 ◦C for 23.5 h.

GYP−1 (g) Total grain weight plant−1 was weighed after drying at 105 ◦C for 30 min
and then 80 ◦C for 23.5 h in an oven.

HI The harvest index was computed as the ratio of filled spikelet weight to total
aboveground biomass.

Note. DF = days to flowering; PHL = plant height to leaf; PHP = plant height to panicle; ABP−1 = aboveground
biomass plant−1; GYP−1 = grain yield plant−1; HI = harvest index.

2.4. Large-Scale Germplasm Adjustments for Screening

Augmented randomized complete block design (ARCBD), widely used to phenotype
large populations [27–30], was implemented to lowland and upland field trials. The
study was amended for large-scale germplasm to manage the capital, land and resources.
Under ARCBD experimental design, all the control genotypes were sown adjacently and on
average, there was one control group (B1, Handao 277 and 297-28) for 127 and 120 genotypes
under lowland conditions in 2017 and 2018, respectively. While under upland conditions,
on average each control group was assigned to 79 and 83 genotypes in 2017 and 2018,
correspondingly. The number of control groups was 26 in 2017 and 24 in 2018 for upland
conditions, while there were 16 groups in total for the lowland condition in each season.
In ARCBD, the number of blocks must be the same as that of control groups. For the
reduction in environmental errors in these uni-replicate experiments, accessions were
planted in two rows, and means were computed from measured values of traits from three
selected sample genotypes−1. ABP−1, GYP−1 and HI were measured in 2018 only to adjust
labour and capital. The year factor was pooled for graphical representation of population
distribution for all the traits. To calculate the relative drought stress susceptibility for
traits (RDST; Eq. [5]), we marked 1118 genotypes whose flowering and filling phases
across both conditions in each season were not affected by the cool temperature of Beijing.
Shared variation by RDST was utilized for trait statistical ranking based on SD/s2. We also
compared relative drought stress susceptibility (RDS) for specific traits in both seasons, as
well as in pooled situation owing to same-scaled data for all the traits.

2.5. Statistical Analysis
2.5.1. Phenotypic Data Analysis

Following the previously described procedure to minimize the effects of environmen-
tal variation [27–30], the 2 years of phenotypic data were fitted with a linear mixed model
that included the effects of genotypes, conditions, years, blocks, genotypes × conditions,
genotypes × years, conditions × years and genotypes × conditions × years. R version
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3.6.2 [31] was run for statistical and graphical analysis of data. Further, agricolae [32]
and augmentedRCBD [33] libraries were loaded to compare treatment means by Tukey’s
honestly significant difference (HSD) at 5% probability. Four standard errors (SE) of the
mean difference for ARCBD were calculated in the following equations:

Sc =

√
2MSe

r
(1)

Sb =
√

2MSe (2)

Sv =

√
2MSe

(
1 +

1
c

)
(3)

Svc =

√
MSe(1 +

1
r
+

1
c
+

1
rc
) (4)

Here, Sc is the dissimilarity between the control genotypes, Sb and Sv are the dissim-
ilarities concerning evaluated genotypes in the same and different blocks, respectively,
and Svc is the dissimilarity about the control and evaluated genotypes. c and r represent
the number of controls and the number of blocks in the experiment. The first three SE
were multiplied by q(t, v; α) to calculate Tukey’s HSD, where q was the studentized range
statistic for the total number of group means (t) with degrees of freedom for error (v) at a

specific significance level (α), whereas q(t, v; α) was multiplied by
√

MSe
H′ to compute the

value of HSD for Svc and here, H‘ was the harmonic mean of the coefficients for standard
errors of a difference. In our study, we used the relative drought stress susceptibility index
for a particular trait (RDST) already utilized by Huang et al. (2018).

RDST (%) =
Tp − Ts

Tp
× 100 (5)

RDS (%) =
1
n

n

∑
i=1

RDST (%) (6)

RDSTw (%) =
RDST (%)× w (%)

100
(7)

RDS− I (%) =
n

∑
i=1

RDSTw (%) (8)

WTp is the performance of a particular trait in the lowland condition, Ts is the per-
formance of a particular trait in the upland condition, RDS is the average of RDST for
all the traits under investigation, n is the total number of traits and w is the weighted
factor. Weighted RDS for a particular trait (RDSTw) was estimated directly from RDST
by multiplying with w and then aggregated to compute the integrated relative drought
stress susceptibility (RDS-I). While summing up RDST and RDSTw to RDS and RDS-I corre-
spondingly, the respective value of DF was subtracted due to its adverse direction from
the breeding point of view. RDS and RDS-I were utilized to compute drought-resistance
ranking of genotypes and to obtain the drought resistance grade (DRG). RDS and RDS-I
values were directly proportional to the susceptibility rate, i.e., the higher the value of
RDS and RDS-I, the more susceptible was the genotype and the lower the value, the more
resistant was the investigated genotype. DRG was derived by dividing the total range of
phenotypic expression under RDS-I into nine defined classes that were consistent with
visual score practice of standard evaluation system (SES) in rice [34]. DRG values ranged
from one to nine responsible for drought resistance level, with grades “1” and “9” revealing
the “strongest” and “weakest” response against stress, respectively. Descriptive and genetic
variability statistics were estimated by loading augmentedRCBD library [33] in R.
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2.5.2. Graphical Representation

Package ggplot2 [35] accompanied by additional packages were loaded in R software
for all graphical visualization of data with the exception of the agglomerative hierarchical
cluster (AHC) plot. R function cor with the Pearson method was used to calculate trait
correlations, corr.test from the psych package utilized to determine p-values and the
package ggcorrplot was used for its graphical interpretation. To draw AHC, we loaded
dendextend and heatmaply packages in R, and for scatter graph visualization, a scales
package along with the previously mentioned libraries were used. The map in this article
was created using ArcGIS® software by Esri. ArcGIS® and ArcMap™ are the intellectual
property of Esri and are used herein under license. For more information about Esri®

software, please visit www.esri.com (accessed on 16 August 2021).

3. Results
3.1. Meteorological and Soil Observations

During the rice-growing season from May to September, total rainfall in trial fields
was 430.6 mm and 235.8 mm in 2017 and 2018, respectively (Figure 1).

The entire water availability to crops involving rainfall and irrigation was 565.5 mm
to 595.5 mm and 310.8 mm to 340.8 mm, respectively. That water supply was lower
than the required range of 750 mm to 1400 mm for aerobic rice [36]. The range of mean
minimum and maximum temperatures (Tmin and Tmax) from May to October was 15.0 ◦C
to 27.7 ◦C and 15.2 ◦C to 27.7 ◦C in 2017 and 2018, respectively. As a whole, in 2017,
the drought stress trend under upland conditions was mild to moderate. Though a little
rainfall deficit was observed at the seedling stage in May and June, the soil was not dry
because the field was irrigated a second time to control weeds by application of herbicide.
The drought stress from the tillering (late June) to filling phase (early September) was slight
to mild as there was a 30% to 20% volumetric soil moisture content at 15 cm depth. Yet,
stress became moderate to severe from mid-September to early October until harvesting
(moisture decreased from 20% dropping close to 10%). However, in 2018, stress was
generally moderate to severe. Seedlings in May and June suffered from drought stress
caused by more than one month of high temperature without rain. Furthermore, from late
August to the whole of September, volumetric soil moisture decreased from 20% to below
10% (moderate and severe drought). Only in July to August, the stress was slight to mild
with moisture contents ranging from 35% to 20%.

3.2. Variation of Main Agronomic Traits among Controls and Populations

Table 3 represents the abridged outcomes of the statistical assessment of the effects
of genotype, condition and year for the measured traits. All the main effects exhibited
significant differences excluding plant height to leaf (PHL), which was not affected by year.
The mean values of days to flowering (DF) and plant height to panicle (PHP) were reduced
in 2018 as compared to 2017. Genotype and year interactions expressed significance for
DF, PHP and PHL. With respect to condition × year effects, those were highly significant
for all the observed parameters. Interaction of genotype, condition and year affected
PHP only. Table 4 shows pooled traits including DF, PHL, PHP, aboveground biomass
plant−1 (ABP−1), grain yield plant−1 (GYP−1) and harvest index (HI) for genotypes and
controls with post hoc mean comparison analysis (HSD) that was performed after ARCBD
analysis. Entries and controls denoted significant differences among considered traits.
Control 297-28 expressed higher values of DF and PHL and lower ABP−1, GYP−1 and HI
in comparison with other controls under both conditions with an exception for high HI
under lowland conditions while comparing to control B1. For plant height, B1 was the
shortest control, whereas Handao 277, being a released upland rice cultivar, performed
best in GYP−1, ABP−1 and HI. Control B1 revealed a more consistent measurement of the
same trait despite being measured in lowland and upland conditions. Contrary to this,
control 297-28 exhibited obvious differences for lowland and upland environments. After
summarizing all assessments, Handao 277 proved to be the best control, control B1 was
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the runner up and 297-28 obtained the third rank regarding yield and yield attributes.
While focusing on core trait for genotypes, GYP−1 in the lowland condition was 103.4%
higher on average than that of the upland condition. That could be attributed to ABP−1

accumulation in the lowland condition. The HI was also significantly different between the
two cultivated conditions.

Table 3. Summary of the analysis of variance (ANOVA) for the effects of genotype (G), condition (C),
year (Y), and their possible interactions on rice phenotypic traits.

Trait G C Y G × C G × Y C × Y G × C × Y

DF 0.000 0.000 0.000 0.000 0.012 0.000 0.979
PHL 0.000 0.000 0.997 0.002 0.015 0.000 0.535
PHP 0.000 0.000 0.000 0.000 0.000 0.000 0.004

ABP−1 0.000 0.000 0.006
GYP−1 0.000 0.000 0.001

HI 0.000 0.000 0.221
Note: above-mentioned data are depicted as p-values. DF = days to flowering; PHL = plant height to leaf;
PHP = plant height to panicle; ABP−1 = aboveground biomass plant−1; GYP−1 = grain yield plant−1; HI = har-
vest index.

Table 4. Performance of measured six traits for genotypes and controls under lowland and upland conditions in 2017 and
2018 along with condition × year.

Factor DF PHL (cm) PHP (cm) ABP −1 (g) GYP −1 (g) HI

Genotype 100.07 ± 20.88 91.52 ± 19.10 88.21 ± 18.28 11.09 ± 5.79 4.17 ± 2.61 0.372 ± 0.11
Control 98.69 ± 8.47 93.44 ± 18.37 89.15 ± 19.61 11.09 ± 4.66 4.06 ± 2.3 0.348 ± 0.12

B1 96.04 ± 6.53 75.34 ± 7.86 68.12 ± 7.61 9.48 ± 2.84 3.49 ± 1.4 0.36 ± 0.07
HD-277 94.39 ± 5.67 96.41 ± 10.37 94.68 ± 10.33 12.88 ± 4.44 5.52 ± 1.97 0.43 ± 0.07
297-28 106.2 ± 7.82 109.24 ± 15.83 105.3 ± 15.89 11 ± 5.53 3.24 ± 2.6 0.26 ± 0.12

Condition (C)
Lowland 99.17 ± 17.94 98.62 ± 16.82 95.63 ± 15.93 13.93 ± 6.04 5.39 ± 2.82 0.39 ± 0.11
Upland 100.27 ± 21.02 84.29 ± 14.24 80.77 ± 13.09 7.99 ± 3.77 2.83 ± 1.55 0.36 ± 0.11
Year (Y)

2017 103.8 ± 20.8 91.02 ± 19.96 88.57 ± 19.3
2018 96.05 ± 19.63 92.18 ± 18.13 87.94 ± 17.35 11.09 ± 5.75 4.16 ± 2.6 0.371 ± 0.11

HSD0.05
Sc 7.00 7.11 7.21 4.82 2.17 0.11
Sb 55.96 64.45 65.29 30.63 13.77 0.60
Sv 68.54 74.43 75.43 35.35 15.94 0.65
Svc 34.53 37.44 37.94 17.90 8.05 0.45
C 0.276 0.409 0.379 0.267 0.118 0.0055
Y 0.276 NS 0.378

C × Y 0.553 0.821 0.758

DF = days to flowering; PHL = plant height to leaf; PHP = plant height to panicle; ABP−1 = aboveground biomass plant−1; GYP−1 = grain
yield plant−1; HI = harvest index; HSD = Tukey’s honestly significant difference; Sc = difference between two control genotypes;
Sb = difference between two test genotypes in the same block; Sv = difference between two test genotypes in different blocks; Svc = difference
between a control and test entry; NS = non-significant.

Regarding population distribution, the six examined traits of germplasm depicted
vast phenotypic variability as shown in Figure 2. Most of the traits revealed normal
distribution to skewness and kurtosis and that was endorsed by q-q plot (Figure S1).
Differences between conditions were clear in the comparative population (lowland and
upland) histograms. Among the measured traits, the spread of genotypes in days to
flowering skewed to earlier in lowland condition in contrast to upland condition. That
was accredited to North China germplasm and traditional upland cultivars. Comparing
both conditions, germplasm expressed higher plant height, dry biomass and harvest index
under the lowland situation. Plant height distributed among genotypes was somewhat
similar in both ecotypes with a little left skewness in the lowland environment.
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Figure 2. Frequency distribution of the six traits in lowland and upland conditions. Note: (a) Days to
flowering. (b) Plant height to leaf (cm). (c) Plant height to panicle (cm). (d) Aboveground biomass
plant−1 (g). (e) Grain yield plant−1 (g). (f) Harvest index.

3.3. Determination of Genetic Variation

A wide range of variation among the 2030 rice genotypes was observed for all the
traits (Table 5). The phenotypic coefficient of variation (PCV) in 2017 and 2018 of all traits
was higher than the genotypic coefficient of variation (GCV) in both trials. The PCV and
GCV for all the traits recorded under drought were higher compared to lowland conditions,
with some exception as GCV for PHP 2018, GYP−1 and HI and PCV for PHP 2018 and
GYP−1 were higher in the lowland condition. In the upland condition, the highest PCV
(49.58%) was recorded for the GYP−1 followed by ABP−1 (42.28%). The lowest PCV was
recorded for PHP 2018 (16.07%) under drought stress. Similarly, the highest GCV was
recorded for GYP−1 (34.52%) under the lowland situation, followed by GYP−1 (33.08%)
under the upland situation. GCV ranged from 16.36% to 34.52% and 13.17% to 33.08%
in lowland and upland conditions, respectively, with PHP 2018 possessing the lowest
and GYP−1 possessing the highest values in drought condition. Broad sense heritability
(H2) estimates showed that traits such as DF, PHL, and PHP were highly heritable for
both years, but the H2 of HI was high only in lowland situation. The rest of the traits
showed medium heritability. The highest H2 (95.72%) was recorded for DF 2018 in lowland
condition followed by DF 2017 (94.52%), and DF 2018 (92.29%) in the upland condition.
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Table 5. Descriptive statistics of days to flowering, plant height to leaf, plant height to panicle, above-ground biomass
plant−1, grain yield plant−1 and harvest index under lowland and upland conditions in 2017 and 2018.

Trait Year C Mean Min Max CV
(%) SEM SD(±) GCV

(%)
PCV
(%)

H2

(%)
GA
(%)

HSD0.05

Days to flowering
2017

L 104.1 67 174 9.23 0.44 19.73 16.36 18.78 75.91 30.63 50.16
U 101.9 61 170 4.96 0.51 21.84 20.76 21.36 94.52 42.43 31.41

2018
L 94.24 67 138 3.93 0.37 16.16 18.6 19.01 95.72 35.38 18.90
U 96.92 55 155 6.19 0.47 19.64 21.63 22.51 92.29 41.54 29.37

Plant height to leaf
(cm)

2017
L 99.67 43.8 187 6.82 0.5 19.43 17.45 18.74 86.64 33.39 35.90
U 81 33 149.33 8.77 0.43 16.47 19.41 21.35 82.63 29.48 35.28

2018
L 97.2 42 178.33 7.09 0.41 16.94 18.6 19.9 87.36 34.85 34.95
U 85.84 45 139.67 9.56 0.42 15 27.03 31.76 72.43 2.27 39.15

Plant height to
panicle (cm)

2017
L 97.62 44 191 6.55 0.48 18.59 16.92 18.15 86.93 31.77 33.68
U 78.2 25.6 147.67 8.68 0.4 15.57 18.91 20.86 82.17 27.66 33.70

2018

L 93.25 54 185 6.84 0.4 16.39 18.58 19.79 88.15 33.56 32.30
U 82.41 45 139.67 9.27 0.38 14.1 13.17 16.07 67.12 18.34 36.36

Aboveground
biomass plant−1 (g)

L 13.93 2.50 48.66 33.58 0.15 6.04 24.81 41.83 35.18 4.23 24.05
U 7.99 1.22 26.47 28.19 0.1 3.77 32.36 42.28 58.57 4.08 10.48

Grain yield
plant−1 (g)

L 5.39 0.1 17.36 36.1 0.07 2.82 34.52 50.22 47.26 2.64 10.07
U 2.83 0.05 10.65 39.18 0.04 1.55 33.08 49.58 44.5 1.29 5.03

Harvest index
L 0.39 0.01 0.69 15.36 0.002 0.11 22.23 27.07 67.43 0.15 0.31
U 0.36 0.01 0.65 24.6 0.003 0.11 16.22 28.99 31.28 0.07 0.48

Note. C = conditions; CV = coefficient of variation; SEM = standard error of the mean; SD = standard deviation; GCV = genotypic coefficient
of variation; PCV = phenotypic coefficient of variation; H2 = broad sense heritability; GA = genetic advance; HSD = Tukey’s honestly
significant difference; L = lowland; U = upland.

3.4. Correlational Studies of Traits in Lowland and Upland Conditions along with Their
RDS Index

Traits observed in lowland and upland conditions with their respective RDS were
subjected to correlational studies. To determine the association of days to flowering,
plant height, dry biomass and harvest index, a correlation matrix was implemented with
significance based on p-values (Figure 3). There was a mostly high significant relationship
in both conditions including RDS. Lowland conditions revealed a strong association among
measured traits, followed by upland conditions and RDS. Accessions that had high grain
yield under lowland and upland conditions and RDS also had high ABP−1, PHP and HI.
PHL showed a high correlation with PHP and DF in lowland and upland conditions, and
under RDS except for its negative correlation to DF in RDS. DF, PHL, PHP and ABP−1

denoted a negative relationship with HI in both cultivated conditions indicating that less
growth duration imparted better yield. Opposite to this, under RDS, higher HI is attributed
to taller plant height, higher ABP−1, and earlier days to flowering.

3.5. Relative Drought Stress Susceptibility (RDS) and Drought Resistance Grade (DRG)
of Genotypes

Traits under RDS were significant at the 5% level of significance from each other,
except for PHL, PHP and HI so representing the same letters when applied Tukey’s honestly
significant difference (HSD; Table 6). GYP−1 ranked first due to the highest difference of
performance in lowland to upland (37.44%), while DF ranked last having the least value of
RDS (0.21%). Then, these traits were ranked again according to their practical importance
for final selection and accuracy in field condition. Pooled variation, such as variance and
standard deviation for RDS, was in harmony to those of shared variation by RDS, and
here GYP−1 showed maximum variability (576.29), followed by ABP−1 (509.97) and HI
(361.97). On the other hand, days to flowering was accredited with the least variation
(38.9). As shown in Equation (6), RDS was derived by taking an average of RDST for
each trait to obtain RDS ranking for all the genotypes (Table S2). In that ranking, the
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North Chinese germplasm was mostly top ranked, followed by Central Chinese and South
Chinese germplasms. While the trend of RDS-I ranking was somewhat similar to the RDS
ranking, there were some exceptions as well. Some germplasms of RDS ranking degraded
in subsequent rankings due to either less dry biomass (ABP−1 and GYP−1) or a lower
plant height (PHL and PHP). Conversely, some lower-grade genotypes were upgraded
because they possessed higher dry biomass or plant height. Nonetheless, on average, the
germplasm distribution pattern was similar to the RDS ranking.

Figure 3. The relationship among days to flowering (DF), plant height to leaf (PHL; cm), plant height
to panicle (PHP; cm), aboveground biomass plant−1 (ABP−1; g), grain yield plant−1 (GYP−1; g) and
harvest index (HI) under lowland condition, upland condition and respective relative drought stress
susceptibility (RDS) index. Note: * p < 0.05. ** p < 0.01. *** p < 0.001.

Drought resistance grade (DRG) was computed from RDS-I from the mean of DRG 1
being −28.92, followed by the means of DRGs 1–3 and 3 that were −18.36 and −8.81 indi-
vidually (Table 7). Each DRG was distinct from each other whether they were compared by
concerning means or discrete trait values of RDS-I. Tables S4 and S5 indicated that drought
resistance of the majority of germplasms (73.79%) from the designated 1118 genotypes
was somewhat weak, with DRG scores of 7 (weak), 5–7 (relatively weak) and 7–9 (weaker)
corresponding to 29.34%, 22.36% and 22.09% of the population proportion under study.
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Most of the genotypes from Yunnan and Jiangsu seemed weaker (7–9). In comparison
with major “weak” type germplasms, the “strong” genotypes in the top four DRGs (1, 1–3,
3 and 3–5) were less than 10% and the number was even lower than 3% for the top three
DRGs particularly. However, there were some selectable genotypes in DRG 5 (moderate)
that was 12.61% of the whole population. The potential genotypes with better drought
resistance were mainly from Northmost (Heilongjiang, and Jilin) and North Central China
(Liaoning, Ningxia and CAU, Beijing). Remarkably, the elite genotypes in DRG 1, 1–3 and 3
were not only identified in upland rice ecotypes, but also lowland rice ecotypes. There were
the top 25 genotypes (Table S2) in which we obtained four upland rice genotypes (IRAT109
with DRG 1; originated from the Ivory Coast and released in Jiangsu, Hupiheimangdao
with DRG 3; a traditional cultivar in Xinjiang and two promising lines D78 and LB37-13
from CAU, Beijing with DRG 3) and 21 lowland genotypes. Concerning those lowland
genotypes, nine were distributed in Heilongjiang with DRG 1 (Wunongqiyi), DRG 1–3
(Hejiang 21, Songjing 17 and Puzhan 6) and DRG 3 (Zaoshuqingsen, Longjing 4, Songzhan
1, Puxuan 10 and Hejiang 20), five originated from Jilin with DRG 1–3 (Jijing 101 and
Yanjing 22) and DRG 3 (Jiudao 31, Jijing 88 and Ji 89–60), four from Liaoning with DRG 3
(Fuyou 33, Liaoxing 4, Xinyu 4 and Tiejing 5) and one of each with DRG 3 from Jiangsu
(Huainuo 9702) and Yunnan (Yunjing 32). The last one was the traditional lowland cultivar
Fanlongdao from Heilongjiang.

3.6. Agglomerative Hierarchical Clustering (AHC)

A distance matrix was calculated applying the “Canberra” method using RDS-I of
the investigated traits, and cluster analysis was performed to identify grouping among
genotypes using the “Ward.D2” [37] hierarchical agglomerative method (Figure 4 and
Figure S2). The summary of this analysis is shown in Table 8, while detailed information is
provided as Table S2. AHC resulted in nine clusters that were categorized subsequently in
four classes, A, B, C and D, regarding drought-resistant performance. The nine clusters
and four classes revealed different characteristics responsible for drought stress in different
germplasms. The RDS-I of dry biomass and plant height in clusters VII (ABP−1 = 7.43,
GYP−1 = 2.20, PHL = 1.76 and PHP = 0.58) and VI (ABP−1 = 6.18, GYP−1 = 5.57, PHL = 2.12
and PHP = 0.81) was lower as compared to the other seven clusters. We concatenated those
two clusters in class A (drought-resistant) that possessed drought-resistant genotypes and
contained all the genotypes with DRG 1 and 1–3 and the majority of genotypes from DRG
3, 3–5 and 5. On the contrary, class D consisted of clusters III, IV and V whose RDS-I of
dry biomass (ABP−1; 19.44 to 26.68 and GYP−1; 5.6 to 8.87) and plant height (PHL; 6.22
to 6.42 and PHP 1.96 to 2.35) was higher in comparison with the other six clusters, and
therefore attributed as a drought-susceptible class. Between class A and D, class B covered
clusters VIII and IX that were just opposite to class C (clusters I and II). The RDS-I for dry
biomass was lower, and that of plant height was higher in class B, hence drought resistance
ranged from moderate (DRG 5) to strong (DRG 3–5 and 3), whereas RDS-I for dry biomass
was higher, and that of plant height was lower in class C, which resulted in weak drought
resistance among most of the genotypes in that class, with mostly DRGs 7, 5–7 and 9.
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Figure 4. Agglomerative hierarchical cluster analysis (AHC) and heat map of agronomic traits of rice
genotypes regarding integrated relative drought stress susceptibility. Note: comparative variable
levels correspond to the colour temperature. The colour temperature scheme indicates relative
variable levels ranging from minimum (green) to maximum (red) contents of the respective variable.
DF = days to flowering; PHL = plant height to leaf; PHP = plant height to panicle; ABP−1 = above-
ground biomass plant−1; GYP−1 = grain yield plant−1. For high resolution illustration, please refer
to Figure S2.
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Table S2 displayed that there were different distribution proportions of genotypes in A
and B in terms of regions. Half of the germplasms in those classes distributed in Northmost
(Heilongjiang, Jilin, Xinjiang, and Inner Mongolia), one third in North Central (Liaoning,
Ningxia, Hebei, Beijing, Shandong, Henan and Tianjin) and exotic regions (Japan and
Korea), and one fourth originated from North–South and South China. It was concluded
that the majority of the genotypes from China, Korea, and Japan, except for the Northeast
and Northwest of China, fall into classes C and D. Table 8 and Table S4 show that the results
from the analysis of AHC and DRG for genotypes were highly coherent. Further, out of 25
elite genotypes mentioned in the subheading, 3.5, 13 and 8 belonged to cluster VII and VI
(class A), while 4 falls in class B. Concerning the control group, while susceptible control
297-28 was categorized in cluster V, those of resistant controls such as B1 and Handao 277
were classified in cluster VII.

3.7. Integrated Elite Genotypes Selection

By integrated screening according to the outcomes based on analysis of DRG, AHC
and the performance of the six traits, particularly absolute dry biomass (ABP−1 and
GYP−1) under drought stress, we achieved 42 top genotypes excluding controls from
1118 genotypes (Table S6). All the listed genotypes except Handao 277 and 297-28 exhibited
a DRG of 1 to 5. The number of genotypes in DRGs with scores of 1, 1–3, 3, 3–5 and 5
were 1, 3, 6, 17 and 15, respectively. In the elite selection, 23 and 10 screened genotypes
were from clusters VII and VI (class A), while there were only five and four genotypes
from clusters VIII and IX (class B), respectively. Further, the means of ABP−1 and GYP−1

under the upland condition for 42 prime genotypes were 13.82 g (9.14 g to 26.47 g) and
5.32 g (3.49 g to 10.08 g) correspondingly that were noticeably higher than those of 7.28 g
(1.22 g to 26.47 g) and 2.51 g (0.05 g to 10.08 g) the designated germplasm under study.
There were seven improved upland rice lines (D78, LB37-13, NSU77, Handao 385, Handao
306, SF 83, and HF6-65-119 from CAU), three upland released varieties (Liaojing 27 and
Hanfeng 8 from Liaoning, and IRAT109 originated from the Ivory Coast and released
in Jiangsu), and three traditional lowland cultivars (Hongmaodao and Weiguo 7 form
Liaoning and Xiaohongbandao from Ningxia). However, a maximum of them (29) were
released breeding lowland rice varieties of which 24 were from Northmost (Heilongjiang
and Jilin) and North Central (Liaoning and Ningxia) China, and the rest of them originated
from Beijing, Yunnan, Korea, and Japan.

Furthermore, to visualize the relationship of grain yield to growth duration under
drought stress, a scatter plot of those 45 genotypes (controls involved) was drawn (Figure 5)
with yield plant−1 on x-axis and days to flowering on the y-axis. Two groups among those
genotypes were marked for better yield and fewer days to flowering. IRAT109 and Ningzi
786 were elite accessions while Longjing 12, Xaiohongbandao, Ji 85-34, Hongmaodao,
Yangjing 22, Jingjing 106, Liajing 27, Songjing 7, Luyu, Songjing 22, Jijing 101 and 2014H020
were attributed with better yield and shorter growth duration. Selected genotypes distinctly
expressed better performance from controls particularly from B1 and 297-28. Susceptible
control positioned at right bottom of the graph with more number of DF together with less
GYP−1. However, there was a slightly negative relationship between DF and GYP−1 which
was somewhat according to the correlation among the same traits when it was calculated
for the whole germplasm.
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Figure 5. Scatter diagram based on grain yield plant−1 (g) versus days to flowering distribution
of 45 genotypes including controls (indicated within red circle). Note: two genotypes in the green
circle were marked as prime genotypes. The genotypes in the blue circle were characterized by better
grain yield along with the shorter growth duration. All encircled genotypes are presented with their
names, whereas most of the remaining entries are symbolized by their accession codes.

4. Discussion
4.1. Why Field Identification?

Drought stress is considered the most important constraint in rice production in many
rice-growing areas of China [38]. This calls for screening of advanced breeding lines and
varieties to provide the farmers with drought-tolerant strains. For this, a single laboratory
experiment was questionable and there was a need to conduct multiple stress trials to test
accessions against water scarcity [39]. Therefore, 2030 accessions from various regions of
China, South Korea, Japan, the Ivory Coast and Brazil were evaluated against drought.
The movement behind consideration of large-scale germplasm was that it served as the
foundation of a rice breeding program being the source of important traits necessary
for improving and developing new breeds of rice varieties [40]. As drought traits were
controlled by multiple quantitative trait loci (QTLs) [41], traits such as days to flowering
(DF), plant height to leaf and panicle (PHL and PHP), aboveground biomass plant−1

(ABP−1), grain yield plant−1 (GYP−1) and harvest index (HI) were used to exhibit the
mechanism of drought tolerance under field conditions, otherwise it was complex due
to variations in plant phenology. The utilization of agro-morphological traits was the
most common approach conducted to estimate relationships between genotypes [42]. This
approach was already employed to assess diversity on ancestral lines of improved rice
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varieties in the Philippines [40], the indigenous rice in Yunnan, China [43] and the rice
landraces in Nepal [42]. There were watered and water-stressed conditions in the field
and studied traits responded differently to both conditions with the influence of all the
environmental factors which could not be possible in greenhouse, growth chamber or
laboratory experiments. Owing to an experiment in natural drought conditions, this would
be beneficial directly for farmers, breeders, and scientists.

4.2. Augmented Randomized Complete Block Design (ARCBD) Application in Rice Phenotyping

Although augmented randomized complete block design (ARCBD) is widely used
for the phenotyping of large populations under lowland and upland conditions in maize
crops [27–30], in this article we report for the first time on the application of the ARCBD
analysis under the same two conditions for rice germplasm phenotyping. Significant
differences were observed for genotypes, conditions, years and all their possible inter-
actions (Tables 3 and 4), and obtained results, particularly those for controls were consis-
tent with previous studies in the same station under randomized complete block design
(RCBD) [24,44]. However, 297-28, a susceptible control with a long growth duration, never
reached maturity in some blocks; therefore, we skipped the days to maturity trait for
further analysis. That was the only disadvantage of ARCB as the variation estimate of
genotypes solely depends on controls.

4.3. Traits Investigated under Drought Stress

Much of the initial efforts to improve GYP−1 under drought focused on the improve-
ment of secondary traits such as DF, PHL, PHP, ABP−1, and HI as studied by Mahalle et al.
(2020) [45]. In our study, DF came out with the highest broad sense heritability (H2) of
94.59 and 93.83 under lowland and upland conditions one-to-one. The trait was selected
as a secondary trait because of its high relationship with grain yield [46], convenience in
measurement and a highly effective way to improve drought adaptation under terminal
stress [47]. Piveta et al. (2020) also measured PH and tillers number to observe drought in
rice [48]. Growth duration or days to maturity was another phenologically important trait
like DF but it was not used for the final selection of accessions due to limited comparative
optimum temperature particularly for rice, and the weather used to become cold earlier in
our research station area. We also ignored spike fertility for the same reason. Plant height
to leaf and panicle were positively associated (0.21) with ABP−1 under RDS, making them
suitable traits for breeding that was directly associated with grain yield with a significant
correlation of 0.8. However, high ABP−1 did not always guarantee high grain yield [49].
Nevertheless, to attain GYP−1 above 4.5 g under drought stress, it was necessary to accu-
mulate a total ABP−1 of at least 9 g. On the other hand, plant height was negatively related
to the HI under lowland and upland conditions [50]. However, there was a minimum
height below which yield limitation was evident [51]. In a recent study, Lanna et al. (2020)
concluded that different secondary traits such as PH and ABP−1 should be considered
along with grain yield for an effective breeding approach [52]. Under drought, the H2 for
some secondary traits remained high [53], which was also supported by our results by
showing H2 of 93.83, 80.04, 76.94 and 58.57 for DF, PHL, PHP and ABP−1, respectively.
This is also endorsed by genetic advance (GA) of DF (lowland: 50.29, upland: 56.59), PHL
(lowland: 45.27, upland: 31.44), and PHP (lowland: 41.93, upland: 28.25) that is higher
than GA of ABP−1 (lowland: 4.23, upland: 4.08), GYP−1 (lowland: 2.64, upland: 1.29) and
HI (lowland: 0.15, upland: 0.07). Therefore, using indirect selection based on secondary
traits became an attractive strategy in the study.

In our germplasm, some genotypes under measured traits outperformed in the upland
condition as compared to the lowland counterparts, particularly DF, by exhibiting shorter
duration in drought stress. This could be attributed to the germplasm proportion of
North China (947 accessions) which was very sensitive to a slight rise in temperature at
the vegetative stage. Secondly, the soil temperature of the water-deficit condition was
higher than the watered condition, which also influenced plant growth [54]. Lastly, but
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not least, the case was credible when investigated genotypes were traditional upland rice
because, from many years of field research experience in Shangzhuang, we had already
observed taller plant height and higher aboveground biomass and grain yield under
drought conditions than normal lowland. A similar phenomenon of higher grain yield
under drought stress was expressed by two indica accessions in a trial run by IRRI [49].

4.4. Integrated Relative Drought Stress Susceptibility (RDS-I) Derivation and Estimation

Typically, selection should target genotypes with relatively high productivity under
lowland and upland conditions. Hence, there was a need to determine the relative drought
stress susceptibility (RDS; Table 6 and Table S1) for their improved adaptability to contrast-
ing conditions. The RDS for GYP−1 ranged between −62.47% to 73.11%, discriminating
tolerant and susceptible genotypes. Huang et al. (2018) reported the same drought index
but for ABP−1 with a narrow range of −52.1% to −8.1% as he just assessed six genotypes.
Statistical ranking of each trait under RDS was based on shared variation, i.e., the higher
the variation exhibited by a parameter, the better it would be in the ranking. Instead of
that, the practical ranking was based on actual field conditions faced during observation
of traits. For instance, statistically, GYP−1 ranked first but practically it was placed in
the third position due to an earlier decrease in temperature in the period of grain filling
stage of rice in Beijing, as practically variation in GYP−1 was interfered by an early cool
season. Further, several earlier studies reported low selection efficiency for grain yield
under drought stress [55–57]. However, ABP−1 and PHL were not much affected by that,
so ranked first and second, respectively. As discussed earlier, phenology was affected by
adaptation; therefore, DF achieved the fifth position and HI was last due to its indirect
computation from ABP−1 and GYP−1. As the weighted factor (w) was concerned, the
shared RDS variation for each trait was assigned to w in descending order while keeping
the focus of practical ranking. For example, practical ranks of 1, 2 and 3 had values of 37.44,
30.60 and 11.58, respectively, from a shared RDS variation (Table 6). That weighed factor of
each trait was multiplied directly to the RDST to get RDSTw value as shown in Equation (7).
Finally, RDSTw was summed up to obtain RDS-I (8) to rank the genotypes with accuracy.
That ranking was true due to adjustment with the actual field conditions.

4.5. Conclusions

For the first time, a large-scale germplasm of 2030 rice (Oryza sativa L. ssp. japonica)
genotypes was subjected to augmented randomized complete block design (ARCBD) un-
der lowland (irrigated) and upland (drought) conditions, which resulted in significant
differences for days to flowering (DF), plant height to leaf (PHL), plant height to panicle
(PHP), aboveground biomass plant−1 (ABP−1), grain yield plant−1 (GYP−1) and harvest
index (HI). Here, we made an integrated elite selection of 42 genotypes based on inte-
grated relative drought stress susceptibility (RDS-I), drought-resistance grade (DRG) and
agglomerative hierarchical cluster (AHC) analysis. Findings from these experiments also
elucidated that North China was a rich source to find drought-resistant rice germplasms.
Further, both ecotypes such as lowland and upland should be researched for genotypes
that could withstand the stress. The mean DF of the elite 42 genotypes was 89.38, which
was remarkably less than that of the germplasm, which was 100.17. Further, elite geno-
types resulted in doubled ABP−1 and GYP−1 mean performance of 13.54 g and 5.21 g,
correspondingly as compared to mean performance of the germplasm, which was 7.99 g
and 2.83 g, respectively. Similarly, the mean HI of these 42 genotypes and the investigated
germplasm was 0.39 and 0.36, respectively, depicting significant differences. Therefore,
these elite genotypes could be used in future breeding programs, and also if a few of them
can be grown directly in farmers’ fields. Additionally, 12 genotypes namely Longjing 12,
Songjing7, Songjing 22, Jijing 101, Jijing 106, Yanjing 22, Ji 85-34, Liaojing 27, Xiaohongband,
2014H020 and Hongmaodao were identified with better yield with less growth duration, so
are suitable for cultivation in areas with terminal drought stress. Further narrowing down

54



Agronomy 2021, 11, 1740

the selection, IRAT109 and Ningzi 784 are highly recommended for drought resistance
with better yield.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11091740/s1, Figure S1: Quantile-Quantile plots for investigated six traits under
lowland (irrigated) and upland (drought) conditions in 2017 and 2018 at Shangzhuang Agricultural
Research Station, China Agricultural University, Beijing, China.; Figure S2: Agglomerative hierarchi-
cal cluster analysis (AHC) and heat map of agronomic traits of rice genotypes regarding integrated
relative drought stress susceptibility.; Table S1: Basic physical property parameters of soil at different
depths in Shangzhuang Agricultural Research Station, Beijing.; Table S2. DRG and Clusters results,
and RDS and RDS-I ranking based on RDST and RDSTw performance of the six traits, respectively.
Footnote at the end of table., Table S3: All the plant and soil traits measured in 2017 and 2018 for
the field experiments under lowland and upland conditions.; Table S4: Drought resistance grades
(DRG) along with the genotypes distribution among different ecotypes, regions, and clusters.; Table
S5: Genotypes distribution of drought resistance grade (DRG) in different regions of China and
other countries.; Table S6: The elite 42 genotypes selected from the designated germplasm of 1118
genotypes, their background information, performance in six traits, RDS ranking, RDS-I ranking,
drought resistance grade (DRG) and cluster.
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Abstract: Ascorbic acid (AsA) and glutathione (GSH) are considered important factors to protect
plants against abiotic stress. To investigate whether altered endogenous GSH and AsA affect seed
germination, plant performance and the abiotic stress tolerance, GSH deficient mutant cad2-1 and
AsA-deficient mutants (vtc2-4 and vtc5-2) were phenotypically characterized for their seed germina-
tion, shoot growth, photosynthetic activity and root architecture under abiotic stresses. The cad2-1,
vtc2-4 and vtc5-2 mutants showed a decrease in osmotic and salt stress tolerance, in sensitivity to ABA
during seed germination, and in plant performance under severe abiotic stresses. GSH deficiency in
the cad2-1 plants affected plant growth and root development in plants exposed to strong drought,
oxidative and heavy metal stress conditions. Plants with lower GSH did not show an increased
sensitivity to strong salt stress (100 mM NaCl). In contrast, the mutants with lower AsA enhanced
salt stress tolerance in the long-term exposures to strong salt stress since they showed larger leaf
areas, longer primary roots and more lateral root numbers. Limitations on AsA or GSH synthesis had
no effect on photosynthesis in plants exposed to long-term strong salt or drought stresses, whereas
they effected on photosynthesis of mutants exposed to CdCl2. Taken together, the current study
suggests that AsA and GSH are important for seed germination, root architecture, shoot growth and
plant performance in response to different abiotic stresses, and their functions are dependent on the
stress-inducing agents and the stress levels.

Keywords: abiotic stress tolerance; ascorbate (AsA); cad2-1; glutathione (GSH); leaf area; photosyn-
thesis; root architecture; seed germination; vtc2-4; vtc5-2

1. Introduction

Abiotic stresses, such as salinity, drought, temperature extremes and heavy metals
toxicity, are major factors in limiting plant growth and decreasing crop productivity. The
exposure of plants to unfavorable environmental conditions increases the production of
reactive oxygen species (ROS) such as, superoxide (O2•−), hydrogen peroxide (H2O2),
and hydroxyl radical (OH•) [1]. The production of excessive ROS in plant cells leads to
oxidative cellular damage, which ultimately affects the plant growth and productivity [2].
To protect themselves from adverse conditions, plants have evolved a number of cellular
defense mechanisms, including the employment of antioxidants such as ascorbate (AsA),
glutathione (GSH) and tocopherols, as well as ROS-detoxifying enzymes such as superoxide
dismutases, peroxidases and catalases [3]. Among these stress-related molecules, the two
soluble antioxidants, AsA and GSH, are central components of the AsA-GSH cycle, which
regulates the cellular redox homeostasis, and are involved in plant tolerance against abiotic
and biotic stresses [4].
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AsA plays important roles in stress tolerance, cellular redox regulation and redox
signaling [4,5]. An increase in AsA content contributes to abiotic stress tolerance in Ara-
bidopsis and tobacco [6,7]. Previous studies have shown that overexpressing genes of the
AsA biosynthetic pathway lead to an increase in AsA content, and enhances abiotic stress
tolerance [8–10]. Plants with lower AsA content displayed reduced tolerance to salt, heat
and high light stress [11–13]. Furthermore, AsA also involves in many biological processes,
including cell wall biosynthesis, elongation, cell division, iron uptake, hormone biosynthe-
sis, anthocyanin accumulation, and the xanthophyll cycle [12,14–17]. AsA is synthesized
on the plant mitochondrial inner membrane, and then distributed throughout different
cellular compartments/organelles, such as apoplast, vacuoles, mitochondria, cytosol and
chloroplasts. In higher plants, L-galactose pathway, a major ascorbic acid biosynthesis
pathway, was characterized and confirmed by genetic analysis in Arabidopsis [18]. The
central reaction in this pathway is the conversion of GDP-L-galactose to L-Galactose 1-P by
the enzyme GDP-L-galactose phosphorylase encoded by the Vitamin C-defective 2 (VTC2)
and VTC5 genes [19]. Two At4g26850 (VTC2) T-DNA insertion mutants (SALK_146824 or
SAIL_ 769_H05 named vtc2-4) showed severe reduction of AsA biosynthesis, producing
only 20–30% of the wild-type (WT) ascorbate level while two At5g55120 (VTC5) T-DNA
insertion mutants (vtc5-1 and vtc5-2) displayed a slight reduction of AsA level with 80%
of the WT ascorbate level [5,15,19]. The vtc2-4 (SAIL_ 769_H05) and vtc5-1(SALK_000989)
mutants showed no phenotypic growth difference to WT on standard conditions [5,19].
Although the physiological function of AsA in abiotic stress tolerance has been discovered,
the mechanism of AsA involvement in the control of plant growth and development under
abiotic stress conditions is largely unknown. Therefore, the present study was designed to
explore further the effects of altered endogenous AA on germination, shoot growth, root
development and photosynthesis in response to abiotic stresses by phenotyping of Ara-
bidopsis AsA-deficient mutants with moderate (vtc5-2) or very low (vtc2-4) AsA content,
compared to WT.

GSH is a low molecular weight thiol tripeptide (γ-glutamyl-cysteinyl-glycine) with
multiple functions in plants. It is involved in cell differentiation, cell growth/division, cell
death, detoxification and expression of stress responsive genes [1]. GSH is an important
component of the plant antioxidant system, which is involved in abiotic stress signaling
and tolerance [20]. An increased GSH level is commonly observed in plants under stress,
and exogenously applied GSH can improve abiotic stress tolerances in plants [21]. The
metabolism of glutathione has been extensively characterized in plants and other organisms.
Glutathione is synthesized in a two-step process catalyzed by the gammaglutamyl cysteine
synthase (GSH1) and the glutathione synthase (GSH2) [22]. GSH acts as a crucial regulator
of normal plant metabolism since the loss-of-function of GSH biosynthesis genes causes an
embryonic lethal phenotype [23]. The cadmium-sensitive 2 mutant (cad2-1) carries a 6 bp
deletion within an exon of GSH1, has about 20–30% of the WT GSH content and exhibits the
hypersensitivity to cadmium [24]. However, the cad2-1 displayed no difference to the WT
throughout vegetative development [25]. Another mutation at AtGSH1 is pad2-1 mutant,
which contains only 22% of the WT level of glutathione, showing enhanced sensitivity to
pathogens [26]. The cad2-1 and pad2-1 showed the negative impacts on leaf area when it
was exposed long-term on high salt and sorbitol treatment [22]. In contrast, the pad2-1
mutant plants had a lower survival rate compared to WT plants after a two-week drought
treatment [27].

Although many studies on mutants and /or transgenic plants with altered levels
of AsA or GSH levels proved the roles of AsA and GSH in abiotic stress responses, the
functions of AsA and GSH in the control of germination, plant growth, photosynthesis and
root development under abiotic stress conditions require further investigations. Further-
more, there are several contradictory results on the phenotypes of glutathione deficient
mutants in response to abiotic stress conditions [20]. The apparent contradictory findings
among these studies may have resulted from variations in stress conditions and scoring
system [20]. Moreover, several previous studies that used a vtc2-1 mutant line containing
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an independently cryptic mutation, which affected the growth and physiological responses
in different conditions, should be re-evaluated [5]. In addition, although AsA and GSH
are both main important antioxidants for AsA-GSH cycle, the GSH- and AsA-related
biosynthetic pathways in the response to abiotic stress conditions used to be investigated
separately. Therefore, to further elucidate the physiological effects of altered endogenous
AsA and GSH levels in the response of Arabidopsis to abiotic stress conditions, this study
was designed for: (1) characterization of the seed germination and leaf area phenotypes in
different AsA-deficient mutants (vtc2-4 and vtc5-2), and the GSH-deficient mutant cad2-1
under abiotic stresses; (2) measurement of the photosynthetic activity of AsA and GSH-
deficient mutants; and (3) determination of the roles of AsA and GSH biosynthesis in the
root development under control and abiotic stresses (salt, drought, oxidative stresses and
CdCl2 toxicity). The findings demonstrate that AsA and GSH play various roles in plant
abiotic stress tolerance, but their functions are dependent on stress-inducing agents and
stress levels.

2. Results
2.1. AtGSH1 and AtGSH2 Can Complement Yeast ∆gsh1 and ∆gsh2 Mutants

In the glutathione-biosynthetic-deficient mutants, the yeast mutants lacking the GSH1
or GSH2 genes involved in two-step glutathione synthesis (∆gsh1 and ∆gsh2) were reported
to be sensitive to oxidative stress and CdCl2 [28,29]. To understand the function of GSH1
and GSH2 in response to abiotic stress conditions, yeast ∆gsh1 and ∆gsh2 strains were
grown on different abiotic stress conditions was observed. The current study showed that
yeast GSH-deficient mutants also displayed sensitivity to hyper-osmotic stresses (Figure 1).
Therefore, this experiment was performed to determine whether the heterologous expres-
sion of AtGSH1 on ∆gsh1 and the expression of AtGSH2 on ∆gsh2 can rescue the growth
defect phenotype of glutathione-deficient mutants on high concentration of CdCl2, NaCl
or sorbitol. Both AtGSH1-expressing ∆gsh1 yeast cells and AtGSH2-expressing ∆gsh2
yeast cells were grown to the same level as WT cells on medium containing 100 µM CdCl2
or hypertonic medium containing 1 M NaCl or 1.5 M Sorbitol (Figure 1). These results
indicated that the expression of AtGSH1 on ∆gsh1 and AtGSH2 on ∆gsh2 restored the
cadmium and hyper-osmotic tolerance of GSH-deficient mutants.
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Figure 1. Complementation of ∆gsh1 and ∆gsh2 by AtGSH1 and AtGSH2, respectively under heavy
metal and hypertonic conditions. An empty vector pDR195 (EV), a vector expressing AtGSH1
(AtGSH1), a vector expressing AtGSH2 (AtGSH2) were transformed into yeast WT cells or yeast
mutant cells ∆gsh1 or ∆gsh2. 10-fold serial dilutions of the transformed yeast cells were dropped
onto different media. Photographs were taken after 3–4 days incubated at 30 ◦C. Similar results were
observed in three independent experiments.
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2.2. The Lower GSH and AsA Concentration in Arabidopsis Showed a Reduced Salt, Osmotic
Stress Tolerance and an Increased Insensitivity to ABA during Germination

AtGSH1 and AtGSH2 enhanced salt and osmotic stress tolerance in yeast. This
observation raised a question about the functions of AtGSH1 in response to abiotic stress
conditions in different growth stages of plants such as germination and vegetative growth.
To determine the roles of GSH during germination in response to different environmental
stresses, germination tests under salt stress and osmotic stress were performed. First, seed
germination in response to salt stress was investigated in cad2-1 and WT by sowing their
seeds on 1

2 MS medium supplemented with different concentrations of NaCl (0, 50, 100,
150, 170 and 200 mM). As shown in Figure 2A, the WT and cad2-1 mutant seed germination
rates were similar under standard condition and up to 100 mM NaCl treatment. When
being exposed to 150 mM NaCl and higher NaCl concentrations, the germination rates
of cad2-1 seeds were significantly lower than that of WT seeds on the second day after
sown on plates (Figure 2A). These results suggest that cad2-1 mutant was more sensitive
to salt stress than WT. Second, the current study investigated the cad2-1 mutant seed
germination in response to osmotic stress. The WT seeds and the cad2-1 seeds were sown
on 1

2 MS medium supplement with 0, 200, 300, 400, 500 and 600 mM sorbitol. The WT
seeds showed a higher germination rate than the cad2-1 mutant in the presence of sorbitol.
In 300 mM sorbitol, the cad2-1 seeds showed a 21–22% reduction in germination rate than
WT seeds after 6 days (Figure 2B). These results indicated that the cad2-1 mutant was more
sensitive to osmotic stress than WT during seed germination stage. Taken together, the
lower glutathione concentration in Arabidopsis increased the sensitivity to salt and osmotic
stress at germination stage.
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germination. (A). Germination percentages of WT and cad2-1 seeds under salt stress. (B). Germination percentages of WT
and cad2-1 seeds under osmotic stress. Germination percentages were counted at the indicated times. Data are shown as the
means ± SD of three independent experiments using 50–100 seeds of each genotype. Experiments were repeated at least
twice with similar results. Asterisks indicate significant differences (Student’s t-test; * p < 0.05).
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AsA is not only an important component of human nutrition but an antioxidant
and H2O2-scavenger that defends plants against abiotic stress [9]. The maintenance of
AsA level is required for oxidative stress tolerance in Arabidopsis [9]. Germination with
various NaCl or sorbitol concentrations on WT seeds showed that 150 mM NaCl or 300
mM sorbitol decreased germination rates by about 65% or 72%, respectively after 72 h
in above experiments. Therefore, to determine whether the lower AsA concentration in
Arabidopsis alters NaCl or sorbitol sensitivity during germination, AsA-deficient mutants
were germinated in the presence of 150 mM NaCl or 300 mM Sorbitol, and the germination
rates were evaluated after 72 h. In control treatment (no stressor), the germination rates of
vtc2-4 and vtc5-2 mutant seeds were similar to that of WT seeds. The germination rate of
vtc2-4 seeds was much lower than vtc5-2 and WT seeds in the presence of NaCl or sorbitol.
After 72 h of NaCl treatment, the germination rates of vtc2-4 and vtc5-2 mutants were
5.56% and 47.78%, respectively, while that of WT was 58.89% (Figure 3). Similarly, the
germination rates of vtc2-4 and vtc5-2 mutants after 72 h under sorbitol treatment were
16.67% and 52.22%, respectively, while that of WT was 83.33% (Figure 3). Together, the
current study showed that the deficiencies in AsA synthesis decreased the salt and osmotic
tolerance during seed germination stage.
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Abscisic acid (ABA) plays important roles in abiotic stress response and regulation of
seed germination [30]. Therefore, this study investigated whether the seed germination
was affected by exogenous ABA in the GSH-deficient mutant cad2-1 and AsA-deficient
vtc2-4 and vtc5-2 mutants. The WT, cad2-1, vtc2-4 and vtc5-2 seeds were sown on 1

2 MS
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medium supplement with 0, 2.5, 5, 10 and 15 µM ABA. In contrast to the effect of sorbitol
or salt, cad2-1, vtc2-4 and vtc5-2 were less sensitive to the inhibitory effect of ABA on
seed germination compared to WT. All of the mutants had higher germination rate than
WT, when the seeds were treated with different concentrations of ABA (Figure 4 and
Supplementary Table S1). The current study indicates that GSH-deficient mutant and AsA-
deficient mutants displayed the reduction of salt and osmotic tolerance during germination
and an increased insensitivity to ABA, the key phytohormone in maintaining the seed
dormancy stage.
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2.3. Leaf Areas of AsA and GSH-Deficient Mutants Were Differently Affected by Long-Term
Exposures to Various Abiotic Stresses

To investigate the importance of AsA and GSH in leaf growth under different abiotic
conditions, the AsA-deficient vtc2-4 and vtc5-2 mutants and the GSH-deficient cad2-1
mutant were exposed to various long-term abiotic stresses and leaf areas of plants were
measured and analyzed. Shoot fresh weight was also analyzed but showed the same trends
as leaf area (Supplementary Figure S1). Under control condition ( 1

2 MS), there was no
significant difference among WT, cad2-1, vtc2-4 and vtc5-2 (Figure 5). After 18–21 days
exposed to salt stress (100 mM NaCl), leaf areas of the vtc2-4 and vtc5-2 mutants were 91%
and 82% larger than that of WT plants, respectively, while the results showed no difference
between WT and cad2-1 plants. Under osmotic stress (225 mM sorbitol), leaf area of the
cad2-1 was reduced by 16% compared to WT, while leaf area of vtc2-4 and vtc5-2 showed
no significant difference. Leaf areas of cad2-1, vtc2-4 and vtc5-2 were reduced by 77%, 18%
and 31%, respectively, compared to WT under oxidative stress condition (1 mM H2O2)
(Figure 5). When exposed to CdCl2, cad2-1 leaf area decreased significantly, up to 81%
compared to WT. GSH is involved in cell cycle regulation in leaves of cadmium-exposed
plants [31]. The stronger leaf growth inhibition observed in cad2-1 mutants compared
to WT plants upon prolonged Cd exposure underlines the importance of GSH in plant
defense against Cd. Interestingly, leaf areas of vtc2-4 and vtc5-2 were larger than WT when
they were exposed to CdCl2, 64% and 97%, respectively. Together with the results observed
under oxidative stress, these results confirmed the critical functions of ASA and GSH: both
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are important antioxidants in redox balance mechanism, while GSH alone is a key player in
heavy metal (CdCl2) detoxification. These data indicated that an impaired GSH synthesis
adversely affected leaf growth in plants exposed long-term osmotic, oxidative and heavy
metal stresses but not salt stress while AsA deficiency negatively affected leaf growth in
plants exposed to salt and heavy metal stresses but not oxidative stress.
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conditions. The cad2-1, vtc2-4 and vtc5-2 mutant as well as the WT were exposed to different strong abiotic stress conditions:
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Experiments were performed twice with similar results. Asterisks indicated the statistical significance of differences between
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2.4. GSH-Deficient Mutants Had a Significantly Lower Photosynthesis than the WT under
Oxidative and Heavy Metal Stresses

Photosynthesis is one of the major determinants of plant growth and yield forma-
tion [32]. To investigate the link between the reduction of AsA and GSH level and photo-
synthesis under abiotic stress, maximum PSII efficiency (Fv/Fm) of rosette leaves of the WT,
cad2-1, vtc2-4 and vtc5-2 grown for 18-21 days in different abiotic conditions was measured
(Figure 6). Arabidopsis WT and mutants plants grown on control conditions (no stressor)
showed Fv/Fm values around 0.77. Maximum PSII efficiencies of WT and mutants were not
significantly different in control conditions versus salt stress and osmotic stress. However,
in oxidative stress, cad2-1 Fv/Fm was reduced by 26% compared to WT, while Fv/Fm
of vtc2-4 and vtc5-2 was not dramatically affected, indicating the importance of GSH in
oxidative stress tolerance. In heavy metal stress, the results showed that Fv/Fm of cad2-1
and vtc2-4 was respectively 58% and 67% compared to WT, while Fv/Fm of vtc5-2 showed
no difference. While Fv/Fm of vtc2-4 in heavy metal stress was affected, the PSII efficiency
of vtc5-2 was similar to WT. In conclusion, the cad2-1, vtc2-4 and vtc5-2 mutants responded
similarly in terms of photosynthetic activity in strong stress level of NaCl and sorbitol,
whereas the photosynthetic activity of the cad2-1 was affected under CdCl2 and H2O2, and
photosynthetic activity of the vtc2-4 was significantly decreased under CdCl2.

Figure 6. Photosynthetic activity of Arabidopsis WT, cad2-1, vtc2-4 and vtc5-2 mutants grown under control and different
abiotic stress conditions. Maximum PSII efficiency (Fv/Fm) measured on rosette leaves of the WT, cad2-1, vtc2-4 and
vtc5-2 grown on different strong abiotic stress conditions: salt stress (100 mM NaCl), osmotic stress (225 mM sorbitol),
oxidative stress (1 mM H2O2), and heavy metal stress (40 µM CdCl2) for 18–21 days. FluorCam FC 800-O (Photon Systems
Instruments) was used to estimate the maximal photochemical efficiency of PSII [Fv/Fm = (Fm − Fo)/Fm] which revealed
PSII activity. Data are shown as the means ± SD (n = 10–25). Experiments were performed twice with similar results.
Asterisks indicate values significantly different from those of the WT (Student’s t-test, ** p< 0.01).
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2.5. GSH and AsA Deficiency Differentially Altered Root Architecture of Plants Exposed to
Long-Term Abiotic Stresses

In order to determine the effects of abiotic stresses on Arabidopsis root architecture of
GSH-deficient mutants and AsA-deficient mutants, Arabidopsis seeds were germinated
and grown on control or strong stress media containing 100 mM NaCl or 225 mM sorbitol
or 1.0 mM H2O2 or 40 µM CdCl2. Primary root length and lateral root (LR) number were
identified from the images of the plantlets at 13–14 day (Figures 7 and 8 and Supplemental
Figure S2).
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Figure 7. Primary root length of the cad2-1, vtc2-4, vtc5-2 mutants and WT under normal conditions or different strong stress
conditions. The cad2-1, vtc2-4 and vtc5-2 mutants as well as the WT seeds were exposed to different strong abiotic stress
conditions: salt stress (100 mM NaCl), osmotic stress (225 mM sorbitol), oxidative stress (1 mM H2O2), and heavy metal
stress (40 µM CdCl2) for 18–21 days. Data are shown as the means ± SD (n = 5–10). Experiments were performed twice
with similar results. Asterisks indicated the statistical significance of differences between WT and mutants by Student’s
t-test: * p < 0.05 and ** p < 0.01.

Under control conditions, the primary root lengths of the mutants were almost indis-
tinguishable from the WT, while the cad2-1 and vtc2-4 mutants had lower numbers of LRs
compared to the WT. Primary root elongation and lateral root production were significantly
decreased in all stressed conditions compared to the unstressed conditions. Compared
to the WT, the cad2-1 mutants displayed no difference in primary root growth and lateral
root production in medium with 100 mM NaCl. However, under these conditions, vtc2-4
mutant showed an enhanced root system with longer primary roots and more lateral
roots, which may help this mutant to enhance their salt stress tolerance. Thus, the vtc2-4
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mutant was less sensitive to salt stress than the WT in primary root growth, lateral root
production and leaf growth. On 1

2 MS medium with 225 mM sorbitol, the lengths of cad2-1
and vtc5-2 primary roots were significantly decreased, whereas the length of vtc2-4 primary
roots was not different to the WT. Compared to the WT, the numbers of LRs of the vtc2-4
and vtc5-2 mutants were significantly increased, whereas the number of the cad2-1 was
not changed; when plants were grown on medium with 225 mM sorbitol. When grown
on 1

2 MS medium containing 40 µM CdCl2, the primary roots of cad2-1 was significantly
shorter, while primary roots of vtc2-4 and vtc5-2 were longer than those of WT. The current
study observed no significant difference in LRs production in vtc2-5 and WT under CdCl2
treatment. However, LRs number was markedly decreased in the cad2-1 mutant, while it
was significantly increased in the vtc2-4 mutant in comparison to the WT. Primary root
elongation of all genotypes was inhibited by supplementing 1 mM H2O2 (Supplementary
Figure S2). These results suggested that GSH deficiency in plants altered the root architec-
ture under unstressed conditions and heavy metal stress while AsA deficiency in plants
altered the root architecture under strong salt, osmotic and heavy metal stresses. Taken
together, the AsA and GSH-deficient mutants exposed to long-term strong abiotic stresses
displayed pleiotropic effects on root architecture.
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Figure 8. Lateral root number of the cad2-1, vtc2-4, vtc5-2 mutants and WT under normal conditions or different strong stress
conditions. The cad2-1, vtc2-4 and vtc5-2 mutants as well as the WT seeds were exposed to different strong abiotic stress
conditions: salt stress (100 mM NaCl), osmotic stress (225 mM sorbitol), oxidative stress (1 mM H2O2), and heavy metal
stress (40 µM CdCl2) for 18–21 days. Data are shown as the means ± SD (n = 5–10). Experiments were performed twice
with similar results. Asterisks indicated the statistical significance of differences between WT and mutants by Student’s
t-test: * p < 0.05 and ** p < 0.01.

68



Agronomy 2021, 11, 764

2.6. Plants with Lower AsA and GSH Levels Showed a Shorter Primary Root under Severe
Abiotic Stresses

To further characterize and evaluate the responses of cad2-1, vtc2-4 and vtc5-2 after
germination and seedling stages to different abiotic stresses under severe stress conditions,
a transference system was applied. Arabidopsis seeds were sown and germinated on
plates with 1

2 MS media, then six-day-old seedlings of WT and mutants were transferred to
the media supplemented with 150 mM NaCl, 375 mM sorbitol, 1.5 mM H2O2 or 100 µM
CdCl2, and primary root length was measured after five days. Under normal growth
conditions, the primary root growth of the mutants was almost indistinguishable from the
WT (Figure 9). When seedlings were transferred to severe stress conditions, primary root
growth of cad2-1, vtc2-4 and vtc5-2 mutants was significantly more inhibited than the WT
(Figure 9). These data suggest that AsA and GSH contents in plants are important for the
primary root growth under severe stress conditions.

Agronomy 2021, 11, x  12 of 20 
 

 

100 µM CdCl2, and primary root length was measured after five days. Under normal 
growth conditions, the primary root growth of the mutants was almost indistinguishable 
from the WT (Figure 9). When seedlings were transferred to severe stress conditions, 
primary root growth of cad2-1, vtc2-4 and vtc5-2 mutants was significantly more inhibited 
than the WT (Figure 9). These data suggest that AsA and GSH contents in plants are 
important for the primary root growth under severe stress conditions. 

 
Figure 9. Primary root length of the cad2-1, vtc2-4, vtc5-2 mutants and WT under normal conditions or different severe 
stress conditions. The cad2-1, vtc2-4 and vtc5-2 mutants as well as the WT seeds were grown on ½ MS medium for 6 days. 
Six-day old seedlings were transferred to different severe abiotic stress conditions: salt stress (150 mM NaCl), osmotic 
stress (375 mM sorbitol), oxidative stress (1.5 mM H2O2), and heavy metal stress (100 µM CdCl2) for 5 days and then 
photographed. Data are shown as the means ± SD (n = 5–7). Experiments were performed twice with similar results. As-
terisks indicated the statistical significance of differences between WT and mutants by Student’s t-test: * p < 0.05 and ** p < 
0.01. 

3. Discussion 
This study demonstrates the importance of AsA and GSH during seed germination, 

root elongation in severe salt and osmotic stress conditions. However, the GSH contents 
did not affect the plant tolerance in strong salt stress conditions (100 mM NaCl) for 
long-term exposures. Deficiency of AsA enhanced salt stress tolerance in plants exposed 
to long-term strong salt stress as determined by leaf area, root elongation and lateral root 
development. GSH-deficient mutant plants increased their sensitivity to 40 µM CdCl2 
and 1.0 mM H2O2 for long-term exposures, suggesting the importance of GSH contents 
on detoxification of high CdCl2 and H2O2. The AsA-deficient vtc2-4 and vtc5-2 mutants, 
however, decreased sensitivity toward CdCl2 in term of leaf area. This study suggests 
that AsA and GSH may have various functions in abiotic stress tolerance and detoxifica-
tion of ROS in plants, but their functions are dependent on stress-inducing agents and 
stress levels. 

Antioxidant enzymes, such as catalases, superoxide dismutases and peroxidases, are 
the main ROS scavengers in plants [3]. Moreover, plants also possess antioxidant mole-
cules, GSH and AsA, which effectively scavenge ROS directly and indirectly through 
enzymatic reactions [4]. In addition, AsA plays a role in Fe uptake through Fe3+ reduction 
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Figure 9. Primary root length of the cad2-1, vtc2-4, vtc5-2 mutants and WT under normal conditions or different severe stress
conditions. The cad2-1, vtc2-4 and vtc5-2 mutants as well as the WT seeds were grown on 1

2 MS medium for 6 days. Six-day
old seedlings were transferred to different severe abiotic stress conditions: salt stress (150 mM NaCl), osmotic stress (375
mM sorbitol), oxidative stress (1.5 mM H2O2), and heavy metal stress (100 µM CdCl2) for 5 days and then photographed.
Data are shown as the means ± SD (n = 5–7). Experiments were performed twice with similar results. Asterisks indicated
the statistical significance of differences between WT and mutants by Student’s t-test: * p < 0.05 and ** p < 0.01.

3. Discussion

This study demonstrates the importance of AsA and GSH during seed germination,
root elongation in severe salt and osmotic stress conditions. However, the GSH contents did
not affect the plant tolerance in strong salt stress conditions (100 mM NaCl) for long-term
exposures. Deficiency of AsA enhanced salt stress tolerance in plants exposed to long-term
strong salt stress as determined by leaf area, root elongation and lateral root development.
GSH-deficient mutant plants increased their sensitivity to 40 µM CdCl2 and 1.0 mM H2O2
for long-term exposures, suggesting the importance of GSH contents on detoxification of
high CdCl2 and H2O2. The AsA-deficient vtc2-4 and vtc5-2 mutants, however, decreased
sensitivity toward CdCl2 in term of leaf area. This study suggests that AsA and GSH may
have various functions in abiotic stress tolerance and detoxification of ROS in plants, but
their functions are dependent on stress-inducing agents and stress levels.
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Antioxidant enzymes, such as catalases, superoxide dismutases and peroxidases,
are the main ROS scavengers in plants [3]. Moreover, plants also possess antioxidant
molecules, GSH and AsA, which effectively scavenge ROS directly and indirectly through
enzymatic reactions [4]. In addition, AsA plays a role in Fe uptake through Fe3+ reduction
and is an important cofactor of enzymes involved in auxin degradation and synthesis of
plant hormones (ethylene, abscisic acid, gibberellins), as well as anthocyanins and glu-
cosinolates [17]. Moreover, GSH is also important in the synthesis of phytochelatins and
detoxification of heavy metals, GSH interacts with hormones, and its redox state triggers
signal transduction [21]. Here, this study characterized the GSH-deficient mutant (cad2-1)
and AsA-deficient mutants (vtc2-4, vtc5-2) during germination, leaf growth, photosynthetic
activity and root development under different abiotic stresses and stress levels. Interest-
ingly, the GSH-deficient mutant and AsA-deficient mutants displayed altered sensitivity to
salt, osmotic, oxidative stresses and heavy metal toxicity, which was depend on the stress
levels. Therefore, this study suggested that GSH and AsA may play different roles in the
tolerance to salinity, drought and Cd toxicity. These stresses can indirectly produce ROS,
which leads to oxidative stress [33]. However, apart from the deleterious effects of oxidative
damage, there is evidence that ROS are critical to and being continually produced during
all phases of seed development, from desiccation to germination. Therefore, ROS may
cover important roles in seed germination [34]. In fact, it has been shown that an optimal
range of H2O2 is crucial for the dormancy release and a disturbance in ROS homeostasis
decreases the seed germination [35,36]. Therefore, the balance between ROS production
and scavenging should be strictly controlled during seed germination. Interestingly, cad2-1,
vtc2-4 and vtc5-2 are not affected under no-stress conditions, whereas those mutants show
a strongly reduction in germination rate under salinity and osmotic stress. Moreover, the
most likely explanation for the differences between both vtc mutants is that vtc2-4 mutant
only contains 20–30%, while vtc5-2 still contains 80% of the WT AsA level [5,19]. These
results suggest that GSH and AsA synthesis mutants are still able to partially regulate seed
ROS levels in the absence of external stress. Therefore, GSH and AsA may be important
ROS scavengers implicated in dormancy release and seed germination under salt and
osmotic stress.

In addition to ROS, another important player in seed germination is ABA. Germination
begins with the release of dormancy, which is controlled by ABA. ROS accumulation acts as
a positive signal for dormancy release by altering the synthesis and signaling of ABA. It has
been demonstrated that H2O2 accumulation in germinating seeds is associated with ABA
degradation, likely through the activation of ABA catabolic enzyme (ABA-8′-hydroxylase)
or by the direct oxidation of ABA as well as antagonize ABA signaling [35,37,38]. In
contrast, multiple studies in germinated seeds have shown that the direct inhibition of ABA
blocks ROS production in seeds [39]. OH• also promotes dormancy release by contributing
to the cell wall loosening required for germination [40]. Dry seeds accumulate GSH and
a very low amount of AsA and the AsA is synthetized de novo upon dormancy release
and during germination [34]. Germinating seeds of AsA-deficient and GSH-deficient
mutants very likely produce lower levels of AsA and GSH, respectively, compared to
WT. Therefore, the disruption of GSH and AsA synthesis could reduce ABA-sensitivity
during seed germination by the presence of high ROS levels, which may also alter the
ABA homeostasis and signaling. However, the detailed molecular mechanism still remains
unclear. Hence, further studies need to verify whether ROS and ABA levels are affected in
GSH and AsA synthesis mutant seeds.

Regarding to seedling development, contradictory results related to GSH deficient mu-
tants have been reported. While several studies showed that cad2-1 mutant is significantly
smaller than WT [22,41], recent works have reported that no distinct growth phenotype
was observed between cad2-1 and WT [20,25]. This study showed shorter primary roots
and a decrease in lateral root numbers, but the leaf area showed no phenotypic difference
between cad2-1 mutant and WT seedlings. Likewise, previous experiments showed that
cad2-1 mutant is not affected by salt and osmotic stress [20,22]. However, in the present
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study, the cad2-1 exhibits strong sensitivity to osmotic stress. These pronounced differences
emphasized the critical role of growth conditions. Indeed, GSH levels may vary signifi-
cantly between experiments due to several non-controlled experimental differences [42].
Nevertheless, taking into account the importance of GSH in the root cell division [43]
and auxin signaling [41,44], we speculate that the decrease of GSH causes an inhibition
on root development by diminishing the cell proliferation and the auxin-dependent root
growth. In contrast, under high ROS production provoked by osmotic stress, the inhibition
of root elongation and enhancement of lateral roots might be related to the regulation of
GSH concentration in the root apical meristem (RAM) and pericycle, respectively, which
modulates the auxin signaling differently [44]. In the case of cadmium toxicity, GSH plays
a key role as a chelator due to the high affinity of Cd for its thiol group, and also as a
precursor for phytochelatins synthesis [31]. Therefore, a decreased capacity to chelate Cd
ions due to a decrease in GSH levels and, by extent, low phytochelatins may contribute to
the strong Cd sensitivity of cad2-1 mutant.

Contrarily to cad2-1, vtc2-4 and vtc5-2 mutants were tolerant to 100 mM NaCl and 40
µM CdCl2, but unaffected by sorbitol. AsA can potentially be oxidized and acts as a cofactor
of 1-aminocyclopropane-1-carboxylic acid oxidase (ACO), the enzyme that catalyzes the
last step of ethylene biosynthesis [45]. In addition, being a cofactor of dioxygenases,
AsA could also be involved in the ABA biosynthesis by modulating the activity of the
9-cis-epoxycarotenoid dioxygenase (NCED3) responsible for the oxidative cleavage of
neoxanthin to xanthoxin [17]. Recently, it was proposed that under salt stress, both ABA
and ethylene production are induced, which could control ROS levels by regulating AsA
biosynthesis through VTC2 gene expression [46]. The vtc2-4 and vtc5-2 mutants could
accumulate less ethylene and/or ABA, which could cause changes in plant response to
abiotic stresses, leading to a decrease in growth inhibition at early stages. Intriguingly, the
vtc2-1 mutant accumulates more ABA and shows small size in non-stressed conditions [47].
However, it has been reported its small size is due to another mutation rather than VTC2
itself [5], suggesting that further analyses performed in different vtc2 mutant alleles are
required to determine how ethylene and ABA levels are affected in these mutant alleles.

Another hypothesis is based on the results observed in vtc1-1 mutant, correspond-
ing to a mutation on the gene VTC1 encoded for GDP–d-Mannose pyrophosphorylase
(VTC1), another AsA synthesis enzyme located upstream of VTC2 and VTC5 in the biosyn-
thesis pathway [48]. Interestingly, this mutant accumulates higher amount of GSH than
WT [49,50]. In addition, AsA deficiency was previously suggested to provide a primed
state that decreases pathogen infection and abiotic stresses [51–53]. In addition to the
elevated GSH levels, phytochelatin levels in vtc1-1 were approximately twice in vtc1-1 roots
compared to WT plants upon Cd exposure [52]. However, mannose metabolism may be
changed in this vtc1-1 mutant, which might affect its physiological roles and responses to
stress [54]. As one of the major defense mechanisms in Cd-exposed plants is chelation and
sequestration by thiols [31], vtc2-4 and vtc5-2, which are present also lower levels of AsA
concentration, could also have higher GSH amount that increase the capacity to chelate Cd,
contributing to a less Cd-sensitive phenotype.

Surprisingly, although cad2-1, vtc2-4 and vtc5-2 mutants are affected by oxidative stress,
only cad2-1 displays a stronger reduction in leaf area and lower Fv/Fm value. AsA and GSH
are important players in the protection against ROS produced during photosynthesis [55].
Therefore, since AsA synthesis mutants may accumulate more GSH, these results also
suggest that GSH is more active in the detoxification of ROS in chloroplasts, under strong
oxidative stress, than AsA.

Photosynthesis is fundamental for plant growth. Photosynthetic activity of AsA-
deficient mutants and GSH-deficient mutant was similar to WT at normal condition and
under salt and osmotic stress. Under oxidative stress, Fv/Fm value was significantly
reduced in cad2-1 mutant while it was not changed in vtc2-4 and vtc5-2 mutants. Fv/Fm
values of cad2-1 mutant and vtc2-4 mutant were decreased under Cd toxicity. Although
AsA works as a reductant of violaxanthin de-epoxidase (VDE) during photo-oxidative
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stress and a protective role in photoinhibition in heat-stressed leaves [13]. The AsA and
GSH accumulation in mutants is possible to change their level in subcellular compartment
such as chloroplasts, which might affect their photosynthetic activity [56].

Although the root growth of AsA-deficient mutants and GSH-deficient mutant re-
sponded differently to abiotic stress conditions at strong level (100 mM NaCl, 225 mM
sorbitol, 1 mM H2O2 or 40 µM CdCl2), all mutants showed a significant decrease of primary
root growth response to severe abiotic stress conditions (150 mM NaCl, 375 mM sorbitol,
1.5 mM H2O2 or 100 µM CdCl2). These results suggested that 20 to 80% AsA or 20–30%
GSH was sufficient to maintain normal plant physiological activity under control or under
osmotic and salt stress at strong level. However, the AsA and GSH contents or ratio of
reduced form to oxidized form might change in AsA-deficient mutants and GSH-deficient
mutant, compared to WT under severe stress conditions, which strongly affected the root
growth. Interestingly, the enhanced root system observed in AsA-deficient mutants when
they were exposed to strong salt stress (100 mM NaCl). Hence, these mutants may be bene-
ficial and significant importance for studies on salt tolerance of economically important
crops in the future.

This study showed that AsA and GSH could have different functions in detoxification
of ROS in plants. This may include different intracellular compartmentation of both
molecules and the ratio of reduced form to oxidized form under different abiotic stress
conditions. Moreover, the AsA-GSH pathway is one of the main defense systems to protect
the plants from multiple abiotic stresses [57]. Both AsA and GSH are strong antioxidants
and the modulation of their redox state may work as a sensitive machinery to assess the
stress levels and fine-tune molecular responses. Thus, the alteration in the synthesis of
one of these molecules will strongly affect the stability of AsA-GSH pathway, leading
to changes in the tolerance to abiotic stresses. Hence, the effects of altered GSH-AsA
homeostasis in plant seed germination and seedling development need to be examined in
further details, which will investigate the concentration and redox state of GSH and AsA in
single or double mutants defective in AsA-biosynthesis gene and GSH-biosynthesis gene
in response to the single and combinatorial stresses.

4. Conclusions

This study suggested AsA and GSH may have different functions in plant abiotic stress
tolerance and ROS detoxification. Both AsA and GSH are important for seed germination
under salt and osmotic stresses. Limitations of GSH and AsA synthesis reduce ABA-
sensitivity during seed germination. Furthermore, both AsA and GSH are crucial factors
for the primary root growth under severe stresses. GSH alone is a key player in heavy metal
detoxification. Interestingly, deficiency of AsA favored larger leaf areas, enhancer root
systems in plants exposed to long-term strong salt stress. Taken together, the findings shed
new light on the functions of AsA in salt stress tolerance of plants, showing that deficiency
of AsA might enhance plant salt stress tolerance. Therefore, further investigations of altered
GSH-AsA homeostasis in plants need to be addressed in detail.

5. Materials and Methods
5.1. Plants Materials and Growth Conditions

A. thaliana ecotype Columbia (Col-0), cad2-1 [24], vtc2-4 (SALK_146824) and vtc5-2
(SALK_135468) [15] were kindly provided by Stephane Mari (BPMP Montpellier, France).
Seeds were surface sterilized by soaking in 70% ethanol for 1 min and 2.5% NaClO for 5 min,
then washed four times with sterilized water. Sterilized seeds were sown on half-strength
Murashige and Skoog (MS) medium containing 1.0% sucrose and 0.8% agar (adjusted to
pH 5.8 with MES-KOH) ( 1

2 MS medium) [58]. Seeds were stratified for two days at 4 ◦C
and then transferred to a growth chamber at 22 ◦C with light intensity of 120 µE m−2 s−1

and a 16 h light/8 h dark cycle [59]. Each experiment was repeated at least twice times.
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5.2. Seed Germination Test

For germination assay, sterilized seeds of WT and cad2-1 were sown on half strength
MS medium containing 0.8% agar supplemented with or without NaCl (0, 50, 100, 150,
170, 200 mM), sorbitol (0, 200, 300, 400, 500, 600 mM) [60]. Sterilized seeds of WT, vtc2-4
and vtc5-1 were sown on the 1

2 MS media supplemented with 150 mM NaCl or with 300
mM sorbitol. Sterilized seeds of WT, cad2-1, vtc2-4 and vtc5-1 were sown on 1

2 MS media
supplemented with different concentrations of ABA (0, 2.5, 5, 10 or 15 µM) [58]. The plates
were kept at 4 ◦C for two days and then placed horizontally at growth chamber at 22 ◦C
under a 16 h light and 8 h dark photoperiod. Germination rates were recorded at 2, 3, 4, 5,
and 6 day, based on the radicle tip emergence.

5.3. Abiotic Stress Treatments
5.3.1. Strong Long-Term Stress

Sterilized seeds were sown on plates in 1
2 MS medium (control), or media containing

100 mM NaCl or 225 mM sorbitol, 1 mM H2O2, or 40 µM CdCl2. Seedlings were grown for
18–20 days under these conditions [22,59]. The plates were scanned, shoot fresh weight
was determined and the other analysis performed as described below.

5.3.2. Severe Short-Term Stress

Seeds were sterilized and sown on MS 1
2 media. Uniform 6-day-old seedlings were

transferred into 1
2 MS media or 1

2 MS media supplemented with 150 mM NaCl or 375 mM
sorbitol or 1.5 mM H2O2 or 100 µM CdCl2 and grown for a further five days in vertically
placed petri plate [22,61].

5.4. Phenotypic Analysis
5.4.1. Leaf Area Measurement

For rosette leaf area measurements, the seeds were sown on 1
2 MS agar plates con-

taining the indicated stress treatment as described above and placed horizontally. Plants
were grown at 22 ◦C with 16 h light/8 h dark photoperiod for 18–21 days. Total leaf area
was measured and determined using the ImageJ software (https://imagej.nih.gov/ij/,
accessed and downloaded on 19 May 2019) [22,59].

5.4.2. Primary Root Length and Number of Lateral Root

For long-term exposure to strong abiotic stress conditions, the seeds were sown on 1
2

MS agar plates containing the indicated stress treatment as described above and placed
vertically for 18–22 days. Primary root length and number of lateral roots were analyzed
using the ImageJ software (https://imagej.nih.gov/ij/, accessed and downloaded on 19
May 2019) from the images of the plants at day 14 [22].

For short-term exposure to severe abiotic stress conditions, the seeds were germinated
and grown on 1

2 MS for six days, and six-day-old seedlings were transferred to different
severe abiotic stress conditions: salt stress (150 mM NaCl), osmotic stress (375 mM sorbitol),
oxidative stress (1.5 mM H2O2), and heavy metal stress (100 µM CdCl2) for 5 days and
then photographed. Primary root length was analyzed using the ImageJ software (https:
//imagej.nih.gov/ij/, accessed and downloaded on 19 May 2019) [61].

5.4.3. Photosynthesis Fluorescence Measurements

Maximum PSII quantum yield [Fv/Fm = (Fm − Fo)/Fm] of rosette leaves was de-
termined using FluorCam FC 800-O (Photon Systems Instruments) and photosynthetic
activity was measured at Fv/Fm. 18–21 days old plants were dark-adapted for 30 min
before measurements and all fluorescence measurements were performed in vivo at room
temperature. A saturating light of 1000 µmol photons m−2 s−1 was applied to the mea-
sure the maximum fluorescence. The data were analyzed using the Fluorcam 7 software
(https://fluorcams.psi.cz/, accessed and downloaded on 08 March 2019) [62].
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5.5. Plasmid, Yeast Strains and Yeast Growth

The open reading frames (ORF) of AtGSH1 and AtGSH2 were amplified from Ara-
bidopsis cDNA using the primers 5′ATGGCGCTCTTGTCTCAAGC3′ and 5′TTAGTACAGC
AGCTCTTCGAAC3′ and primers 5′ATGGGCAGTGGCTGCTCTTC3′ and TCAAATCA-
GATATATGCTGTCC, respectively. The amplified products were A-tailed and cloned into
pGEM-T Easy vector (Promega), and sub-cloned into the yeast expression vector pDR195
at the NotI sites, resulting in the pDR195-AtGSH1 and pDR195-AtGSH2 constructs [63].

Yeast cells were grown at 30 ◦C in yeast extract peptone dextrose YPD medium
(2% glucose, 2% tryptone, and 1% yeast extract) or synthetic defined (SD) medium (2%
glucose, 0.7% yeast nitrogen base with ammonium sulfate, pH 5.5). WT BY4741 (MATa;
his3, leu2, met15, ura3), gsh1∆ (MATa; his3, leu2, met15, ura3, gsh1::kanMX4), gsh2 ∆ (MATa;
his3, leu2, met15, ura3, gsh12::kanMX4) were kindly provided by Dr. Léon Dirick (BPMP
Montpellier). Yeast cells were transformed with pDR195 or pDR195-AtGSH1 construct or
pDR195-AtGSH2, using the LiAc ssDNA/PEG method [64]. Drop assay was performed
as previously described with minor modifications [62,65]. Transformed yeast cells were
cultured in liquid SD medium containing amino acids without uracil (URA) overnight
at 30 ◦C. Yeast cells were harvested by centrifugation at 2500 rpm for 4 min and washed
twice with sterile water. The cells were resuspended and adjusted to OD600 nm = 1, and
8 µl of 10-fold serial dilutions were spotted onto 2% (w/v) agar plates containing SD-URA
medium alone or supplemented 100 µM CdCl2, 1 M NaCl or 1 M sorbitol. The plates were
incubated at 30 ◦C for 3–4 days before being photographed.

5.6. Statistical Analysis

The data were statistically analyzed using Excel version 2010 and GraphPad Prism 7
program (https://www.graphpad.com/scientific-software/prism/, accessed and down-
loaded on 14 July 2020). Statistically significant differences were performed by Student’s
t-test (* p < 0.05; ** p < 0.01) or by ANOVA using the Tukey’s Honestly Significant Difference
(HSD) test [66].
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10.3390/agronomy11040764/s1, Figure S1: The effects of long-term exposures to different abiotic
stress treatments on fresh weight of cad2-1, vtc2-4 and vtc5-2 mutants, Figure S2: The effects of
long-term exposures to different abiotic stress treatments on root architecture of cad2-1, vtc2-4 and
vtc5-2 mutants, Table S1: Seeds of Arabidopsis thaliana cad2-1, vtc2-4 and vtc5-2 are more resistant to
ABA-mediated inhibition of seed germination.
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Abstract: Durum wheat is a major crop in the Mediterranean basin, where water deficit is the most
important factor affecting its production. Under drought conditions, the root system has a crucial
role in crop productivity as a water and nutrition supplier. The aim of the study was to analyze root
system diversity in six contrasting durum wheat accessions, including two hydric stress-tolerant
genotypes, and to evaluate root traits using the high-throughput phenotyping scanner Win-RHIZO in
order to determine the main traits to be used in breeding programs. Six durum wheat accessions were
subjected to two drought events under greenhouse conditions from the seedlings stage (BBCH12) for
49 days. Root phenotyping data were validated with results from plants grown in the rainfed field.
This study highlighted a great variability among the analyzed genotypes in terms of development,
distribution, and architecture of the root system under difficult environments, underlining a good
resilience to climate change. Interestingly, the two hydric stress-tolerant genotypes, Cham1 and J.
Khetifa, showed different root system ideotypes and rooting patterns under drought conditions. The
late flowering landrace J. Khetifa (as also genotypes; Pelsodur and Vulci) showed a steep and long
root system ideotype that led to the maintaining of the highest root biomass, length, and volume
under drought conditions, while the early flowering genotype Cham1 (as also genotype; Sebatel)
was distinguished by a wider root system ideotype, and by increasing the root volume in the topsoil
as a strategy to tolerate drought. Moreover, a significant positive correlation was obtained between
the root angle of plants grown under greenhouse conditions and plants from the field. Our results
demonstrated that screening plant roots in early stages grown under greenhouse conditions using
high-throughput phenotyping systems can speed up the selection for crop improvement and future
drought stress breeding programs.

Keywords: Triticum durum; Triticum turgidum; abiotic stress; phenotyping; root architecture; Win-RHIZO

1. Introduction

As a result of climate changes, drought is probably the most severe and unpredictable
abiotic stress, significantly affecting crop production due to decreased water and fertilizer
availability [1,2]. Drought negatively affects the grain yield and crop production, with a
variation reaching 82%, as plants experience both water deficit and the ability for nitrogen
uptake and assimilation, which reduce plant vigour [3,4]. Moreover, drought reduces grain
yield depending on its intensity, duration, and timing [5,6]. In the Mediterranean basin,
water deficit is the most important factor affecting grain yield. Durum wheat (Triticum
turgidum L. subsp. durum (Desf) Husn.) is one of the major cultivated crops according to the
importance and cultivated area [7,8]. Furthermore, the Mediterranean basin also has high
volatility in rainfall distribution, so water scarcity, with a negative effect on productivity,
can also occur in the early growth stages. Several studies revealed that drought affects grain
yield more during the vegetative stage (tillering and stem elongation) than in reproductive
stages, and can cause about 72% of yield loss [9–11]. Since spikelet initiation starts at the
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seedling stage to tillering, and floret initiation begins from tillering to stem elongation, both
these stages determine spike and spikelet numbers per plant, and in turn grain yield [12].
Therefore, studies on tillering and stem elongation stages should get more attention, as
they have a significant impact on grain yield; moreover, selection in early stages can save
labour and time.

Root system architecture (RSA) plays a crucial role in crop productivity, especially in
drought conditions as a water and nutrition supplier [13,14]. Previous studies have shown
that early vigour is important for crop development in dry areas [15,16], and that RSA is
directly involved in the resilience of wheat in drought-prone environments [17,18]. The root
system cannot be considered only as a whole, as the roots could be divided into seminal,
lateral, crown and primary roots, and different root typology could react differently to
different external stimuli across different genotypes [19]. However, roots are not easily
studied; they are not accessible by non-destructive analyses as opposed to aboveground
plant organs, and different methods to study root systems have not always given consistent
results. Difficulties in studying root systems increase with plant growth, since a wider
root system has a higher percentage of damage during the measurement. Researchers
try to avoid these problems by (i) analysing plants at an earlier stage (seedlings) and (ii)
using artificial systems or an easy-to-clean substrate. Moreover, it was reported that RSA
traits detected on the seedling stage can be used to predict the RSA of adult plants in the
field-grown [20] or in an artificial system [21] in order to evaluate the crop adaptation
under water stress conditions, but these reports were validated only for what concerned
the roots angle and seminal root apparatus.

The studies of root system characteristics have recently received more attention since
several high-throughputs, multifunctional root phenotyping platforms have been devel-
oped, and the studies of root system characteristics have recently received more attention.
Consequently, some root system ideotypes and their growth patterns under different en-
vironments have been identified [22]. For example, the root angle is considered a very
important feature to select wheat accessions for drought tolerance, since it has high heri-
tability, and is able to give some indications about root ideotypes’ capacity for soil water
extraction under a drought regime [23,24]. In early stages, wheat genotypes with a narrow
root angle have grown deeper compared with varieties that have wider root angles [21,25].
Such findings suggest that wheat with longer roots and with a narrower root angle will
be more drought tolerant, as it can reach water from deeper soil layers. In addition, it has
been observed that drought-tolerant genotypes have a great number of nodal and seminal
roots concentrated in the crown region and located near the surface, while in susceptible
genotypes, roots are located far from the top of the soil [26]. Root phenotyping using the
high-throughput technique could help to determine root system architectures, traits or
ideotypes and rooting patterns, which can be used to select durum wheat for conditions
similar to the Mediterranean basin.

The present study was conducted to better understand the genotypic diversity of
root architecture in six contrasting durum wheat accessions by evaluating root traits using
a high-throughput scanner Win-RHIZO. High-throughput analysis can accelerate the
determination of root traits for crop improvement under drought conditions and enable
the selection of tolerant and susceptible durum wheat genotypes for breeding programs at
the early stages.

2. Materials and Methods
2.1. Plant Materials

The plant materials consisted of six durum wheat accessions with contrasting morpho-
logical and stress resistance characteristics, including two hydric stress-tolerant genotypes
Cham1 and Jennah Khetifa (J. Khetifa). J. Khetifa is a landrace grown in the dry areas of
Algeria and Tunisia that shows specific adaptation to the North African continental dry
land; it is tall and resistant to abiotic and biotic stresses [27,28]. The semi-dwarf variety
Cham1, selected at ICARDA (the International Center for Agricultural Research in the Dry
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Areas) and released for commercial production in several countries of the Mediterranean
basin, is characterized by both salt and drought tolerance and yield stability [29,30]. Several
studies report that both of these genotypes are hydric stress-tolerant [31–34], and only one
mentioned abiotic stress effect on roots [27].

The other four genotypes were chosen according to the flowering time, as Mv-Pelsodur
(from now on just Pelsodur) and Vulci were chosen for late, and Azeghar 2-1 (56) (from now
on just Azeghar), and Sebatel2 (45) (from now on just Sebatel) were chosen for early [35].

2.2. Greenhouse Experimental Design and Conditions

The six genotypes were sown, with one seed per pot placed with the embryo facing
down, in the greenhouse at the Tuscia University experimental farm (Viterbo, Italy), on
20 January 2021. The air temperature ranged from 22 to 28 ◦C during the day and from
14 to 17 ◦C during the night. The pots (17 cm diameter, 16 cm high) were filled with 2.5 L
of sand. Pots were irrigated three times per week to keep them at 50% soil field capacity
(FC), and 80 mL/per pot were filled with a water nutrition solution composed of nitric acid
(0.286 mL/L), calcium nitrate (0.432 g/L), potassium nitrate (0.436 g/L), dihydrogen phos-
phate potassium (0.13 g/L), potassium sulphate (0.04 g/L), magnesium nitrate (0.244 g/L)
and Mikron (0.23 g/L) (Prof. Giuseppe Colla, personal communication). The experiment
lasted 49 days, and drought treatment was applied two times by discontinuing irrigation;
treated plants were re-watered to prevent death. The first drought treatment started when
all plants reached early seedling stages (two leaves unfolded—BBCH12) and continued for
14 days. The first drought treatment plants were re-watered (80 mL/per pot) three times
per week for two weeks. The second drought treatment, which continued for seven days,
started after re-watering (Figure 1).
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Figure 1. Experimental model.

Drought conditions were managed by discontinuing watering, and the field capacity
(FC, %) of the soil in the pots was determined during the drought period by weighing the
pots regularly according to Grewal et al. [36] (Figure 2).

2.3. Phenotyping

The stress effects on plant growth and development in durum wheat genotypes were
evaluated by several morphological characters above and below ground. All plants from
both treatments were collected 49 days after sowing; roots were carefully washed to remove
the sand using a soft spray watering head. The morphological traits of the roots were
recorded both for the whole root system (W) and separately in the first 5 cm (5) below
ground (Figure 3A,B), such as root length (RLW, RL5 sum of all roots lengths, cm), surface
area (SAW, SA5 total root surface area, cm2), root volume (RVW, RV5 total root volume,
cm3), number of tips (TIW, TI5), forks (FRW, FR5), and crossings (CRW, CR5) using Win-
RHIZO Pro software v2009 (version 4.0b; Regent Instruments, Montreal, QC, Canada). The
root angle (RA◦) was measured using the software ImageJ when the angle between the
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two extreme sides of the roots with the center set in the middle of the crown, as shown
in Figure 3C. After measurements, the plants were separated into roots and shoots, dried
in an oven (80 ◦C for 12 h), and weighed for shoot and root dry weight (SDW, RDW). In
addition, the number of leaves (NL), and number of tillers (NT) were assessed. Moreover,
some ratios were calculated, such as the root/shoot (RS) ratio, to determine which above-
ground or below-ground part of the plant is dominant. The ratio of total root length and
number of tips (RL/TI) was also evaluated, since it could show root system pattern, i.e., the
capacity to generate a longer root system or to increase the number of new roots under
stress conditions. To determine root system distribution at different soil layers, the ratio of
some root traits between the whole system and topsoil was evaluated, such as RL5/RLW,
SA5/SAW, and RV5/RVW. Root length density (RLD) was calculated using the following
equation: RLW/Soil volume (cm/cm−3). The recorded raw data are public available (after
an access request) at the Zenodo web site with DOI: 10.5281/zenodo.5883299.

Agronomy 2022, 12, 1329 4 of 20 
 

 

 
Figure 2. Pots’ water content in terms of percentage of field capacity (FC, %) for first and second 
drought treatments. 

2.3. Phenotyping 
The stress effects on plant growth and development in durum wheat genotypes 

were evaluated by several morphological characters above and below ground. All plants 
from both treatments were collected 49 days after sowing; roots were carefully washed to 
remove the sand using a soft spray watering head. The morphological traits of the roots 
were recorded both for the whole root system (W) and separately in the first 5 cm (5) 
below ground (Figure 3A,B), such as root length (RLW, RL5 sum of all roots lengths, cm), 
surface area (SAW, SA5 total root surface area, cm2), root volume (RVW, RV5 total root 
volume, cm3), number of tips (TIW, TI5), forks (FRW, FR5), and crossings (CRW, CR5) 
using Win-RHIZO Pro software v2009 (version 4.0b; Regent Instruments, Montreal, QC, 
Canada). The root angle (RA°) was measured using the software ImageJ when the angle 
between the two extreme sides of the roots with the center set in the middle of the crown, 
as shown in Figure 3C. After measurements, the plants were separated into roots and 
shoots, dried in an oven (80 °C for 12 h), and weighed for shoot and root dry weight 
(SDW, RDW). In addition, the number of leaves (NL), and number of tillers (NT) were 
assessed. Moreover, some ratios were calculated, such as the root/shoot (RS) ratio, to 
determine which above-ground or below-ground part of the plant is dominant. The ratio 
of total root length and number of tips (RL/TI) was also evaluated, since it could show 
root system pattern, i.e., the capacity to generate a longer root system or to increase the 
number of new roots under stress conditions. To determine root system distribution at 
different soil layers, the ratio of some root traits between the whole system and topsoil 
was evaluated, such as RL5/RLW, SA5/SAW, and RV5/RVW. Root length density (RLD) 
was calculated using the following equation: RLW/Soil volume (cm/cm–3). The recorded 
raw data are public available (after an access request) at the Zenodo web site with DOI: 
10.5281/zenodo.5883299. 

Figure 2. Pots’ water content in terms of percentage of field capacity (FC, %) for first and second
drought treatments.

Agronomy 2022, 12, 1329 5 of 20 
 

 

 
Figure 3. The measurements of morphological traits for whole roots (A), topsoil (B) using 
Win-RHIZO system, and root angle (C) using ImageJ (°). 

2.4. Field Experiment 
To validate the results obtained in greenhouse conditions, the same genotypes were 

sown in rain fed field conditions without any specific treatment (i.e., natural agronomic con-
ditions). A field experiment was performed at Tuscia University experimental farm (Viterbo, 
Italy). The experimental design was a randomized complete block design with three repli-
cates. Plot size was 1.5 × 5.2 m (7.8 m2) and sowed with 234.7 g seeds per plot on 11 Novem-
ber 2021. The soil was sandy loam, the pH was 6.9 and organic matter was 14.8 g kg−1. 

Plants were collected on 17 March 2022, when all genotypes reached the end of till-
ering and the beginning of stem elongation stages. Plant samples from the field were 
collected very carefully so as not to damage the root system of the topsoil, at 5 cm deep. 
Roots were carefully washed to remove soil and analyzed for root angle (°) using ImageJ 
software. The morphological traits of the roots of plants from field such as root length 
(RLF), surface area (SAF), root volume (RVF), number of tips (TIF), forks (FRF), and 
crossings (CRF) were recorded using Win-RHIZO Pro software v2009 (version 4.0b; Re-
gent Instruments, Montreal, QC, Canada). 

2.5. Statistical Analysis 
All of the statistical analyses were performed using R Studio (Version R-4.1.0). Two-way 

analysis of variance (ANOVA) was conducted at a significance level of 5% using the aov() 
function, while, one-way ANOVA was used to test the variance component of each trait un-
der each treatment, with genotype as a factor. Fischer's least significant difference (LSD) test 
was used for mean comparisons. The correlation matrix between all traits was constructed 
and Pearson correlation coefficients were calculated using the corrplot function R package 
[37]. Principal component analysis was performed using the prcomp() function and then 
biplot was generated with the ggbiplot function R package [38].  

3. Results 
3.1. Drought Effect on Shoot Growth and Development in Greenhouse Experiment 

Recurrent short events of drought at the vegetative stage, from two fully expanded 
leaves to stem elongation, had adverse effects and growth reductions both below and 
aboveground in all genotypes. Compared with the control condition, water deficit sig-

Figure 3. The measurements of morphological traits for whole roots (A), topsoil (B) using Win-RHIZO
system, and root angle (C) using ImageJ (◦).

2.4. Field Experiment

To validate the results obtained in greenhouse conditions, the same genotypes were
sown in rain fed field conditions without any specific treatment (i.e., natural agronomic
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conditions). A field experiment was performed at Tuscia University experimental farm
(Viterbo, Italy). The experimental design was a randomized complete block design with
three replicates. Plot size was 1.5 × 5.2 m (7.8 m2) and sowed with 234.7 g seeds per plot
on 11 November 2021. The soil was sandy loam, the pH was 6.9 and organic matter was
14.8 g kg−1.

Plants were collected on 17 March 2022, when all genotypes reached the end of tillering
and the beginning of stem elongation stages. Plant samples from the field were collected
very carefully so as not to damage the root system of the topsoil, at 5 cm deep. Roots were
carefully washed to remove soil and analyzed for root angle (◦) using ImageJ software. The
morphological traits of the roots of plants from field such as root length (RLF), surface
area (SAF), root volume (RVF), number of tips (TIF), forks (FRF), and crossings (CRF)
were recorded using Win-RHIZO Pro software v2009 (version 4.0b; Regent Instruments,
Montreal, QC, Canada).

2.5. Statistical Analysis

All of the statistical analyses were performed using R Studio (Version R-4.1.0). Two-
way analysis of variance (ANOVA) was conducted at a significance level of 5% using the
aov() function, while, one-way ANOVA was used to test the variance component of each
trait under each treatment, with genotype as a factor. Fischer’s least significant difference
(LSD) test was used for mean comparisons. The correlation matrix between all traits was
constructed and Pearson correlation coefficients were calculated using the corrplot function
R package [37]. Principal component analysis was performed using the prcomp() function
and then biplot was generated with the ggbiplot function R package [38].

3. Results
3.1. Drought Effect on Shoot Growth and Development in Greenhouse Experiment

Recurrent short events of drought at the vegetative stage, from two fully expanded
leaves to stem elongation, had adverse effects and growth reductions both below and above-
ground in all genotypes. Compared with the control condition, water deficit significantly
reduced shoot dry weight (SDW) in the six investigated durum wheat genotypes (Table 1).
The ANOVA revealed the presence of highly significant differences among genotypes and
treatments for shoot traits, such as number of leaves (NL) and number of tillers (NT) per
plant, while there were no statistical differences among genotypes for shoot dry weight
(in control condition) (Table 1). Under control conditions, the studied genotypes were
divided into two groups in accord with the number of leaves produced: J. Khetifa, Pelsodur,
and Vulci, with a higher number of leaves (on average 32 leaves), and Cham1, Azeghar,
and Sebatel with a lower number of leaves (on average 19 leaves) (Table 1). Furthermore,
J. Khetifa and Pelsodur also produced a higher number of tillers (on average 10 tillers)
in comparison with the other genotypes (on average four tillers). Not surprisingly, in
general, NL and NT are reduced by the drought stress (Table 1). Even so, these decreases
under drought conditions have different degrees in the different genotypes. Vulci and
Cham1 have a stronger drought effect on NL (−47.2% and −62.3% respectively) than on NT
(−23.5% and −42.9% respectively), while Azeghar loses more tillers than leaves (−66.7%
and −55.3% respectively) (Table 1).

Interestingly, J. Khetifa and Pelsodur have similar degrees of reduction in both the
number of leaves and number of tillers, while the main effect of treatment was not sig-
nificant for the Sebatel genotype. Results confirm that the development dynamics of the
number of tillers and number of leaves highly depend not only on environment conditions
but also by genotype inner capacity. This is also highlighted by the significant G × T inter-
action (Table 1). Moreover, regarding shoot biomass (SDW), Sebatel, J. Khetifa, Pelsodur
and Vulci maintained significantly higher SDW than Cham1 and Azeghar under drought
conditions. That means that these genotypes are more tolerant to drought according to
their successful development of shoots under stress conditions.
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Table 1. Drought effect on shoot growth and development in greenhouse experiment. D/C—drought
vs. control.

Genotype
Shoot Dry Weight (g) Number of Leaves Number of Tillers

Control Drought D/C, % Control Drought D/C, % Control Drought D/C, %

Azeghar 2.1 ± 0.1a 0.51 ± 0.1c −75.7 *** 16 ± 3d 7b −55.3 * 3d 1c −66.7 *
Cham1 2.1 ± 0.1a 0.50 ± 0.1bc −76.3 *** 23 ± 2c 99 ± 1b −62.3 *** 5 ± 1bc 3 ± 1b −42.9 *

J. Khetifa 2.6 ± 0.2a 0.63 ± 0.2a −75.9 *** 37 ± 1a 16 ± 1a −56.4 *** 9a 4 ± 1a −51.9 ***
Pelsodur 1.6 ± 0.1b 0.58 ± 0.1a −63.7 * 31 ± 1ab 15 ± 2a −51.1 *** 10 ± 1a 5 ± 1a −50.0 ***
Sebatel 2.1 ± 0.1a 0.66 ± 0.1a −68.4 ** 17 ± 4d 10 ± 1b −43.1ns 4 ± 1cd 2 ± 1b −36.4ns
Vulci 2.0 ± 0.1a 0.55 ± 0.1ab −72.1 ** 30 ± 6b 16 ± 3a −47.2 *** 6 ± 1b 4 ± 1a −23.5ns

Genotype ns *** ***
Treatments *** *** ***

G × T ns ** ***

Values are means ± standard deviations (n = 3). Means with same letter in each column are not significantly
different between genotypes (p < 0.05) (LSD test). ns—Not significant; *, **, and *** indicate significance at p < 0.05,
p < 0.01, and p < 0.001 levels, respectively.

3.2. Drought Effect on Whole Root System in Greenhouse Experiment

Under control conditions, no significant differences between genotypes for some root
traits, such as total root length (RLW), root surface area (SAW), root tips (TIW), and root
length density (RLD), were found. However, the effect of recurrent short events of drought
was significant and varied between genotypes (Table 2).

Table 2. Drought effect on the whole root growth and plants development.

Genotype
RVW (cm3) RLW (cm) TIW RDW (g)

Control Drought Control Drought Control Drought Control Drought

Azeghar 5.3 ± 1.1b 0.97 ± 0.3c 989 ± 84 569 ± 186b 1989 ± 217 1314 ± 329b 0.53 ± 0.1c 0.17 ± 0.1c
Cham1 7.0 ± 0.3b 1.5 ± 0.5bc 1056 ± 182 816 ± 125ab 2009 ± 312 2299 ± 524a 0.83 ± 0.1a 0.26 ± 0.1ab

J. Khetifa 9.7 ± 1.9a 2.2 ± 0.2ab 973 ± 124 887 ± 107a 2218 ± 309 1970 ± 168ab 0.86 ± 0.1a 0.30 ± 0.1a
Pelsodur 6.4 ± 0.9b 2.7 ± 0.4a 835 ± 187 912 ± 190a 1775 ± 556 1812 ± 438ab 0.68 ± 0.1b 0.36 ± 0.1a
Sebatel 6.1 ± 1.6b 1.5 ± 0.1abc 921 ± 231 806 ± 168ab 1704 ± 385 1799 ± 489ab 0.62 ± 0.1b 0.25 ± 0.1ab
Vulci 9.4 ± 0.5a 2.4 ± 1.5ab 992 ± 93 768 ± 36ab 2024 ± 68 1742 ± 316ab 0.72 ± 0.1b 0.29 ± 0.1a

Genotype *** ns ns *
Treatments *** ** ns ***

G × T ** ns ns ns

Genotype
Root/Shoot Ratio SAW (cm2) Root Angle (◦) RLD (cm cm−3)

Control Drought Control Drought Control Drought Control Drought

Azeghar 0.25 ± 0.1c 0.33 ± 0.1c 256 ± 33 83 ± 26c 125 ± 4a 108 ± 5b 0.39 ± 0.03 0.23 ± 0.07b
Cham1 0.42 ± 0.2ab 0.51 ± 0.0b 304 ± 28 123 ± 24bc 115 ± 8ab 121 ± 1a 0.42 ± 0.07 0.33 ± 0.05ab

J. Khetifa 0.33 ± 0.1abc 0.48 ± 0.1b 345 ± 56 156 ± 15ab 102 ± 2c 105 ± 4b 0.39 ± 0.05 0.35 ± 0.04a
Pelsodur 0.46 ± 0.1a 0.63 ± 0.1a 281 ± 72 175 ± 15a 94 ± 2c 98 ± 3c 0.33 ± 0.07 0.36 ± 0.08a
Sebatel 0.3 ± 0.02bc 0.38 ± 0.0c 265 ± 68 124 ± 14bc 114 ± 9b 121 ± 1a 0.37 ± 0.09 0.32 ± 0.07ab
Vulci 0.43 ± 0.02ab 0.67 ± 0.1a 315 ± 36 147 ± 50ab 114 ± 6b 106 ± 1b 0.31 ± 0.04 0.31 ± 0.01ab

Genotype *** * *** ns
Treatments *** *** ns **

G × T ns ns *** ns

Values are means ± standard deviations (n = 3). Means with same letter in each column are not significantly
different between genotypes (p < 0.05) (LSD test). RVW—total root volume; RLW—sum of all root lengths;
TIW—total number of tips; RDW—root dry weight; SAW—total root surface area; RLD—root length density.
ns—Not significant; *, **, and *** indicate significance at p < 0.05, p < 0.01, and p < 0.001 levels, respectively.

The RLW of Azeghar shortened by about 40% in drought compared with control
(Table 2), while, Pelsodur, which had the lowest RLW under control conditions, grew
slightly during the drought and had the longest roots. RLW decreased by about 23% in
Vulci and Cham1, while in J. Khetifa it was most stable, having the smallest difference
between drought and control (Table 2). The root surface area (SAW) appeared to be a quite
important characteristic, as it has a crucial role for water and nutrition uptake efficiency.
Interestingly, no significant differences were detected between genotypes for SAW under
control conditions (Table 2). Contrarily, drought affected the root surface area in the
different genotypes differently. Pelsodur maintained the highest value of SAW, while
Azeghar the lowest. Significant differences clustered genotypes into those with higher
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(Pelsodur, Vulci, and J. Khetifa) and those with lower (Azeghar, Cham1, and Sebatel) root
surface area under drought, where two putative hydric stress-tolerant genotypes J. Khetifa
and Cham 1 were separated. In addition, it was observed that genotypes were allocated into
the same groups according to phenological development under control conditions. Cham1
was assigned to the early flowering group together with Sebatel and Azeghar. Tolerant
landrace J. Khetifa showed a late flowering habit and was grouped with late Pelsodur
and Vulci. No significant differences were detected between genotypes for RLD (Table 2).
However, root length density was affected by drought. The trends indicated that J. Khetifa
and Pelsodur were affected the least, and maintained the highest RLD. Meanwhile, the
RLD of Azeghar was above 40 percent, and it had the lowest RLD in drought conditions.

Highly significant differences among genotypes and treatments were obtained for
total root volume (RVW). Under control conditions, J. Khetifa and Vulci had significantly
larger RVW compared to other genotypes (Table 2). However, under drought conditions,
Pelsodur maintained the highest RVW, while Azeghar experienced great losses and had the
lowest RVW. Genotypes were divided by root volume values under drought treatment into
three groups; (i) Pelsodur, Vulci and J. Khetifa, with a root volume over 2 cm3; (ii) Cham1
and Sebatel, with RVW less than 2 cm3; while (iii) Azeghar was less than 1 cm3 (Table 2).
Drought effects also varied between genotypes in terms of number of tips (TIW). Although
Sebatel and Pelsodur had the lowest number of tips under control conditions, under
drought TIW remained the same. Azeghar had highest TIW losses (around 33.9%), followed
by Vulci (−14.4%) and J. Khetifa (−9%), while only Cham1 increased the number of TIW
(+14%) under drought conditions. According to the ratio of root length by the number of
tips (RLW/TIW), J. Khetifa and Pelsodur had the smallest drought effect on both, growing
new roots and maintaining the root length (Figure 4). However, Cham1 and Sebatel
increased the number of new roots under drought conditions, since the RLW/TIW ratio
decreased from 33% to 17% (Figure 4).

The short drought events had a significant negative effect on root biomass (RDW),
even if the effect was different among genotypes. Under control conditions, J. Khetifa
and Cham1 produced the highest root biomass, but Pelsodur, Vulci, and J. Khetifa had
the highest root mass under drought. Azeghar had the lowest root biomass under both
conditions. Genotypes could be distinguished by different root system angles, where
Azeghar had the widest root angle, J. Khetifa, and Pelsodur the steepest, and Vulci, Sebatel,
and Cham1 were of medium root angle. However, there were highly significant differences
between genotypes and their response, as indicated by the significant interaction (G × T)
(Table 2). The RA of Azeghar and Vulci narrowed, passing from control to drought, while
in all other genotypes it flattened (Table 2). According to RDW and root system angle, six
investigated genotypes showed five root ideotypes under control (C) conditions. These
are: (iC) widest angle and lowest root biomass (i.e., Azeghar); (iiC) moderate root angle
moderate biomass (i.e., Sebatel and Vulci); (iiiC) moderate root angle and high biomass
(i.e., Cham1); (ivC) narrow root angle moderate biomass (i.e., Pelsodur); and (vC) narrow
root angle high biomass (i.e., J. Khetifa). However, under drought (D) conditions, four root
ideotypes were highlighted according to the same traits, root angle and biomass. These are:
(iD) widest root angle and retained moderate root biomass (i.e., Sebatel and Cham1); (iiD)
moderate root angle and low root biomass (i.e., Azeghar); (iiiD) moderate root angle and
high root biomass (i.e., J. Khetifa, and Vulci); and (ivD), narrowest root angle and high root
biomass (i.e., Pelsodur). In terms of overall plant development, as shown by the proportion
of shoots and roots, three groups were highlighted under drought stress. (i) Pelsodur with
Vulci had the highest root shoot ratio, (ii) Sebatel with Azeghar had the lowest, and (iii)
two tolerant genotypes, J. Khetifa with Cham1, fell in between.
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Figure 4. The ratio of sum of all root lengths and total number of tips (RLW/TIW) under
greenhouse conditions.

3.3. Drought Effect on Root Parameters at Topsoil in Greenhouse Experiment

At a depth of the first 5 cm, the total root length (RL5) had no significant differences
between genotypes under control conditions (Table 3), just like the total length of the whole
root (Table 2).

Table 3. Root characteristics at a depth of the first 5 cm below ground in greenhouse experiment.

Genotype
RL5

Root Length (cm)
SA5

Root Surface Area (cm2)
TI5
Tips

RV5
Root Volume (cm3)

Control Drought Control Drought Control Drought Control Drought

Azeghar 144 ± 35 96 ± 12c 40 ± 12b 17. ± 1.5b 341 ± 60 181 ± 43b 0.9 ± 0.3 0.24 ± 0.03b
Cham1 149 ± 33 124 ± 7bc 46 ± 9ab 21 ± 3b 311 ± 82 375 ± 38a 1.14 ± 0.2 0.28 ± 0.07b

J. Khetifa. 102 ± 27 181 ± 28ab 57 ± 15ab 34 ± 3a 231 ± 79 451 ± 60a 2.88 ± 0.9 0.52 ± 0.07ab
Pelsodur 133 ± 4 217 ± 49a 51 ± 3ab 36 ± 4a 283 ± 63 396 ± 89a 1.58 ± 0.2 0.49 ± 0.01ab
Sebatel 120 ± 42 202 ± 58a 43 ± 15b 36 ± 7a 246 ± 97 435 ± 137a 1.26 ± 0.4 0.52 ± 0.05ab
Vulci 138 ± 71 140 ± 16bc 63 ± 3a 33 ± 13a 261 ± 97 326 ± 57a 3.04 ± 2.3 0.65 ± 0.44a

Genotype ns ** ns ns
Treatments *** *** ** ***

G × T ns ns ns ns

Genotype
(RL5/RLW) * 100 (SA5/SAW) * 100 RL5/TI5 (RV5/RVW) * 100

Control Drought Control Drought Control Drought Control Drought

Azeghar 14.7 17.8bc 15.6ab 21.4bc 0.4 0.5 16.6 26.5
Cham1 14.2 15.4c 15.1b 17.2c 0.5 0.3 16.3 19.4

J. Khetifa 10.6 20.5ab 16.5ab 22.0bc 0.4 0.4 28.3 23.7
Pelsodur 16.5 23.7a 18.9ab 20.7bc 0.5 0.6 21.7 18.1
Sebatel 12.8 24.8a 16.2ab 29.1a 0.5 0.5 20.6 34.3
Vulci 13.6 18.2bc 20.1a 22.5b 0.5 0.4 37.2 28.3

Genotype ns ** ns ns
Treatments *** *** ns ns

G × T ns * ns ns

Values are means ± standard deviations (n = 3). Means with same letter in each column are not significantly
different between genotypes (p < 0.05) (LSD test). RL5—sum of root lengths in the first 5 cm below the ground;
SA5—root surface area in the first 5 cm below the ground; TI5—number of tips in the first 5 cm below the ground;
RV5—root volume in the first 5 cm below the ground. Description is added i.e. “ns—Not significant; *, **, and ***
indicate significance at p < 0.05, p < 0.01, and p < 0.001 levels, respectively”.

In order to determine the peculiarities of rooting in different soil layers, the ratio
between the root traits was also recorded on the whole root and the ones recorded on the
topsoil layer (first 5 cm) were calculated and expressed as a percentage. Under drought,
the root reduction in the different layers varied among genotypes, while at 5 cm topsoil the
total root length significantly increased for J. Khetifa, Pelsodur, and Sebatel. The largest
decrease of RL5 was found in Azeghar (about 30%), then in Cham1 (about 17%). Vulci
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remained almost the same RL5 under drought as under control conditions. According
to the RL5/RLW ratio, in the first 5 cm below ground, the root length ranged from 10
to 16 percent of the whole root length under control conditions, while under drought it
increased (from 15 to 25%); indicating a higher root concentration in the first soil layer.

Nevertheless, the effect of drought on root length distribution in different layers varied
among genotypes, even if not statistically. According to the RL5/RLW ratio, J. Khetifa,
Sebatel, and Pelsodur showed an increase of root length at topsoil under drought conditions,
which almost doubled, while Cham1 maintained almost the same root distribution between
layers under both conditions. Although the effect of drought on the roots length at different
depths varied, all genotypes under drought conditions have increased concentration of the
roots at topsoil (Table 3). The number of TI5 at a depth of first 5 cm (TI5, Table 3) had no
significant differences between genotypes under control conditions, but the response to
drought showed Azeghar to have the lowest tip number. Under stress conditions, Azeghar
lost about 50% of TI5, while other genotypes increased it, especially J. Khetifa and Sebatel,
where TI5 doubled. Regarding the ratio between root length and number of TI5 at the
first 5 cm below ground (RL5/TI5), some genotypes maintained the same pattern under
drought as the ratio of the whole plant (RLW/TIW) (Figure 4). J. Khetifa had the smallest
drought effect on developing new roots and maintaining the length in both the upper and
deeper layers of the soil (Table 3). Sebatel, in contrast, showed smaller changes at the
topsoil level. Interestingly, Azeghar applied different strategies at different layers; when the
whole plant RLW/TIW ratio decreased, at the topsoil level this ratio (RL5/TI5) increased.
According to ratio SAW/SA5, at a depth of five centimeters under control conditions, the
surface area (SA5) accounted for 15 to 20 percent of the whole root SAW, where Vulci had
the highest SA5 and Azeghar with Sebatel had the lowest SA5. Under drought conditions
the ratio SAW/SA5 increased (about 17 to 30%) and varied between genotypes (Table 3).
Pelsodur, Sebatel, J. Khetifa, and Vulci maintained significantly higher SA5 compared with
Azeghar and Cham1. The smallest changes in SA5 between control and drought conditions
were observed for Sebatel.

Comparing the distribution of SAW under drought conditions among soil layers,
the smallest changes in the SA5/SAW ratio were found for Pelsodur, Cham1, and Vulci.
Furthermore, drought root volume at a depth of the first 5 cm (RV5) significantly decreased.
Also, the distribution of root volume among layers varied between genotypes. Sebatel
had the most concentrated root volume at 5 cm depth under drought conditions (Table 3).
Moreover, Azeghar and Cham1 also increased RV5 concentration at topsoil under drought,
while J. Khetifa, Vulci, and Pelsodur maintained a higher volume of the whole root systems.

3.4. The Comparison of Root System between Greenhouse and Field

The total root volume (RVF) and the number of crossings (CRF) of plants collected
from field experiments, at a depth of first 5 cm (Figure 5) had no significant differences
between genotypes (Table 4). However, the two tolerant genotypes, Cham1 and J. Khetifa,
had significantly higher root length (RLF) and root surface area (SAF). J. Khetifa also had a
significantly higher number of root tips (TIF) and forks (FRF).
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Table 4. Root characteristics of plants collected from field at a depth of the first 5 cm below ground. 
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Table 4. Root characteristics of plants collected from field at a depth of the first 5 cm below ground.

Azeghar Cham1 J. Khetifa Pelsodur Sebatel Vulci ANOVA

RVF, cm3 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.3 ± 0.0 ns
RLF, cm 59 ± 4cd 89 ± 6a 84 ± 15ab 49 ± 6de 38 ± 3e 69 ± 11bc ***

SAF, cm2 11.8 ± 2.1bc 19.1 ± 3.4a 14.5 ± 1.3b 11.3 ± 2.7bc 8.2 ± 2.9c 15.0 ± 2.2ab **
TIF 224 ± 48bc 266 ± 44b 390 ± 65a 218 ± 83bc 142 ± 30c 261 ± 20b **
FRF 223 ± 5bc 345 ± 34ab 449 ± 88a 248 ± 84bc 114 ± 50c 446 ± 155a **
CRF 22 ± 8 28 ± 7 50 ± 29 15 ± 3 8 ± 2 44 ± 29 ns

RAF, ◦ 112 ± 6a 102 ± 5ab 93 ± 6bc 84 ± 7cd 105 ± 5ab 76 ± 13d ***

Values are means ± standard deviations (n = 3). Means with same letter in the line are not significantly different
between genotypes (p < 0.05) (LSD test). RVF—root volume in the first 5 cm below the ground of plants from
field; RLF—sum of all root lengths in the first 5 cm below the ground of plants from field of plants from field;
SAF—root surface area in the first 5 cm below the ground of plants from field of plants from field; TIF—number
of tips in the first 5 cm below the ground of plants from field of plants from field; FRF—number of forks in the
first 5 cm below the ground of plants from field of plants from field; CRF—number of crossings in the first 5 cm
below the ground of plants from field of plants from field; RAF—root angle of plants grown in field. ns—Not
significant; **, and *** indicate significance at p < 0.01 and p < 0.001 levels, respectively.

The comparison between genotype root angles, measured using ImageJ software in
the greenhouse under control condition and in the field, showed the same trend, where
Azeghar had the widest root angle, J. Khetifa and Pelsodur the steepest, and Sebatel and
Cham1 were between wide and narrow (Tables 2 and 4).

Although all genotypes showed lower values of root angle in the field than in the
greenhouse, Vulci had the greatest differences compared with control conditions in the
greenhouse, where the root angle was wider. This could be explained by the fact that the
plants were grown by a single plant per pot in a greenhouse, without any competition,
unlike in the field, where the plants were sown in dense conditions.

3.5. Correlation among Traits

The correlation matrix among traits under the control condition (Figure 6) shows that
the number of leaves (NL) and number of tillers (NT) had a highly significant positive
correlation between themselves and the root volume at topsoil (RV5). Moreover, a signifi-
cant positive correlation was found for traits such as root shoot ratio (RS), root dry weight
(RDW), root volume (RVW), and root surface area (SAW; SA5).
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nificant correlations were obtained, except shoot biomass (SDW), and root angle under 
all conditions, which had a significant negative correlation. However, root angles from all 
conditions (RAC, RAD, and RAF), had a significant positive correlation between each 
other and showed a similar trend in the relation with other traits such as a significant 
negative correlation with almost all traits under drought conditions (Figure 7). Further-
more, a significant negative correlation (−0.57) between root angle under control (RAC) 
and root length under drought stress (RLW) was obtained, which means that genotypes 
with a narrower root angle in control conditions retained longer roots in water deficit 
environments. Moreover, a significant negative correlation was obtained between the 
root angle of plants under all conditions (control, drought, and field) and plants root 
biomass under drought conditions (RDW), which means that genotypes with a narrower 
root angle can grow higher root biomass. Highly statistically (p < 0.001) significant posi-
tive correlations were detected between the main traits of the whole root system and 
topsoil, such as RL and RL5 (0.8), RV and RV5 (0.8), SA and SA5 (0.8), TI and TI5 (0.7).  

Figure 6. Positive significant correlation (in green) and negative significant correlation (in red) among
all traits under control conditions. NL—number of leaves; NT—number of tillers; SDW—shoot
dry weight; RVW—total root volume; RLW—sum of all root lengths; TIW—total number of tips;
RDW—root dry weight; SAW—total root surface area, RLD—root length density, CRW—total number
of crossings; FRW—total number of forks; RS—root shoot ratio; RL5—sum of root lengths in the first
5 cm below the ground; SA5—root surface area in the first 5 cm below the ground; TI5—number
of tips in the first 5 cm below the ground; RV5—root volume in the first 5 cm below the ground;
RAC—root angle of plants grown in greenhouse as control; RAD—root angle of plants grown in
greenhouse under drought conditions; RAF—root angle of plants grown in the field.

Furthermore, both NL and NT had highly significant negative correlation with root
angle under both greenhouse (RAC) and field conditions (RAF). Root length (RLW) under
control conditions had a highly significant positive correlation with root angle (RA), number
of leaves (NL), and number of root elements such as tips (TIW), forks (FRW), and crosses
(CRW). Root volume (RVW) under control conditions had a highly significant positive
correlation with RV5, SAW, SA5, and FRW.

Interesting results were found in the relation between traits under drought conditions
and root system angle under all conditions: control (RAC), drought (RAD), and field (RAF)
(Figure 7). For example, between almost all traits, statistically positive significant corre-
lations were obtained, except shoot biomass (SDW), and root angle under all conditions,
which had a significant negative correlation. However, root angles from all conditions
(RAC, RAD, and RAF), had a significant positive correlation between each other and
showed a similar trend in the relation with other traits such as a significant negative corre-
lation with almost all traits under drought conditions (Figure 7). Furthermore, a significant
negative correlation (−0.57) between root angle under control (RAC) and root length under
drought stress (RLW) was obtained, which means that genotypes with a narrower root
angle in control conditions retained longer roots in water deficit environments. Moreover,
a significant negative correlation was obtained between the root angle of plants under all
conditions (control, drought, and field) and plants root biomass under drought conditions
(RDW), which means that genotypes with a narrower root angle can grow higher root
biomass. Highly statistically (p < 0.001) significant positive correlations were detected
between the main traits of the whole root system and topsoil, such as RL and RL5 (0.8), RV
and RV5 (0.8), SA and SA5 (0.8), TI and TI5 (0.7).
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length density, CRW—total number of crossings; FRW—total number of forks; RS—root shoot ratio;
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below the ground; TI5—number of tips in the first 5 cm below the ground; RV5—root volume in the
first 5 cm below the ground; RAC—root angle of plants grown in greenhouse as control; RAD—root
angle of plants grown in greenhouse under drought conditions; RAF—root angle of plants grown in
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3.6. PCA in Response to Drought

The three top PCA account for 93.9% of the total variation of shoot root traits under
drought stress and root angle from field plants (RAF) (Table S1). PC1 accounted for 66.0%
of the total variation and was strongly influenced by several traits (i.e., RLW, RVW, SAW,
SA5, NL, NT, and RDW). PC2 accounted for 16.8% of the total variation and was mainly
associated with RS, -RL5, -TI5, -RAD, AND -RAF, while PC3 accounted for 11.1% and
was strongly associated with TIW, -SDW, and -RV5. The first two principal components,
explaining 82.8% of the total variation, divided genotypes into two groups (I) and (II)
(Figure 8).

Pelsodur and Vulci were assigned to cluster (I) with the drought tolerant landrace J.
Khetifa, due to their positive association with traits on the positive side of PC1, while the
Sebatel and Azeghar with tolerant Cham1 under drought conditions are on the negative
side of PC1, associated with root angle under drought (RAD) and field (RAF), and assigned
to cluster (II). Interestingly, these two groups overlapped with genotype shoot development
either early or late flowering. Moreover, the same groups were highlighted regarding RV
changes at different soil layers; early flowering growth genotypes had the lowest RV, but
maintained higher root volume at 5 cm depth compared with a group of late genotypes.
However, cluster (II) was divided into two subgroups, where Azeghar (IIA) was separated
from the Cham1 and Sebatel cluster (IIB) due to the largest losses in the aboveground part
of the plant under drought conditions.
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under drought conditions; RAF—root angle of plants grown in the field. * indicates significance at p < 
0.05. 

The first three components of PCA considering all traits under both drought and 
control conditions accounted for 89.9% of total variation: 57.7% to PC1, and 17.0% to PC2, 
and 14.4% to PC3 (Table S2). Interestingly, all the genotypes under drought stress are 
grouped on the positive side of PC1 with more or less the same values (ranging from 
about 2 to 4). While the same genotypes under control conditions are on the negative side 
of PC1 with different values, AzegarC is close to zero, while J. Khetifa (JKC) is almost at 
−5 of PC1. Considering that PC1 is mainly determined by –RVW, -RV5, -RDW, -SAW, 
SA5, -NL, and -SDW, these traits are different among the genotypes under control (end-
ing with C in Figure 9) and drought (ending with D in Figure 9) conditions, and in par-
ticularly are negatively associated (decreased) in the case of drought. On the other hand, 

Figure 8. Principal component analysis (A) and hierarchical cluster dendrogram applying Ward’s
method (B) of the six investigated durum wheat genotypes under drought conditions. NL—number
of leaves; NT—number of tillers; SDW—shoot dry weight; RVW—total root volume; RLW—sum of
all root lengths; TIW—total number of tips; RDW—root dry weight; SAW—total root surface area;
RS—root shoot ratio; RL5—sum of root lengths in the first 5 cm below the ground; SA5—root surface
area in the first 5 cm below the ground; TI5—number of tips in the first 5 cm below the ground;
RV5—root volume in the first 5 cm below the ground; RA—root angle of plants grown in greenhouse
under drought conditions; RAF—root angle of plants grown in the field. * indicates significance at
p < 0.05.

The first three components of PCA considering all traits under both drought and
control conditions accounted for 89.9% of total variation: 57.7% to PC1, and 17.0% to PC2,
and 14.4% to PC3 (Table S2). Interestingly, all the genotypes under drought stress are
grouped on the positive side of PC1 with more or less the same values (ranging from about
2 to 4). While the same genotypes under control conditions are on the negative side of PC1
with different values, AzegarC is close to zero, while J. Khetifa (JKC) is almost at −5 of
PC1. Considering that PC1 is mainly determined by –RVW, -RV5, -RDW, -SAW, SA5, -NL,
and -SDW, these traits are different among the genotypes under control (ending with C
in Figure 9) and drought (ending with D in Figure 9) conditions, and in particularly are
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negatively associated (decreased) in the case of drought. On the other hand, PC2, which is
mainly determined by RLW, RS, RL5, TIW, and TI5, is very wide (ranging from 2 to −4) for
the genotypes under drought while it is more or less constant (ranging from about 1 to −1)
for the same genotypes under controlled conditions.
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Figure 9. Principal component analysis and cluster dendrogram of 6 investigated durum wheat
genotypes under control (C) and drought (D) conditions. NL—number of leaves; NT—number of
tillers; SDW—shoot dry weight; RVW—total root volume; RLW—sum of all root lengths; TIW—total
number of tips; RDW—root dry weight; SAW—total root surface area; RS—root shoot ratio; RL5—
sum of root lengths in the first 5 cm below the ground; SA5—root surface area in the first 5 cm below
the ground; TI5—number of tips in the first 5 cm below the ground; RV5—root volume in the first
5 cm below the ground; RA—root angle of plants grown in greenhouse under drought conditions;
RAF—root angle of plants grown in the field. * indicates significance at p < 0.05.
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The tolerant landrace J. Khetifa was assigned together with Pelsodur and Vulci to the
same cluster under both conditions. However, under control conditions J. Khetifa was
closer to the Vulci, while under drought conditions it was closer to the late flowering time
Pelsodur. Early flowering genotypes, such as Cham1, Sebatel, and Azeghar formed one
cluster under control conditions, while the drought separate Azeghar, which is probably a
susceptible genotype to hydric stress.

4. Discussion

According to Reynolds and Langridge [39], several crucial steps are required to im-
prove crop tolerance for abiotic stress; among them, trait-based breeding and a “crop
ideotype design” are the first to be considered. Breeding programs have focused largely
on above ground traits, leaving the root system importance overlooked [40]. Some of the
previous studies reported that RSA traits on the seedling stage can be used to predict the
RSA of adult plants in field-grown [20] or in an artificial system [21] to evaluate the crop
adaptation under water stress conditions; unfortunately, these were validated only for what
concerned the root angle and seminal root apparatus. Conversely, in the present study,
the analysis was performed on a more advanced stage than seedling and on several root
traits since different root types could perform differently under different conditions [23],
as also highlighted by the present results. For what concerns the substrate, in the present
study we used sand that allows roots to grow around the 360◦ rather than rhizotrons
(GrowScreen-Rhizo 1) [41], growth pouch, or clear pot [21] which fundamentally allow a root
development in only two dimensions. Moreover, Gregory et al. [42] recorded a significant
soil by genotype interaction, when wheat root length among accessions grown on agar
plates showed positive differences of about 40%, while in a sandy loam soil the differences
were negative and at about 30%. However, in our study, we obtained a positive correlation
between the root angle of genotypes grown under greenhouse and field conditions, which
are good traits for selection for drought tolerance [23,24]. In addition, the highly statisti-
cally significant correlations between the main traits of the whole root system and topsoil
indicate that it would be possible to extrapolate the root phenotyping of the whole root
system by analyzing only the topsoil root system.

After simulations of several root system traits and ideotypes for drought conditions, it
was proposed that for cereals a “deep, steep, and cheap” root system is the most proper for
water scarcity environments [43,44]. A deep root system is the most important characteristic
for the drought tolerant crop ideotype, as it allows access to residual water resources and
N from deeper soil layers [45]. Moreover, recent studies observed an association between
steep root angle and the depth of RSA, when narrower angles allow for an increase in deep
rooting [14,46,47]. The same relationship was found in our study, as genotypes from the
same cluster with the narrowest root angle in control conditions, such as J. Khetifa and
Pelsodur, retained longer roots in water deficit environments and vice versa, while Azeghar
with the widest angle in control conditions had the shortest RLW under drought conditions.
Furthermore, a significant negative correlation between root angle under control (RAC)
conditions and root length under drought stress (RLD) support the methods proposing
to analyze the root angle at a seedling stage and select the genotypes adapted to drought
on the basis of that data. These root system characteristics are often associated with the
germplasm origin and the relative climate conditions. In general, a narrow root angle and
deep root system are more common for rain-fed crops, which depend on stored water in
the soil. However, the analysis of durum wheat landraces from the Mediterranean basin
showed large variability in root system architecture [48–50]. Cultivars originating from
the western Mediterranean showed a narrow root angle, the same as genotype J. Khetifa,
which originated from Tunisia [34,48]. In agreement with Ober et al. [51], we demonstrated
that a narrow root angle was associated with higher root biomass; for example, J. Khetifa
and Pelsodur had a narrow root angle under control conditions (RAC) and maintained
higher root biomass (RDW) under water scarcity.
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Manschadi et al. [14] demonstrated how the yield increases of 55 kg/ha for each
millimeter of water extracted from the soil after anthesis (i.e., in grain filling stage); hence a
deep root system, but also wide root system, are the most desirable in environments with
terminal drought [40]. In addition, genotypes from cluster (II) Cham1 and Sebatel showed
different root ideotypes than genotypes from cluster (I). They had a wider root angle under
control conditions, and under drought stress maintained moderate root biomass, length,
surface area, and volume. However, regarding shoot biomass (SDW), Sebatel maintained
significantly higher SDW than Cham1 under drought conditions. Interestingly, most of the
differences between the Sebatel and Cham1 genotypes were found in topsoil root traits.
Sebatel maintained significantly longer root length, volume, and surface area at the topsoil
compared to Cham1, which helps to develop a significantly higher shoot biomass. Similar
results were obtained in other studies, where the late flowering genotypes (in our case J.
Khetifa, Pelsodur and Vulci) had a more uniform distribution of the root system compared
to the early flowering genotypes (in our case Cham1 and Sebatel), which kept a higher root
volume at 5 cm depth under drought [52].

The deep root allocation for durum wheat was determined to be a good strategy for
drought avoidance in Mediterranean-type environments, which facilitates access to subsoil
water resources [43]. In agreement with the “deep, steep, and cheap” root system ideotype,
the genotypes Pelsodur, J. Khetifa, and Vulci can be considered drought tolerant; confirming
the suitability for drought-tolerant breeding, as it was reported that this root system had
significant functional relation to water absorption and drought avoidance in rice [53]. Also,
the genotypes Sebatel and Cham1 with compact topsoil rooting patterns under drought
condition could be good candidates for breeding, as it was demonstrated that higher root
mass and root length density in subsoil layers contribute to the grain yield of winter wheat
under drought conditions [54]. Finally, Azeghar with the lowest root biomass, surface
area, length, and volume under drought stress and the widest root angle under control
conditions shows susceptible root ideotype for hydric stress.

5. Conclusions and Perspectives

This study highlighted huge variability among a small number of genotypes in terms
of the development, distribution, and architecture of the root system in order to tolerate
difficult environments and to increase resilience to climate change. Even two hydric stress-
tolerant genotypes showed different root system ideotypes and rooting patterns under
drought. Moreover, it was demonstrated that screening plants’ roots in the early stage
grown under control conditions using a high-throughput scanner can expedite the selection
of novel traits for crop improvement in plant breeding.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12061329/s1, Table S1: Principal Components Analysis of traits detected under
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Abbreviations

CR5 number of crossings in the first 5 cm below the ground
CRF number of crossings in the first 5 cm below the ground of plants from field
CRW total number of crossings
FR5 number of forks in the first 5 cm below the ground
FRF number of forks in the first 5 cm below the ground of plants from field
FRW total number of forks
NL number of leave
NT number of tillers
RAC root angle of plants grown in greenhouse as control
RAD root angle of plants grown in greenhouse under drought condition
RAF root angle of plants grown in the field
RDW root dry weight
RL5 sum of roots lengths in the first 5 cm below the ground
RLD root length density
RLF sum of roots lengths in the first 5 cm below the ground of plants from field
RLW sum of all root lengths
RS root shoot ratio
RV5 root volume in the first 5 cm below the ground
RVF root volume in the first 5 cm below the ground of plants from field
RVW total root volume
SA5 root surface area in the first 5 cm below the ground
SAF root surface area in the first 5 cm below the ground of plants from field
SAW total root surface area
SDW shoot dry weight
TI5 numbers of tips in the first 5 cm below the ground
TIF number of tips in the first 5 cm below the ground of plants from field
TIW total number of tips
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Abstract: Drought limits crop productivity and reduces yield stability. Drought tolerance as a
selection criterion in breeding programs requires the development of high-throughput, precise,
and low-cost phenotyping strategies. We developed a mathematical model, based on biological
approaches, for evaluating soybean plants’ response to drought under controlled growth conditions.
The model describes the kinetics of water consumption of a plant pot substrate system (PPS) with
low sampling requirements. The model generated two parameters, t0.5 (time necessary for the PPS to
reach half of the maximum amount of evapotranspirable water) and Gw(t0.5) (stomatal conductance
[Gw] at t0.5), which determined the water- consumption curve of each genotype. An analysis of the
kinetics of water consumption in response to a progressive water deficit in a biparental and breeding
population was performed as a preliminary test of the model. A correspondence analysis between the
t0.5 and Gw(t0.5) parameters with the genetic structure of the populations shows a genetic association.
The phenotyping methodology presented in this work and drought susceptibility in field conditions
are discussed based on previous results. This work could be useful for improving the selection of
soybean genotypes in relation to their performance under drought conditions.

Keywords: drought; stomatal conductance; mathematical modeling; crop breeding

1. Introduction

Despite increases in soybean (Glycine max L.) crop yields achieved by breeding and
better agricultural practices, its productivity and yield stability are especially susceptible to
drought events [1,2]. Drought stress affects both the vegetative and reproductive stages
in soybean, reducing leaf area, increasing flower and pod abortion, and diminishing pod
and seed size [3]. Several works relate the response in the vegetative stage to drought
tolerance during reproductive stages [4–6]. According to Kron et al. (2008) [4], there is a
“developmental window” in the V4 stage, in which plants subjected to water stress improve
the subsequent drought-stress tolerance in the reproductive stage. Furthermore, Sinclair
et al. (2010) [6], using a simulation model, determined that water conservation through an
early decrease in stomatal conductance and reduced transpiration rate explains the increase
in soybean yield throughout 70 years with drought events.
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Soybean breeding programs are mostly focused on increasing total yield and yield sta-
bility, which are mainly affected by water shortage during the crop cycle. These programs,
particularly public breeding programs, do not use drought response as selection criteria
due to the high costs of the massive phenotyping equipment currently available. Most of
the high-throughput phenotyping platforms are based on the diagnosis of changes in the
plant’s physiology, such as leaf conductance, leaf area, and root system development, using
a complex and expensive system of analysis [7]. Hence, including drought tolerance as a
selection criterion in breeding programs requires the development of high-throughput, pre-
cise, and low-cost phenotyping strategies [8]. However, as Valdez et al. (2013) [9] indicate,
strategies could include the quantification of two crucial aspects of the plant’s water budget:
(i) the ability to capture more water, and (ii) the ability to conserve and use captured water
more efficiently. Nowadays, it is well documented that water extraction during the key
crop stages greatly informs crop performance in water restricted scenarios [9–11].

Water balance in a land crop is greatly dependent on evapotranspiration phenomena.
This is the combination of two independent processes involved in water losses from the
soil. One is the evaporation of the water content in the soil surface, and the second is the
loss of water contained in the plant tissues by transpiration [12]. In crops, the transpiration
increases as the plants grow due to the increase of leaf area. At the same time, this causes a
contrary effect on the evaporation, which decreases progressively. Evapotranspiration can
be determined by measuring several components of water balance in the soil. Specifically,
in a controlled close system with no run-off or percolation, the total water content of the
system within a certain period can be quantified as weight.

At the whole plant level and under constant water demand, water uptake or water use
depends mainly on root-system development, leaf area, transpiration rate, and leaf conduc-
tance [9]. Under conditions with increasing water restriction, each of the abovementioned
parameters has a different role on water use. However, there is a consensus within the
scientific community that transpiration changes are a critical component in contexts where
the available water content in the soil is changing [13–16]. Transpiration is determined by
the demand and controlled by stomata; during soil desiccation, the water extractable by
the roots is continuously reduced, which determines that full transpiration demand cannot
be supported. In this situation, the plants respond with stomatal closure to avoid shoot
desiccation. In addition, stomatal opening is quite sensitive to the evaporative demand,
and a high vapor-pressure deficit (VPD) reduces stomatal opening to restrict water losses.
Soil water content and atmospheric demand ultimately determine the dynamic of water
consumption [17]. Therefore, leaf conductance measurements using gravimetric methods
have been explored as robust parameters for breeding programs [18–21]. Moreover, the
variation of stomatal conductance in soybeans in response to VPD and soil water content
has been shown to be dependent on the genotype [22,23].

The increase in the number of new genotypes evaluated by breeding programs calls
for a high capacity for data acquisition and processing, yield prediction, and responses
under different environmental conditions. To this end, the use of tools such as sensors, data
analysis programs, algorithms, and models is essential [24]. However, the evaluation of the
models with experimental data is necessary for their improvement and adjustment [25,26].
Under optimal development conditions, mathematical models can predict plants’ responses
more accurately. Under stress conditions, however, a greater range of responses are gener-
ated and the prediction accuracy of the models becomes weaker [24]. The results of models
focused on the water absorption of crops [27–29] show a great variation among themselves
as a consequence of the many factors involved. For example, the substrate information
must be improved, as well as the plant-soil interaction [24]. It is necessary to have a better
theoretical and empirical basis and an appropriate knowledge of the environmental condi-
tions where the model will be applied. Another aspect that stands out that is not always
taken into account when determining the performance of the model is the competence of
its users. Therefore, it is necessary to simplify and facilitate the input data models. Most of
the relevant mathematical models that we know of are designed to explain crop behavior
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in response to field environmental changes. Moreover, the time variable is not included in
these models, which would not account for the physiological changes at the plant level.

In this study, we developed a simple and informative model based on biological and
mathematical approaches for evaluating, under controlled growth conditions, the response
of soybean plants to water restriction through the quantification of water consumption in
the vegetative stage. To find a physiological explanation of the variables generated by the
model, they were correlated with the stomatal conductance dynamic. Also, a preliminary
test of the model was performed separately in a biparental segregating population and in
a breeding population. Results show that the approach proposed is a valid option to be
included in plant phenotyping protocols with limited manpower and infrastructure.

2. Materials and Methods
2.1. Phenotyping Method Based on Water Consumption under Controlled Environmental Conditions

For the development of the mathematical model, we performed an experiment with
a soybean genotype (GENESIS 5601). Plants were grown in a 0.5 L plastic bottle (pot)
filled with a mix of sand:vermiculite (1:1). This combination of plant, pot, and substrate
was defined as a Plant Pot Substrate system (PPS) (Figure S1). Plants were grown in an
environment defined by day/night cycle temperatures of 30/20 ◦C, respectively, and a
light/darkness photoperiod of 16/8 h, respectively. Relative humidity (RH) was controlled
at 35/40% during the entire growth period. Three seeds per pot were sown, and only
one seedling remained after the cotyledon expanded. The homogeneity of the plants was
carefully analyzed to avoid any interference related to developmental phenotype. During
the first 16 days after sowing (developmental stage V2–3), soybean seedlings were grown
without water restriction, and substrate was kept at field capacity with Rigaud and Puppo
(1975) [30] medium supplemented with KNO3 (10 mM final concentration). Since day 17,
watering was suspended, and water substrate content was measured daily by gravimetry
(water gravimetric content) during the next 10 days of water deficit (dwd) (Figure 1).
Stomatal conductance was measured simultaneously with PPS on the abaxial leaf surface
with a Porometer Model SC-1 (Decagon Device), as instructed by the manufacturer, since
the suspension of watering. Five biological replicates (n = 5) were used for determinations,
consisting of five independent PPSs.
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Figure 1. Schematic illustration of the experiment for determining water consumption. Plants were
maintained at field-capacity condition until day 16, after which the water supply was suspended. The
Plant Pot Substrate system (PPS) was weighted daily for 10 days (t = 0 until t = 10). Evaporation: E;
transpiration: T; days of water deficit: dwd.
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2.2. Phenotyping Strategy Applied to an F3 Segregating Population

An F3 segregating population of 177 genotypes derived from the crossing of parental
lines SO7.6557 × DM6.8 were phenotyped using the methodology and the mathematical
model developed in this study. The phenotyping experiment was laid out in a randomized
incomplete block design, with three replications in each experiment. Growth conditions
were the same as described in the Section 2.1. PPS weight and stomatal conductance were
measured simultaneously.

2.3. Phenotyping Strategy Applied to a Breeding Population

A local breeding population composed of a set of 89 genotypes [31] was also pheno-
typed using the methodology described above and the mathematical model developed in
this study. Five well-known commercial varieties were included as checks in all phenotyp-
ing experiments. In this case, plants were grown in 2.851 L PVC tubes (11 cm in diameter
and 30 cm long) with a mix of sand:vermiculite (1:1) under the same environmental con-
ditions as described previously. Plants were grown without any watering restriction for
30 days (developmental stage V4–5), after which watering was suspended and the PPS
weight was registered at days 0, 4, and 8 after suspending the water supply. PPS weight
and stomatal conductance were measured simultaneously.

2.4. Genotyping by Sequencing and SNP Calling

The F3 segregating population of 177 genotypes was genotyped using a SoySNP6k
chip [32] in an Iscan system (Illumina, San Diego, CA, USA). SNP calling was done using the
GenomeStudio software (Illumina, San Diego, CA, USA). Genotyping-by-sequencing (GBS)
data were obtained for the breeding population according to the methodology proposed by
Quero et al. (2021) [31].

2.5. Data Analysis
2.5.1. Nonlinear Models

To model the weight of the plant pot substrate system and its evapotranspiration, a one-
phase exponential decay and one-phase association function were used, respectively. In both
cases, the initial values and parameters estimation is described by Equations (11) and (12) of
Section 3.6. It is worth noting that the nonlinear models were fitted using the nls function
of the stats [33] package of the statistical R software [33].

2.5.2. Multivariate Characterization

The multivariate characterization of the soybean populations was accomplished
through some exploratory analyses and visualization tools. First, genotypes were clustered
in groups based on the PCA of the genotypic variability using a hierarchical clustering al-
gorithm (HCPC). Genotypes were grouped based on similarity from the Euclidean distance
using the Ward method, and the number of groups was determined by the highest relative
loss in inertia using the function HCPC of the FactoMineR [34] package in the statistical
software R [33]. Second, a correspondence analysis (CA) was performed based on the
contingency tables of the HCPC analysis from the genotypic characterization, and the
clustering was performed according to t0.5 and Gw(t0.5). The correspondence analysis was
performed to visualize the relationship between the two grouping strategies (i.e., based on
genetic and phenotypic variables). The CA was conducted using the CA function of the
FactoMineR [34] package in the R software [33].

2.5.3. Statistical Model and Adjustment of Phenotypic Means

Best linear unbiased estimators (BLUEs) for each advanced inbred line were obtained
with mixed models to include experimental design components using the following model:

yij = µ + αi + βj + εij
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where yij is the response variable, µ is the overall mean or intercept, αi is a random variable
associated with the ith assay with αi~N (0, σ2

A), βj is the effect of the jth line, and εij is the
residual error with εij~N (0, σ2ε). The model was adjusted in the R software [33] using the
lme4 package [35], while the BLUEs were estimated using the emmeans package [36], also in
R [33]. In all cases, BLUEs were further used as genotypic values for the model, PCA, and
CA analyses.

3. Results

In this work, we developed an empirical mathematical model for describing the
kinetics of water consumption of a PPS (Figure 2) using an important plant such as soybean.
This model was applied for developing a phenotyping methodology for water-deficit
response in soybean plants under controlled environmental conditions.
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Figure 2. (a) Empirical model representing evapotranspiration over time and the empirical model
adjustment. Weight (W) of the PPS along the days of water deficit (dwd). Sum of dry weight
substrate, pot, and plant weight (S), residual water (AR), evapotranspirable water (AET), and potential
evapotranspiration (B) of plants at field-capacity conditions. (b) Mathematical analysis for modeling
ET(t) as a function of time. The parameter t0.5 is the time required for the PPS to halve the potentially
evapotranspirable water.

3.1. Mathematical Model Development

In the experiment, the PPS system weight (W) is defined as the weight of water (A)
plus the rest of the components of the system (S). S is the sum of substrate, pot, and plant
weight. The latter was considered constant during the assay because, although it could
vary throughout the days, it is insignificant in comparison to the rest of components of
S. A is the sum of the transpirable water (AET) plus a percentage of that which cannot be
evapotranspired by the PPS throughout the whole assay. The non-evapotranspirable water
is defined as residual water (AR). The values of AR depend on the matric potential of the
substrate and the transpiratory capacity of the plants (Figure 2a). The amount of potentially
evapotranspirable water of the PPS is a function dependent on time (t), and it is named
AET(t). Therefore, A(t) = AET(t) + AR.

3.2. PPS Weight Modelling over Time

If W(t) is a function of the PPS weight over time (t), then

W(t) = A(t) + S = AET(t) + AR + S (1)
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In order to find an algebraic expression for the W(t) function, we assume the following:
“The velocity with which the PPS weight varies is directly proportional to the amount of
water that can be evapotranspired for the PPS in this fraction of time”. This hypothesis can
be mathematically expressed through the following differential equation:

dW(t)
dt

= −kAET(t) (2)

where k > 0 is a constant of proportionality. The negative sign of the equation is due to the
decrease of the PPS weight over time, as the assay was performed withdrawing watering
at t = 0.

Since AR and S are constant magnitudes over time, the derivation of the equality (1)
results in dW(t)

dt = dAET(t)
dt , thus, the Equation (2) can be rewritten as follows:

dAET(t)
dt

= −kAET(t) (3)

obtaining the first order homogeneous linear differential equation for the function AET(t).
Solving the Equation (3) using separation variables method (Figure S2), the solution can be
written as:

AET(t) = Be−kt (4)

where B is a positive constant.
By combining the Equations (1) and (4), we obtain the following equation:

W(t) = Be−kt + AR + S (5)

The graphic representation and the experimental data adjustment of Equation (5) are
shown in Figure 2a.

3.3. Evapotranspiration Modelling as a Function of Time

To quantify the evapotranspiration (Figure 2b) (ET(t)) of the PPS from the precise
moment when watering was suspended (t = 0) to time t, is the difference between the PPS
weight in both times, that is

ET(t) = W(0)−W(t) (6)

Combining the Equations (5) and (6), we have that:

ET(t) = W(0)−W(t) = AET(0) + AR + S− (AET(t) + AR + S)
= AET(0) + AR + S− AET(t)− AR − S
= AET(0)− AET(t) = B− Be−kt

= B
(

1− e−kt
)

Therefore,
ET(t) = B

(
1− e−kt

)
(7)

The graphic representation and the experimental data adjusting of the Equation (7)
are shown in Figure 2b.

3.4. Potential Evapotranspiration Estimated by the Model

At the moment watering was suspended (t = 0), the PPS had the maximum quantity
of evapotranspirable water. By definition, this quantity is AET(0) = B, as observed in
Figure 2a.

On the other hand, since the constant of proportionality (k) of Equation (7) is positive,
we have that

lim
t→∞

ET(t) = lim
t→∞

B
(

1− e−kt
)
= B (8)
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That is, the parameter B is the horizontal asymptote of the function ET(t), and repre-
sents the potential evapotranspiration of PPS, as observed in Figure 2b.

3.5. Half-Time of ET

Half-time is, by definition, the time required for the PPS to reduce the potential
evapotranspiration in half. As the potential evapotranspiration is B, the half-time, t0.5, is
expressed as follows:

ET(t0.5) =
B
2

(9)

Equation (7) is used to calculate t0.5, therefore,

t0.5 =
1
k

ln(2) (10)

Thus, the half-time is inversely proportional to the constant k, and independent of B.
The graphic representation of t0.5 is shown in Figure 2b.

3.6. Parameters of the ET Model Calculated from the Experiment Data

If Wj is the PPS weight registered on the jth day since suspending watering,
{(

j, Wj
)}N

j=0
is the set of data obtained from the assay (Figure 2a).

To determine the ET parameters as a function of time (Figure 2b), with this data set,
we can use the least-squares method that requires computational resources or an analytical
method from Equation (7). For this last option, we took three specific determinations, W0,
Wn, and W2n, and performed them on days 0, n, and 2n, respectively. Replacing this data
on the Equation (7), we can directly find the parameters, obtaining the following:

B =
(Wn −W0)

2

W2n −Wn + W0
(11)

k = − 1
n

ln
(

W2n −W0

Wn −W0

)
(12)

To develop an empirical model, the PPS weight measurements (W(t)) during the
whole water-deficit period were used to determine the curve fitting according to the
experimental methods described in Figure 2. As shown in Figure 1, 10 days of water
restriction determined a curve of PPS weight loss, determined by the water transpired
by the plants. As indicated in Figure 2a, W at time t is defined by the parameter B
determined by the weight when t is 0 and it represents the potentially evapotranspirable
water, AR indicates the water not extractable, and S indicates the weight of the support and
dry substrate.

The evapotranspiration of the PPS over time from the day when watering was with-
drawn was determined by Equation (7) and defined by the parameters B and k. It is im-
portant to note that B represents the potential evapotranspiration of the PPS. By definition,
half-time (t0.5) is the time required for the PPS to reach half of the potential evapotran-
spiration (Figure 2b). These parameters show the kinetics of water consumption of the
genotypes and could help in the characterization of soybean genotypes.

3.7. The Model Minimizes Sampling Requirements in Phenotyping Protocols

To simplify the data collection procedure and increase the high throughput capacity,
the model parameters were estimated using the minimum sampling. Figure 3a shows the
values of K in Equation (7) estimated by the Gauss Newton numeric methods versus the
values of K estimated by analytic methods using a sampling of the PPS weight every two
days. As observed in Figure 3a, an optimum adjustment was obtained when the values of
the PPS weight were sampled on days 4 and 8. The parameters estimated with the weight
of these two days are closer to the best model fit. The same results were obtained with
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parameter B of Equation (7) (Figure 3a), but with an adjustment of 0.96. Both parameters
of the model are critical to evaluate the water-consumption curve of a specific genotype.
Hence, the PPS weight on days 4 and 8 appears to be enough to describe the kinetics of
water consumption throughout the water restriction period. Figure 3b shows that the
adjustment curve of Equation (7) with parameters B and K is the same as the one obtained
using all the PPS weight data in the Gauss Newton estimation method.
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Figure 3. Minimum sampling requirements analysis and adjustment of model. (a) Relation between K
or B estimated by the Gauss Newton method and the predicted K or B generated by analytic methods
with two-time sampling, respectively. Axis indicates the parameters and the days of the sampling.
(b) ET over time. Graphic representation of Equation (7) adjusted according to the data of the numeric
(solid curve) or analytic methods (dashed colored curve). Colors indicate the two specific sampling
days used for modeling the curve. Days of water deficit: dwd.
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3.8. Stomatal Conductance as a Function of Time

By definition, stomatal conductance (Gw) is the rate of CO2 entering the substomatal
chamber, or the water vapor exiting through the stomata pore of the leaf. Since most of
the water lost by the PPS is from stomatal transpiration, it is possible to suppose that the
evaporation is negligible. Thus, the variation in weight can be attributed exclusively to
transpiration, that is:

dW(t)
dt

= −τGw(t) (13)

where in τ represents a constant of proportion.
By deriving the Equation (5) and replacing in (13), we obtain the following:

Gw(t) =
k
τ

Be−kt (14)

The graphic representation and the experimental data adjustment of the Equation (14)
are shown in Figure 4a.
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3.9. Conductance as a Function of PPS Weight

By combining the Equation (5) with (14), we obtain the following:

Gw(t) =
k
τ

Be−kt =
k
τ
(W(t)− AR − S) =

k
τ

W(t) +
k
τ
(−AR − S)

Thus,

Gw =
k
τ

W + a (15)

where in a = k
τ (−AR − S).

Thus, stomata conductance is a linear function of the PPS weight, as shown in Figure 4b.
To understand the physiological component of the kinetics of water consumption

dissected by the proposed model, Gw over time was included in the mathematical modeling.
A modeled curve of Gw over the time was performed from Equations (5) and (13)

(described in Sections 3.2 and 3.9). Figure 4a shows how the model generated by theoretical
tools is adjusted with the experimental data. Using function (4), it is possible to estimate
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the half-time for Gw(t0.5) from the moment watering is suspended. This parameter is
relevant as a useful indicator to identify contrasting responses of different genotypes to
the hydric deficit. Figure 4b shows the direct theoretical relation between the Gw obtained
from Equation (15) and the PPS weight (red curve), and the high correlation with the
experimental data (R2 = 0.92).

3.10. Application of the Phenotyping Methodology in Two Breeding Populations at Different Plant
Developmental Stages

The methodology was tested in a phenotyping approach in two breeding populations.
The parameters of the water-consumption curve defined by the model (t0.5 and Gw(t0.5))
were analyzed and related to the genetic variability in order to improve the understanding
of the plant’s water-consumption behavior in soybean.

3.10.1. Half Time and Stomatal Conductance

An analysis of the kinetics of water consumption in response to a progressive water
deficit was performed in a biparental population. Two parameters, t0.5 and Gw(t0.5), were
selected to characterize the variability of the recombinant genotypes (Figure 5a,b). Values
of t0.5 between 2 and 6 days showed high variability in the kinetics of water consumption.
However, 25% of the genotypes had a t0.5 lower than 3 days, and the remaining 75% had
a t0.5 higher than 3 days. The normal distribution observed confirms that the values of
the parameters had a biological behavior inside the population. On the other hand, the
distribution of Gw(t0.5) ranked between 101.8 and 202.8 mmol H2O m2 s−1 shows normal
distribution that accomplishes the behavior of a water-consumption response (Figure 5b).

When the phenotyping protocol was evaluated in V5 plants of a breeding population, a
similar range of t0.5 values were obtained in comparison to those obtained in the biparental
population when evaluating in V3 plants (Figure 5a,c). However, when Gw(t0.5) was
analyzed, a wider range of values was obtained (6–300), showing that this parameter is
more affected by the developmental stage and genotypic variability (Figure 5b,d).

It is important to point out that Gw(t0.5) is the conductance reached at the time when
the plant has consumed half of the potentially evapotranspirable water, and not a simple
calculation of half Gw at the initial time (t0). This confirms the idea that parameters
identified by the model are biologically relevant and, at least in soybean, that could help in
the analysis of plant response to water deficit.

3.10.2. Genetic Structure and Correspondence Analysis

Based on the genetic structure of both breeding populations, we identified three main
groups in the biparental population and six groups in the breeding population (Figure 6a,b).
The latter shows a higher genetic diversity, which would explain the results of the analysis
in the distribution of values for the parameters of the model (Figure 5). The correspondence
analysis between HCPC genotypic and HPC phenotypic groups showed the following
correspondence: for the t0.5 parameter and in the biparental population; tq3 and g2; and tq1
and g3. The relation between tq2 and g1 is not clear. In the case of the breeding population,
the correspondence indicated the relation between tq1 and g3; tq2 and g2; and g6, tq3,
and g4. It was not possible to find a correspondence for g1 and g5 (Figure 6c,d). When
the same correspondence analysis was performed between the genetic groups and the
Gw parameters, the results showed correspondences between Gwq3 and g2, and between
Gwq2 and g1 in the biparental population. It was not possible to find a relation between
Gwq1 and g3 (Figure 6e). In the case of the breeding population, correspondences between
Gwq3, g3 and g6; Gwq2 and g1; and g2 and g5 were found (Figure 6f). It was not possible
to find a relation between Gwq1 and g4. This type of analysis indicates that the changes in
water consumption under hydric conditions, quantified by the parameters of the model,
are related to the genetic components in the genotype.
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4. Discussion

In the current climate change scenario, soybean breeders must use effective strategies
to develop varieties with a better ability to cope with periods of water shortage. The
complexity of drought-tolerance traits has prevented the development of successful and
accessible phenotyping strategies for selection, especially in small-scale breeding programs.
This situation motivated our work to develop an effective phenotyping strategy. The simpli-
fication of phenotyping strategies becomes necessary when a high number of plants must
be evaluated at the same time. In this regard, considerable efforts were made to reach this
objective. In our case, we set the focus on the development of a model able to characterize
and predict the water-consumption curve with low sampling requirements. Since the
plant growth system minimizes water losses by evaporation, the water-consumption curve
could be related to the transpiration curve, while also including the stomatal response
as a parameter of the model. As demonstrated in several studies, water consumption
using gravimetric methods correlates with the measurement of the transpiration rate under
specific VPD conditions [37], so a fairly high throughput analysis based on that concept
could be applied.

The data confirms the strong relation between the kinetics of water consumption and
stomatal conductance, which means that the water transpired from the PPS defined in the
study is regulated by stomatal conductance, and this last variable is regulated by the water
availability in the pot. The model generated in this work contemplates the time variable,
therefore it considers the changes in the parameters of water consumption. These types
of models included dynamic variables which are scarce and would allow more precise
characterization of complex biological phenomena such as plant adaptation to changes in
the levels of available water. In addition, the data input of the model is based on a simple
variable and easily quantifiable as the weight of PPS.

Moreover, the model can predict the value of water when the conductance is 0 and
define the limit of water extraction. This trait has been identified as an important factor,
because genotypes with high values of water thresholds begin to partially close their
stomata at a relatively high water content, therefore saving soil water [9]. A study using
data from different regions and years of the USA has shown, through simulation tools,
that this trait would lead to a significant increase in soybean yield, especially in crop
seasons classified as dry [6]. An early and accurate screening of the genotypes with specific
responses in the water-consumption curve under water deficit seems to be an interesting
advantage to be explored in plant breeding programs.

How drought episodes are established in field conditions varies depending on the
agro-climatic region, the rain patterns, the soil characteristics, and the atmospheric demand.
Under alternating drought conditions, in which there is a frequent period of stress alle-
viation, genotypes with high evapotranspiration capacity and water extraction (higher B
and lower AR) could be more interesting than those with a contrary response (lower B and
high AR). However, in a drought situation with a low probability of soil water recovery, the
selection of genotypes with low B and high AR could be the main objective for breeding.

The gravimetric measurements of the transpiration-curves trait performed under dif-
ferent VPD could lead to an increase in the adaptation capacity of several crop genotypes
to different environments, using the proposed method with a high scale-up potential. Phe-
notyping protocols have been used in different ways to classify genotypes in response to
drought. In this work, we propose the assignment of some parameters of the model as a
specific trait of genotypes, so these parameters should be included in drought phenotyping
methods. Moreover, associations among the variables of the model increase the possibil-
ity of identifying other more informative parameters related to plant-drought tolerance.
For example, the model demonstrated that the stomatal conductance could be included
as an explicative variable of plant response to progressive water deficit. It is clear that
regulating the speed of stomatal closure is a key element in the drought response [9]. In this
context, Gw(t0.5) appears to be an effective measurement to explain the responsiveness of
genotypes to changes in water availability.
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Moreover, the phenotype of soybean plants in response to the hydric deficit from two
breeding populations could be characterized by the proposed model. Since the phenotype of
each genotype is determined by the genome-environment interaction [38,39], the variables
generated by the model t0.5 and Gw(t0.5) were subjected to a correspondence analysis.
The analysis confirmed a possible genetic association between the response of genotypes
to water restriction and the parameter of the model. As expected, a clearer grouping
association was observed in the biparental population than in the breeding population,
where the genetic diversity of the germplasm was greater. However, the different number
of genotypes included in both analyses could explain the results in the correspondence
analysis. Moreover, a genome-wide association analysis could contribute to identifying
the specific genomic region and genetic marker associated with the parameters defined by
the model.

A recent report has classified the same genotype collection using indexes such as
drought susceptibility index (DSI) and yield stability index (YSI) in relation to the crop cy-
cle group [31], and the authors were able to identify QTLs associated with those traits.
A preliminary but not confirmatory correspondence analysis between the parameter of
the model t0.5 and DSI showed a grouping (Figure S3), indicating that the phenotyping
strategy discussed in this work could be useful for improving genotype selection in relation
to the performance at field conditions. However, a specific validation assay of water-
deficit response in field conditions of a set of genotypes previously characterized by the
model represents the next challenge. This point is critical for proposing the phenotyping
methodology as a tool to be included in crop breeding programs, especially in those with
low-income support.

5. Conclusions

The developed model in the study characterizes and predicts, using gravimetric
measurements and with low sampling requirements, the water-consumption curve of
soybean plants when watering is withdrawn. The model confirms the strong relationship
between the kinetics of water consumption and stomatal conductance. The correspondence
analysis between model parameters and the response of the genotypes to water restriction
in two different soybean breeding populations confirmed a possible genetic association
between parameters of the model and genotypic identity. A preliminary approximation
shows that the phenotyping methodology presented in this work could be included in crop
breeding programs, especially in those with low-income support.
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Figure S3: Cluster analysis based on drought susceptibility index (DSI) and the parameter of the
model t0.5.
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Abstract: Summer legume cover crops (CC) such as Crotalaria juncea, Crotalaria spectabilis, Crotalaria
ochroleuca, and Cajanus cajan could offer diverse advantages for the environment and productive
cropping systems. A low transpiration efficiency (TE) of CC can induce soil water content to levels
that present a challenge for the subsequent crop. In a 75-day growth chamber experiment, using
the natural abundance of 13C, 18O, and 15N we evaluated the TE and BNF under two soil water
conditions. Our results showed that the four species tested are good candidates for their use as CC
because they showed good results in terms of productivity parameters, TE, and BFN. Cajanus cajan
had the highest TE, a high shoot dry matter production, and accumulated more N from BFN in the
shoot than C. spectabilis, C. juncea, and C. ochroleuca. ∆18O increased under moderate water deficit and
showed an inversely proportional relationship with the amount of transpired water, supporting the
use of this isotopic indicator as a proxy for transpiration and stomatal conductance. For the isotopic
parameters no interaction between the factors water regimen and species were found. We propose
the mass ratio of nitrogen fixed by the volume of transpired water and the isotopic discrimination of
13C as useful indicators of drought fixing legumes tolerance.

Keywords: legumes; cover crops; drought; biological nitrogen fixation; water use efficiency; nitrogen
use efficiency; stable isotopes

1. Introduction

The annual summer legumes Crotalaria juncea, C. spectabilis, C. ochroleuca, and Cajanus
cajan, are species that are characterized by their high biomass production and ability for bi-
ological nitrogen fixation (BNF) [1–3]. Due to these characteristics, they are commonly used
as cover crops (CC) in cropping agriculture rotations in tropical and temperate zones [4,5].
Cover crops could protect the soil surface temporarily or permanently between two com-
mercial crops [6], and their use is a strategy to improve soil quality and reduce nutrient
losses, including water shortages. In the context of drought, a species’ ability to accumulate
dry matter (DM) production and N must be balanced with its water consumption [7].

Transpiration efficiency (TE) also called water-use efficiency (WUE) is defined as
the amount of DM produced by water transpired [8] and can be determined on different
scales of time (instantaneous or time-integrated measurements) and space (at leaf, shoot or
whole plant level). The selection of species based on TE is a key strategy of plants in the
acclimation to drought [9]. The reference method to determine TE, at whole plant level and
long term is through lysimeters with gravimetric determinations [10], which in practice
present some limitations due to labour requirements. Instantaneous WUE or TE can be also
determined by measuring the concentration of CO2 and H2O vapour, which can be applied
at the leaf level and faster than gravimetric determination using lysimeters [11]; however,
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the robustness of this methodology is more limited than TE determination. In addition,
the instantaneous WUE can be estimated by the relationship between the photosynthesis
rate (A) and transpiration (T) and the intrinsic WUE by the relationship between A and
stomatal conductance (gs) [12].

Another alternative to determine long-term TE, extrapolated to whole plant level
that does not require measuring transpiration or DM production, is through isotopic
discrimination of 13C (∆13C) [13,14]. This isotopic indicator is highly heritable in C3 plants
and has a low genotype by environment interaction [15,16].

The plant ∆13C depends on its water status [17] and, therefore, on soil moisture [18].
∆13C has a strong negative correlation with rainfall [19] and soil moisture [20]. Moreover,
physiological factors such as stomatal conductance and photosynthetic rate also determine
∆13C [21,22].

Although ∆13C is widely used as an indicator or proxy for TE, it is not possible to
distinguish if under water limiting conditions its variation is due to decreases in stomatal
conductance or photosynthetic rate. To differentiate between them, the isotopic discrimi-
nation of 18O (∆18O) can be used, because it does not depend on the photosynthetic rate
but on the stomatal conductivity [23]. Thus, the determination of ∆13C and ∆18O allows a
quick and reliable measurement of TE and the stomatal conductance, respectively [23,24].

The natural abundance of 15N can be used to estimate the BNF. The different composi-
tion of nitrogen isotopes in plants grown in the same condition can be attributed to the fact
that 15N abundance in the air is lower than in the soil [25]. Therefore, the determination of
N isotopes in plants allows estimation of the amount of N obtained through BNF.

Moderated water restrictions have been shown to increase the natural abundance of
13C in plant tissues, including C. juncea and C. spectabilis, during their growth that allows
determining their TE [26]. However, that study was limited to two species and the fixated
nitrogen and its relation with the WUE was not evaluated. Therefore, the objective of our
work is to evaluate the performance of four species of tropical legumes based on different
desirable attributes in CC under water-limiting conditions and also to propose new index
parameters related to TE and BNF under water-limiting conditions.

2. Materials and Methods
2.1. Plant Material and Growing Conditions

Seeds of Crotalaria juncea L. (Sunnhemp), C. spectabilis Roth (Showy rattlepod),
C. ochroleuca (Slender leaf rattlebox), and Cajanus cajan (Pigeon pea) cv. IAPAR 43 were
purchased from BRSEEDS Company (Araçatuba, SP, Brazil). Seeds were sown at the rate
of one per pot with 4 kg of a typical soil from southern Uruguay (carbon = 11.6 g/kg;
clay = 268 g/kg; silt = 487 g/kg; sand = 245 g/kg). The plants were grown in a growth
chamber at 30 ◦C with a relative humidity of approximately 50% and a light intensity of
500 mmol m−2 s−1 with a 16/8 h light-dark cycle.

The experimental design used was a randomized complete block with two factors,
legume species and water regime. Plants from each species, six replicates each, were firstly
grown at 80% of field capacity (FC) for 30 days. From day 30, a moderate water deficit
was imposed by subjecting the plants to 50% FC for 45 days whereas other plants were
kept at 80% FC as control treatment. The daily water volumes of 50% and 80% FC were
estimated by gravimetric determination and were calculated considering that the water
content at FC (θf, on the basis of mass) was 28.5% (m/m). The amount of transpired water
was determined according to Berriel et al. [14], and the TE was calculated at the end of the
test as: TE = shoot DM produced/transpired water.

2.2. Isotopic Ratio Mass Spectrometry Determination

To determine the produced shoot biomass expressed as DM, leaves and stems were
dried at 60 ◦C until a constant weight was reached. Plant samples were ground in a fixed
and mobile knife mill (Marconi MA-580, Piracicaba, Brazil), achieving a particle size of
less than 2 mm and then with a rotary mill (SampleTek 200 vial Rotator, Lawrenceburg,
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KY, US) until reaching the required granulometric size for isotopic analysis. One and a
half mg of each sample was weighed into tin capsules. The natural abundance of 13C
and 15N was determined in a Flash EA 1112 elemental analyser (Milan, Italy) coupled to
a Thermo Finnigan DELTAplus mass spectrometer (Bremen, Germany) at the Centre of
Nuclear Application in Sustainability Agricultural of School of Agronomy, Uruguay. The
isotopic ratio was expressed in delta notation (δ) in parts per thousand or ‰ using the
following equation [27]:

δ13C =

( Rsample

Rstandard
− 1
)
× 1000

Carbon isotope discrimination (∆13C) was calculated using the following equation [28]:

∆13C =

(
δ13Cair − δ13Cplant

1 + δ13Cair/1000
− 1

)
× 1000

The proportion of N fixed from the air (% Ndfa) used the formula of Shearer and
Khol [29]:

%Ndfa =

(
δ15Nref − δ15Nfix

δ15Nref − B

)
× 100

with % Ndfa the proportion of plant N derived from BNF; ∆15Nref, the δ15N value of the
reference plant (not fixing); δ15Nfix, the δ15N value of the fixing plant; and B, the δ15N value
of a fixing plant growing in a medium without N.

As a reference plant, corn was used, with a value of +9.7‰ of δ15N, determined under
the same conditions.

The 18O/16O isotopic ratio was determined on the DM of leaves, and the analytical
determination was carried out in a Thermo Scientific Delta V mass spectrometer (Bremen
GmbH, Germany) with a Conflo IV interface connected to a Costech 4010 elemental analyser
(EA) (Milan, Italy) and a high-temperature conversion elemental analyser (CSI laboratory
of the University of New Mexico).

2.3. Statistical Analysis

The experimental design consisted of completely randomized blocks with 6 repetitions
each. Factors consisted of combinations of four plant species and two soil water regimes
(80% FC and 50% FC). The main effects of species and soil water status, as well as their
interaction, were analysed by ANOVA and the mean separations were performed with
the Tukey’s HSD (honestly significant difference) at the 5% significance level using the
statistic software InfoStat® version 2020 (Universidad Nacional de Córdoba, Córdoba,
Argentina) [30]. The correlation between the variables studied was analysed using the
Pearson correlation matrix also using the InfoStat® [30].

3. Results

The legume species C. juncea, C. spectabilis, C. ochroleuca, and Cajanus cajan were
evaluated according to their shoot DM production, transpired water, TE, and isotopic
parameters in two water regimes, moderate water deficit (50% FC) and well-watered (80%
FC). For these variables, no interaction between the factors water regimen and species were
found, therefore the response of each species to the water regime followed a similar pattern.
The main effects of water regime and species were observed on shoot dry matter, transpired
water, and TE (Figures 1 and 2).
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Figure 1. Shoot dry matter (DM), transpired water and transpiration efficiency (TE) of legumes used
as CC compared with no water deficit (80%) to moderate water deficit (50%). (A). DM production
expressed in g per plant. (B). Transpired water as L of water per plant. (C). TE determined as DM
produced per transpired water (g of DM/L of water). (D). p-values of the ANOVA for the species
and water status effects and the species × water status interaction. The box plots represent the
means, each dot represents independent replicates, and the vertical lines represent the standard
deviation. Different letters indicate statistical significance between species (lowercase) and water
regimes (capital letters) in a Tukey’s HSD (honestly significant difference) post hoc test at 0.05 p-value.
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Figure 2. ∆13C, ∆18O, and fixed N in legumes used as CC during moderate water deficit (50% FC) and
in the absence of water deficit (80% FC). (A). Carbon-13 isotope discrimination (∆13C) (B). Oxygen-18
isotope discrimination (∆18O). (C). Fixed nitrogen (mg per plant). (D). p-values of the ANOVA for the
species and water status effects, and the species × water status interaction. The box plots represent
the means, each dot represents independent replicates, and the vertical lines represent the standard
deviation. Different letters indicate statistical significance between species (lowercase) and water
regimes (capital letters) in a Tukey’s HDS post hoc test at 0.05 p-value.

However, the N fixation did not show differences between species (Figures 1 and 2).
In particular, the DM production and transpired water were lower during moderate water
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deficit (Figure 1). Cajanus cajan produced the highest DM and transpiration rate, followed
by C. spectabilis, C. ochroleuca, and C. juncea (Figures 1 and 2). In addition, the TE increased
in all species under moderate water deficit, being Cajanus cajan the most efficient, C. juncea
the least efficient, and C. ochroleuca and C. spectabilis showed an intermediate efficiency
(Figure 1).

The two factors tested, water regime and species, influenced the isotopic parame-
ters but not their interaction. In general, ∆13C was lower under moderate water deficit,
whereas the ∆18O increased under moderate water deficit compared to the control condi-
tion (Figure 2). Among the species, Cajanus cajan and C. spectabilis showed a lower ∆13C
than C. ochroleuca and C. juncea in both control and moderate water deficit (Figure 2). In
terms of ∆18O under moderate water deficit, only C. ochroleuca and C. spectabilis exhibited
differences, being higher for C. spectabilis (Figure 2). The correlation analysis, considering
all species and water soil content, showed a negative correlation between the variables TE
and ∆13C, ∆13C and ∆18O, and ∆18O and transpired water (Table 1).

Table 1. Pearson correlation coefficients for the correlations between shoot dry matter (DM), tran-
spired water (T), transpiration efficiency (TE),13C and 18O isotope discrimination (∆13C, ∆18O respec-
tively) from the values obtained for C. cajan, C. spectabilis, C. ochroleuca, and C. juncea taken together.

DM T TE ∆13C ∆18O

DM 1
T 0.50 *** 1

TE 0.49 *** −0.47 *** 1
∆13C −0.32 *** 0.44 *** −0.77 *** 1
∆18O 0.13 * −0.44 *** 0.56 *** −0.69 *** 1

p: * 0.05; *** 0.001.

The %Ndfa was lower under moderate water deficit relative to the control condition,
and no differences between the species were found (Figure 3). However, the DM production
was different between these species (Table 1) explaining the differences in the amount of N
derived from BNF (p < 0.0001) in the shoot. The water regime did not affect the amount of
total N; thus, when total N was considered irrespectively of the water condition, C. juncea
and C. spectabilis had lower N content (43 and 72 mg, respectively) than C. ochroleuca and
Cajanus cajan (132 and 177 mg, respectively).

Figure 3. Proportion of nitrogen derived from the air (%Ndfa). The box plots represent the means,
each dot represents independent replicates, and the vertical lines represent the standard deviation.
The statistical analysis revealed no species effect but a treatment effect. Different letters indicate
statistical significance between treatments in a Tukey’s HDS post hoc test at 0.05 p-value.
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Fixed N was affected by the water regime and also by different species, but no statisti-
cally interaction was found between water regime and species (Figure 2). In both water
conditions, Cajanus cajan and C. ochroleuca fixed more N than C. spectabilis and C. juncea
(Figure 2). Moreover, in both water regimes Cajanus cajan and C. ochroleuca had the highest
ratio Nfix/T and Nfix/∆18O, while C. juncea and C. spectabilis had the lowest (Table 2).

Table 2. Performance indexes for legumes that were subjected to moderate water deficit (50% FC)
and control (80% FC) conditions. The evaluated indexes related the amount of fixed N from air with
the transpired water, ∆18O and ∆13C (Nfix/T, Nfix/∆18O, and Nfix/∆13C). Different letters indicate
statistical significance between species (lowercase) and water regimes (capital letters) in a Tukey’s
HDS post hoc test at 0.05 p-value.

Species Nfix/T Nfix/∆13C Nfix/∆18O

80% FC 50% FC 80% FC 50% FC 80% FC 50% FC

Cajanus cajan 75 a 69 a 6.87 Aa 4.52 Ba 6.7 a 6.3 a

Crotalaria spectabilis 25 b 33 b 2.43 Ab 2.37 Bb 2.2 b 2.3 b

Crotalaria ochroleuca 77 a 83 a 5.49 Aa 3.60 Ba 5.7 a 4.3 a

Crotalaria juncea 16 b 14 b 1.39 Ab 0.84 Bb 1.8 b 1.4 b

Factor p-value
Specie <0.0001 <0.0001 <0.0001

Water status NS 0.0325 NS
Specie × Water status NS NS NS

In legumes in which ∆13C correlated more with transpired water than with photo-
synthetic rate, the Nfix/∆13C index can be used as an index informing about the nitrogen
fixation in relation to water transpired. The moderate water deficit condition implicated a
decrease in this index in all four species tested and followed the same trend as the amount
of fixed N (Table 2). Finally, strong positive correlations were found between the Nfix/T,
Nfix/∆18O, and Nfix/∆13C indexes and between them and the TE when the species and
water conditions were grouped (Table 3).

Table 3. Pearson correlation coefficients for the correlation between different indicators of perfor-
mance, transpiration efficiency (TE), mg of fixed N per L of water (Nfix/T), mg of fixed N per 13C
isotope discrimination (Nfix/∆13C), and mg of fixed N per 18O isotope discrimination (Nfix/∆18O)
from the values obtained for C. cajan, C. spectabilis, C. ochroleuca, and C. juncea taken together.

TE Nfix/T Nfix/∆13C Nfix/∆18O

TE 1
WUEfix 0.45 *** 1

Nfix/∆13C 0.29 * 0.87 *** 1
Nfix/∆18O 0.43 *** 0.73 *** 0.85 *** 1

p: * 0.05; *** 0.001.

4. Discussion

The legumes C. spectabilis, C. juncea, C. ochroleuca, and Cajanus cajan may be good
candidates for cover cropping because of their high ability to fix N [31]. Besides these
attributes, high WUE and TE are desirable characteristics for CC in water-limited environ-
ments. In this study, we determined these parameters in these four species under different
water regimes.

In both water regimes, Cajanus cajan had the greatest DM production, TE, and amount
of fixed N among the four species tested. Moreover, Cajanus cajan had the greatest DM
production in relation to transpired water. This shows its potential as a CC in water-limited
environments. Cajanus cajan can combine these desirable attributes, maximizing the DM
produced in relation to water consumed or transpired. These findings show that Cajanus
cajan has a potential to be used as CC in soils where water restrictions are common.
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Most climate change scenarios foresee rainfalls to be decreased around the world and
its pattern to be more erratic [32]. Therefore, the redesign of agricultural crop rotations
seems to be imminent to mitigate the effect of climate change on natural resources [33–35].
High WUE and TE in drought conditions are desired features that crops, varieties, or
genotypes must have to be considered in this redesign [36].

In moderate water deficit, C. spectabilis, C. juncea, C. ochroleuca, and Cajanus cajan were
tolerant to a moderate water deficit, in agreement with previous reports that evaluated
the performance of these species under field conditions [37,38]. The strong decrease in
transpired water in response to a moderate water deficit, together with a slight decrease in
DM production, resulted in an increased TE (Figure 1), which explains their tolerance to
water restrictions. Berriel et al. [25] found that moderate drought also negatively impacted
DM production and transpired water of C. spectabilis and C. juncea when plants were
studied at whole plant level and in longer term. This suggests that our findings may be
translatable for all four species when studied in longer periods of moderate water deficit
and no matter the methodological approach used (i.e., whole plant or shoot only).

The decrease in DM production can be a consequence of the reduction in photosyn-
thetic rate, which often relates to a decrease in stomatal conductance. One of the few studies
quantifying the impact of water deficit on the variables determining the water–carbon
balance in leaves, was carried out in C. cajan in which moderate water deficit caused a
decrease in transpired water, stomatal conductance, and photosynthetic rate, leading to an
increase in instantaneous WUE [39].

In all species, ∆13C decreased in water-limited condition relative to the control condi-
tion (Figure 2). Regardless of the water regime, the least discrimination was exhibited by
Cajanus cajan, the greatest by C. juncea, and intermediate discrimination was found in C.
ochroleuca and C. spectabilis. In turn, regardless of the water conditions position (Figure 2).
Berriel et al. [25] observed the same pattern for C. spectabilis and C. juncea, in terms of
∆13C, during water deficit and after rehydration. In our study, when the water deficit
prevailed, the decrease in ∆13C indicates that either the decrease in stomatal conductance
or the transpiration rate led to a decrease in both transpired water and DM production
(Figure 1).

∆13C was negatively related to TE in all four evaluated species (Figure 1; Table 1). The
use of ∆13C as a proxy for TE has been confirmed in different C3 species [40–42] but not
in many grain legumes [43]. The relationships we found between ∆13C and TE and those
reported by Berriel et al. [14,25], supports the strength of 13C as an isotopic indicator of TE
in Cajanus cajan, C. spectabilis, C. juncea, and C. ochroleuca.

The variation in ∆18O by the water regimes (Figure 2; Table 1) and the strong inversely
proportional relationship between this and transpired water, support the use of this isotopic
indicator as a proxy for transpiration and stomatal conductance [44,45]. Determining ∆18O
is advantageous compared to determining transpiration and stomatal conductance because
it evaluates the transpiration rate in a longer time scale [46].

The negative correlation between ∆18O and ∆13C helped to interpret the differences in
TE estimated through the ∆13C proxy (Table 1), indicating that the increase in TE is mainly
determined by the decrease in stomatal conductance than by the decrease in photosynthetic
rate. This interpretation is consistent with the greater decrease in transpired water than in
DM production (Figure 1).

In this study, we defined indexes relating the amount of fixed N (Nfix) and transpired
water, determined directly, as ∆13C and ∆18O. Based on the relationships established
between fixed N and transpired water, we propose three sustainability indexes focused
on the amount of water used to fix N and applicable to legumes: Nfix/T, Nfix/∆13C, and
Nfix/∆18O. All these indexes showed a strong positive correlation among them (Table 2).
Methodologically, the Nfix/∆13C index is the preferred one, given its simplicity to be
determined. According to these indexes, C. cajan and C. ochroleuca are the most promising
species as CC in conditions of moderate water deficit. It is worth bearing in mind that the
application of rhizobia inoculants would increase the BNF in any of the species, something
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not tested here, which can cause differences in the ranking produced here. Regardless of
this, the information generated in this work, as well as the use of the indexes defined here,
can contribute to the study and design of agricultural rotations that allow the generation
of ecosystem services and mitigate the impact of climate change on farms. Since this
study was completed in controlled conditions, more research is necessary to evaluate the
significance of these indexes in field conditions.
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Abstract: This study aimed to examine the influence of long-lasting moderate (45% field water
capacity—FWC) and severe (30% FWC) water stress and application of sulphur (elemental sulphur
or sulphate) on the growth, yield and mineral composition of wheat and maize. Concentrations
of macro- and micronutrients were determined in the aboveground parts of the plants. Drought
stress caused a marked decrease in the growth parameters of both plants. Under both optimal water
conditions (60% FWC) and moderate water stress (45% FWC), grain yields of wheat grown without
sulphur application were not significantly different. Applying elemental sulphur caused an increase
in grain yield under moderate stress, whereas sulphate was more effective in wheat grown under
adequate water supply. Severe water stress significantly lowered wheat yield, regardless of sulphur
fertilisation. Increasing water stress resulted in a greater reduction in maize growth, with an average
50% decrease in dry mass under severe water stress. Both crops maintained relatively high levels
of macro- (N, P, K, Mg, Ca, S) and microelements (Mn, Fe, Cu, Zn) and did not suffer noticeably
from deficiencies in such. Sulphur application did not modify these relationships. In conclusion,
sulphur fertilisation may be recommended in wheat cultivation when plants are exposed to moderate
water stress.

Keywords: drought; water stress; elemental sulphur; sulphate; macroelements; microelements

1. Introduction

Drought is currently the most important environmental factor that a has huge impact
on the growth of plants and their productivity [1,2]. Suboptimal water supply affects plants
in a number of interacting manners, and the plant response is dependent on the plant
species and stage of plant growth, severity and duration of stress and other environmental
factors [1]. Under drought conditions, plants show numerous morphological, physio-
logical, and biochemical changes [2]. Drought disrupts water relations, mineral uptake,
photosynthesis efficiency and partitioning of assimilates and ultimately causes a significant
reduction in crop yields [1,3,4]. Fahad et al. [1] show that yield losses in maize and wheat
caused by drought reach 63–87% and 57%, respectively. Hence, to guarantee successful
crop production, it is necessary to find effective ways to mitigate the negative effects of this
stress. To achieve this goal, it is very important to use appropriate breeding programs to
obtain crop genotypes resistant to suboptimal water supply. Applying a specific mineral
fertilisation may help plants to cope with drought stress [2]. Hence, knowledge concerning
uptake and accumulation of nutrients in plant tissues is very important from both an agri-
cultural and an ecological perspective. The macroelement sulphur (S) is present in plant
tissues in the smallest amount, in comparison to all other essential macronutrients, and yet
is considered a limiting element in high-yielding agriculture [5,6]. Research concerning
sulphur application in agricultural plant production is therefore very necessary. To ensure
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proper growth and development, plants require sulphur at a level of 0.1–1.0% on a dry
weight basis, and the average concentration of S in plant tissues ranges from 0.2 to 0.5% [7].
Plants take sulphur mainly as sulphate (SO4

2−), but elemental sulphur that is oxidised to
sulphate in the soil is another good source of this element [8].

Sulphur plays a crucial role not only in the growth and development of higher plants,
but also in stress tolerance and drought tolerance. Data concerning the effect of drought on
sulphur nutrition are scant, although some studies have indicated that S nutrition plays
a role in stress tolerance and defence mechanisms [1,9,10]. Sulphur, among other things,
is a component of glutathione that is an important non-enzymatic antioxidant, being a
crucial element in antioxidative mechanisms in plant cells [11]. Sulpholipids containing
sulphur are present in chloroplastic membranes where they might protect photosynthetic
apparatus under stress conditions. Usmani et al. [12] examined maize grown under drought
stress and fertilised with different S fertilisers (K2SO4, FeSO4, CuSO4 and Na2SO4). They
demonstrated that sulphur availability positively influenced some physiological parameters
in water-stressed maize and among various S sources, K2SO4 application resulted in the
maximum increase in plant yield. Lee et al. [10] showed that drought stress induced by
PEG (polyethylene glycol) resulted in a reduction in S uptake and significantly decreased
the amount of sulphur assimilated into amino acids and proteins. Our earlier study
demonstrated that applying elemental sulphur to the soil alleviated the negative effects
of stress caused by chromium pollution [13]. Hence, we wished to further investigate if
sulphur fertilisation improves plant functioning under drought soil conditions. It is very
important to know the effects of S fertilisers on the uptake of other nutrients, particularly
nitrogen (N), potassium (K) and phosphorus (P). Relationships between S fertilisers and
other minerals under water scarcity conditions are still not clear, and getting to know them
will allow for more effective management of crops grown under drought stress.

This study aimed to investigate the reactions of wheat and maize to long-lasting mod-
erate (45% field water capacity—FWC) and severe (30% FWC) drought stress and examine
the influence of sulphur fertilisation on yield and mineral composition in the plants.

2. Materials and Methods
2.1. Materials, Setup and Procedure

Research was conducted in the vegetation facilities of the Department of Plant Nutri-
tion of the Wroclaw University of Environmental and Life Sciences in Poland. Experiments
were set up in four replicates in Wagner-type pots containing 5 kg of soil. The physical and
chemical properties of the soil are described in Table 1. Temperature and light conditions
during plant vegetation were natural, while soil moisture was controlled by watering with
distilled water and soil moisture was maintained throughout the entire vegetation period
of the cultivated plants at 30%, 45% and 60% field capacity (Table 2).

Table 1. Physico-chemical properties of the soil before the experiment.

pH Corganic Stotal P K Mg S-SO4 Zn Mn Fe Cu
Agronomic Category of Soil

1 M KCl dm3 g kg−1 Soil mg kg−1 Soil Soluble Forms

Medium 4.80 6.32 0.178 64.0 88.0 48.0 9.26 39.0 110 577 2.94

Initially, the soil had an acidic pH (1 mol dm−3 KCl), a medium level of phosphorus
according the Egner-Riehm method [14] and low levels of potassium [14] and magnesium
according the Schachtschabel method [15]. The amount of overall S and S-SO4 in the soil
classified it as low-fertility soil. There were low levels of the microelement iron present,
as well as medium levels of copper and manganese and high levels of zinc according the
Rinkis method [16]. Before sowing, calcium was added to the soil (liming) by applying
calcium carbonate at a dose calculated for 1Hh (5 g CaCO3). The agricultural plants studied
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were spring wheat (Tybalt variety) and maize (Mosso variety). Twenty-five grains of wheat
were sown into pots and 10 evenly spaced plants were left after thinning, while 12 grains
of maize were sown, leaving 6 plants after thinning. The vegetation period of wheat was
115 days, while that of maize was 99 days. Wheat was collected at the full maturity stage
and maize was collected at the full bloom stage (BBCH 67). Overall, the experimental design
included nine treatments in order to study the interaction of applied sulphur fertilisation
and FWC (Table 2).

Table 2. Treatments in the pot experiment.

Field Water Capacity Form of Sulphur Dose of S mg kg−1

Without S 0

S-S0—elemental 6030%

S-SO4—sulphate (VI) 60

Without S 0

S-S0—elemental 6045%

S-SO4—sulphate (VI) 60

Without S 0

S-S0—elemental 6060%

S-SO4—sulphate (VI) 60

Sulphur was applied before seeds were sown. Elemental S was ground to an average
grain size of less than 0.1 mm to increase the rate of S oxidation in the soil [17]. For both
plants, the same dose of nitrogen was applied (1.6 g per pot; NH4NO3 in an aqueous
solution). Half of the dose was applied before sowing and half during the topdressing
stage (spring wheat BBCH 30 and maize BBCH 19). The size of the dose for the remaining
macroelements depended on the soil properties. To each 5 kg pot of soil was added 0.6 g
phosphorus, 1.5 g potassium and 0.3 g of magnesium. Fertilisation with microelements
was applied in standard quantities for pot experiments in compounds that did not contain
sulphur. Macro- and microelements were applied before sowing (in an aqueous solution or
in solids) and mixed into the entire amount of soil in the pot.

2.2. Methods for Chemical Analysis

Before and after the vegetation experiments, representative soil and plant samples
were collected for agricultural and chemical analysis. After conducting the preparations for
the soil material, we determined the soil pH of 1 mol dm−3 KCl using the potentiometric
method, the overall S content (S total) via the Butters–Chenery method [18] and the content
of S sulphates (VI) with the Bardsley and Lancaster method [19]. In plant material collected
during the study, we determined the overall level of nitrogen (N organic) using the Kjeldahl
method and the S total via the Butters–Chenery method. To determine levels of other
elements, the plant material was dry mineralised, and then the ash was taken up with
nitric acid and measured in solution: phosphorus via the vanadic–molybdate method,
potassium and calcium with flame photometry, and magnesium and microelements via
atomic absorption spectrophotometry.

2.3. Statistical Methods

The yield sizes and results of the chemical analysis were subjected to a two-way
variance analysis. Prior to performing the analysis of variance, tests for homogeneity of
variance within groups were performed using the Levene’s test and the Shapiro–Wilk
test of the correspondence of variables to the normal distribution. The relevance of mean
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differences was evaluated using the Tukey post hoc test with a significance level of p = 0.05.
The statistical program R [20] was used for all statistical analyses.

3. Results and Discussion
3.1. Plant Growth and Yield

Drought affects many aspects of plant growth and development, diminishes the
germination and establishment of seedlings, reduces cell division and differentiation rates,
decreases biomass accumulation and consequently causes dramatically lower crop yields.
For major crop plants, average yields can be reduced by more than 50% [1,21].

Our results show that the growth of both wheat and maize markedly dropped under
drought conditions (Figures 1a,b, 2a,b, 3a,b and 4a,b), and wheat reacted better than maize
to sulphur fertilisation under optimal conditions (60% FWC) and moderate water stress
(45% FWC) (Figure 2a).
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Figure 1. Grain yield of spring wheat. Values indicated by the same letter are not significantly
different (α = 0.05).
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Figure 2. Straw yield of spring wheat. Values indicated by the same letter are not significantly
different (α = 0.05).

Under both optimal water conditions (60% FWC) and moderate water stress, the
grain yields of wheat grown without sulphur application were not significantly different
(Figure 1a). Applying elemental sulphur caused an increase in grain yield under moderate
stress, whereas sulphate was more effective in wheat grown under adequate water supply
(Figure 1a). Sulphur application (Figure 2a)—both elemental and sulphate—significantly
improved the yield of wheat straw grown under optimal water conditions and moderate
stress, but observed increases did not exceed 10% in comparison to plants grown without
sulphur. The severe water stress significantly lowered the yield of grain and straw, regard-
less of sulphur fertilisation (Figures 1a,b and 2a,b). Under this condition, wheat biomass
production (grain, straw) was greatly reduced (Figures 1a,b and 2a,b), but not by more than
40% in comparison to well-watered plants (60% FWC).
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Figure 3. Fresh mass yield of maize. Values indicated by the same letter are not significantly different
(α = 0.05).

In maize, both stress levels caused a significant reduction in fresh and dry weights
of plants (Figures 3a,b and 4a,b). The severe drought stress caused, on average, a 50%
reduction in plant dry mass. As a C4 plant, maize uses water very efficiently, but it remains
sensitive to water availability. Applying sulphur did not modify maize growth under
stress conditions, but it did slightly improve dry matter production in well-watered plants
(Figure 4a). Previous studies have shown that drought negatively impacts the yield of crop
plants, with the decrease in yield being dependent on the severity of the drought stress and
plant growth stage [22–27]. A few studies of sulphur fertilisation indicate that application
of this element may help plants better tolerate limited water availability [9,28].
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Figure 4. Dry mass yield of maize. Values indicated by the same letter are not significantly different
(α = 0.05).

Overall, both maize and wheat were able to survive long-lasting, high-intensity water
shortage (30% FWC), and their biomass production was not reduced by more than 50%
when compared to well-watered plants. Under severe water stress, applying sulphur did
not affect the growth of plants.

3.2. Mineral Nutrition
3.2.1. Macroelements

Plant ability to uptake minerals is a very important factor in determining the quality
and quantity of crop yield. Drought stress usually restricts absorption of minerals due
to a decreased rate of nutrient diffusion from the soil to the absorbing root surface and
lowered translocation within the plant [29,30]. Various studies have shown a decrease in
the accumulation of some minerals in plant tissues under water stress, but this response
varies across crop species [4,25,29,30]. A lower concentration of particular elements in
plant tissues might indicate that mineral uptake is disrupted. Fahad et al. [1] presented the
generalisation that under drought conditions, N uptake increases, P uptake declines and K
remains unaffected. Our study showed that the concentrations of particular macroelements
(S, P, K, Mg, Ca) in wheat grain did not change considerably, either in response to drought
conditions or with the addition of sulphur (Tables 3–5).
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Table 3. Nitrogen and sulphur content and uptake in cultivated plants. Values indicated by the same
letter are not significantly different (α = 0.05).

Spring Wheat Maize
Treatments

Grain Straw Grain + Straw Content Uptake

FWC Sulphur Content g kg−1 d.m. Uptake mg pot−1 g kg−1 d.m. mg pot−1

Nitrogen

Without S 20.5 abc 6.64 a 319 c 15.1 a 1 270 c

S-S0 18.6 bcd 6.97 a 316 c 15.5 a 1 380 abc30%

S-SO4 19.0 abcd 6.89 a 315 c 15.6 a 1 360 bc

Without S 19.2 abcd 6.88 a 436 b 12.3 b 1 420 abc

S-S0 17.8 cd 6.37 a 442 b 12.5 b 1 510 ab45%

S-SO4 17.3 d 6.63 a 431 b 11.6 b 1 410 abc

Without S 21.2 ab 6.65 a 494 a 8.99 c 1 480 abc

S-S0 21.9 a 6.48 a 536 a 8.80 c 1 500 ab60%

S-SO4 21.6 ab 6.54 a 537 a 9.02 c 1 600 a

30% 19.4 b 6.83 a 317 c 15.4 a 1 330 b

45% 18.1 b 6.63 a 436 b 12.1 b 1 450 aFWC

60% 21.6 a 6.56 a 522 a 8.94 c 1 530 a

Without S 20.3 a 6.72 a 417 a 12.1 a 1 390 a

S-S0 19.4 a 6.60 a 431 a 12.3 a 1 460 aSulphur

S-SO4 19.3 a 6.69 a 428 a 12.1 a 1 460 a

Sulphur

Without S 1.54 b 1.28 e 38.3 e 0.420 d 35.2 f

S-S0 1.60 b 2.08 c 54.7 d 0.640 a 57.1 cd30%

S-SO4 1.64 b 1.86 d 50.3 d 0.629 a 54.9 de

Without S 1.50 b 1.47 e 55.9 d 0.396 d 45.9 ef

S-S0 1.61 b 2.05 cd 78.1 b 0.550 b 66.5 bc45%

S-SO4 1.63 b 2.25 bc 81.2 b 0.519 bc 63.0 cd

Without S 1.64 b 1.44 e 62.5 c 0.316 e 52.1 de

S-S0 1.92 a 2.41 ab 99.7 a 0.445 d 76.0 ab60%

S-SO4 1.90 a 2.48 a 103 a 0.465 cd 82.4 a

30% 1.59 b 1.74 a 47.8 c 0.563 a 49.1 b

45% 1.58 b 1.92 a 71.7 b 0.488 ab 58.5 abFWC

60% 1.82 a 2.11 a 88.3 a 0.409 b 70.2 a

Without S 1.56 b 1.40 b 52.2 b 0.378 b 44.4 b

S-S0 1.71 a 2.18 a 77.5 a 0.545 a 66.5 aSulphur

S-SO4 1.72 a 2.20 a 78.1 a 0.538 a 66.7 a

134



Agronomy 2022, 12, 1076

Some significant differences were observed in the case of nitrogen (Table 3), which
saw a decrease in content in the grains under drought conditions and was not significantly
affected by sulphur application. Both sulphur forms applied (S elemental and sulphate)
caused a 17% increase in S concentration in the grains of plants grown under optimal
conditions (Table 3).

In wheat straw, particular macroelement quantities were more changeable than in
grain, with only N levels remaining stable under all conditions (Tables 3–5). Wheat fertilised
with sulphur contained, on average, 56% more S than did unfertilised plants. This effect
was observed in plants grown under both optimal conditions and drought stress (Table 3).

Water stress promoted S accumulation in maize shoots, with levels increasing with
increasing stress intensity (Table 3). Sulphur-fertilised maize accumulated considerably
more S than did non-fertilised plants. Under severe water stress, maize shoots contained
approximately 50% more S than did non-fertilised plants. A few reports concerning the
effect of drought on sulphur nutrition indicate a positive role of sulphur in alleviating
the effects of drought stress [9,11]. Fatma et al. [31] demonstrated that an excess S supply
improved photosynthesis and growth of mustard grown under salt stress condition.

As a vital constituent of many cellular compounds, sulphur not only plays an impor-
tant role in the normal functioning of plants, but is also involved in defence mechanisms in
stimulating the antioxidative system in cells. Some researchers claim that under stressful
conditions, the demand for S is greater and plants increase sulphate uptake compared
to other ions [32,33]. Applying sulphur might enhance the efficiency of other essential
macronutrients such as N and P [28]. Usmani et al. [12] showed that S availability positively
influenced leaf water status, gas exchange characteristics and antioxidative machinery in
water-stressed maize plants. In summary, a plant’s capacity to acquire S and carry on high
sulphur use efficiency plays a significant role in the alleviation of the negative effects of
drought stress [10].

In maize tissues, increasing water stress resulted in a greater accumulation of N and
P (Tables 3 and 4). Nitrogen concentrations increased by, on average, 36% and 73% for
moderate and severe water stress, respectively. Plants require N in large amounts, as it is
a constituent of many essential cell compounds and its deficiency rapidly inhibits plant
growth. Neither maize nor wheat suffered from nitrogen deficiency, and N concentration
in the aboveground parts of stressed plants was similar to or higher than that of well-
watered plants.

As N plays a fundamental role in plant growth and productivity, adequate concen-
tration of this element in plant tissues is particularly important to their functioning under
stressful conditions. In leaves, most N content is involved in photosynthesis as either
enzymes or chlorophyll. Ding et al. [3] contend that photosynthesis and water uptake are
the two key traits that enhance crop tolerance to drought. Conversely, however, they also
maintain that a high nitrate supply may decrease plant drought tolerance. Nitrogen is also
necessary for antioxidative protection as a component of enzymes and osmoprotectants
that protects cells from the harmful effects of different abiotic stresses. In contrast, other
plant studies have shown that drought affects N metabolism and significantly reduces N
concentration [22,34].

Changes in P concentration were relatively small in both plant species (Table 4).
Phosphorus is essential in processes connected with the storage and transfer of energy,
photosynthesis, regulation of enzyme activity and transport of carbohydrates. Hence, an
adequate level of P promotes metabolic processes such as respiration, photosynthesis, cell
division and expansion, and the uptake and assimilation of other minerals [35,36]. Several
studies indicate that drought stress reduces P uptake, as well as its subsequent transport to
the stem, resulting in P deficiency in plant tissues [4,23,37–39]. Despite a slight decrease in
P concentration, the examined plants were well supplied with this nutrient (Table 4).

Potassium plays a vital role in the regulation of water status, osmotic adjustment and
charge balance in plants. In addition to osmoregulation and stomatal movements, K also
regulates enzyme activity and the stability of membranes [7,40,41]. In this study, K content in
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maize shoots increased by 17% and 48% under moderate and severe water stress, respectively
(Table 4). Applying sulphur had no effect on these parameters. Tadayyon et al. [42] obtained
similar results with castor bean (Ricinus communis), in which K concentration in plant
tissue increased with increasing severity of drought stress. Accumulation of K in plant
tissues may help plants adjust osmotically and maintain activity of aquaporins involved
in water uptake, thus improving drought stress tolerance [43]. The straw of wheat grown
under drought stress accumulated significantly less potassium than control plants. This
indicates that drought conditions limited potassium uptake and transport within the plant.
According to Anschütz et al. [40], in addition to its well-established role as an essential
macronutrient, K is also an important signalling agent mediating a wide range of plant
adaptive responses to the environment. A disruption of K homeostasis in wheat may impair
many biochemical processes and increase a plant’s sensitivity to water stress, suggesting
that increased K fertilisation could possibly help plants cope better with drought stress.
Urbina et al. [44] also demonstrated that severe drought stress decreases K concentration
in plants.

Subsequent macroelement calcium regulates any physiological processes, including
movement of water and solutes, cell division, cell-wall synthesis, membrane and stomatal
functions, and signal transduction. Straw from wheat grown under drought stress con-
tained approximately 70% more calcium than did plants grown under optimal conditions
(Table 5). Maize grown under drought stress also accumulated calcium, but the observed
increase was lower (41% on average). Alternatively, Nahar and Gretzmacher [45] indicated
that a reduction in soil water potential results in reduced calcium uptake. Our results
showed that despite the very low mobility of this element, the uptake and distribution of
calcium were not disrupted and did not limit plant functioning under stressful conditions.
Tadayyon et al. [42] also stated that in R. communis, calcium concentration increased as
drought stress increased and was lower in control plants.

Little information is available concerning the effect of drought on Mg nutrition in
plants. Magnesium plays a vital role in photosynthesis as an essential component of chloro-
phyll and is also a cofactor for many enzymes and an important agent in protein synthesis.
In R. communis [42], only very severe drought stress (75% moisture depletion) resulted in
a significant decrease in Mg concentration in plant leaves. Nahar and Gretzmacher [45]
also found a decrease in Mg concentration in tomato plants under drought stress. Our
results showed that the plants were able to take up a sufficient amount of this element
under drought conditions (Table 5). Magnesium content in wheat grain was not affected by
different treatments, but in wheat straw grown under optimal water conditions, sulphur
application resulted in a higher Mg concentration. Sulphate fertilisation was more effective
than application of elemental S, with observed increases of 21% and 11% for sulphate
and S application, respectively (Table 5). Under drought conditions, applying S did not
significantly change Mg levels in wheat straw. In maize shoots, sulphur fertilisation did not
modify Mg concentration, although severe water stress caused a considerable increase in
Mg content. Under this condition, irrespective of sulphur fertilisation, the mean increase in
Mg concentration in maize shoots amounted to 30% more than that of plants grown under
optimal water conditions. It can be assumed that photosynthesis was not disrupted by Mg
deficiency [46].

In summary, our results show that in plants grown under drought stress, although
macronutrient concentrations were somewhat disturbed, relatively high macronutrient
levels were maintained overall, and plants did not noticeably suffer from deficiencies.
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Table 4. Phosphorus and potassium content and uptake in cultivated plants. Values indicated by the
same letter are not significantly different (α = 0.05).

Spring Wheat Maize
Treatments

Grain Straw Grain + Straw Content Uptake

FWC Sulphur Content g kg−1 d.m. Uptake mg pot−1 g kg−1 d.m. mg pot−1

Phosphorus

Without S 2.68 a 1.01 bc 44.4 e 7.92 a 665 c

S-S0 2.57 ab 0.888 c 42.3 e 8.07 a 720 c30%

S-SO4 2.56 ab 0.922 bc 42.2 e 7.80 a 680 c

Without S 2.27 b 0.970 bc 55.2 d 7.93 a 909 b

S-S0 2.38 ab 1.04 abc 64.2 c 7.72 a 934 b45%

S-SO4 2.35 ab 1.06 abc 62.6 c 7.62 a 926 b

Without S 2.56 ab 1.14 ab 68.5 bc 8.41 a 1 390 a

S-S0 2.61 a 1.25 a 77.6 a 8.30 a 1 420 a60%

S-SO4 2.58 ab 1.16 ab 75.2 ab 8.61 a 1 530 a

30% 2.60 a 0.942 b 43.0 c 7.93 ab 688 c

45% 2.33 b 1.03 b 60.7 b 7.76 b 923 bFWC

60% 2.58 a 1.18 a 73.8 a 8.44 a 1 440 a

Without S 2.50 a 1.04 a 56.0 a 8.09 a 986 a

S-S0 2.52 a 1.06 a 61.4 a 8.03 a 1 020 aSulphur

S-SO4 2.50 a 1.05 a 60.0 a 8.01 a 1 040 a

Potassium

Without S 3.94 a 9.56 cd 213 d 68.7 ab 5 750 c

S-S0 3.98 a 9.36 d 214 d 74.9 a 6 680 bc30%

S-SO4 3.84 a 9.80 bcd 217 d 69.4 ab 6 060 c

Without S 3.64 a 10.2 bcd 292 c 58.3 bc 6 710 bc

S-S0 3.50 a 10.8 b 334 b 56.6 bcd 6 840 bc45%

S-SO4 3.57 a 10.7 bc 323 bc 54.7 cd 6 640 bc

Without S 3.84 a 12.0 a 375 a 50.2 cd 8 280 a

S-S0 4.04 a 10.8 ab 376 a 49.5 cd 8 460 a60%

S-SO4 4.03 a 10.6 bc 371 a 44.9 d 7 950 ab

30% 3.92 a 9.57 b 214 c 71.0 a 6 160 b

45% 3.57 b 10.6 a 316 b 56.6 b 6 730 bFWC

60% 3.97 a 11.1 a 374 a 48.2 c 8 230 a

Without S 3.80 a 10.6 a 293 a 59.1 a 6 910 a

S-S0 3.84 a 10.3 a 308 a 60.4 a 7 330 aSulphur

S-SO4 3.81 a 10.4 a 304 a 56.3 a 6 880 a
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Table 5. Magnesium and calcium content and uptake in cultivated plants. Values indicated by the
same letter are not significantly different (α = 0.05).

Spring Wheat Maize
Treatments

Grain Straw Grain + Straw Content Uptake

FWC Sulphur Content g kg−1 d.m. Uptake mg pot−1 g kg−1 d.m. mg pot−1

Magnesium

Without S 0.803 a 1.32 ab 31.8 d 6.17 a 517 d

S-S0 0.794 a 1.30 ab 32.1 d 5.89 a 526 d30%

S-SO4 0.772 a 1.27 abc 30.9 d 5.65 ab 493 d

Without S 0.767 a 1.37 a 43.2 bc 4.97 ab 573 cd

S-S0 0.765 a 1.16 bc 42.0 c 5.01 ab 605 bcd45%

S-SO4 0.786 a 1.29 abc 44.4 bc 5.10 ab 622 bcd

Without S 0.825 a 1.08 c 41.0 c 4.42 b 729 abc

S-S0 0.834 a 1.20 abc 47.7 ab 4.47 b 764 ab60%

S-SO4 0.812 a 1.31 ab 51.0 a 4.79 ab 849 a

30% 0.790 b 1.30 a 31.6 c 5.90 a 512 c

45% 0.773 b 1.28 a 43.2 b 5.03 b 600 bFWC

60% 0.824 a 1.20 a 46.6 a 4.56 b 781 a

Without S 0.798 a 1.26 a 38.7 a 5.19 a 606 a

S-S0 0.798 a 1.22 a 40.6 a 5.12 a 631 aSulphur

S-SO4 0.790 a 1.29 a 42.1 a 5.18 a 655 a

Calcium

Without S 0.177 a 6.84 a 127 abcd 6.21 a 520 b

S-S0 0.180 a 6.70 a 126 abcd 5.88 a 524 b30%

S-SO4 0.189 a 6.62 a 122 bcd 5.89 a 514 b

Without S 0.166 a 6.76 a 161 ab 5.15 ab 595 b

S-S0 0.179 a 6.04 ab 159 ab 4.88 abc 590 b45%

S-SO4 0.172 a 6.56 a 167 a 4.92 abc 600 b

Without S 0.183 a 3.38 c 92.1 d 3.69 cd 608 b

S-S0 0.186 a 3.73 c 110 cd 3.52 d 601 b60%

S-SO4 0.192 a 4.63 bc 137 abc 4.47 bcd 793 a

30% 0.182 ab 6.72 a 125 b 5.99 a 519 b

45% 0.172 b 6.45 a 162 a 4.99 b 595 abFWC

60% 0.187 a 3.91 b 113 b 3.89 c 667 a

Without S 0.176 a 5.66 a 126 a 5.02 a 574 a

S-S0 0.181 a 5.49 a 132 a 4.76 a 571 aSulphur

S-SO4 0.185 a 5.94 a 142 a 5.09 a 636 a
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3.2.2. Microelements

Because plants require much smaller amounts of microelements than macronutrients,
little attention has been given to studying the effects of drought on micronutrient require-
ments. Indeed, low moisture in the soil could disturb their uptake and induce deficiency
in plant tissues. In wheat grain, levels of the examined microelements (Cu, Fe, Mn, Zn)
were relatively stable under the tested conditions (Tables 6 and 7). Statistically significant
differences were observed for Fe and Mn. Greater differences in Fe concentration were
found in wheat straw, with an observed decrease of up to 25% in comparison to control
plants. Tadayyon et al. [42] also demonstrated that drought stress decreased Fe content
in R. communis, although the maximum decline under severe water stress (75% moisture
depletion) was only 11%. In this study, the observed reduction in Fe in maize shoots was
not statistically significant (Table 6), and sulphur fertilisation had no effect on these pa-
rameters. In wheat straw, drought stress decreased not only Fe, but also Cu concentration,
although it did not affect Zn or Mn content (Table 7). Applying elemental sulphur caused
an increase in Mn content in wheat straw, but no positive effect of sulphur application was
observed in maize. Nevertheless, increasing water stress resulted in a higher content of
this element in plant tissues. Manganese plays a crucial role in photosynthesis, respiration,
antioxidative metabolism and the activation of some enzymes, so a high Mn concentration
in plant tissues may be crucial for protecting cells against the harmful effects of reactive
oxygen species generated under drought stress.

Samarah et al. [27] found that drought stress increased concentrations of Zn and Cu in
soybean seeds and that the increase in mineral concentration was not due to the reduction
in dry matter accumulation.

Drought stress in maize shoots caused an increase in the concentration of both Cu
and Zn, which was particularly evident under severe water stress (Table 7). Generally, the
observed changes exceeded 50% in relation to plants grown in optimal conditions (Table 7).
Applying sulphur did not change these relationships. It is possible that higher concen-
trations of these microelements allow plants to scavenge reactive oxygen species more
effectively, ultimately leading to better adaptation to stress conditions. It is noteworthy that
the Zn nutritional status of plants is essential for crop productivity and quality worldwide.

3.2.3. Total Mineral Uptake

Generally, drought considerably limited the total uptake of macroelements, with a
greater reduction observed in plants exposed to severe water stress (Tables 3–5). The
significant decrease in total N uptake by wheat did not result in an analogous decline in
N content in the straw and grain, although some negative symptoms were observed in
the latter. Although the severe drought stress caused an important decline in the total
uptake of numerous nutrients (N, S, P, K, Mg), they remained present in aboveground
tissues at high levels (Tables 3–5). Engels and Marschner [47] claim that translocation of
minerals is dependent on external factors and is also internally regulated according to the
growth-related demand of shoots. Drought-induced inhibition of plant growth (Figures 1–4)
reduced plants’ mineral nutrient requirements, allowing the plants to maintain an adequate
nutritional status. Total mineral uptake was reduced by more than 40% in comparison to
well-watered plants in the case of N and P in both plant species and in the case of S and
K in wheat. As expected, sulphur fertilisation had an effect on total S uptake by plants
grown under both optimal and stressful conditions (Table 3), although the impact was
only statistically significant for P, K and Mg in wheat. Reduction in the uptake of various
macroelements under stress has been reported in numerous plant species [4,23,29,39,45].
Similar changes were observed for total uptake of microelements and, in general, sulphur
fertilisation did not change these relationships (Table 5). Of all the microelements measured
here, iron experienced the greatest reduction in both wheat and maize.
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Table 6. Manganese and iron content and uptake in cultivated plants. Values indicated by the same
letter are not significantly different (α = 0.05).

Spring Wheat Maize
Treatments

Grain Straw Grain + Straw Content Uptake

FWC Sulphur Content mg kg−1 d.m. Uptake mg pot−1 mg kg−1 d.m. mg pot−1

Manganese

Without S 37.8 ab 91.8 ab 2.04 e 64.8 ab 5.44 b

S-S0 37.6 ab 101 ab 2.25 de 69.8 a 6.23 b30%

S-SO4 35.5 b 81.3 b 1.84 e 60.8 abc 5.31 b

Without S 37.3 b 93.9 ab 2.74 cd 57.6 abcd 6.66 ab

S-S0 37.6 ab 115 a 3.57 ab 56.7 abcd 6.85 ab45%

S-SO4 35.9 b 97.2 ab 2.99 bc 53.8 bcde 6.54 ab

Without S 36.1 b 92.3 ab 2.98 bc 43.2 de 7.12 ab

S-S0 42.8 a 118 a 4.07 a 40.4 e 6.89 ab60%

S-SO4 39.9 ab 89.9 ab 3.25 bc 46.2 cde 8.16 a

30% 37.0 a 91.4 a 2.04 b 65.2 a 5.66 b

45% 36.9 a 102 a 3.10 a 56.1 b 6.68 aFWC

60% 39.6 a 100 a 3.43 a 43.3 c 7.39 a

Without S 37.1 a 92.7 b 2.59 b 55.2 a 6.41 a

S-S0 39.3 a 111 a 3.30 a 55.7 a 6.66 aSulphur

S-SO4 37.1 a 89.4 b 2.69 ab 53.6 a 6.67 a

Iron

Without S 48.4 ab 65.4 c 1.66 c 57.9 a 4.86 c

S-S0 46.8 ab 65.4 c 1.69 c 69.6 a 6.21 bc30%

S-SO4 44.7 b 61.9 c 1.57 c 64.6 a 5.63 bc

Without S 46.0 ab 78.3 abc 2.50 b 67.6 a 7.80 b

S-S0 45.3 b 69.9 bc 2.51 b 61.8 a 7.47 b45%

S-SO4 51.3 ab 69.5 bc 2.53 b 65.9 a 8.01 b

Without S 51.4 ab 85.2 ab 3.02 a 69.9 a 11.5 a

S-S0 53.3 a 89.1 a 3.41 a 68.3 a 11.6 a60%

S-SO4 51.6 ab 84.7 ab 3.29 a 73.8 a 13.0 a

30% 46.6 b 64.3 c 1.64 c 64.0 a 5.57 c

45% 47.5 b 72.6 b 2.51 b 65.1 a 7.76 bFWC

60% 52.1 a 86.3 a 3.24 a 70.6 a 12.1 a

Without S 48.6 a 76.3 a 2.39 a 65.1 a 8.06 a

S-S0 48.4 a 74.8 a 2.54 a 66.6 a 8.44 aSulphur

S-SO4 49.2 a 72.1 a 2.46 a 68.1 a 8.90 a
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Table 7. Copper and zinc content and uptake in cultivated plants. Values indicated by the same letter
are not significantly different (α = 0.05).

Spring Wheat Maize
Treatments

Grain Straw Grain + Straw Content Uptake

FWC Sulphur Content mg kg−1 d.m. Uptake mg pot−1 mg kg−1 d.m. mg pot−1

Copper

Without S 4.16 a 5.15 b 0.134 c 5.28 abc 0.441 c

S-S0 4.27 a 5.28 b 0.141 c 5.62 ab 0.501 bc30%

S-SO4 3.62 a 5.26 b 0.132 c 5.62 ab 0.491 bc

Without S 3.26 a 5.71 ab 0.181 b 6.23 a 0.711 a

S-S0 3.86 a 5.73 ab 0.208 a 5.13 abc 0.620 abc45%

S-SO4 4.37 a 5.44 b 0.203 a 5.27 abc 0.639 abc

Without S 3.42 a 6.08 a 0.212 a 3.21 c 0.529 abc

S-S0 3.52 a 5.76 ab 0.222 a 3.35 c 0.572 abc60%

S-SO4 3.60 a 5.75 ab 0.225 a 3.80 bc 0.672 ab

30% 4.02 a 5.23 b 0.136 c 5.51 a 0.478 b

45% 3.83 a 5.62 a 0.197 b 5.54 a 0.656 aFWC

60% 3.51 a 5.87 a 0.220 a 3.45 b 0.591 a

Without S 3.62 a 5.65 a 0.176 a 4.91 a 0.560 a

S-S0 3.88 a 5.59 a 0.190 a 4.70 a 0.564 aSulphur

S-SO4 3.86 a 5.48 a 0.187 a 4.89 a 0.600 a

Zinc

Without S 41.4 a 24.4 a 0.846 b 11.5 a 0.962 bc

S-S0 42.3 a 28.8 a 0.960 b 10.8 ab 0.962 bc30%

S-SO4 41.5 a 27.7 a 0.918 b 11.6 a 1.02 bc

Without S 44.3 a 31.3 a 1.37 a 9.41 abc 1.09 abc

S-S0 41.0 a 27.6 a 1.35 a 6.91 c 0.836 c45%

S-SO4 42.5 a 29.1 a 1.38 a 7.70 bc 0.936 bc

Without S 43.7 a 27.6 a 1.38 a 7.03 c 1.16 abc

S-S0 44.5 a 24.9 a 1.43 a 7.50 c 1.28 ab60%

S-SO4 47.1 a 25.1 a 1.49 a 7.90 bc 1.40 a

30% 41.7 a 27.0 a 0.908 b 11.3 a 0.980 b

45% 42.6 a 29.3 a 1.37 a 8.01 b 0.954 bFWC

60% 45.1 a 25.9 a 1.43 a 7.48 b 1.28 a

Without S 43.1 a 27.8 a 1.20 a 9.31 a 1.07 a

S-S0 42.6 a 27.1 a 1.25 a 8.40 a 1.03 aSulphur

S-SO4 43.7 a 27.3 a 1.26 a 9.08 a 1.12 a
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3.3. Soil Parameters after Cultivation

The soil reaction (pH) after the cultivation of both crops significantly increased (in
comparison to the initial value), although to a greater extent following wheat cultivation
(Tables 1 and 8). The examined treatments (sulphur fertilisation and drought intensities)
had relatively little effect on the magnitude of the observed pH increases.

The results of this study are in agreement with our earlier research [13]. The smallest
change in pH was observed in the soil after maize cultivation, fertilised by sulphates and
well watered (60% FWC). In soil that was not fertilised by sulphur, sulphate concentrations
were low (5.81–9.0 mg kg−1 soil). As expected, sulphur application resulted in a significant
increase in sulphate concentration in the soil, and differences between the two examined
forms of sulphur were relatively small, indicating that despite the decrease in soil moisture,
oxidation of elemental sulphur was efficient. Moreover, in line with our earlier research [13],
the concentration of sulphates in the soil was considerably higher after wheat cultivation
than after maize cultivation.

Table 8. Soil pH and the content of S total, sulphates (VI). Values indicated by the same letter are not
significantly different (α = 0.05).

pH S Total S-SO4 S-SO4 in S Total
Treatments

KCl 1M dm−3 mg kg−1 %

Spring wheat

Without S 6.41 ab 172 d 12.3 c 7.18 c

S-S0 6.12 c 184 cd 79.3 a 43.1 a30%

S-SO4 6.19 bc 198 bc 73.4 a 37.1 ab

Without S 6.49 a 183 cd 11.5 c 6.28 c

S-S0 6.14 bc 216 ab 68.5 ab 31.7 ab45%

S-SO4 6.32 abc 217 a 63.1 ab 29.0 b

Without S 6.54 a 149 e 10.5 c 7.05 c

S-S0 6.39 abc 176 d 48.5 b 27.6 b60%

S-SO4 6.55 a 171 d 48.4 b 28.3 b

30% 6.24 b 185 b 55.0 a 29.1 a

45% 6.32 b 205 a 47.7 a 22.3 aFWC

60% 6.49 a 165 c 35.8 a 21.0 a

Without S 6.48 a 168 b 11.4 b 6.84 b

S-S0 6.22 b 192 a 65.4 a 34.1 aSulphur

S-SO4 6.35 ab 196 a 61.6 a 31.5 a
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Table 8. Cont.

pH S Total S-SO4 S-SO4 in S Total
Treatments

KCl 1M dm−3 mg kg−1 %

Maize

Without S 5.97 ab 149 d 6.79 d 4.57 c

S-S0 5.58 abc 222 ab 11.8 c 5.32 c30%

S-SO4 6.07 a 216 b 25.0 a 11.6 a

Without S 6.06 a 150 d 7.62 cd 5.08 c

S-S0 6.04 a 235 a 19.9 b 8.49 b45%

S-SO4 5.90 ab 230 ab 24.5 a 10.7 a

Without S 5.47 abc 124 e 5.81 d 4.70 c

S-S0 5.34 bc 172 c 10.0 cd 5.83 c60%

S-SO4 4.97 c 164 cd 10.2 cd 6.21 c

30% 5.87 a 196 a 14.6 ab 7.16 a

45% 6.00 a 205 a 17.4 a 8.09 aFWC

60% 5.26 b 153 b 8.67 b 5.58 a

Without S 5.83 a 141 b 6.74 c 4.78 b

S-S0 5.65 a 210 a 13.9 b 6.55 bSulphur

S-SO4 5.65 a 204 a 19.9 a 9.50 a

4. Conclusions

The results of this study show that drought stress can cause a significant reduction in
productivity for both maize and wheat, although both plants are able to sustain their vigour
and growth despite long-lasting water shortage. Drought-induced changes in mineral
composition (macro- and microelements) indicated that minerals were still effectively
acquired from the soil and transported throughout the whole plant. Sulphur application
did not modify these relationships. Applying sulphur did, however, improve wheat
biomass production in plants that were well-watered and grown under moderate drought
stress, indicating that sulphur fertilisation may be recommended in wheat cultivation when
plants are exposed to moderate water stress.

Finally, on the basis of our data and other studies, we think that further research
should focus on other aspects of plant reaction to sulphur supplementation and drought
stress, particularly photosynthesis, stress metabolites that improve plant tolerance to water
scarcity, and systems involved in nutrient uptake and transport within a plant [11,23,48].
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Abstract: The use of single-node cuttings of shoots as explants to study bud dormancy and its
physiology under controlled conditions is a common practice in grapevine (Vitis vinifera L.) or other
perennial plant research. In particular, this method has been extensively used to understand the effect
of different chemicals on bud dormancy and bud burst. However, the soil water content in those
experiments is usually not reported and its relevance is often neglected. Here, we observed that an
unevenly distributed soil water content in a tray containing multiple explants results in an uneven
pattern of bud burst within the same treatment. Thus, we hypothesised that soil water content can
dramatically affect bud burst. To investigate this, we first established that fresh single-node cuttings
were able to transport water into the buds. We then tested the rate of bud burst at different water
treatments (35%, 55%, 70%, 85%, and 100% of field capacity; FC). We observed a clear dependence of
bud burst on water, in which, at very low levels of water, bud burst does not occur; after 35% FC,
bud burst rate increases with water content until around 85% FC; and, from 85% FC, bud burst rate
becomes independent of water content. These data highlight the critical importance of monitoring
soil water content in any bud burst assay in perennials. Finally, we provide a detailed protocol for
determining and controlling field capacity and other soil water content indicators.

Keywords: bud; bud burst; development; dormancy; explants; field capacity; gravimetric water
content; grapevine; perennial plants; water

1. Introduction

The use of explants of perennial plants is a common practice to evaluate kinetics of
bud burst, for instance, to evaluate the depth of dormancy, the effect of environmental
clues, or applied chemicals on bud burst [1–4]. The use of explants enables the use of
controlled conditions, which is a major limitation when working with perennial plants, as
well as removing the influence of dominance influences of the corpus and competing sinks.
Despite the wide use of this methodology, the influence of water availability on bud burst
has not been reported. This is particularly important because the application of chemicals
usually implies adding water to the single-node cuttings, as water is the most common
solvent used. In addition, the water content of soil in single-node cuttings experiments is
commonly not reported. We hypothesise that soil water content can explain much of the
stochastic variability observed in bud burst experiments and, thus, that determining a fixed
water content within the experiments is critical to underpin the validity and reproducibility
of data reported.
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Water content in the soil is usually expressed as volumetric water content (VWC),
gravimetric water content (GWC), or a percentage of field capacity (FC), which simply
refers to the maximum amount of water that a soil can retain. VWC (Θv) is calculated as:

Θv = (Vwet − Vdry)/Vdry

Vwet being the volume of wet soil and Vdry the volume of dry soil. GWC (Θg) is calcu-
lated as:

Θg = (Wwet − Wdry)/Wdry (1)

Wwet being the weight (mass) of wet soil and Wdry the weight of dry soil. Given that
measuring mass is simpler than volume, GWC is generally preferred over VWC.

The objectives of this work were to evaluate the effect of soil water content on bud
burst of grapevine single-node cuttings and to provide a protocol to eliminate water content
as a variable in single-node cutting experiments. For this purpose, we determined whether
uneven water content affects bud burst, whether dormant buds are able to take up water,
and the kinetics of bud burst at different % of FC.

2. Materials and Methods
2.1. Preparation of Pots and Calculation of Field Capacity

The substrate of potting mix at pH~6.0, containing fine composted pine bark, coco
peat, and brown river sand in the ratio of 2.5:1:1.5 (w/w), was homogenously mixed and
distributed among 19 seedling trays on trays, each adjusted to a mass of 2500 g (Figure 3A).
As the potting mix was not completely dry, three additional samples of around 30 g were
used to determine the initial moisture content and, hence, initial dry weight. The 30 g
samples were incubated in an oven at 105 ◦C for two days to determine the dry weight
(Figure 3B). Once the moisture was determined in the subsamples, the dry weight of the
soil in each tray was calculated (Figure 3C). Out of the 19 trays, 15 were used for planting
three replicates of the five treatments described below. The remaining four trays were used
to determine FC. The FC trays were saturated with water and left in the washing area
where they were able to drain (Figure 3D). After 3 h, the trays were placed on a stand with
paper below to monitor more accurately the presence of dripping from the trays. Replacing
the paper once wet and inspecting every 30 min, we determined the weight of the pots at
field capacity when no more drops came out from the tray for 1 h (Figure 3E,F). Once 100%
FC was established, the weight to achieve the different FC was calculated (Figure 3G).

2.2. Plant Material and Growth Conditions

Grapevine (Vitis vinifera L.) cv. Merlot canes containing mature, dormant buds from
node 3 to 10 were collected from a commercial vineyard in Margaret River, Australia (34◦ S,
115◦ E) on the second week of June 2017 (winter in the south hemisphere). At that time,
the local photoperiod was 10/14 h light/dark (sunrise 07:23 am, sunset 5:17 pm). On the
collection day, the temperature was 18 ◦C/10 ◦C (high/low), the average temperature for
the month was 13 ◦C, and the highest and lowest in that month were 23 ◦C (11 June) and
3 ◦C (9 June), respectively. The highest humidity was 96% (1 June) and 25% (9 June). The
canes were wrapped on newspaper, externally moistened by spraying water, placed on
black bags sealed with tape to be transported to the lab, and stored at 4 ◦C for 10 days.
Single-node cuttings (explants) were cut about 4–5 cm below the node until 2–3 cm above
the node, and immediately planted on the trays containing the potting mix described
above. A total of 90 single-node cuttings were planted per treatment divided in three
different trays (replicates). Before planting, water was added to each tray until reaching
the exact weight for its corresponding treatment of field capacity %. Once the explants
were planted, the new weight for each tray was recorded to know the new weight for the
treatment tray considering the weight of the plant material. Explants were grown at 20 ◦C
under a photoperiod of 12:12 h, illuminated with a photosynthetic photon flux density of
100 µmol·m−2·s−1, for 49 days. Explants were watered every day on a set of scales until
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reaching the corresponding weight of the tray, including the initial weight of the plant
material, for each particular water treatment (Figure 3H).

2.3. Water Treatments

To assess the effect of soil water availability on bud burst, we defined five water
treatments corresponding to 35%, 55%, 70%, 85%, and 100% of FC. Values below 35% of
FC were not considered, as it is unlikely to have growth in such conditions when using an
explant system (absence of roots).

2.4. Micro-Computed Tomographies

To investigate the buds’ water uptake capacity, buds were dissected from the cane
and incubated overnight with caesium iodide (CsI) 10% at 4 ◦C or without CsI (control).
3D imaging using µCT was performed on each bud (BBCH scale: 00-01 [5]). The micro-
computed tomographies (µCT) were performed with a nanofocus CT system (Phoenix
Nanotom, General Electric, Heidelberg, Germany) after incubation. Buds were mounted
on a rotation stage by means of a Parafilm wrap. A total of 2400 projection images per scan
were taken with 0.15◦ angular steps for a full 360◦ rotation. Capture time for each image was
500 ms. Settings were 55 kV/182 µA for control samples and 60 kV/167 µA for CsI samples.
Image pixel resolution was 2.50–3.25 µm. Slice reconstruction was performed by Octopus
Reconstruction version 8.9.0.9 (XRE, Ghent, Belgium) using the filtered back-projection
method.

3. Results

To determine if uneven distribution of water affects bud burst, we placed single-node
cuttings on seedling trays on concave plastic trays, in which the water was preferably
distributed towards the centre of the seedling trays (Figure 1). After 35 days, we observed
that the bud burst was not spatially uniform, whereby bud burst of explants in the centre of
the tray (dashed rectangle in Figure 1A) greatly exceeded those in the periphery (Figure 1).
This was consistent with the hypothesis that water availability was an important variable
affecting bud burst kinetics in single-node cutting experiments.
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Figure 1. Irregular bud burst on a seedling tray with uneven distribution of water. (A) Representative
picture of single-node cuttings after 35 days when water was not homogenously distributed across the
tray. (B) Top view representation of the most hydrated area of the tray. (C) Lateral view representation
of the tray showing the bending of the seedling tray and the water flux generated towards the centre.
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It is well documented that quiescent buds are isolated to prevent dehydration during
winter, particularly through the restriction of aquaporin activity, plasmodesmata conduc-
tance, and apoplastic conductivity [6–10]. For water to have a direct effect on bud burst, it
needs to be transported to the bud after transferring the single-node cutting to the seedling
tray. Therefore, we tested if quiescent buds were able to transport water immediately
after dissecting them from the cane. Using a contrast agent, and analysing µCT data, we
observed that water was effectively transported through the bud 24 h after incubation
(Figure 2).
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Figure 2. Micro-computed tomographies (µCT) of buds 24 h after being dissected from the cane
and incubated with or without contrast agents (CsI). (A) Top view section of a control bud without
contrast agent. (B) Top view section of a bud incubated with the contrast agent. (C) Lateral view of a
bud incubated with the contrast agent. The arrows indicate the contrast agent, which is observed as
white colour. n = 3.

Given the evidence presented by Figures 1 and 2, we set up an experiment controlling
the water content of the pots every day (Figure 3) for 47 days to see if different kinetics
of bud burst are observed. Figure 3 explains all the steps required to control the water
content in soil. In our case, we chose 35%, 55%, 70%, 85%, and 100% of FC to test if there is
a correlation between bud burst and soil water content.

We observed a strong correlation between bud burst and water treatments (Figure 4).
Explants grown on 100% and 85% FC had the greatest rate of bud burst, reaching 50% bud
burst at about 24 d, followed by those at 70% FC, which reached 50% bud burst at 30 d.
Bud burst of explants grown on 55% FC was considerably delayed, reaching 50% bud burst
at 44 d, revealing how small variations in water content can make important differences in
bud burst rates. Finally, explants grown on 35% FC did not reach 50% bud burst within the
time evaluated (Figure 4A); only 8% of the buds had burst at the end of the experiment.
The curves for 100% and 85% FC were almost indistinguishable, being only significantly
different between day 25 and 33 (Figure 4A), where the curve for 100% FC reached higher
values. Conversely, clear and significant differences were observed between all the other
curves since the start of bud burst for each curve. Overall, the graph of Figure 4A suggests
a triphasic behaviour between bud burst rate and water content of soil, in which, at very
low levels of water (e.g., <35% FC), there is no correlation, as buds are not going to burst
(i.e., a zero order kinetic for water), a second phase (e.g., 35–85% FC), in which there is
a positive correlation between bud burst rate and water content, and a third phase (e.g.,
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>85% FC), in which bud burst rate became, again, independent of water content (i.e., a
zero-order kinetic for water), most likely because water was no longer a limiting factor and
bud burst is determined by other factors.
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Figure 4. Kinetics of bud burst at different water contents in soil expressed as % of FC. (A) Bud
burst percentages for each water treatment. The curve represents a regression determined with the
generalised additive model, with its 95% confidence level intervals for the prediction presented as
the surrounding grey area. The dashed light-blue line marks the 8% bud burst threshold used to
determine the days plotted in B. (B) Three kinetic behaviours of bud burst rate in relation to water
content. The purple circles indicate the means and the grey circles indicate the independent replicates;
the bigger the circle, the more replicates giving the same result (n = 3). The first phase indicates a
range of water content in which bud burst was unlikely to happen due to water restrictions, where
no data (ND) was collected.

To explore this triphasic behaviour further and investigate whether the positive cor-
relation observed is linear, we plotted the days to reach 8% bud burst in relation to the %
of FC (Figure 4B). In this case, the three kinetic phases are clearly identified and a linear
correlation was observed for the second phase (Figure 4B), suggesting that the kinetic is
of the first order (i.e., bud burst rate increases linearly with water content). After 85% FC,
the time to reach 8% bud burst is the same as at 100%, confirming that the initiation of bud
burst was not affected by water contents of soil above 85% of FC. It is important to note,
however, that, if values as high as 90% bud burst are used, there may be an effect of water,
as we observed that the buds at 100% of FC were the first to reach the plateau of nearly
100% bud burst (Figure 4A).

4. Discussion

This study aimed to test the often overlooked importance of water availability on
bud burst kinetics in explant studies, which have become the main morphometric test for
the depth of dormancy in perennating buds. The buds used in this study were collected
towards the end of winter, and further stored at 4 ◦C prior to experimentation, in order to
eliminate dormancy as a factor. Our results demonstrated that quiescent buds of explants
can transport water as soon as they are subjected to water treatments (Figure 2) and that
water availability can directly and strongly influence the rate of bud burst when provided
within the range of 35 to 85% FC (Figure 4). For instance, a reduction of 15% FC can delay
bud burst by ~50% time (i.e., from 30 days to 44 days to reach 50% BB). This demonstrates
that a tight control of water content in soil is required when determining bud burst rate
kinetics for comparing different treatments, as these differences observed by water can
be much greater (i.e., ~10 days) than those sometimes observed by different exogenous
treatments of molecules (e.g., 2–4 days). Therefore, we provided here an illustrative and
detailed protocol (Figure 3) explaining how to determine the different percentages of FC
when setting up the experiment and how to follow up the experiment. As FC here is
expressed as % of mass of water by mass of substrate, a set of scales is required for these
calculations. However, it is also possible to use volumetric units and express as volume
of water per volume of substrate. We understand that the determination of volume is
usually more complex in most laboratories. In our work, we presented all the data as %
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FC; however, it is also possible to express the data as GWC or VWC using the equations
described in introduction. Alternatively, if the number of treatments represent a major
constraint to control daily the water levels of the experiment, we suggest working always
above 80–85% FC, a range in which, in our experimental conditions, bud burst takes place
and becomes independent of water levels. Thus, we define this as a “safety zone” of
water contents when comparing bud burst rates under different treatments, particularly
important when the treatments of chemicals implicate the use of water. However, this
“safety zone” should be ideally determined in each lab depending on the substrate used,
because different substrates have a different water retention capacity, resulting in significant
differences in water content relative to soil (i.e., GWC or VWC). In terms of GWC, 85% of
FC in our system represented 0.94 gwater·gsoil

−1 and 100% of FC was 1.11 gwater·gsoil
−1.

Several earlier studies have illustrated the regulated changes in free and bound wa-
ter [10], in the activity of aquaporin transporters [6,11], the role of plasmodesmata in
dormancy transitions of perennating buds [7], the expansion of apoplastic connectivity
upon bud burst [9], and the change dynamics in moisture content in the bud across the
season [11]. The fact that water has a strong effect on bud burst in explant further supports
the importance of those biological processes controlling water content in the bud, such as
plasmodesmata regulation, aquaporins activity, etc. A deeper understanding of the signals
controlling these mechanisms could allow scientists to develop managing practices to
manipulate bud burst that can be used by farmers to synchronize bud burst better. Besides
the biochemical mechanism regulating water transport, environmental clues can also affect
water availability and transport to the bud. In grapevine, shade [12] and water deficit [13]
were shown to reduce water transport capacity in field conditions, whereas high temper-
atures increase it [14]. The xylem network varies between grapevine cultivars; therefore,
some cultivars have greater hydraulic conductivity than others (e.g., Thompson Seedless
(high) vs. Merlot (low)) [15,16], as well as the xylem hydraulic response to environmental
clues [15]. Likewise, in other perennials, several studies showed that frosting or cold tem-
peratures affect water uptake and transport through the vascular system [17,18]. Therefore,
it is expected that environmental clues modulate bud water content in perennials grown in
the field. This aspect has not been less explored in research where xylem conductivity was
investigated. However, a study conducted on apple trees, where soil frost was prolonged
by soil insulation, has shown that the prolonged frost not only reduced water conductivity,
but also buds’ water content, and this correlated with a delayed bud burst [17]. Hence, the
conclusion of our study about the effect of water content on bud burst using an explant
system is likely to be translatable to what occurs in field conditions.

5. Conclusions

Single-node cuttings containing quiescent buds are able to transport water, and water
has a strong effect on the rate of bud burst. Therefore, we conclude that statements of water
content must be included in experiments on bud burst in explants. Soil water content must
be controlled in these experiments to avoid the variation in water contents that confounds
the differences caused by the specific treatment by chemicals or environmental conditions
in bud burst rates, and to avoid false positive effects.
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Abstract: The expansion of olive orchards into regions with no tradition of olive production and
humid climates, such as Uruguay, with more than 1200 mm of annual rainfall, calls into question
the need for irrigation. In these regions, however, years with water deficit during summers are quite
common. The vapor pressure deficit during summer is lower than in countries with a Mediterranean
climate. The high variability in interannual water availability in the current context of climate change,
with a growing tendency for extreme events to occur, emphasizes the need to evaluate the production
response of olive trees to irrigation. To achieve this, three irrigation treatments were applied to
Arbequina and Frantoio cultivars according to the value of the maximum crop evapotranspiration:
a first treatment applying 100% ETc, corresponding to being fully irrigated; a second treatment
applying 50% ETc; and a third treatment in which neither irrigation nor rain inputs occurred from
the end of the pit hardening period until harvest. Results show the possibility of an increasing fruit
weight and pulp/pit ratio through irrigation in the local environmental conditions. The oil content in
response to irrigation was different within cultivars. Water restriction conditions did not affect the
oil content of olives in Arbequina, while in Frantoio it increased it. Polyphenols in fruit increased
under water stress for both cultivars. The technological applicability of the results obtained must
be accompanied by an economic analysis. The results obtained highlight the need for better use of
irrigation water during the growth and ripening phase of the olive fruit under a humid climate.

Keywords: Olea europaea L.; drought stress; stem water potential; fruit growth; oil content; polyphenols

1. Introduction

The expansion of olive trees into new climate areas where temperature and precipi-
tation regimes are different from those of the Mediterranean basin generates uncertainty
regarding their ecophysiological response and represents challenges in crop manage-
ment [1]. In temperate humid regions such as Uruguay, where annual precipitation is
around 1200 mm, the need for irrigation is questioned. However, Uruguay presents high
interannual climate variability and an irregular rainfall distribution throughout the year,
which generates periods of water deficit [2,3]. In addition, these extreme events are expected
to be more frequent [4], affecting productive behavior.

The importance of local evaluations has been highlighted by several authors who place
emphasis on vapor pressure deficit (VPD) conditions [1,5,6], which is lower in Uruguay
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than in the Mediterranean region. Lower VPD values are associated with lower tree
transpiration and, consequently, lower water consumption. In this context of variability of
water supply and environmental characteristics, it is necessary to evaluate the productive
response of olive trees under different water status conditions, identifying the best balance
between yield, oil quality and water productivity.

Olive has a high capacity to grow under water scarcity conditions due to its morpho-
logical characteristics and physiological mechanisms, related with the escape, avoidance
and tolerance components of stress resistance [7,8]. However, there is a lot of studies that
confirm that this crop positively responds to irrigation. Irrigation increases vegetative
shoot growth, as well as final fruit size and yield [9–15].

Olive fruit growth (expressed as fresh weight) follows a double sigmoid curve [16].
Previous reports have identified two periods during fruit growth that are particularly
sensitive to water restriction: an initial one during cell division and the expansion phase,
from flowering until the end of fruit set, where deficit irrigation can reduce the final fruit
number [15,17]; and a second one, during cell expansion and the lipogenesis phase, after
pit hardening until harvest, when fruit growth increases sharply as mesocarp cells expand.
A deficit in irrigation during this period can reduce the final fruit weight and oil content,
and it can affect the oil composition, such as the polyphenol content [18–20].

There are several studies on the effect of water restriction on olive trees in arid regions,
but there is a knowledge gap on the response of olive trees to irrigation management in
humid temperate climates. The aim of this work was to quantify the impact of different
irrigation regimes on fruit growth development and oil quality in two olive cultivars in a
humid climate region.

2. Materials and Methods
2.1. Plant Material and Experimental Design

The experiment was conducted at the INIA “Las Brujas” Experimental Station in
southern Uruguay (34◦40′ S; 56◦20′ W; 32 m above mean sea level) using the Arbequina
and Frantoio cultivars. The olive trees were planted in 2006 at a density of 416 trees per
hectare (4 m between trees and 6 m between rows) and were trained as single-trunk vase
shapes, with three to four main branches. The orchard was managed as a commercial
farm. Pest management was performed according to the Integrated Pest Management
guidelines [21]. For each cultivar, a randomized complete design with three irrigation
treatments and four replicates was used. The experimental unit is the tree and there are four
trees per treatment, for each cultivar. Three irrigation treatments were applied according to
the value of maximum crop evapotranspiration (ETc) (Penman–Monteith equation): a first
treatment applying 100% ETc, corresponding to being fully irrigated; a second treatment
applying 50% ETc; and a third treatment in which neither irrigation nor rain inputs occurred
(non-irrigated) from the end of the pit hardening period until harvest. The experiment
was repeated in two years, during the 2018/2019 and 2020/2021 seasons, with a different
randomization of the experimental units. The assays were specifically made in years of
high fruit load.

2.2. Soil, Irrigation and Tree Water Status

The soil at this site has a fine textured A horizon, with a maximum depth of 30 cm, 2.9%
organic matter and pH 6.3, corresponding to a Typic-Vertic Argiudolls soil according to the
USDA classification [22]. The soil water curve retention was characterized by measuring
water content at tensions of 0.01 and 1.5 MPa (field capacity and permanent wilting point,
respectively), using the Richards and Weaver methods [23]. Undisturbed soil sample
were used for soil water extraction from different depths up to 0.50 m. Soil moisture was
monitored throughout the experiment using three FDR sensors installed at three different
depths (15, 30 and 45 cm deep), using an EM50 Digital/Analog Data Logger (Decagon
Devices, Inc., Pullman, WA, USA). The total amount of applied water was 190 mm and
410 mm in the first season, and 240 mm and 540 mm in the second season, for 50% ETc and
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100% ETc, respectively. Prior to the installation of the experiment, the crop was irrigated
according to the value of maximum crop evapotranspiration, so that once the treatments
were started, the soil was at field capacity. To avoid the effect of rainfall, after pit hardening
the soil around the trees (24 m2/tree) was covered with nylon (bilayer) in all treatments.
The plastic was placed to prevent the entry of rain into the soil and it was not removed until
harvest, so that the rain from January to May was not available for the plants and therefore
did not affect the treatments. A complete drip irrigation system was used to supply the
irrigation water. The system consisted of a 16-diameter (13.6 mm) lateral pipe PE (0.25 MPa)
with 0.20 m of emitter spacing. The flow of the self-compensating emitters was 4 L h−1.
Therefore, the system was designed to apply 7 mm h−1 of water with an average pressure
in the lateral pipe of 100 kPa.

The irrigation schedule for the 100% ETc treatment was accomplished daily using the
simplified water balance method for the root zone of the crop [24,25], according to the
following Equation (1):

Dri = ETci − Pei − Ii + DPi + Dri − 1 (1)

where Dr stands for root zone depletion (mm); ETc for maximum crop evapotranspiration
(mm), computed as ET0*Kc; Pe for effective precipitation (mm); I for irrigation depth (mm);
DP for deep percolation outside the root zone (mm); i for the current day; and i − 1 for the
day before. The value used for Kc was 0.65 at the beginning of the season and then 0.70
during the mid-season and end-season stages.

The potential crop evapotranspiration was determined as ET0 × kc (kc values used
to calculate the water balance, according to [26]). The irrigation schedule for the 50% ETc
treatment was carried out using the same methodology as used for the 100% ETc treatment.
The effective precipitation (Pe) used in the soil water balance equation was 0 during pit
hardening until harvest. Irrigation depth was computed so that the depletion-water root
zone was between the field capacity and readily available water [24]. The daily water
balance was calculated for each irrigation treatment with the FAO 56 method [27], and it
was used to apply the irrigation during both seasons.

Tree water status was assessed by measuring the stem water potential (SWP) using a
Scholander-type pressure chamber (Soil Moisture Equipment Corp., Santa Barbara, CA,
USA) every 15 days from the end of pit hardening until harvest. Two hours before the
measurement, the shoot was enclosed in a plastic bag, allowing the leaf water potential
to balance with the stem water potential for a more stable value than that of the leaf
water potential. Measurements on each tree were made between 12h00 and 14h00 on
mature leaves exposed to the sun from the middle of the branches [28,29]. The measured
SWP values were accumulated over the irrigation period and the cumulative leaf water
potential (CLWP) was calculated to compare the level of water stress throughout the entire
experiment [30].

2.3. Climate

The climate is temperate humid with an average annual rainfall of 1200 mm unequally
distributed throughout the year. The rainfall, mean air temperature, relative air humidity,
total day radiation and wind speed were obtained from a Campbell automatic weather
station located near the experiment (approximately 0.5 km) (Figure 1). Considering the
average historical data (1974–2020), the ET0 values are as follows: 456.3 mm in summer
(maximum values in December and January), 205.2 mm in autumn, 99 mm in winter
(minimum values in June and July) and 310.5 mm in spring, with an annual total of
1071 mm.
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Figure 1. Average monthly values of mean air temperature (continuous line) (°C), evapotranspira-
tion (gray bars) (ET0, mm × 10) and precipitation (black bars) (mm) at the experimental site in INIA 
Las Brujas from 1973 to 2018 (a), for the 2018/2019 season (b), and for the 2020/2021 season (c). Ver-
tical bars in (a) indicate the standard deviation. Data were recorded at an automatic weather station 
and is available at http://www.inia.uy/gras/Clima/Banco-datos-agroclimatico 11 January 2022. 

Figure 1. Average monthly values of mean air temperature (continuous line) (◦C), evapotranspiration
(gray bars) (ET0, mm × 10) and precipitation (black bars) (mm) at the experimental site in INIA Las
Brujas from 1973 to 2018 (a), for the 2018/2019 season (b), and for the 2020/2021 season (c). Vertical
bars in (a) indicate the standard deviation. Data were recorded at an automatic weather station and is
available at http://www.inia.uy/gras/Clima/Banco-datos-agroclimatico 11 January 2022.

Historical data for precipitation and ET0 show that during spring and summer evap-
otranspiration exceeds precipitation (Figure 1a), which causes a water deficit of approx-
imately 250 mm during that period. The two seasons in which the experiments were
carried out showed differences in rainfall and evapotranspiration. In the first season, high
precipitations during December and January were recorded, which by far exceeded the evapo-
transpiration, and a water deficit occurred in October, November and February (Figure 1b).
This generated differences in temperature and relative humidity and, consequently, a
vapor pressure deficit that was lower compared to the second season of the experiment
during January and higher during February (Figure 2). In the second season (Figure 1c),
evapotranspiration exceeded rainfall by approximately 300 mm between the months of
September and February, after which the values recorded were similar to what has occurred
historically (Figure 1a). In order to characterize our climate region, we compared the VPD
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of Uruguay and Spain (Córdoba), a main traditional olive cultivation region, considering
the average temperature (24 h) and average relative humidity for the 2009–2020 (Uruguay)
and 2001–2020 (Spain) periods (Supplementary Figure S1).
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Figure 2. Daily vapor pressure deficit (mb) in Uruguay for the 2019 and 2021 seasons from 1 January
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Brujas (available at http://www.inia.uy/gras/Clima/Banco-datos-agroclimatico 11 January 2022).

2.4. Productive Parameters

The fresh weight of the fruit (g), pit weight (g), and pulp/pit ratio were recorded
monthly in 20 olive fruits per tree from the end of pit hardening to harvesting time. Each
tree was harvested individually with a trunk vibrator machine at the end of April in both
seasons, and fruit maturity index (MI) was recorded based on a 0–7 scale [31]. Fruit yield
(kg/tree) was recorded and fruit number per tree was calculated from fruit yield and mean
fresh weight of the fruit.

Oil content (%) was measured monthly from the end of pit hardening to harvest time
on a sample of 200 g of olives per tree. To determine the fruit moisture content, each
sample was ground with a hammer mill and dried at 105 ◦C for 48 h, after which the
dried sample was grinded with a mortar and the oil content was determined following
the Soxhlet method [32]. Olive oil from each tree was obtained in an Abencor mill (Mc2
Ingenieria y Sistemas, Sevilla, Spain) for oil composition analysis. Water productivity (WPf)
was calculated as kg of fruit per unit of water applied (m3) throughout the experiment [14].

2.5. Oil Chemical Composition

Acidity: the free fatty acid content was determined following the official analytical
method described in [33] and expressed as acidity percentage.

Oil pigments: the content of total chlorophylls and total carotenoids was determined
in a spectrophotometer by dissolving 7.5 g of each oil in cyclohexane and measured at
670 and 470 nm, respectively, according to Minguez-Mosquera et al. [34], and expressed
as mg kg−1 EVOO.

Fatty acids profile: fatty acid methyl esters were prepared from trans-esterification
reactions with a cold methanolic solution of potassium hydroxide and analyzed by gas
chromatography as described by Feippe et al. [35], with some modifications. Briefly, 0.1 g
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of the olive oil sample were dissolved in 2 mL of heptane and vortexed for 1 min at 20 ◦C,
then centrifuged at 12,000 rpm for 5 min. The supernatant was trans-esterified by adding
1 mL 4 N KOH in methanol and stirring manually for 1 min. The solution was dried with
sodium sulfate powder, centrifugated at 12,000 rpm for 5 min, filtered and injected into a
gas chromatograph with a flame ionization detector (GC-FID, Shimadzu model 2010-Plus,
Kyoto, Japan). The column used was an Agilent DB-WAX (30 m × 0.25 mm ID, 0.25 µm).
The injection temperature was 250 ◦C and the FID detector temperature was set at 300 ◦C.
The oven temperature was set at 160 ◦C, increased to 200 ◦C after 13 min and maintained
for 22 min, after which the temperature was increased to 240 ◦C for the final 25 min. The
sample injection volume was 1 µL, and the mobile phase used was nitrogen at 30 mL/min.
The hydrogen flow was set at 40 mL/min and the air flow at 400 mL/min. A standard
certified Fatty Acids Methyl Esters (FAME) mix (Sigma-Aldrich, St Louis, MO, USA) was
used to identify the peaks according to retention times and expressed as percentages.

Total phenolics in olive fruits: total phenolics (TP) were determined according to
the method adapted from Sánchez-Rangel et al. [36] with a Folin–Ciocalteu reagent. Two
grams of olives were homogenized in an Ultraturrax for 2 min, extracted with 10 mL of
80% methanol, and centrifuged at 10,000 rpm for 4 min at 4 ◦C. The TP determination
was carried out in 96-well microplates, with gallic acid (GA) as the calibration standard;
15 µL of diluted sample extract or GA dilutions were incubated for 15 min in the dark,
after the addition of 240 µL of distilled water, 15 µL of Folin–Ciocalteu reagent and 30 µL
of 1 N sodium carbonate. The absorbance was read at 760 nm in a Synergy H1 Hybrid
Multi-Mode Reader with Gen 5 software (Bio-Tek Inc., Winooski, VT, USA). The results
were expressed as mg of gallic acid equivalents (GAE) per kg of fresh olives.

Total phenolic analysis in Virgin Olive Oils (VOO): total phenol content was deter-
mined by the Folin–Ciocalteu method described by Gutfinger [37], with some modifications.
Briefly, 5 g of olive oil samples were dissolved in 7 mL of MeOH:H2O (80:20) and vortexed.
The mixture was centrifuged for 10 min at 5800 rpm and the procedure was repeated twice.
The supernatants were pooled and brought up to a volume of 25 mL with MeOH:H2O
(80:20). An aliquot of 1 mL was transferred to a 10-mL volumetric flask to which 8 mL of
distilled water were added followed by 0.5 mL of Folin–Ciocalteu reagent and 0.5 mL of
saturated Na2CO3. The samples were shaken and left for 15 min in the dark at room tem-
perature. The absorbance was determined spectrophotometrically at 760 nm in a UV–VIS
spectrophotometer (Shimadzu™ model UV-3000, Kyoto, Japan). The total amount of TP
was calculated and expressed as mg of GAE equivalent per kg of oil by using a calibration
curve prepared with pure gallic acid standard solution.

2.6. Statistical Analysis

Since fruit number is a yield component defined during fruit set [38–40] and irrigation
treatments are installed after that phase, we analyzed whether there were significant
differences between the treatments of fruit number per tree at harvest. As significant
differences were detected, productive variables were analyzed with ANCOVA, with fruit
number per tree as a covariate. The adjusted model for each cultivar included treatment
effect, year effect, and their interaction. The Mixed Models procedure (SAS v.9.4 (SAS
Institute, Cary, NC, USA 2013) was used, and the corrected means were contrasted using
the Tukey–Kramer test, with a significance level of 5%. Linear functions were fitted to the
relationships between the fresh weight of the fruit, fresh weight of the pulp, pulp/pit ratio,
maturity index and the CLWP variables. We report those functions that provided the best
fits with a significance level of 5%.

3. Results
3.1. Tree Water Status and Fruit Moisture

Plants water status was affected by the levels of irrigation applied during the experi-
ment. The ranges of stem water potential (SWP) during the experiment in both seasons
and for both cultivars are presented in Table 1. The values obtained for the non-irrigated
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treatment were lower than those for irrigated trees. The most negative water potential value
reached throughout the experiment was −3.5 MPa, corresponding to the non-irrigated
treatment. In the 2021 season, water potential values were more negative than in the 2019
season. During spring and summer of 2021 there were few rain events. The estimated
evapotranspiration during those months was higher than the precipitation. The crop water
demand exceeded the water supply from the rains. Despite the differences in the ranges
between the two seasons, the differences between the treatments in each season were clearly
defined and had the same response pattern.

Table 1. Midday stem water potentials (Ψstem) ranges obtained from Arbequina and Frantoio
cultivars grown under different water irrigation levels (non-irrigated, 50% ETc and 100% ETc) in
two seasons.

Cultivar
2019 2021

Non-Irrigated 50% ETc 100% ETc Non-Irrigated 50% ETc 100% ETc

cv. Arbequina −1.7 to −2.3 −1.3 to −1.6 −0.8 to −1.3 −2.5 to −3.4 −1.7 to −2.1 −1.3 to −1.8
cv. Frantoio −1.9 to −2.7 −1.5 to −1.6 −1.1 to −1.5 −3.1 to −3.5 −2.0 to −2.8 −1.9 to −2.4

The values of cumulative leaf water potential (CLWP) of the non-irrigated treatment
were lower than those of irrigated trees in both cultivars and seasons (Figure 3). The
results show that the generated water deficit was progressive and constant throughout the
experiment. The water deficit level reached in the 2021 season was more intense than in
2019 in both cultivars, ‘Frantoio’ being the cultivar that reached the most negative values.
In the 2019 season, values of −248 and −295 MPa in Arbequina and Frantoio, respectively,
were recorded in the non-irrigated treatments, while the 100% ETc treatment presented
values between −137 and −149 MPa. In the 2021 season, values of −353 and −403 MPa in
Arbequina and Frantoio, respectively, were recorded in non-irrigated treatments while the
100% ETc treatment presented values between −211 and −252 MPa.

Agronomy 2022, 12, x FOR PEER REVIEW 7 of 17 
 

 

value reached throughout the experiment was −3.5 MPa, corresponding to the non-irri-
gated treatment. In the 2021 season, water potential values were more negative than in 
the 2019 season. During spring and summer of 2021 there were few rain events. The esti-
mated evapotranspiration during those months was higher than the precipitation. The 
crop water demand exceeded the water supply from the rains. Despite the differences in 
the ranges between the two seasons, the differences between the treatments in each season 
were clearly defined and had the same response pattern. 

Table 1. Midday stem water potentials (Ψstem) ranges obtained from Arbequina and Frantoio cul-
tivars grown under different water irrigation levels (non-irrigated, 50% ETc and 100% ETc) in two 
seasons. 

Cultivar 
2019 2021 

Non-Irrigated 50% ETc 100% ETc Non-Irrigated 50% ETc 100% ETc 
cv. Arbequina −1.7 to −2.3 −1.3 to −1.6 −0.8 to −1.3 −2.5 to −3.4 −1.7 to −2.1 −1.3 to −1.8 

cv. Frantoio −1.9 to −2.7 −1.5 to −1.6 −1.1 to −1.5 −3.1 to −3.5 −2.0 to −2.8 −1.9 to −2.4 

The values of cumulative leaf water potential (CLWP) of the non-irrigated treatment 
were lower than those of irrigated trees in both cultivars and seasons (Figure 3). The re-
sults show that the generated water deficit was progressive and constant throughout the 
experiment. The water deficit level reached in the 2021 season was more intense than in 
2019 in both cultivars, ‘Frantoio’ being the cultivar that reached the most negative values. 
In the 2019 season, values of −248 and −295 MPa in Arbequina and Frantoio, respectively, 
were recorded in the non-irrigated treatments, while the 100% ETc treatment presented 
values between −137 and −149 MPa. In the 2021 season, values of −353 and −403 MPa in 
Arbequina and Frantoio, respectively, were recorded in non-irrigated treatments while 
the 100% ETc treatment presented values between −211 and −252 MPa. 

 
Figure 3. Seasonal evolution of cumulative leaf water potential (CLWP, MPa) of Arbequina (dotted 
line) and Frantoio (solid line) cultivars from the end of pit hardening to harvest time in the 2019 and 
2021 seasons. Treatments included non-irrigated (■), 50% ETc (▲) and 100% ETc (●). Values are the 
means of four trees. 

Fruit moisture content recorded during the experiment also presented differences 
between treatments, being lower in non-irrigated treatments than in irrigated ones, for 
both cultivars and both seasons (Figure 4). At the end of the experiment, the 100% ETc 
treatment presented at least 12% more moisture than the non-irrigated treatment in 

Figure 3. Seasonal evolution of cumulative leaf water potential (CLWP, MPa) of Arbequina (dotted
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Fruit moisture content recorded during the experiment also presented differences
between treatments, being lower in non-irrigated treatments than in irrigated ones, for both
cultivars and both seasons (Figure 4). At the end of the experiment, the 100% ETc treatment
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presented at least 12% more moisture than the non-irrigated treatment in Arbequina and
more than 8% in Frantoio. In 2019, fruit moisture in the non-irrigated treatments was 43
and 48% in Arbequina and Frantoio, respectively, compared to the respective 59 and 56%
recorded in the 100% ETc treatments. In 2021, fruit moisture in the non-irrigated treatments
was 54 and 49% in Arbequina and Frantoio, respectively, compared to the respective 66
and 63% recorded in the 100% ETc treatments.
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3.2. Productive Parameters

Significant differences between the treatments of fruit number per tree at harvest were
detected, so productive variables were analyzed with ANCOVA, with fruit number per
tree as a covariate. Fruit yield (kg/tree) did not show significant differences in Arbequina.
In Frantoio, however, fruit yield was significantly higher in the irrigated treatments than in
the non-irrigated treatment (Table 2). The maturity index for both cultivars was higher in
the non-irrigated treatments than in the irrigated ones. Oil content (% DWB) did not show
significant differences between treatments in Arbequina, whereas in Frantoio differences
were only observed when comparing the 100% ETc and the non-irrigated treatment, with
the oil content being higher in the latter. The fruit yield achieved in both irrigated treatments
was similar. Therefore, regardless of the cultivar, WPf was higher in the treatment with 50%
ETc than in the one with 100% ETc (Table 2). WPf was not calculated in the non-irrigated
treatment, since there was no application of irrigation.

Correlations between the production parameters and CLWP were analyzed (Figure 5).
CLWP better represents plant water status when it is closer to zero. Fresh weight of fruit
increased with the best water status in both cultivars and in both seasons, as did the fresh
weight of the pulp and pulp/pit ratio, presenting significant regressions in all cases. A
positive relationship was observed between the fresh weight of fruit and CLWP, as irrigated
trees of both cultivars presented a higher fresh weight of fruit than those of the non-irrigated
treatment (Figure 5). In Arbequina, an adjustment greater than 0.4 was obtained, while in
Frantoio this value was greater than 0.66. Similar results were obtained in the relationship
between fresh weight of pulp and CLWP, with an adjustment greater than 0.51 in Arbequina
and at 0.65 in Frantoio. A positive relationship was also observed between the pulp/pit
ratio and CLWP, as Arbequina and Frantoio exhibited an adjustment greater than 0.68
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and 0.71, respectively. The maturity index presented a negative relationship with CLWP,
being significantly higher in non-irrigated treatments compared to those with irrigation
(Figure 5). Arbequina presented an adjustment of 0.72, with MI ranges that varied between
1 and 3.7, while Frantoio presented an adjustment of 0.40, with MI ranges between 1.1 and
2.1 (Table 2).

Table 2. Fruit yield (kg/tree), maturity index, oil content (%) and water productivity (WPf, kg fruit/m3

water applied) of Arbequina and Frantoio cultivars grown in the fully irrigated treatment with 100%
ETc, in treatment with 50% ETc and in the non-irrigated treatment at INIA Las Brujas. Mean of the
two seasons.

Evaluated Parameters

cv. Arbequina cv. Frantoio

Irrigation Treatment

Non-Irrigated 50% ETc 100% ETc Non-Irrigated 50% ETc 100% ETc

Fruit yield (kg/tree) 35.2 a,* 42.2 a 45.2 a 31.5 b 45.5 a 52.4 a

Maturity index 3.32 a 2.21 b 1.91 b 2.31 a 1.32 b 0.96 b

Oil content
39.6 a 37.7 a 37.6 a 39.2 a 36.9 a,b 34.5 b

(% DWB)
WPf (kg fruit/m3 water applied) # 19.6 9.5 # 21.2 11.0

* Different letters within the row indicate significant differences for each cultivar separately (HSD Tukey–Kramer
p ≤ 0.05). # Since the non-irrigated treatment did not receive water applications, the WPf was not calculated.

3.3. Polyphenols Content in Fruits

Total phenols in fruit showed a negative relationship with the reduction in CLWP
(Figure 6). Arbequina showed a reduction of 2730 and 1180 mg GAE/kg FW in total
phenols in fruit, as CLWP was lower in 2019 and 2021, respectively. Frantoio showed a
lesser reduction, being 470 and 610 mg GAE/kg FW in total phenols in fruit, as CLWP was
lower in 2019 and 2021, respectively.

3.4. Oil Chemical Composition

The fatty acids profile was affected by irrigated treatments in both seasons, mainly for
Arbequina. In the 2019 season, palmitoleic (C16:1) and linoleic (C18:2) acids increased in the
non-irrigated treatment, whereas stearic (C18:0) and oleic (C18:1) decreased in Arbequina.
In Frantoio, only stearic acid showed an increase without irrigation. In the 2021 season,
Arbequina showed higher levels of linoleic acid in the non-irrigated treatment, similarly
to the first season but in a much higher percentage in all treatments. Arachidic (C20:0)
and eicosenoic (C20:1) acids showed lower levels under non-irrigated treatments in the
2021 season in Arbequina. As for Frantoio, linolenic (C18:3) and eicosenoic acids were
lower and stearic acid was higher in the non-irrigated treatment. The MUFA/PUFA ratio
was modified only in Arbequina in the first season, being significantly higher in the 100%
ETc treatment. The oil polyphenol content was significantly higher in the non-irrigated
treatment than in the 100% ETc treatment for Arbequina in the 2019 season and for Frantoio
in 2021. Total carotenoids were significantly higher in the non-irrigated treatments in both
cultivars, except for Arbequina in 2021, when no significant differences were recorded. Total
chlorophylls in the non-irrigated treatment were lower in Arbequina in both seasons and
higher in Frantoio, which only presented significant differences with the other treatments
in the 2021 season. Free acidity was analyzed as the quality control of the extraction process,
which in all cases was less than 0.15% (data not shown).
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Figure 5. Fresh weight of fruit in grams (a,b), fresh weight of pulp in grams (c,d), pulp/pit ratio
(in fresh weight basis) (e,f) and maturity index (g,h) at harvest time as a function of the cumulative
leaf water potential (MPa) in Arbequina (left) and Frantoio (right) cultivars. Treatments included:
non-irrigated (�), 50% ETc (N) and 100% ETc (•). In panels (g) and (h), the regression was done for the
two years together. The empty symbols correspond to the 2019 season and the full symbols to 2021.
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4. Discussion

Olive (Olea europaea L.) is a typical tree of the Mediterranean climate that has tradition-
ally been cultivated in rainfed conditions and in regions with high vapor pressure deficit
(VPD). VPD is the difference between the saturation vapor pressure and real vapor pressure
during a given period [27]. Mairech et al. [5] express the need for calibrating irrigation
at a local level given the high dependence of the water requirements with VPD. Many
authors report the range of xylem potential reached during irrigation experiments, but
few studies refer to VPD [15,41]. We compared the VPD of Uruguay and Spain (Córdoba)
(Supplementary Figure S1) and it is observed that Uruguay presents notoriously lower
values of VPD. During the summer, VPD values in Spain double those of Uruguay. VPD is
directly associated with evapotranspiration (ET0), as higher VPD would generate higher
water consumption. Annual ET0 values in our conditions are lower than those reported for
other olive regions around the world [1,5]. During summer, the period in which the experi-
ment was carried out, the most frequent ET0 value in Uruguay was 456 mm (Figure 1a),
while in the Mediterranean basin it is higher (for instance, 600 mm in Sevilla [1]). These
climatic differences can influence olive tree physiology, affecting the productive variables.

Plant water status achieved by the different treatments in both seasons generated a
moderate stress in the 50% ETc treatment and a severe one in the non-irrigated treatment
according to Fernández et al. [42]. Stem water potential (SWP) in both seasons was in the
range of −1.7 and −3.5 MPa in the non-irrigated treatment, −1.3 and −2.8 MPa in the 50%
ETc treatment and between −0.8 and −2.4 MPa the in 100% ETc treatment, all within the
range measured by other authors [14,30,43]. In Arbequina, the stress during the experiment
reached cumulative leaf water potential gradients between treatments from −137 to −248
in 2019 and from −211 to −353 in 2021. In Frantoio, the CLWP gradient was −149 to −295
in 2019 and −251 to −403 in 2021 (Figure 3). These values were similar to those reported
by Gucci et al. [30]. This allows us to classify the stress level of treatments and therefore to
compare our results with reports made in other sites and cultivars.

Final yield is determined by fruit number, fruit weight and oil content [44]. Fruit
number is defined in the flowering–fruit setting phase, prior to establishing the experi-
ment [38–40]. As significant differences in fruit number per tree were detected at harvest
between treatments, this parameter was used as a covariate. Therefore, we focused on
fruit weight and oil content responses. It was observed that, under the experimental condi-
tions, both cultivars responded positively to irrigation, increasing the fruit weight and the
pulp/pit ratio in comparison to the non-irrigated treatment. A similar response was also
observed during the same water deficit period by Lavee et al. [45] in cv. Muhasan, where
fruits were significantly smaller in the non-irrigated trees than in the irrigated ones. The
magnitude of the irrigation effects was different depending on the cultivar. Fruit weight in
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Arbequina in the irrigated treatment increased by 40% in comparison to the non-irrigated
treatment, while in Frantoio it increased by 68%, which represents a 66% increase in yield
per tree. Moreover, a positive linear relationship between the pulp/pit ratio and water
plant status was observed in both cultivars (Figure 5b). This is in accordance with previous
studies by Gómez-Rico et al. [46] and Lavee et al. [45] who observed that irrigation increases
the pulp/pit ratio in comparison to rain-fed trees. However, other authors did not find
effects in this ratio under mild water stress [12,45]. In the framework of this experiment, the
impact of irrigation on absolute fruit weight was lower in Arbequina, a cultivar with small
fruits. In addition, it did not translate into a yield increase (kg/plant). In Frantoio, the in-
crease in fruit weight doubled with irrigation, impacting the yield (Table 2 and Figure 5). This
could be due to the genetic characteristic of the fruit size limiting the response to irrigation.

Fruit oil content does not yet show a consensual pattern of response to water restriction.
This parameter is highly variable depending on the moment and level of water restriction
applied [14,46]. In Arbequina, we found no effect of irrigation on the oil content on a dry
basis (Table 2). Similar results were obtained by Hueso et al. [14] in Arbequina under similar
water-stress conditions (up to −2.6 MPa) and by Ahumada-Orellana et al. [47] even under
severe water stress (up to −6 MPa). However, Iniesta et al. [40] found a higher oil content
in water deficit treatments in comparison to irrigated ones, under similar stress conditions
as those of our work (−2.9 and −3.6 MPa), also in Arbequina. Oil content is conditioned by
the genotype–environment interaction [48]. In this study, a different response in oil content
according to cultivars was observed, in agreement with Iniesta et al. [40]. In particular,
the oil content in Frantoio was higher in the non-irrigated treatment than in the 100% ETc
treatment (Table 2), while in other works a reduction in oil content has been recorded when
stem water potential was near −4 MPa [46,49].

Regarding MI, the negative effect of the fruit load on the advancement of maturity
has been widely reported. In this sense, it is expected that the treatments with more load
have a delayed maturity. Despite having corrected the maturity mean values for fruit
number, a negative linear relationship was maintained between MI and water status in
both cultivars, with a greater slope in Arbequina (Figure 5). The same pattern was found by
Inglese et al. [50] in cv. Carolea when the irrigation in the final phase of fruit development
delayed the MI, and by Motilva et al. [51] in Arbequina. However, Iniesta et al. [40] did not
find that a deficit in irrigation leads to an earlier ripeness.

Polyphenols have been associated with defense mechanisms against water stress [52].
In our study, total phenols in fruit increased in the non-irrigated treatment in both cultivars.
According to Talhaoui et al. [53], the transfer of phenolic compounds from fruits to oil
did not surpass 2% in a study with six cultivars that explains qualitative and quantitative
changes in phenolic compounds of olive oil during oil extraction in relation to fruits. Our
results show that the content of polyphenols in Arbequina and Frantoio oil increased for the
non-irrigated treatment compared with the 100% ETc treatment, as also reported by several
authors [51,54,55]. During the 2021 season, Arbequina showed the same tendency but the
differences were not statistically significant. In the 2019 season, the content of polyphenols
in Frantoio increased with irrigation restriction at 50% ETc, reaching the highest level. A
similar effect was observed by Tognetti et al. [56], who reported that total phenolics at 66%
ETc where higher than in the non-irrigated and 100% ETc treatments. Other works with
Frantoio found inconsistent results between years in the phenol content in response to the
level of irrigation [57]. Despite the fact the levels found in both seasons are different, they
are in concordance with previously reported oils from similar experiments [18,46,51]. In
humid climate conditions, the differences between two growing seasons could affect not
only the oil content [58] but also the minor oil components, such as phenolic compounds
and the fatty acid profile.

The carotenoids content in oil was affected by plant water status, increasing with
water restriction between the non-irrigated and 100% ETc treatments in Arbequina and
Frantoio, respectively. Only Arbequina showed no differences in season 2021 (Table 3).
However, previous works on the effects of irrigation on the carotenoid content found
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different responses. Sena-Moreno et al. [59] reported an increase in carotenoids with water
restriction, consistent with our results, while Tovar et al. [18] did not find differences.
The chlorophyll content in Arbequina was reduced by 65% (2019) and 81% (2021) in the
non-irrigated treatment compared to the irrigated ones. This response was probably due to
the advanced maturity index in the non-irrigated treatment at harvest. For Frantoio, the
only difference was found in the 2021 season, where the chlorophyll content increased by
76%. The pigments content (chlorophylls and carotenoids) varies depending on the cultivar,
the fruit ripening stage, the weather conditions and the oil-extraction processes [60]. The
lipophilic characteristics of these compounds determine the affinity of the oily phase and
the migration ratio into the EVOO, playing a role in oxidative stability [61].

Table 3. Physicochemical composition of olive oil in the non-irrigated, 50% ETc and 100% ETc treat-
ments: total phenolics, chlorophylls, total carotenoids, free acidity and fatty acids composition. Olives
from the Arbequina and Frantoio cultivars harvested in 2019 and 2021 obtained the corresponding
virgin olive oil (VOO).

2019 2021

cv. Arbequina cv. Frantoio cv. Arbequina cv. Frantoio

Non-
Irrigated 50% ETc 100%

ETc
Non-

Irrigated
50%
ETc 100% ETc Non-

Irrigated 50% ETc 100%
ETc

Non-
Irrigated

50%
ETc

100%
ETc

Total Phenolics (mg
GAE/kg EVOO) 147.5 a,* 138.3 a,b 121.7 b 343.5 a,b 372.4 a 306.4 b 86.4 a 72.6 a 80.2 a 133.5 a 105.9 b 104.0 b

Totals Carotenoids (mg
Car/kg EVOO) 3.54 a 3.36 b 2.88 b 7.29 a 5.81 b 5.59 b 0.68 a 0.77 a 0.79 a 5.19 a 3.08 b 3.41 b

Total Chlorophylls (mg
Ch/kg EVOO) 0.69 b 1.94 a 1.99 a 6.81 a 5.16 a 5.79 a 0.14 b 0.75 a 0.75 a 7.47 a 3.85 b 4.04 b

Fatty acid composition:
Palmitic Acid (%) 14. 82 a 15.07 a 15.25 a 13.54 a 14.19 a 13.67 a 16.69 b 17.41 a 17.18

a,b 14.00 a 13.81 a 14.64 a

Palmitoleic Acid (%) 2.19 a 1.99 a,b 1.93 b 1. 23 a 1.45 a 1.55 a 1.62 b 2.16 a,b 2.28 a 1.07 a 0.85 a 1.09 a

Stearic Acid (%) 1.51 c 1.74 a 1.65 b 2.25 a 1.89 b 1.58 b 1.71 a 1.75 a 1.69 a 2.26 a 1.90 b 1.70 c

Oleic Acid (%) 67.56 b 68.73 a,b 69. 57 a 73.45 a 73.05 a 74.07 a 60.23 a 60.52 a 61.24 a 71.10 a 70.28 a 71.01 a

Linoleic Acid (%) 12.84 a 11.41 b 10.42 c 8.17 a 8.14 a 7.78 a 18.42 a 16.66 a,b 16.14 b 10.11 b 11.59 a 9.808 b

Linolenic Acid (%) 0.50 a 0.51 a 0.56 a 0.75 a 0.68 b 0.68 b 0.60 a 0.65 a 0.66 a 0.63 c 0.70 b 0.82 a

Arachidic Acid (%) 0.30 a 0.29 a 0.31 a 0.31 a 0.31 a 0.31 a 0.34 b 0.40 a 0.40 a 0.41 a 0.40 a 0.40 a

Eicosenoic Acid (%) 0.28 a 0.27 a 0.31 a 0. 30 a 0.29 a 0.37 a 0.27 b 0.31 a 0.30 a 0.31 c 0.36 b 0.40 a

MUFA/PUFA 5.23 c 5.94 b 6.55 a 8.39 a 8.49 a 9.00 a 3.28 a 3.66 a 3.81 a 6.76 a 5.84 b 6.83 a

* Means (n = 4) followed by the same letter within a row for each cultivar and each season are not significantly
different at p < 0.05 (Tukey’s test). GAE: Gallic acid equivalent; Ch: total chlorophylls; Car: total carotenoids.
MUFA/PUFA: ∑ monounsaturated fatty acids (MUFA)/∑ polyunsaturated fatty acids (PUFA) ratios.

The effect of different irrigation strategies on the olive oil fatty acid composition
remains unclear [4]. In our study, oleic acid, the main olive oil fatty acid, was significantly
lower for Arbequina in the 2019 non-irrigated treatment (Table 3). Severe and prolonged
water stress during fruit growth increases fruit temperature [62] and consequently the
oleic acid proportion fell [63]. In the same regard, we found a reduction in oleic acid as
linoleic acid increases with severe water restriction in Arbequina. The MUFA/PUFA ratio
decreased concomitantly for Arbequina in the 2019 season in the non-irrigated treatment,
with no changes in Frantoio in either season. Despite slight differences in the percentages,
the obtained quality complied with the IOC specifications for EVOOs regarding the fatty
acid composition of both cultivars.

It is important to find the best balance between yield, oil quality and water-saving
issues [30]. The relationship between fruit production and ETc was shown to be curvilinear
by Moriana et al. [10], which means that high production could be reached at lower values
than those of the maximum potential ETc. It was demonstrated that under full irrigation
olives can achieve high yields (8 t/ha/year) in humid template regions [58]. In our study,
if we compare WP (estimated according to kg/tree based on the applied water) between
both irrigation treatments, we observe that it was always higher in the 50% ETc treatment
than in the 100% ETc one, since yields in kg/tree were similar between both and the water
applied was half in the 50% ETc one. Moreover, oil polyphenols content was similar in
both irrigated treatments, which may affect oil stability [64]. Fruit moisture at harvest
ranged between 43% and 65.5% in Arbequina in the non-irrigated and 100% ETc treatments,
respectively. In Frantoio, the range was between 47.6% and 62.7% in the non-irrigated and
100% ETc treatments, respectively. High fruit moisture may have negative effects on the
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oil extraction process [65,66]. A reduction in irrigation translates into a lower percentage
of fruit moisture, which facilitates oil extraction [64–66] and reduces costs at the olive oil
mill. The economic valuation of the investment in irrigation must take into account other
benefits, such as avoiding severe droughts in the spring or in the years of installation of the
crop. Our results provide information on how to manage the irrigation already installed
during the fruit growth phase, a phase in which the published results are highly variable
and for which there is no evidence in our agroecological conditions.

In summary, this work provided experimental evidence about the productive behavior
of the Arbequina and Frantoio cultivars in a temperate humid climate under different
water deficit conditions. We demonstrated that irrigation in a low VPD environment
increases fruit weight and the pulp/pit ratio, and that it resulted in a significant increase
in yield (kg/tree) in Frantoio. The oil content in response to irrigation was different
between cultivars. Water restriction conditions did not affect the oil content of olives in
Arbequina, while in Frantoio it increased by water restriction in the evaluated range of
stem water potential (from −0.8 to −3.5 MPa). The content of polyphenols in fruits and in
oil increased under water restriction, with lesser changes in other oil quality parameters.
A moderate water restriction (50% ETc) produced the most balanced result between yield,
oil quality and WP. Irrigation during the growth and ripening of the fruit also affects
the vegetative development and therefore will affect the flowering potential for the next
season, in this way it is also intervening in the expression of alternate bearing. For this
reason, future studies should address aspects of partition and the relationship of vegetative–
reproductive growth to carry out a comprehensive analysis of the benefits of irrigation in
our agroclimatic conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12020313/s1, Figure S1: Annual vapor pressure deficit
(mb) in Uruguay and in Spain. Data recorded by an automatic weather station at the experimental
site in INIA Las Brujas as an average of the 2009–2020 period (available at http://www.inia.uy/gras/
Clima/Banco-datos-agroclimatico 11 January 2022) and by the weather station at Córdoba as an
average of the 2001–2020 period (available at https://www.juntadeandalucia.es/agriculturaypesca/
ifapa/riaweb/web/estacion/14/6 11 January 2022).
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Abstract: Sun damage on apples is attributed to the occurrence of high temperatures, incident radia-
tion, and fruit and plant water parameters, all dependent on climatic conditions and management.
The development of new production areas and climate changes increase the interest in studying
the behavior of the fruit under different conditions. The effect on sun damage of three nets and
two chemical protectants was evaluated in a commercial orchard of ‘Granny Smith’ in a neotropical
climate during the 2012–2016 seasons. We recorded the evolution, incidence and severity of sunburn
and sunscald. Fruit surface temperature, fruit size, sprouting and return to flowering was also
recorded. Incident radiation and air temperature were considered for the assessment of the crop’s
microclimate. The transmittance in PAR wavelength and the air temperature variation on netting
treatments reached 0.4 and 9 ◦C, respectively. The fruit surface temperature for the White-Net and
Black-Net-50% treatments was always lower than 46 ◦C. For the sun damaged fruits, the Black-Net-
50% treatment showed the highest proportion of slightly sunburned fruits (94%) and the lowest
proportion of heavy damages, with a sunscald index equal to or less than 2 (on a scale of 1–4) in all
the tested conditions. In a neotropical climate, protectant applications did not reduce the incidence
of sunburn, but with the use of nets it was possible to reduce both sunburn and sunscald without
affecting growth processes dependent on leaf net assimilation.

Keywords: nets; sun chemical protectants; sunscald; climate changes

1. Introduction

Sunburn damage originates during fruit growth and may or may not be visible at
this stage. At harvest and packing, fruits showing an irregular, yellow-to-brown spot
on the sunburned side are rejected. Damage without apparent symptoms at harvest
and/or packing manifests itself after cold storage (sunscald) [1–3]. These colorations result
from the synthesis of polyphenols and β-carotenoids in the affected portion of the skin
as a potential protective mechanism against oxidative stress due to sun exposure [4–6].
Severe damage is characterized by dark-brown to black coloration due to necrosis of the
epidermis and subepidermis [3]. The fruit skin’s physicochemical properties in each variety,
such as homogeneity, thickness and composition of the epicuticular wax, and pigment
concentration, modify the refraction of incident light and determine the sensitivity to
sunburn [4], being ‘Granny Smith’ the most sensitive cultivar [7].

High solar incident radiation and high air temperature cause photo-oxidative stress
conditions and increase fruit temperature. These are considered the environmental factors
that determine sunburn [3,4,8]. Schrader et al. [1] propose a base fruit temperature of 46 to
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49 ◦C for slight damage, and 52 ◦C for the occurrence of necrosis, the latter irrespective
of incident radiation. Considering that the fruit temperature in the side exposed to the
sun can be 18 ◦C higher than the air temperature and 9 ◦C higher than in the unexposed
side [9], the air temperature values at which fruit damage occurs should be higher than
28–32 ◦C [3]. Although there is consensus on the predisposing environmental conditions
for the occurrence of sunburn, recent works have focused on studying the role of the water
status of the fruit and the tree. The location of the fruit in the canopy and its degree of
acclimatization are associated with the severity of sun damage. Orchard characteristics,
such as tree vigor, the presence of windbreaks and row direction, affect the incident
radiation and the sensible heat of the fruit. Finally, crop water status plays a role due to its
ability to cool the tissues and, therefore, reduce fruit temperature [2,10–13].

Quality losses due to sun damage have led to the development of cultivation prac-
tices to mitigate them [14], such as water spraying on foliage and fruits to lower fruit
temperature [15], the use of shade nets [16], chemical formulations that reflect or filter UV
radiation [17], antitranspirants [18], and canopy management [2]. Although the reduction
in sunburn incidence using different types of netting, structures and cover is widely re-
ported, the mechanisms involved are not fully described and results are highly variable
depending on local climate, cultivar and management [16,19]. The nets reduce the total
incident radiation, altering the crop’s microclimate and modifying the gaseous exchange
between plant and atmosphere [20,21]. As a result, many of the plant’s physiological
processes are modified, producing changes in both water use efficiency and net assimila-
tion [22]. The effect of the netting on the crop’s photosynthetic capacity depends on the
total incident photosynthetically active radiation (PAR) at each location and for each time
of the year. When the decrease in radiation due to the nets maintains PAR levels above
the canopy PAR saturation, no problems in carbohydrate production are expected [23,24].
Reduced assimilation rates are associated with smaller fruit size and lower new-shoot
growth [25].

The decrease in air temperature under the net, coupled with a decrease in wind
speed, affects air temperature, relative humidity, and water vapor-pressure deficit. These
environmental variables modify the photosynthetic efficiency, in addition to the water
status of the plants and, therefore, the cooling capacity of the foliage and the fruit, thus
altering the fruit’s sensitivity to sun damage. The approaches linked to photosynthetic
efficiency and conducted on recently harvested fruits show a decrease from 0.71 to 0
in the Fv/Fm ratio of fruit skin between 39 and 42 ◦C. Authors who subscribe to these
approaches conclude that sunscald is an expression of photo-oxidative stress in the fruit’s
skin, which is promoted by peel temperatures above 40 ◦C. Short-term field tolerance is
acquired by insolation at sub-injurious temperatures, but this tolerance is rather weak
and does not abide the atmospheric conditions that prevail in the Israeli summer [26].
McCaskill et al. [22] point out that reductions of up to 2 ◦C in fruit temperature can
be obtained under nets, which reduce the intensity of the solar beam by interception
and scattering while allowing sufficient air flow to enable the transfer of heat from the
fruit’s surface to the air. On the other hand, nets can modify the quality of incident light,
affecting photomorphogenic processes and other developmental processes such as bud
differentiation and the return to flowering in the following spring [27,28].

Another reported management is the application of inorganic physical blockers, i.e.,
particles that block, reflect and scatter solar radiation [18]. These particles have been
used in various crops since the 1970s with varied results. Gindaba and Wand [17] report
a decrease in fruit temperature and sun damage in apple trees with the application of
chemical protectants. The main drawbacks of this practice include the need for several
applications to maintain constant coverage and the difficulty for the removal of the applied
products at the packing lines [29].

Most of the research related to sunburn has been conducted in arid or semi-arid
climates, with just a few studies performed in humid regions or addressing the differences
in sensitivity to sunburn between fruits from different growing environments [30]. Research

174



Agronomy 2021, 11, 1618

on crop physiology under netting has been carried out in climates with high incidence of
hail, related to altitudes and/or latitudes higher than those of our experiment [31], where
solar radiation is not always excessive and therefore the risk of sunburn is lower [23].
Changes in the climate of traditional growing areas increase the interest in understanding
the response of temperate fruit trees to neotropical climatic conditions, such as those of our
study [32].

The objective of this work is to quantify sunburn damage on apples in a neo-tropical
climate and to evaluate the effect of black and white netting, as well as the application of
sunburn protectants, on sprouting and growth parameters, and on sunburn damage at
harvest and after cold storage.

2. Materials and Methods

The experiment was carried out during the 2012/2013 to 2015/2016 seasons (here-
after, seasons 1 to 4) in an apple orchard (Malus × domestica Borkh) of ‘Granny Smith’/M7
pollinized with ‘Gala’, located in the department of San José, in southern Uruguay (34◦38′18′′ S;
56◦40′06′′ W, 28 masl). The orchard was established in 2003 with north–south row ori-
entation and a planting frame of 4 m × 1.5 m. The climate of this regional ecotone is
classified by Bernardi et al. (2016) as neotropical. The soil types are mainly Argiudolls and
Hapluderts and a drip irrigation system setup with a maximum daily watering capacity of
4.5 mm.

Treatments consisted of netting and sunburn protectant (PRO) applications. Netting
was evaluated throughout all 4 seasons, whereas PROs were applied in seasons 2 and
3. The nets used in all cases were monofilament nets with the following characteristics:
translucent white net 20% (WN) (only in seasons 3 and 4); black net 35% (BN35); and black
net 50% (BN50). The PROs used were kaolin (Surround WP®, 50 K/ha, Tessenderlo Kerley,
Inc., Phoenix, AZ, USA) and CaCO3 (Purshade®, 30 l/ha, Tessenderlo Kerley, Inc., Phoenix,
AZ, USA), applied 4 and 5 times for seasons 2 and 3, respectively. All treatments were
applied each season in mid-December, coinciding with weeks 6 and 9 after full bloom
(WAFB), and were maintained until harvest. The flowering dates for cycles 1 to 4 were the
following: 27 September (cycle 1), and 28 October, 3 and 14 (cycles 2, 3 and 4, respectively).
The PRO treatments were repeated whenever necessary, depending on rainfall levels (after
an accumulation of 10 mm) and/or fruit cover levels.

2.1. Experimental Design
2.1.1. Field Experiment

The experimental design consisted of randomized complete blocks with 3 replicates
per treatment. The net treatments covered a surface of 600 m2 (12 × 50 m), including three
rows and its inter-rows, whereas PRO and Control treatments each consisted of one row of
15 m. In all cases, measurements were made in the three central trees.

Four fruits were marked in each replicate between 40 and 50 days after full bloom
(DAFB) and after fruit drop by carbohydrate balance [33–35], one in each of the following
conditions: (a) exposed green fruit with no visible sun damage (GEF); (b) exposed fruit with
red coloration (RF); (c) exposed fruit with incipient sunburn (SBF) or sunburn browning,
according to Racsko and Schrader [18]; (d) internal green fruit with no visible sun damage
(GIF) (Figure 1). Those fruits were marked at a height between 1.5 and 2 m in the internal
and external part of the canopy.

At harvest, fruits were visually classified according to the degree of sunburn into
the following categories proposed by Torres et al. [33]: HF, healthy fruit; Mild, slight
discoloration on the skin or mild sunburned symptoms on less than 25% of the surface; Mod,
moderate sunburned fruit with yellowing and browning on 25 to 50% of the skin surface;
and Sev, severe sunburned fruit with more than 50% sunburn or dark brown patches over
light browning. These categories consider both symptom type and quantification of the
surface, with symptoms described by Racsko and Schrader [18] and Torres et al. [36], as
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a way of following a standard evaluation procedure to reduce the difficulties of visual
grading.
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Figure 1. Examples of fruit categories at three stages of damage development. At the beginning of
treatments (6 WAFB = weeks after full bloom): RF = red fruit, GEF = green external fruit, GIF = green
internal fruit, and SBF = sunburned fruit. At harvest: HF = healthy fruit, Mild = slightly sun-
burned fruit, Mod = moderately sunburned fruit, Sev = heavily sunburned fruit; and Post-harvest:
HF = healthy fruit, SSF = slightly sunscalded fruit, MSF = moderately sunscalded fruit, HSF = heavily
sunscalded fruit.

2.1.2. Postharvest Experiment

Postharvest experiment was evaluated in seasons 2 and 3, using a randomized
5 × 2 × 2 factorial design in each season. We applied five levels for field treatments,
two levels for fruit condition at harvest (HF and Mild) and two levels for antiscaldant appli-
cation to prevent superficial scald (with or without product application). The experimental
unit consisted of a box with an average of 78 fruits, which was replicated 3 times. Each
replicate was palletized and stored in commercial cold storage at a temperature of 0–1 ◦C
and 95% RH. Diphenylamine (DPA) treatment was performed in season 2 at 2000 ppm for
1 min at 22 ◦C. In season 3, 75 mg m−3 of 1-MCP was applied in a commercial storage at
room temperature.

2.2. Evaluations
2.2.1. Microclimate

The effect of the nets on the radiation affecting the crop was evaluated with an Ocean
Optics spectrometer, model S2000, ~1 nm resolution, which covers a wavelength range
from 250 to 800 nm. The spectra were evaluated twice in the tested period, on cloudless
days and between 12:00 and 15:00 h (local time = GMT − 3 h).

During the 15/JAN-27/FEB period of season 4, the air temperature (AT) of each
treatment was recorded every half hour using i-button sensors located inside the canopy of
the trees and protected from direct solar radiation.
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The maximum fruit surface temperature (FST) was recorded using an IR camera
(FLIR E50) on three days at 12 WAFB of seasons 2 and 3, between 13:00 and 16:00 h, with
maximum AT (ATmax) between 33 and 35 ◦C.

2.2.2. Sunburn

From 6 WAFB onwards, the evaluation of sun damage was recorded weekly by visual
determination on the marked fruits.

At harvest, the fruits from each treatment were manually sorted into the four above-
mentioned categories: HF, Mild, Mod and Sev (Figure 1). Fruits classified as HF and Mild
were retained for postharvest evaluation.

2.2.3. Fruit Growth and Sprouting

From 6 WAFB onwards, fruit size development was measured weekly on a random
sample of 15 fruits per tree. After harvest, we counted the number of shoots and spurs on
one branch per tree and measured the length of the shoots. In the blooms corresponding
to seasons 2, 3 and 4 for each treatment, we evaluated the return to flowering on the
same branch.

2.2.4. Post-Harvest

The incidence and severity of scald was evaluated three times during each conserva-
tion season. In season 2, evaluations were made at 60, 120 and 210 days of cold storage,
while in season 3 evaluations were made at 82, 133 and 245 days. Incidence was expressed
as the presence or absence of alterations, and severity was classified on a 4-point scale,
in which 1 corresponds to healthy fruits (HF), 2 to slightly scalded fruits (SSF, 25% of the
fruit’s surface), 3 to moderately scalded fruits (MSF, 25–50% of the surface), and 4 to heavily
scalded fruits (HSF, greater than 50%) (Figure 1).

2.3. Statistical Analysis

Statistical analyses were performed using the R statistical software. The interpretation
of binary data (0/1) was performed with generalized linear models (GLM) and binomial
distribution. For continuous variables, normality and homogeneity of variances were
tested prior to the analysis using Shapiro and Levene tests, respectively (p > 0.05). An
analysis of variance (ANOVA) was performed when the assumptions of normality and
homogeneity of variances were met, and a non-parametric Kruskal–Wallis test was applied
when the ANOVA was not appropriate. The analysis of ordinal variables such as the level
of sunburn or scald was performed with a Cumulative Link Model (CLM) and a Type II
ANOVA test to establish the significance of the model effects. When required, Tukey or
Mann–Whitney–Wilcoxon tests (p < 0.05) were performed.

3. Results
3.1. Changes in Microclimate
Incident Radiation and Air and Fruit Temperature

The nets mainly modified the maximum temperatures depending on their color. Daily
ATmax showed the greatest differences among treatments, reaching a 9 ◦C maximum
variation in the studied period. The Control treatment presented an ATmax of 43 ◦C,
while the WN treatment reached 47 ◦C in the evaluated period. The lowest ATmax values
were recorded in black net treatments: 39 ◦C and 38 ◦C for BN50 and BN35, respectively
(Figure 2). Daily ATmed ranged from 23 ◦C to 25 ◦C, and ATmin from 9 ◦C to 10 ◦C (data
not shown).
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Figure 2. Evaluation of the maximum air temperature in the treatments under netting (BN35 = Black
net 35, BN50 = Black net 50, WN = White net) and the Control treatment. DAFB = days after full
bloom in season 4. Dots represent the maximum daily temperature. Lines and 0.95 confidence
intervals were calculated according to the geom_smooth function (loess method in R).

FST showed differences in relation to treatment and fruit type (SBF, RF, GEF, GIF)
(Figures 3 and 4). The highest FST were recorded in the PRO and Control treatments,
with 35 and 43% of measurements above 46 ◦C, respectively. BN35 had 14% of the FST
measurements above 46 ◦C, while WN and BN50 did not present temperatures above this
threshold. SBF showed the highest dispersion, with a mean FST of 43 ◦C, higher than
RF and GIF (41 ◦C) (Figure 3). The distribution of the intrafruit surface varied among
treatments (data not shown). The standard deviation of temperature values was 3.1 for the
Control treatment to 1.9 for BN50, an example of which is shown in Figure 4.

The transmittance of BN50 and WN in the PAR wavelength range was 0.40 (±0.03)
and 0.70 (±0.03), respectively. In the near IR (between 700 and 800 nm), the behavior of
both materials varied. The transmittance of WN increased to values close to 100%, whereas
in the case of BN50 the transmittance decreased to values of around 0.35 (Figure 5).
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Figure 4. Examples of fruit temperature evaluated with an IR camera (FLIR E50). The scale represents
the temperature (◦C) in each image. (a,b) are fruits in the Control treatment (CON), while (c,d) are
fruits in BN50 (Black net 50%).
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(Black Net 50% and White Net, respectively).

3.2. Sunburn
3.2.1. Sunburn Changes during the Season

The incidence of sunburn showed a different evolution according to the season, the
initial condition of the fruit, and the protection treatment. In green internal fruits, the
percentage of sunburn did not exceed 20%, while in sunburned fruits the final sunburn
percentages ranged between 50 and 100% under all treatments in seasons 2 and 3 and
under non-mesh treatments in seasons 1 and 4. Under netting treatments, the incidence of
sunburn decreased drastically in seasons 1 and 4 in the first weeks of measurement and
remained at low values as the season progressed. In green external fruits and red fruits,
progressive increases were recorded during the evaluation period, with variations in the
evolution between treatments and seasons. For red fruit, the maximum values of sunburn
under netting (BN35, BN50, WN) were 75%. Values close to 100% were recorded for the
PRO and Control treatments in season 2. For green external fruits, sunburn damage also
increased as the season progressed, with results similar to those recorded for red fruits
(Figure 6).

The incidence of final sunburn on marked fruits was significant for all the analyzed
sources of variation (Figure 7). In the analysis according to season, seasons 2 and 3 showed
the highest percentages of sunburned fruits, without reaching statistical differences with
season 1 but doing so with season 4 (Figure 7a). In the analysis according to fruit type,
Green internal fruits showed a median equal to 0% and lower than all other fruit types.
Sunburned fruits and red fruits showed final sunburn values higher than 60% (65 and 62%,
respectively) that did not differ statistically from those of green external fruits (Figure 7b).
The treatments with the highest values of sunburned fruits were PRO and Control (64 and
50%, respectively), although pairwise comparisons did not reach significant differences
(Figure 7c).
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Figure 6. Evolution of the percentage of sunburned fruits by treatment (BN35 = Black net 35,
BN50 = Black net 50, WN = White net, CON = control and PRO = protectants) according to weeks
after full bloom (WAFB), fruit condition (RF = red fruit, GEF = green external fruit, GIF = green
internal fruit, and SBF = sunburned fruit) and season (1 to 4). Lines and 0.95 confidence intervals
were calculated according to geom_smooth function (loess method in R).
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Figure 7. Incidence of final sunburn in evaluated fruits, according to: (a). season (1 to 4), (b). fruit condition (RF = red fruit,
GEF = green external fruit, GIF = green internal fruit, and SBF = sunburned fruit), and (c). treatment (BN35 = Black net 35,
BN50 = Black net 50, WN = White net, CON = control and PRO = protectants). The box represents interquartile range (IQR);
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data, excluding outliers. Outliers are values higher than Q3 + 1.5 IQR or smaller than Q1 − 1.5 IQR. Boxes with different
letters indicate significant differences (α = 0.05); the absence of letters indicate non-significant differences.
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3.2.2. Sunburn at Harvest

The percentage of sunburned fruits out of the total harvested fruits showed differences
between treatments, seasons, and their interaction (Figure 8a). The distribution between
sunburn levels was significant only within treatments. The BN50 treatment showed the
highest proportion of Mild and the lowest proportion of Mod + Sev, whereas PRO showed
the highest proportion of Sev (Figure 8b).

Agronomy 2021, 11, x FOR PEER REVIEW 10 of 19 
 

 

 
Figure 7. Incidence of final sunburn in evaluated fruits, according to: (a). season (1 to 4), (b). fruit condition (RF = red fruit, 
GEF = green external fruit, GIF = green internal fruit, and SBF = sunburned fruit), and (c). treatment (BN35 = Black net 35, 
BN50 = Black net 50, WN = White net, CON = control and PRO = protectants). The box represents interquartile range (IQR); 
the upper (Q3) and lower (Q1) quartiles are the ends. The line in the box is the median and the whiskers are the range of 
the data, excluding outliers. Outliers are values higher than Q3 + 1.5 IQR or smaller than Q1 − 1.5 IQR. Boxes with different 
letters indicate significant differences (α = 0.05); the absence of letters indicate non-significant differences. 

3.2.2. Sunburn at Harvest 
The percentage of sunburned fruits out of the total harvested fruits showed differ-

ences between treatments, seasons, and their interaction (Figure 8a). The distribution be-
tween sunburn levels was significant only within treatments. The BN50 treatment showed 
the highest proportion of Mild and the lowest proportion of Mod + Sev, whereas PRO 
showed the highest proportion of Sev (Figure 8b). 

 
Figure 8. (a). Incidence of sunburn at harvest according to treatment (BN35 = Black net 35, BN50 = 
Black net 50, WN = White net, CON = control and PRO = protectants) SBF = sunburned fruit (brown) 

Figure 8. (a). Incidence of sunburn at harvest according to treatment (BN35 = Black net 35,
BN50 = Black net 50, WN = White net, CON = control and PRO = protectants) SBF = sunburned
fruit (brown) HF = healthy fruit (green); (b). severity of sunburn at harvest according to treatment
(BN35 = Black net 35, BN50 = Black net 50, WN = White net, CON = control and PRO = protectants),
the intensity of the color brown represents the intensity of the sunburn: Mild = slightly sunburned
fruit (orange), Mod = moderately sunburned fruit (light brown), Sev = heavily sunburned fruit
(brown). Bars with different letters indicate significant differences (α = 0.05), absence of letters
indicate non-significant differences.

3.3. Fruit Growth and Sprouting

The effect of the treatments on final fruit size depended on the seasons. The largest
difference found between the largest and smallest fruits was very small, being 2.5 mm in
Control and WN fruits in season 4 (Table 1). The mean final fruit diameter was 61, 71, 68
and 66 mm for seasons 1 to 4, respectively (data not shown).

Table 1. Fruit size difference between smallest and largest size at harvest by season and treatment
(BN35 = Black net 35, BN50 = Black net 50, WN = White net, CON = control and PRO = protectants).

Size of Last Date Evaluated before Harvest

Largest Size
Treatment

Smallest Size
Treatment

Maximum
Difference

Season 1 BN35 CON 1.4 mm *
Season 2 PRO MN50 1.0 mm Ns
Season 3 WN BN50 1.5 mm Ns
Season 4 CON WN 2.5 mm *

* Indicates significant difference (α = 0.05) between indicated treatments in the row, ns = not significant.
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The seasons showed differences for all sprouting variables (length of shoots, per-
centage of reproductive shoots and percentage of spurs). The treatment effect was only
significant for the length of shoots variable, whereas the interaction was not significant
(Table 2). The range of variation for the percentage of reproductive shoots was between 24
and 77% in seasons 2 and 3, respectively. The growth of shoots in seasons 2 and 3 (15 and
17 cm, respectively) was 30% lower than in season 1. Average sprouting percentages of 48
and 57% were recorded for spurs and reproductive shoots, respectively, for all treatments.

Table 2. Effect of season (1, 2 and 3) and treatments (BN35 = Black net 35, BN50 = Black net
50, WN = White net and CON = control) on shoot length, percentage of reproductive structures
(%reproductive), and percentage of short internode structures (%spurs) at next sprouting.

Shoot Length %Reproductive * %Spurs *

Season

1 22.30 a 61.99 b 35.02 b
2 15.21 b 24.36 c 55.31 a
3 16.89 b 77.62 a 49.79 a

Treatment

WN 17.65 b 55.75 50.35
BN35 15.14 c 59.05 44.64
BN50 22.01 a 65.56 49.29
CON 19.11 a 48.76 45.98

* Evaluated the following spring. Different letters next to values in each group indicate significant differences
(α = 0.05).

3.4. Postharvest Evaluation
3.4.1. Scald Damage

Since the antiscaldant treatment varied for seasons 2 and 3 (DPA and 1-MCP, respectively),
the results of the postharvest evaluation were analyzed independently (Figures 9 and 10). In
both seasons, the model was significant for field treatments (Control, PRO, BN35, BN50,
and WN), fruit condition when entering cold storage (HF and Mild), storage time and
postharvest treatment, as well as their interactions. Successive evaluations of all conditions
recorded an increase in damage, both in incidence and severity. Fruits without evidence
of sunburn (HF) before cold storage had higher proportions of fruits without scald (HF)
during storage. Both antiscaldants had similar effects by increasing the proportion of HF
and reducing moderate and heavily scalded fruits (MSF and HSF) (Figures 9 and 10).
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Figure 9. Proportion of fruits at each level of scald (HF healthy fruit, SSF = slightly scalded fruit,
MSF = moderately scalded fruit, HSF = heavily scalded fruit) for season 2, according to: (a). field
treatment (BN35 = Black net 35, BN50 = Black net 50, CON = control and PRO = protectants), (b). days
of storage, (c). sun damage at harvest (HF, healthy fruit; Mild, light sunburn), and (d). post-harvest
treatment (without DPA or with DPA). The box represents interquartile range (IQR); the upper (Q3)
and lower (Q1) quartiles are the ends. The line in the box is the median and the whiskers are the
range of the data, excluding outliers. Outliers are values higher than Q3 + 1.5 IQR or smaller than
Q1 − 1.5 IQR.
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Figure 10. Proportion of fruits at each level of scald (HF healthy fruit, SSF = slightly scalded
fruit, MSF = moderately scalded fruit, HSF = heavily scalded fruit) for season 3, according to: (a).
field treatment (BN35 = Black net 35, BN50 = Black net 50, WN = White net, CON = control and
PRO = protectants), (b). days of storage, (c). sun damage at harvest (HF healthy fruit, SIS light
sunburn), and (d). post-harvest treatment (without 1-MCP or with 1-MCP). The box represents
interquartile range (IQR); the upper (Q3) and lower (Q1) quartiles are the ends. The line in the box is
the median and the whiskers are the rang of the data, excluding outliers. Outliers are values higher
than Q3 + 1.5 IQR or smaller than Q1 − 1.5 IQR.

3.4.2. Sunscald Damage

An analysis of the interaction between field treatment and sunburn level on the
evolution of scald was carried out on fruits treated with antiscaldants. In both seasons, HF
had lower scald values than Mild, considering both the proportion of damaged fruits and
the index of scalding. BN50 had the lowest scald values in 55% of the generated conditions,
defined by evaluation method, season, fruit condition and field treatment. PRO had the
lowest values in 66% of the conditions in both seasons (Table 3).
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Table 3. Sunscald index (1 to 4) and proportion of sunscald according to season, sun damage condition at harvest
(HF = healthy fruit, Mild = slightly sunburned fruit), field treatments (BN35 = Black net 35, BN50 = Black net 50, WN = White
net, CON = control and PRO = protectants), and days of storage.
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Sunscald Index Proportion of Sunscald

Days of Storage
60 120 210 60 120 210

2 Mild BN35 1.62 b 1.80 b 2.16 a 0.37 ns 0.47 ns 0.63 ns
BN50 1.64 b 2.00 b 1.67 b 0.41 0.54 0.46
PRO 1.90 a 2.20 a 2.22 a 0.49 0.58 0.57
CON 1.81 ab 1.86 b 1.92 ab 0.49 0.50 0.55

HF BN35 1.37 ns 1.39 a 1.40 ns 0.28 a 0.29 a 0.26 ns
BN50 1.00 1.17 bc 1.20 0.00 d 0.14 b 0.14
PRO 1.30 1.30 ab 1.30 0.17 b 0.15 b 0.19
CON 1.14 1.10 c 1.30 0.10 c 0.06 c 0.20

82 133 245 82 133 245

3 Mild WN 1.47 b 1.74 b 1.79 c 0.36 b 0.54 c 0.55 c
BN35 1.22 c 1.16 d 1.48 d 0.17 c 0.16 e 0.40 d
BN50 1.48 b 1.48 c 1.63 cd 0.39 b 0.41 d 0.46 d
PRO 1.93 a 2.26 a 2.39 a 0.61 a 0.87 a 0.87 a
CON 1.58 b 1.80 b 2.07 b 0.40 b 0.67 b 0.71 b

HF WN 1.04 b 1.07 b 1.47 ab 0.04 b 0.07 b 0.28 b
BN35 1.06 b 1.08 b 1.63 a 0.04 b 0.08 b 0.44 a
BN50 1.02 b 1.11 b 1.36 b 0.02 b 0.10 b 0.32 b
PRO 1.13 a 1.32 a 1.52 ab 0.14 a 0.29 a 0.42 a
CON 1.06 b 1.24 a 1.40 ab 0.06 b 0.23 a 0.37 a

Different letters next to values in each group indicate significant differences (α = 0.05). ns = not significant.

4. Discussion
4.1. Microclimate and Sun Damage

In the neotropical climatic conditions of our study, the increase and decrease in air
temperature (AT) under WN and BN treatments, respectively, are in agreement with the
values reported by other authors. The use of netting and its study differs as the climate
of the region changes. In arid, semi-arid or Mediterranean climates (e.g., Washington
State, main producing areas of Chile, Israel, South Africa), sunburn is a main objective,
while in higher-latitude European conditions netting is mainly used as a protection against
hail [11,21,37–39]. Climates with hot and humid summers, on the other hand, are not
widely studied. The maximum AT exceeded 35 ◦C in all treatments, with WN and Control
reaching 43 ◦C. These temperatures required homeostatic control mechanisms of cell
metabolism, while also affecting fruit growth and pre- and postharvest quality [26,40,41].
Studies have shown that, under heat stress conditions, trees under photoselective nets
had greater leaf-level photosynthetic light-use efficiency compared to the Control [19].
Photoinhibition at the peel chloroplasts and the consequent generation of oxygen free
radicals seems to explain sunburn to a large extent [26]. As it has been reported, fruit
temperature can be 17 ◦C higher than air temperature [18]; therefore, damage could even
occur at an AT above 29 ◦C. In the recorded period, the WN treatment presented 2% more
days with AT > 29 ◦C than the Control treatment, while the BN35 and BN50 treatments
had 25 and 15% less days with that condition, respectively.

The effect of treatments on fruit surface temperature (FST) varied in relation to the
observed effect on AT (Figures 3 and 4). All treatments under netting (WN, BN35 and BN50)
reduced fruit temperature compared to treatments without netting (Control and PRO). The
BN50 treatment had the highest homogeneity in FST, whereas the Control treatment had
the lowest. The AT values recorded for BN35 and BN50 and their relationship with FST are
in line with Gindaba and Wand [17], who report that the FST of apples under 20% black
shade netting was between 5.4 and 9.7 ◦C lower on days with AT between 34 and 37 ◦C,
while the average decrease in FST with AT between 30 and 32 ◦C was 5.6 ◦C.
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Regarding the decrease in radiation in the netting treatments (Figure 5), the results
are in accordance with those reported by Bastías and Corelli-Grappadelli [27], who state
that black or white nets are generally neutral and reduce a similar radiation profile in
the different wavelengths of the PAR range. The transmittance of the BN50 treatment
in the 350 to 800 nm wavelength range showed a decrease in radiation values similar
to those obtained by Dussi et al. [42] with a 55% black net for PAR. The WN treatment
presented transmittance values 20% lower than those presented by Blanke [23] and similar
to those presented by Bastías and Corelli-Grappadelli [27] for the PAR range. The behavior
of WN in the 350 to 425 nm range differs from that recorded for BN50. The increases
in transmittance observed in the values between 700 and 800 nm also differ from those
recorded for BN50. The increase in infrared radiation (>740 nm) has a significant caloric
contribution [43] and could be related to the increases in air temperature recorded in this
treatment. Another element to consider in regard to the changes in radiation is the increase
in diffuse radiation transmission, which can increase up to 170%, thus improving light
penetration both vertically and horizontally in the canopy [38].

The onset of symptoms in the trial (Figure 1) started at 6 WAFB, when fruits had an
average size of 40.5 mm, two weeks earlier than reported by Racsko and Schrader [18].
Between 10 and 15 WAFB, when the maximum rate of damage occurs in treatments
without nets, fruit size was 42 to 62 mm (data not shown) (Figure 6). These data are
in agreement with those reported by Racsko and Schrader [18], which shows that the
occurrence of damage depends on the coupling of predisposing environmental conditions
and a certain level of susceptibility with diameters of 45 mm at 7 to 8 WAFB. Although the
most widely reported predisposing conditions are high temperatures and radiation [18],
Severino et al. [10], for the same seasons and site, associate damage more with water
availability than high temperatures.

Season has a significant effect on the incidence of sunburn, both in the assessments of
marked fruits and in the harvest assessment (Figures 6–8). Our results show that two of
the four studied seasons presented high percentages of sunburn (seasons 2 and 3), while
seasons 1 and 4 presented less favorable climatic conditions for sun damage. These data
confirm the high interannual variability in the region where the study was conducted [32].
The severity of damage also evidenced the variation among treatments, with the BN50
treatment showing the highest percentage of fruits without damage (without reaching
statistical significance) and, among the damaged fruits, the highest percentage of Mild
(Figure 8).

Sunburn protectant applications did not reduce neither the incidence (Figure 7) nor
the severity of sunburn (Figure 8). The difficulties in achieving a permanent coverage with
the product result in periods of time in which unacclimatized tissues, exposed to high FST
and radiation conditions, suffer photooxidative stress that can lead to sun damage [44].

4.2. Fruit Growth and Sprouting

The effect of the treatments on fruit growth was of low magnitude and did not modify
the commercial category (1.4 to 2.5 mm depending on the season). Similar effects are
reported in apple crops under netting in a diverse range of climates [45] and in heat stress
studies with temperatures of 29 ◦C and higher when nets are applied since 4 WAFB (the
period of treatment application in this trial) [41]. In turn, all sprouting variables evaluated
in the netting and Control treatments (shoot length, percentage of reproductive shoots and
percentage of spurs) showed differences related to season. The effect of treatments was only
significant for the shoot length variable (Table 2). Apparently, the reductions recorded in
the total incident radiation of the treatments under nets did not constitute a limiting factor
for net assimilation. Studies conducted in Brazil, with irradiance values similar to those
recorded in Uruguay [46], conclude that nets seem to promote the optimization of light
interception and carbohydrate partitioning [31]. The average irradiance for the 2006–2015
period in the three months of highest incidence of sun damage [46] is 55% higher in the
location of our study and of the works of Bosco et al. [31], compared to the areas where
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adverse effects of the use of nets are recorded [23]. Changes in the incident light spectrum
under netting were not significant enough to modify floral differentiation processes during
the summer, nor did they affect bud break in the following season, in accordance with
reports by Bastías and Corelli-Grappadelli [27].

4.3. Post-Harvest

Postharvest physiological disorders are determined by many factors. including ma-
turity, nutrition, location of the fruit on the tree, and temperature to which it has been
exposed [47]. The factors considered in our study (fruit condition when entering cold
storage, field treatments, antiscaldant treatment and storage time) were significant in the
model, both individually and for their interactions.

Both antiscaldant products significantly reduced scald damage, as reported in other
studies [48]. Fruits entering cold storage without visible damage (HF) showed a lower
range of damage than fruit with mild sun damage (Mild). The field treatments (Control,
PRO, WN, BN35 and BN50) showed differences in scald and sunscald development for
both classifications (HF and Mild) when entering cold storage (Figures 9 and 10).

In fruits with antiscaldant application (mainly expressing sunscald), the performance
of treatments varied between seasons, with MN50 showing the best performance and
PRO showing the worst (Table 3). Based on the assumption that the existing sun dam-
age at harvest is neither reversible nor controllable, with the postharvest application of
antiscaldant products [7,18,49] the results would indicate a different level of damage at
harvest and a different sensitivity to sunscald expression depending on the field treatments.
This difference in sensitivity could be explained by the variation produced by the nets
in the composition and the antioxidant capacity of the fruit’s skin [50]. The biochemical
modifications triggered in the exposed and acclimatized fruits to withstand the high solar
irradiance and high temperatures in the field [7], as well as the photoinhibition in the
chloroplasts of the peels and the subsequent generation of oxygen free radicals [26], could
induce the disorder later on.

5. Conclusions

The incidence of sunburn was influenced by the season under neotropical conditions.
The shade netting reduces the sunburn and sunscald without affecting the growth processes
dependent on leaf net assimilation. Protectants, on the other hand, are not effective and
can increase sunscald incidence on the fruit during storage. The fruit position within
the tree and the initial condition were the main factors affecting sun damage. However,
black netting or favorable season conditions can reduce (i.e., reverse) the earlier sunburn
symptoms. This shows the need for more studies on the relation between microclimate
and physiological conditions at different hierarchical levels (fruit tissue, organ, branch
and tree).
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Abstract: Biofertilizers, such as arbuscular mycorrhiza fungi (AMF) and seaweed extract (SWE), have
been effective in environmental and agricultural ecosystems. In this study, the effects of AMF, SWE,
and their co-application were assayed on the growth and antioxidant potential of lettuce plants. The
experiment was conducted as a factorial based on a completely randomized design with two factors
and four replications under greenhouse conditions. The first factor was AMF (Glomus mosseae) at two
levels consisting of AMF application (20 g pot−1), and without using AMF; and the second factor
was SWE foliar spraying (Ascophyllum nodosum) at 0.5, 1.5 and 3 g L−1 concentration. The results
revealed that the highest root colonization (85%) belonged to AMF and SWE (3 g L−1) × AMF; the
lowest colonization rate (65%) was observed for AMF × SWE (0.5 g L−1) treatment. The highest
growth parameters (leaf number, shoot and root fresh weight, head diameter), biochemical traits
(total soluble proteins, carbohydrates content) and TAA, total antioxidant activity by FRAP method
and ascorbic acid, total phenolics, and flavonoids content were obtained with the co-applications.
Therefore, the best results of the evaluated traits were achieved with AMF × SWE (3 g L−1). The
TAA value was increased three-fold compared to the control. Total phenolics and flavonoids content
were 2.24 and 6.59 times higher than the control, respectively. On the other hand, leaf dry weight was
decreased with the further growth of the plants. Overall, the co-application of AMF with SWE can
be recommended to producers as an alternative and environment-friendly strategy to improve the
qualitative and quantitative traits of the lettuce crop.

Keywords: biofertilizer; Glomus mosseae; colonization; biostimulant; FRAP

1. Introduction

Lettuce (Lactuca sativa L.) belongs to the Asteraceae family and is rich in fiber, vitamins,
minerals, and phenolic compounds [1]. In 2019, lettuce production reached 29,134,653 tons
in the world from which about 547,590 tons were produced in Iran [2]. Considering the
important and valuable nutritional role of lettuce due to its daily consumption and, on
the other hand, the excessive application of chemical fertilizers with negative impacts
on human health and the environment; there is an effort to find alternative methods for
reducing the chemical fertilizers input in lettuce production areas.

The use of chemical fertilizers is widespread throughout the world, leading to soil
degradation and environmental pollution. Therefore, the global approach to establishing a
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sustainable agricultural system has changed with the employment of new management
methods. Considering this, it is important to pay attention to the biological and integrated
systems, especially biofertilizers, to meet the plant nutritional requirements and reduce
the consumption of chemical fertilizers [3]. Bio-fertilizers (bio-stimulants) release their
content to make it slowly available to the plants and simultaneously improve soil quality [4].
Therefore, the use of bio-fertilizers has advantages such as removing toxic substances and
improving the physicochemical properties of soil [5].

Arbuscular mycorrhiza fungi (AMF) and seaweed extract (SWE) can be useful because
they are organic, environmentally friend, cost-effective, and also a rich source of macro-and
microelements, vitamins, pro-enzymes, and growth regulators and so play an important
role in the sustainable soil fertility [6].

SWEs are a complex mixture of hormones, amino acids, proteins, sugars, lipids, vita-
mins, humic substances, and phenolic compounds. The organic features of SWEs and their
physiological effects have led to their widespread use in the food and pharmaceutical indus-
tries [7]. Moreover, SWE contains carbohydrates, organic compounds, and high amounts
of nitrogen, phosphorus, potassium, and other minerals that improve soil properties and
are easily absorbed by the plants. Thereby, those extracts improve plant growth and the
antioxidants pool by activating the respiratory cycle, photosynthesis, and delaying plant
aging [8]. Di Mola et al. [9] reported that SWE increased the growth and yield in lettuce
and significantly improved fresh and dry weight, stomatal conductance, potassium content,
and total antioxidant activity [10]. Jung and Kim [11] reported increases in plant height,
chlorophylls and carotenoids content, and total antioxidant activity in lettuce using SWE.

AMF is another natural fertilizer source used in organic farming systems [12]. AMF is
one of the biological materials of arable soils that are related to the roots of 90% of plants
and improve the effective root area and the ability of P uptake from immobile sources
due to phosphatase activity and the insoluble phosphate solubilizing organic compounds
release [13]. These microorganisms play an important role in plant nutrition, especially
in the soils without humus and poor in P, N and other nutrients so that they can make
unabsorbed and inaccessible P available to the plants in the growing medium [14]. In
general, AMF symbiosis can play a key role in maintaining soil fertility and stabilizing
soil structure when increasing plant water uptake, yield, and quality [15]. There are many
reports on various effects of AMF and SWE on plants. Saia et al. [16] showed that AMF
increased the content of various phenolic compounds and P, Mg, Fe, Mn, and Zn in lettuce.
Tarraf et al. [17] stated that the symbiosis of AMF promoted growth, yield, and dry matter of
maize and increased the concentration of P in the shoot. A wide range of studies has shown
that AMF is effective in the biosynthesis and accumulation of plant secondary metabolites
by modifying the polymorphisms and by stimulating the biosynthesis of polyphenols and
can increase the activity of plant enzymes [18]. Moreover, AMF colony formation increases
photosynthetic efficiency in plants [15]. Thus, bio-fertilizers can improve the quantity and
quality of crops, especially vegetables.

Several studies reported the influence of AMF on lettuce and other vegetables’ growth
and antioxidant systems [19–21], and others focused on SWE to improve lettuce yield and
quality [9]. However, there are no results in the literature on the application of AMF in
combination with SWE to improve the growth, biochemical and antioxidant attributes
of lettuce. In this context, the present research aimed to evaluate the effects of a SWE
(Aschophyllum nodosum) and an AMF strain (Glomus moseae) and their interaction on the
growth, yield, and antioxidant activity of lettuce under greenhouse conditions. The main
question was: does the AMF inoculation combined with SWE improve the growth, yield,
and antioxidant activity of lettuce?

2. Materials and Methods

This study was conducted in the research greenhouse of the Department of Horti-
cultural Sciences, the University of Maragheh in East Azarbaijan province, Iran, with
geographical coordinates of 37◦ and 23′ north latitude and 46◦ and 16′ east longitudes and
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1485 m above sea level. The temperature regime for the night:day was 18:24 ◦C, and the
relative humidity was around 65–75%. The experiment was arranged as factorial based on
a completely randomized design with four replications.

Experimental treatments were: foliar application of SWE at four levels (0.5, 1.5 and
3 g L−1, presented as SWE1, SWE2 and SWE3), AMF inoculation (20 g pot−1), AMF in-
oculation plus the foliar application of SWE at three levels and control that consisted
without AMF × 0 g L−1 SWE (control), AMF × 0.5 g L−1 SWE, AMF × 1.5 g L−1 SWE
and AMF × 3 g L−1 SWE. Before sowing the seeds, the soil was sterilized to remove the
soilborne fungi by autoclaving for 60 min at 121 ◦C under 1.2 atmospheric pressure. Lettuce
seeds were planted in a culture tray containing coco-peat and perlite. The seedlings were
transferred at two fully-developed leaves stage to 5-L pots. In AMF (inoculation with
Glomus mossae) treatments 20 g of the autoclaved soil containing mycorrhiza fungal hyphae
were added to each pot containing 5 kg soil at transplanting time. The soil was sandy clay
loam with pH of 8.16, 1.23% organic carbon, 0.09% total N, 11.05, 570.85, 1.16 and 1.02 mg.
kg−1 of available P, K, Zn and Fe, respectively. The plants were watered every 3 days and
at the beginning of growth, 100 mL, and then 2 weeks later, 500 mL of tap water was given
to each pot. Then, foliar application of different concentrations of SWE was started at the
six-leaf stage and continued four times at weekly intervals, such that at the first stage 50 mL
per plant of SWE solution was sprayed and at the other three stages 100 mL per plant was
applied. Control plants were planted in the soil without AMF inoculation, sprayed with
distilled water, and irrigated with tap water in the same manner until the harvest.

2.1. Morphological Traits

Plant morphological traits including head diameter, fresh weight of the head, dry
weight of leaf, fresh and dry weight of root, and the number of leaves per head were
recorded at harvest time. Head diameter was measured using a digital caliper. The weight
of the head and root was measured separately by an analytical scale (A&D weighing Japan)
(with an accuracy of 0.01 mg). Plant samples were dried in the oven at 75 ◦C for 48 h and
the dry weight of root and leaves were recorded correspondingly.

2.2. Chlorophyll Index Determination

Chlorophyll content expressed as chlorophyll index (SPAD index) was determined in
the fully expanded youngest leaves of lettuce using a portable chlorophyll meter (Instru-
ments SPAD-502, Osaka, Japan).

2.3. Root Colonization

After head harvest, the fresh roots of lettuce were taken from the soil and rinsed with
tap water to remove the residual soil particles. The root samples were divided into small
segments (1 cm) and cleared in hot KOH solution (10%, v/v) for 10 min. The segments
were washed with distilled water and then acidified with HCl (2%, v/v) at 25 ◦C for
20 min, and stained with trypan blue (0.05%) in lactic acid (80%, v/v) for 12 h [22,23].
Finally, the samples were washed with distilled water and stored in a solution containing
water, glycerol, and lactic acid (1:1:1, v/v/v) [24]. The stained segments were identified
and evaluated by an Olympus microscope (BH-2). The organs and hyphae of the fungus,
which appeared blue, were recorded as high-quality photos (Figure 1). The percentage of
colonization was calculated by the gridline intersection method based on Giovannetti and
Mosse [25] so that, for each experimental treatment, the stained roots were cut into 1 cm
pieces and randomly placed in a glass plate.
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Figure 1. Microscopic images of the stained fragments of lettuce roots to detect the colonization of
arbuscular mycorrhiza (Glomus mosseae).

2.4. Total Protein Content

Total protein content was recorded using the Bradford method [26]. A 5-fold Coomassie
Brilliant Blue (CBB) stock solution was made as a Bradford reagent. We blended 50 mg
of CBB with 25 mL of methanol and 50 mL of orthophosphoric acid in a dark bottle and
stored this at −24 ◦C. Different concentrations (0.002−0.01 mg mL−1) of bovine serum
albumin were used as standard solutions. Fresh lettuce leaves (1 g) were powdered in 4 mL
of 50 mM phosphate buffer solution and then centrifuged at 10,000 rpm at 4 ◦C for 10 min.
The supernatant was used for the total protein content assay. Protein extract (50 µL) was
added to 1000 µL of Bradford reagent. The formation of blue color was assessed at the
wavelength of 595 nm using the UV−VIS spectrophotometer (Spekol 1500, Analytik Jena,
Jena, Germany). Total protein content was calculated as mg g−1 FW (fresh weight).

2.5. Total Carbohydrate Content

To measure total carbohydrate content [27], a sample of fresh lettuce leaves (0.2 g) was
extracted with 10 mL of 95% ethanol for 1 h in a water bath at 80 ◦C, and then centrifuged
at 12,000 rpm for 10 min. The supernatant was taken and then 1 mL of 0.5% phenol
and 5 mL of 98% sulfuric acid were added. The absorption was detected at 483 nm with
a spectrophotometer (Spekol 1500, Analytik Jena, Jena, Germany). Total carbohydrates
content was recorded as mg. g−1 FW.

2.6. Total Antioxidant Activity (TAA)

Total antioxidant activity (TAA) was measured by ferric reducing power (FRAP)
assay [28]. The reagents included acetate buffer (300 mM, pH 3.6), TPTZ (2,4,6-tripyridyl-s-
triazine, 10 mM) solution in HCl (40 mM) and FeC13.6H2O (20 mM) solutions. The fresh
working solution was prepared by mixing these reagents in the volume ratio of 10:1:1.
methanolic extract of the sample (100 mL) was mixed with 3 mL of working FRAP reagent.
Samples were then incubated at 37 ◦C in a water bath, and absorbance was recorded after
15 min at 593 nm with a UV−VIS spectrophotometer (Spekol 1500, Analytik Jena, Jena,
Germany). L-ascorbic acid was used as a standard solution (100 mM–1000 mM). TAA was
calculated as the inactivation of FRAP (%).

2.7. Ascorbic Acid Content

One gram of the leaf lettuce sample was completely digested with a 5% solution of
metaphosphoric acid. The extracted sample was centrifuged at 8000 rpm for 20 min at
4 ◦C. The supernatant was used to measure total ascorbic acid content [29]. To 4 mL of the
centrifuged DCIP solution (2,6-dichlorophenolindophenol, 3 mM), 0.5 mL was added to
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oxidize ascorbic acid to dehydroascorbic acid. The absorbance was measured using a UV-
VIS spectrophotometer (Spekol 1500, Analytik Jena, Jena, Germany) at 520 nm. Ascorbic
acid content was presented as mg. 100 g−1 FW.

2.8. Total Phenolics Content

The Folin–Ciocalteu method by Singleton et al. [30], with gallic acid as a standard
was applied to measure total phenolics content. Plant extract (20 µL of 1% acidic methanol
solution) and 100 µL of Folin–Ciocalteu reagent (10%) were mixed with 1.59 mL of distilled
water and kept for 10 min in the dark. Sodium carbonate (7.5%, 2 mL) was then added
into the mixture and placed for 2 h in the dark condition. The absorbance was measured at
765 nm with a UV−VIS spectrophotometer (Spekol 1500, Analytik Jena, Jena, Germany).
The content was expressed, using the gallic acid calibration curve, as mg of gallic acid
equivalents per 100 g of fresh weight (mg GAE 100 g−1 FW).

2.9. Total Flavonoids Content

The aluminum chloride colorimetric method by Chang et al. [31] was used for the
measurement of total flavonoids content. A sample of the fresh leaf (1 g), crushed in
liquid nitrogen was extracted with 4 mL 96% ethanol. To this extract (500 µL) was added
potassium acetate (1 M, 100 µL) and aluminum chloride (10%, 0.1 mL). Then, 1.5 mL of
methanol and 2.8 mL of distilled water were added and it was kept for 30 min at 25 ◦C.
Finally, the absorbance was measured using a spectrophotometer (Spekol 1500, Analytik
Jena, Jena, Germany) at 415 nm. Total flavonoid content was expressed using the quercetin
calibration curve (0, 20, 40, 60, 80 and 100 µg ml−1) as mg quercetin equivalent g−1 fresh
weight (mg QE g−1 FW).

2.10. Statistical Analysis

ANOVA was performed using MSTAT-C ver. 2.1 software. The mean comparisons of
the data were analyzed using the least significant difference (LSD) test at 5% probability
level. Excel software was used to draw graphs. Pearson’s correlation coefficients and a heat
map were drawn using Rstudio ver. 14.2.1 software.

3. Results
3.1. Root Colonization Percentage

The results showed that root colonization percentage was significantly affected by the
treatments (Figure 2). The highest colonization (85%) belonged to AMF × SWE (3 g L−1)
and the lowest percentage (65%) was observed in AMF × SWE 0.5 g L−1 (Figure 1).

Figure 2. Mean root colonization percentage of lettuce plants affected by arbuscular mycorrhiza
(AMF) inoculation × seaweed extract (SWE) foliar treatment. Different letters indicate significant
differences at 5% level according to the least significant difference (LSD) test.

195



Agronomy 2022, 12, 401

3.2. Morphological Traits

The number of leaves and head diameter were significantly affected by AMF × SWE
interactions. The highest number of leaves and head diameter were obtained by applying
AMF × SWE at concentrations of 1.5 and 3 g L−1. The top number of leaves and head
diameter were 44% and 3.6 times more than the control, respectively. The least number of
leaves and head diameter were observed in the control (Table 1).

Table 1. The effects of arbuscular mycorrhiza (AMF) inoculation and seaweed (SWE) extract foliar
spray on the growth-related traits of lettuce plants.

Fertilization Number of
Leaves

Head Diameter
(cm)

Head Fresh
Weight (g)

Root Fresh
Weight (g)

Head Dry
Weight (g)

Root Dry
Weight (g)

control 25.5 ± 3.01d 20.75 ± 3.17g 72.5 ± 20.6f 22.38 ± 2.74g 1.42 ± 0.54e 13.88 ± 1.45g
SWE1 28.5 ± 2.96c 29.25 ± 2.39f 134.2 ± 18.90e 33.03 ± 1.26df 2.02 ± 0.035bc 20.9 ± 0.57f
SWE2 30.47 ± 2.75c 34.87 ± 2.57e 173 ± 27.1d 32.25 ± 1.572f 2.2 ± 0.035d 25.88 ± 0.32d
SWE3 34.75 ± 1.62bc 57.53 ± 3.54c 220.5 ± 14.4c 46.49 ± 2.275c 3.02 ± 0.022bc 30.01 ± 0.42c
AMF 31.5 ± 1.83bc 32.1 ± 2.39ef 180.2 ± 22.5d 35.6 ± 6.95ef 2.57 ± 0.041cd 23.4 ± 0.17e

AMF + SWE1 36 ± 2.61ab 43.72 ± 1.95d 199.1 ± 24.2de 42.22 ± 2.351cd 2.37 ± 0.056c 28.38 ± 0.43c
AMF + SWE2 37 ± 2.21a 66.48 ± 3.53b 245.7 ± 18.6b 52.11 ± 1.16b 3.4 ± 0.127b 32.86 ± 0.34b
AMF + SWE3 36.72 ± 3.83a 76.02 ± 3.13a 284.3 ± 17.01a 63.83 ± 3.31a 5.2 ± 0.437a 39.7 ± 2.08a
LSD at 0.05% 8.17 4.49 24.32 4.82 0.587 2.16
Significance

AMF ns ** ** ** ** **
SWE ns ** ** ** ** **

AMF × SWE ** ** * * ** **

Control (without arbuscular mycorrhiza fungi and seaweed extract); SWE 1, SWE 2 and SWE 3 (seaweed extract
0.5 g L−1, 1.5 g L−1, and 3 g L−1, respectively), AMF (arbuscular mycorrhiza fungus), AMF × SWE 1, AMF ×
SWE 2 and AMF × SWE 3 (arbuscular mycorrhiza fungi × seaweed extract 0.5 g L−1, 1.5 g L−1, and 3 g L−1,
respectively). Different letters indicate significant differences according to LSD test at p < 0.05. ns, * and ** indicate
no significant difference, significant at 5% probability level and significant at 1% probability level, respectively.

As shown in Table 1, the application of AMF × SWE treatment had a significant effect
on the fresh weight of the lettuce head and roots. The highest dry weight of roots and head
was recorded for AMF × SWE, 3 g L−1, and the lowest values were observed in the control.

Moreover, the results showed that the dry weight of lettuce leaf and root was signifi-
cantly affected by different concentrations of SWE. The highest dry weight of roots and
leaves was obtained by applying AMF × SWE at 3 g L−1, which showed an increase of 3.6
and 2.8 times compared to the control, respectively. The lowest dry weight of leaf and roots
belonged to the control (Table 1).

3.3. Chlorophyll Index (SPAD)

The SPAD index was significantly increased by the co-application of SWE and AMF.
The highest SPAD index (57.15) was obtained by using AMF × SWE, 3 g L−1, while the
lowest SPAD index (33.4) was recorded for the control. The top recorded data were 71.10%
more than control (Figure 3a).

3.4. Total Protein Content

The total protein content of lettuce leaves was significantly affected by the co-application
of AMF and SWE (Table 2). The highest leaf protein content (1.13 mg g−1 FW) was obtained
for the treatment of AMF × SWE, 3 g L−1 which showed an increase of 4.21%, compared to
the control. The lowest total protein content (0.268 mg g−1 FW) was recorded in the control
samples (Figure 3b).
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Figure 3. Effect of mycorrhiza (AMF) × seaweed extract (SWE) co-treatments on chlorophyll index
(SPAD) (a), total proteins content (b), total carbohydrates content (c), and total antioxidant activity
(TAA) (d) of lettuce plants. Different letters indicate significant differences according to LSD test at
p < 0.05. AMF0 and AMF1 refer to without mycorrhiza and with mycorrhiza.

Table 2. Analysis of variance (ANOVA) for the effects of arbuscular mycorrhiza fungi (AMF) inocula-
tion and seaweed extract (SWE) foliar spray on physiological traits of lettuce plant.

S.O.V. df
Total Protein

Content
(mg g−1 FW)

Carbohydrate
Content

(mg g−1 FW)
TAA (%)

Ascorbic acid
Content

(mg 100g−1 FW)

Total Phenolics
Content

(mg 100g−1 FW)

Total
Flavonoids

Content
(mg g−1 FW)

AMF 1 0.146 ** 1708.3 ** 392.91 ** 262.43 ** 7699.90 ** 14,238.2 **
SWE 3 0.792 ** 8346.9 ** 663.45 ** 961.32 ** 19,875.95 ** 48,877.1 **

AMF × SWE 3 0.007 ** 103.2 * 37.60 * 125.95 ** 3326.05 ** 1733.1 **
Error 24 0.002 32.06 12.60 10.08 593.75 264.94
C.V. 5.51 6.15 13.05 5.92 12.55 8.82

AMF and SWE refer to arbuscular mycorrhiza fungi and seaweed extract, respectively. S.O.V. and df refer to the
source of variation and degree of freedom. *, ** significant at the 5% and 1% probability levels, respectively.

3.5. Total Carbohydrate Content

The co-treatment of AMF and SWE significantly affected the total carbohydrate content
of lettuce leaves (Table 2). The highest content of leaf carbohydrates (130.6 mg g−1 FW)
was observed for AMF × SWE (3 g L−1), which was 3.5 times more than the control
(37.02 mg g−1 FW) (Figure 3c).

3.6. Total Antioxidant Activity (TAA)

According to Table 2, TAA values were significantly affected by the interaction of SWE
and AMF. The highest antioxidant activity (42.24%) measured by the FRAP method was
obtained by using AMF × SWE, 3 g L−1. The activity was increased three times compared
to the control while the lowest TAA value (14.06%) was recorded for the control sample
(Figure 3d).
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3.7. Ascorbic Acid Content

The interactions of AMF and SWE significantly affected the content of ascorbic acid
as well (Table 2). The highest ascorbic acid content (67.66 mg 100g −1 FW) was obtained
for AMF × SWE, 3 g L−1, and the least data (29.75 mg 100g−1 FW) belonged to the control
(Figure 4a).

Figure 4. Effect of arbuscular mycorrhiza fungi (AMF) × seaweed extract (SWE) co-treatments on the
ascorbic acid content (a) total phenolics content (b) and total flavonoids content (c) of lettuce plants.
Different letters indicate significant differences according to the LSD test at p < 0.05. AMF0 and AMF1
refer to without and with arbuscular mycorrhiza fungi, respectively.

3.8. Total Phenolic and Flavonoid Content

Also, the content of phenolics and flavonoids in lettuce leaves was affected by the
combined application of AMF and SWE (Table 2). The highest values of total phenolics
(283.9 mg GAE 100 g−1 FW) and flavonoids (300 mg QE g−1 FW) were obtained by the
co-application of AMF × SWE (3 g L−1). It was 2.24 and 6.59 times higher than the control,
respectively. The lowest content of total phenolics and flavonoid was 126.2 mg GAE 100 g−1

FW and 45.5 mg QE g−1 FW, respectively, which were observed for the control (Figure 4b,c).

3.9. Correlation Matrix and Relative Expressions

The Pearson’s correlation of the morphological and biochemical traits is presented
in Figure 4. The results revealed a positive significant correlation among phenolics, TAA,
flavonoids, root FW, and ascorbic acid and protein content. Also, head diameter signif-
icantly correlated to SPAD and shoot FW. On the other hand, shoot DW significantly
correlated with leaf number and shoot FW.

The heat map (Figure 5) showed that phenolics, TAA, flavonoids, root FW and DW,
ascorbic acid, proteins content, leaf number, carbohydrates content, shoot FW, SPAD, and
head diameter had positive compliance with the co-application of SWE and AMF.
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Figure 5. Heat map of Pearson’s correlation analysis for the effect of arbuscular mycorrhiza (AMF)
inoculation and seaweed extract (SWE) foliar spray on lettuce. Heat map representing head DW
(dry weight), root FW (fresh weight), flavonoid (total flavonoids content), root DW, protein (total
proteins content), TAA (total antioxidants activity by FRAP method), phenol (total phenolics content),
carbohydrate content, head D (head diameter), head FW, SPAD (chlorophyll index), and leaf N
(leaf number).

Cluster analysis and dendrograms in a heat map matrix (Figure 6) showed two main
groups for the evaluated traits. Group 1 contained phenolics, TAA, flavonoids, root FW
and DW, ascorbic acid content, protein content, leaf number, carbohydrates content, shoot
FW, SPAD, and head diameter; and group 2 represented shoot DW that had a negative
correlation with the higher growth of the plants. In general, cluster analysis of heat maps for
treatments showed three main groups. Group 1 contained using AMF with SWE (3 g L−1),
group 2 contained, SWE (0.5 and 1.5 g L−1) with and without AMF, and group 3 included
the control.

Figure 6. The morphological and biochemical changes in lettuce plants treated with arbuscular
mycorrhiza (AMF) and seaweed extract (SWE). Heat map representing head DW (dry weight), root
FW (fresh weight), flavonoid (total flavonoids content), root DW, protein (total proteins content),
TAA (total antioxidants activity by FRAP method), phenol (total phenolics content), carbohydrates
content, head D (head diameter), head FW, SPAD (chlorophyll index) and leaf N (leaf number).
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4. Discussion

One of the crucial principles in planning the production of vegetables is to evaluate
the effectiveness of diverse plant nutrition strategies. The organic production of vegetables
along with a proper nutrition regime, while maintaining the environmental and health
standards, will increase the yield and quality of those crops.

The results of this study showed that the highest average number of leaves, head
diameter, head, and root fresh weight, and leaf and root dry weight was obtained by the
combined application of biological stimulants (AMF and SWE). The increased plant height
is a response to AMF, which helps in the appropriate absorption of essential nutrients.
Furthermore, the inoculation of this fungus to plant roots causes the production of various
hormones, such as auxin and gibberellins, and is effective in increasing the plant height
and, consequently, the number of leaves [32]. It also improves water and nutrient uptake,
photosynthesis potential, and carbohydrate production by altering the root morphology
and thereby increasing shoot and root growth. The symbiosis of AMF plays a vital role in
the carbon cycle and can increase the production of growth-promoting molecules [33]. In
lettuce, the use of SWE increased plant growth probably due to the availability of significant
amounts of growth hormones, amino acids, and macro-and microelements [34]. Following
the present results, Dudaš et al. [35] in lettuce and Rouphael et al. [36] in zucchini reported
an increase in plant height and number of leaves after the usage of SWE.

The results showed that the co-use of SWE and AMF positively affected the fresh
and dry weight of the head and roots. In plants inoculated with AMF, some of the fungal
hyphae enter the root system of the plant and reduce abscisic acid levels and increase
cytokinins, which expand the root system and enhance water uptake, as well as the secretion
of organic acids such as malic acid by extra-root hyphae increasing P uptake and thus
improving root development and eventually growth of the aerial parts of the plant [37].
Biological properties of the soil [38] and this symbiosis in the root zone increase the uptake
of minerals (P, K, Fe, Zn and Mn) and lead to an increase in dry weight biomass. SWE also
improves photosynthetic efficiency by stimulating nutrients translocation and metabolism,
phytohormones biosynthesis, proteins accumulation, and delaying the aging process, and
can ultimately help to increase the fresh and dry weight of plants [39]. In this regard,
Colla et al. [40] reported that foliar application of SWE increased the fresh and dry weight
of lettuce.

In the present study, the application of AMF + SWE significantly increased the total
proteins content in lettuce. In addition, the higher content of protein in AMF treatment can
be attributed to the more nitrogen uptake in the symbiotic behavior of plants and fungi.
Nitrogen in organic matter is usually present in the composition of peptides, proteins,
and free amino acids. The AMF secretes peptidase and protease into the soil to absorb
nitrogen-containing monomers, thus improving leaf proteins content [10]. The increase in
proteins content due to the use of SWE can also be a result of the plant’s ability to absorb a
higher amount of other elements [41].

Consistent with the results of the current study, Sosnowski [42] reported that lettuce
leaf carbohydrates content was increased by the combined application of AMF and SWE.
Due to an increase in the stomatal conductance and P uptake, the symbiosis of mycorrhizae
leads to the accumulation of secondary metabolites, vitamins, minerals, and photosynthetic
pigments, and even raises the leaves’ carbohydrates content [43]. In addition, AMF fortifies
the plant sink for carbohydrates. An increase in carbohydrates content in tomatoes has
been reported with the use of AMF [44]. Furthermore, the total carbohydrates content
with the use of SWE can be attributed to the increase in chlorophyll index. The use of
bio-stimulants raised the amount of soluble carbohydrates in Vigna radiata compared to the
lack of foliar applications [45].

The ascorbic acid content in lettuce leaves was affected by the application of AMF ×
SWE. Lettuce is considered a good source of nutrients such as ascorbic acid and carotenoids.
Photosynthesis and its products are directly related to the production of ascorbic acid in
plants. Bio-fertilizer application improves the photosynthetic potential, N and P absorption,
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and ultimately leads to an improvement in the ascorbic acid content [46]. Moreover, high
amounts of vitamin C can be attributed to the improvements in chlorophyll content in
response to the stimuli effects of SWE and AMF. Likewise, Subramanian et al. [47] reported
that the highest ascorbic acid content was associated with AMF use in tomatoes. In another
study on the spinach plant, Tiruvaimozhi et al. [48] reported an increase in ascorbic acid
content using seaweed foliar treatments.

Total antioxidants activity and, phenolics and flavonoids contents in lettuce leaves
were also affected by AMF and SWE in this study. The symbiosis of mycorrhiza fungi affects
plant metabolism by stimulating the biosynthesis of secondary metabolites and potentially
increasing the accumulation of antioxidant compounds in plants. This fungus causes
changes in the concentration of phytohormones such as jasmonic acid, gibberellic acid, and
cytokinins, which improve the absorption of elements and lead to the production of more
antioxidant compounds [49]. Avio et al. [50] reported that mycorrhiza fungus application
increased the antioxidant activity of lettuce. Gholinezhad et al. [51] also reported that
fungi symbiosis improved antioxidant activity in soybeans. Fan et al. [52] observed a direct
relationship between antioxidant capacity and the amount of phenolics in spinach.

Phenolics are a major component for plant cell protection against stressors. In artichoke
plants inoculated with mycorrhiza fungus, Avio et al. [50] reported that the highest total
phenolics content was obtained by using this fungus. Phenolic compounds appear to
increase the symbiosis rate between plant and fungus and lead to the accumulation of
secondary metabolites such as carotenoids and polyphenols in host plants by making
significant changes in enzymatic activities and the physiological mechanisms involved [53].
Similarly, the increase in phenolics content in SWE treatment can be attributed to the
stimulated biosynthesis of growth hormones and nutrient uptake in the roots and the
improved polyphenol oxidase activity which increases the accumulation of phenolics
and hence the antioxidant activity in the plant [54]. The results of Ashour et al. [55] on
red hot pepper are consistent with these findings. Bio-stimulants improve the phenolics
accumulation in plants by improving the growth-related traits and enhancing the nutrient
uptake and even by enhancing the phenylalanine accumulation in roots.

Flavonoids are a major class of polyphenolic secondary metabolites in plants. De Assis
et al. [56] concluded that the levels of phenolics and flavonoids in lemongrass increased
with the use of mycorrhiza. In another study, an increase in phenolics, flavonoids, and
antioxidant activity of the Eruca vesicaria L. plant was obtained by SWE treatment [57].
The results of Mahmoud et al. [58] on the red radish plant are consistent with our results
as well.

Fungal hyphae can penetrate the very small pores that even the root hairs are not able
to penetrate, increasing the absorption of water and nutrients and improve plant growth,
and ultimately increasing crop yield [59]. The fungus provides the required carbon from
the host roots and, in turn, increases the uptake of nutrients, especially phosphorus, by the
host plant [60]. AMF coexistence can play an important role in maintaining soil fertility
and stabilizing soil structure while increasing plant water uptake and product quality. In
particular, enhancing the symbiotic activity with AMF is a way to improve food production
at the lowest economic and environmental costs [13]. Mycorrhiza improves soil structure
by coating a viscous glycoprotein called glomalin, which plays a key role in the formation
of soil aggregates and large pores for better hyphae growth. These pores ease air and water
penetration and also help to prevent progressive soil erosion [61]. Roots inoculated with
AMF have richer secretions, and extra-root hyphae create an appropriate condition for
the growth of some beneficial bacteria. Also, the extra-root hyphae of the AMF cause soil
particles to stick together and the formation of soil aggregates that improve the airflow in
the soil, which is essential for the growth and multiplication of soil bacteria [62]. Thus, in
the rhizosphere of these plants, the population of plant growth-promoting rhizobacteria
(PGPR), nitrogen-fixing bacteria, and several Gram-positive bacteria is higher which can
inhibit the growth of pathogens. The enhancement in the population of the beneficial
bacteria has been considered as a factor in helping to reduce the population of Fusarium or
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Phytophthora pathogens [63]. Also, Atayese [64] showed that in peanut plants inoculated
with Glomus mosseae the grain yield was increased up to 22% compared to non-symbiotic
plants. Boomsma and Vyn [65] stated that inoculation with AMF caused extensive changes
in root morphological characteristics, especially lateral root growth. Mycorrhiza fungus
expands the root surface area up to 40 times and increases the population of beneficial soil
bacteria [66].

Mycorrhizae regulate plant physiological functions such as leaf water potential, stom-
atal conductance, photosystem II efficiency, and carbon dioxide stabilization and this even
occurs under stressful conditions [67]. It also improves nitrogen uptake by increasing the
activity of nitrogen-absorbing enzymes such as glutamine synthase, and ultimately leads
to an increase in proteins and amino acids content [10]. These fungi identify their host with
the signals released from the plant root and coexist with it and, in the absence of the host
root, they cannot form hypha and complete their life cycle [68,69]. Colony formation with
AMF increases photosynthetic efficiency in plants as well [61].

5. Conclusions

The results showed that the co-application of SWE and AMF had a positive effect
on the morphological and biochemical traits of lettuce. The sole application of AMF and
SWE, as well as their combined application, significantly improved the percentage of
colonization, number of leaves, head diameter, fresh and dry weight of roots, and dry
weight of leaves compared to the control. Moreover, total proteins and carbohydrates
content, antioxidant activity, ascorbic acid content, and phenolics and flavonoids content
were responsive to the combined application of treatments. The application of AMF and
SWE alone improved most of the evaluated traits, however, the co-application of AMF and
SWE improved the traits more than their sole application. Therefore, we recommend the
co-application of the tested biostimulants to improve the growth parameters and quality
attributes of lettuce plants. Organic crop production may be one of the most important
environmental challenges of sustainable agricultural systems. These bio-stimulants are
eco-friendly alternative strategies to improve the quality and yield of vegetables that may
pave the way for meeting the nutritional demands of the growing population of the world.
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Abstract: The present study was carried out to investigate the yield, quality, and metabolomic
responses of four different vegetable crops to treatments with pure juglone standard and walnut
(Juglans regia L.) leaf extract at soil concentrations found in walnut orchards. A total of 60 phenolic
compounds were identified and quantified, some for the first time in these crop vegetables. Beta
vulgaris L. and Lactuca sativa L. were less susceptible to juglone. For crop quality, B. vulgaris showed
the least effects of the different treatments. Both Brassica rapa L. var. japonica and Valerianella locusta
Laterr. showed lower yields, even at the lower juglone concentration, and reduced quality, so their
cultivation in juglone-containing soils should be avoided. This study also investigated leaf quality
at different ages and the quality and yield of these crop vegetables grown under the influence of
allelochemicals, to determine the influence of allelochemicals on metabolomics and, thus, on the
uptake of phenolic compounds considered to be beneficial to human health.

Keywords: allopathy; Beta vulgaris L.; Brassica rapa L. var. japonica; Lactuca sativa L.; phenolic
compounds; Valerianella locusta Laterr.

1. Introduction

Consumption of fresh or processed vegetables is an essential part of the human diet
and has been associated with many health benefits (e.g., reduced diet-related diseases
and risk of obesity) [1]. The most important factors that contribute to the nutritional and
health benefits of vegetables are vitamins and phytochemicals. To date, over 5000 phy-
tochemicals have been identified. Phytochemicals are usually classified into three major
classes: (i) phenols, (ii) terpenes, and (iii) nitrogen-containing compounds [2]. Of these
phytochemicals, phenols, or phenolic compounds, are the best-studied and most abundant
group of phytochemicals and are associated with various health benefits [3,4]. Phenolic
compounds also have important roles in the quality of vegetables, as they affect their taste,
appearance, and stability [5].

The concentration and types of phenolic compounds vary within different vegetables
and plant tissues [6]. Phenolic compounds can be unique and found only in one crop or
cultivar, or they can be present across several varieties. They also have important roles in
plant defence against pathogens, predators, and biotic and abiotic stresses [7,8]. If a plant is
under stress, its content of phenolic compounds increases as a response to the stress [8], and
therefore, the plant uses energy and nutrients meant for growth and other primary functions
to produce these defensive compounds [9–11]. As higher levels of phenolic compounds
are associated with higher vegetable quality, plant stress is considered beneficial to some
degree [9]. The problem is that the higher the levels of phenolic compounds, the lower the
growth of the plants and, therefore, the lower the yield, so there is the need for a balance
between quality and yield. While some stress factors can be controlled through agronomic
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practices (e.g., irrigation, pest and disease control, fertilisation), others are more difficult or
are not possible to control (e.g., plant residues and fungi in the soil) [9].

Plant residues can release allelochemicals into the soil, some of which have positive
effects on plant growth, while others have negative effects. In some plants, allelochemicals
can cause deformity, chlorosis, and wilting, thus reducing vitality, slowing down or pre-
venting germination, hindering growth and development, and increasing susceptibility to
disease, which can lead to their collapse [12]. In agriculture, this is especially problematic
when one crop follows another. The greatest problems occur when walnut (Juglans regia
L.) orchards are replaced by other crops because walnuts contain one of the first and most
studied allelochemicals—juglone [13]. Juglone is released into the soil and affects the
growth of surrounding crops and of crops planted after the walnut trees are cut down, with
effects lasting for years [12].

Although clearing an old orchard to make way for new varieties or crop fields is
common practice, little is known about the short- and long-term effects of allelochemicals
that might still be present in the soil, and how they might affect the quality and yield of
future crops [12]. There have been some studies on the effects of juglone, but most have
focused on seed germination rather than mature crop yield or quality [11,13,14].

Therefore, the aim of the present study was to investigate the yield, quality, and
molecular responses to known concentrations of juglone alone and in walnut leaf extract
with concentrations of juglone normally found in the soil of walnut orchards [15], based
on four different vegetable crops: beet (Beta vulgaris L.), mizuna (Brassica rapa L. var.
japonica), lettuce (Lactuca sativa L.), and corn salad (Valerianella locusta Laterr.). The goal was
also to determine whether juglone is really the crucial and only allelochemical in walnut,
or whether there are other allelochemicals that have remained hidden in the shadow
of juglone, as suggested more recently [13]. The data obtained represent an important
basis for determining which crop varieties are susceptible to juglone and/or walnut leaf
allelochemicals, and how these allelochemicals affect the yield and metabolomics of selected
crops that influence human health and nutrition.

2. Materials and Methods
2.1. Plant Material

To determine whether pure juglone and a juglone-containing leaf extract have the
same effects on different crop vegetables, or whether the effects are specific, four commonly
cultivated crop vegetables were used: beet (Beta vulgaris L.), mizuna (Brassica rapa L. var.
japonica), lettuce (Lactuca sativa L.), and corn salad (Valerianella locusta Laterr.). The juglone
concentrations used were based on our previous germination study [13]. The plants were
treated using (i) two control treatments, with K1 as the juglone extraction medium and
vehicle control (0.17% dimethylsulphoxide (DMSO), 0.17% ethanol in H2O) and K2 as
the water control; (ii) positive control pure juglone treatments, prepared for final juglone
concentrations of 1 mM and 10 µM in extraction medium; (iii) leaf juglone extract, prepared
for the final juglone concentration of 10 µM in extraction medium. The juglone was
dissolved in the extraction medium, as it is only partially soluble in water (52 mg/L), and
thus, the required concentration of 1 mM control juglone cannot be achieved in water alone.
As previously noted [13], studies that have used >100 µM juglone dissolved in water are
questionable at best.

2.2. Growing Conditions

The experiment was conducted using nutrient film technique (NFT) hydroponics
systems in a greenhouse, to better control the environment (especially to control the soil as
a medium) and the juglone concentrations in the water. Five NFT systems were used, one
for each treatment. Each NFT system had 4 rows with 10 plants of the same crop vegetable
grown in each row, for a total of 5 biological repetitions per measure (5 for metabolomics
studies and 5 for yield determination).
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The plants were grown from seed in a greenhouse. After the appearance of the third
leaf, the roots of the seedlings were washed to remove the growth substrate, and the
seedlings were placed in plastic pots filled with rockwool. Overall, 50 evenly grown plants
per crop vegetable were transferred to an NFT system, where they were grown for 3 weeks
with added nutrients, as reported previously [16]. After this acclimatisation in the NFT
system for 3 weeks, the treatments were added. When the crops reached technological
maturity, they were collected and further analysed.

2.3. Chemicals and Plant Material

The plants were grown from seeds obtained as follows: Beta vulgaris L. ‘Delta’; Brassica
rapa L. var. japonica ‘Mizuna grun’; Lactuca sativa L. ‘Grazer Krauthäuptel 2 Treibstamm’;
Valerianella locusta Laterr. ‘Verte de Cambrai’ (Austrosaat AG, Wien, Austria).

The leaf extract was prepared in the extraction medium, with HPLC–mass spectrom-
etry (MS) used to determine the juglone content as accurately as possible. The control
juglone and leaf extract dilutions were prepared as previously described [13].

The following standards were used: p-coumaric acid, ferulic acid, quercetin-3-O-
galactoside, quercetin-3-O-glucoside, kaempferol-3-O-glucoside, apigenin-7-glucoside
(Fluka Chemie GmbH, Buchs, Switzerland); neochlorogenic acid (3-caffeoylquinic acid),
chlorogenic acid (trans-5-caffeoylquinic acid), cryptochlorogenic acid (4-caffeoylquinic
acid), sinapic acid, caffeic acid, gallic acid, luteolin-7-glucoside, juglone (5-hydroxy-1,4-
naphthoquinone) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany); gluconapin and
isorhamnetin-3-O-glucoside (Extrasynthese, Genay, France).

A Milli-Q water purification system (Millipore, Bedford, MA, USA) was used to bi-
distil and purify the water used in the preparation of the samples. The acetonitrile and
formic acid used for the mobile phases for MS analysis were HPLC–MS grade (Fluka
Chemie GmbH, Buchs, Switzerland). The methanol used for the phenolic compound
extraction was HPLC–MS grade (Sigma-Aldrich, Steinheim, Germany).

2.4. Sampling of the Plants

When the plants had reached technological maturity, they were collected and analysed.
First, all of the roots were cut from the plants. Once removed from the plants, the roots
and leaves were weighed to determine the yield per plant for the different treatments. To
determine the dry weights, five sets of roots and leaves per crop vegetable and treatment
were placed in an oven at 105 ◦C, to constant mass. The remaining five leaves per crop
vegetable and treatment were divided into three categories: (i) young leaves (undeveloped
leaves); (ii) semi-old leaves (the remaining fully developed leaves); (iii) old leaves (four
outer fully developed leaves). Thereafter, the fresh leaves were immediately frozen with
liquid nitrogen and stored at −20 ◦C until further analysis.

2.5. Extraction of the Phenolic Compounds

The protocol for extraction of the individual phenolic compounds was as previously
described [13]. Briefly, 200 mg of previously lyophilised samples of B. vulgaris, B. rapa var.
japonica, L. sativa, and V. locusta were extracted at a tissue:solution ratio of 1:100 (w/v). The
phenolics extraction medium used was 80% methanol and 3% formic acid in water.

2.6. Preparation of J. regia Leaf Extract

Leaves for the leaf extract were obtained on 10 September 2020, from a 24-year-old J.
regia tree grown at a planting density of 10 m × 10 m. It belonged to the French cultivar
‘Franquette’, which has been most frequently studied and used in research. Leaves were
collected from the south side of the tree, from the middle part of the canopy, placed in
a paper bag, frozen with liquid nitrogen, and then lyophilised. After lyophilisation, the
leaves were ground with an automatic grounder (IKA A11 Basic, IKA-Werke GmbH & Co.,
KG, Köln, Germany) and added to the extraction medium containing 0.17% DMSO and
0.17% ethanol in H2O. The extraction was performed in an ultrasonic bath filled with ice
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(Sonis 4; Iskra Pio, Sentjernej, Slovenia) for 60 min. The extraction was then centrifuged at
10,000× g for 10 min at 4 ◦C (5810 R; Eppendorf, Hamburg, Germany). A sample was taken
from the extract (i.e., supernatant) for quantification of juglone by HPLC–MS. The samples
were then diluted to prepare the required leaf extract containing 10 µM juglone (referred to
here as ‘leaf juglone’). Parallel juglone solutions were prepared from the juglone dissolved
in the extraction medium (0.17% DMSO, 0.17% ethanol in H2O) at the required final juglone
concentrations (1 mM and 10 µM), referred to here as ‘control juglone’.

2.7. HPLC–Mass Spectrometry Analysis of Individual Phenolic Compounds

The individual phenolic compounds were analysed on a UHPLC system (Vanquish;
Thermo Scientific, Waltham, MA, USA). The diode detector used was at 350 nm for flavonols
and 280 nm for the other phenolic compounds. The spectra were recorded between 200 nm
and 600 nm. A C18 column (Gemini 150 × 4.60 mm; 3 µm; Phenomenex, Torrance, CA,
USA) operated at 25 ◦C was used to separate the phenolic compounds. Solvent A was
0.1% formic acid with 3% acetonitrile in bi-distilled water (v/v/v), and solvent B was 0.1%
formic acid with 3% bi-distilled water in acetonitrile (v/v/v). The flow rate of elution was
0.6 mL/min. The gradient, washing, and reconditioning of the column between samples
were similar to those described previously [17], with minor modifications. The gradient
used was as follows: 0–15 min, 5–20% B; 15–20 min, 20–30% B; 20–25 min, 30–50% B;
25–30 min, 50–90% B; 30–35 min, 90–100% B; 35–45 min, 100–5% B; 46–50 min, 5% B.

Identification of the phenolic compounds was achieved by tandem MS (MS/MS; LCQ
Deca XP MAX; Thermo Scientific, Waltham, MA, USA), with heated electrospray ionisation
operated in negative ion mode. The parameters were as follows: sheath temperature,
320 ◦C; sheath gas, 50 arb; auxiliary gas, 20 arb; ion spray voltage, 3.5 kV; capillary
temperature, 320 ◦C; capillary voltage, 10.0 V; tube lens, −68 V. Scans were performed from
m/z 50 to 2000. The collision energy was 35 eV, with helium used as the collision gas to
achieve collision-induced dissociation. The Xcalibur 2.2 software (Thermo Fischer Scientific
Institute, Waltham, MA, USA) was used for data acquisition.

Known compounds were identified and quantified using external standards, with the
literature data and MS fragmentation used for identification of the unknown compounds.
The quantification of unknown compounds was based on a similar standard. Total flavonols,
total flavones, total hydroxycinnamic acids, and total analysed phenolics content (TAPC),
which represents the sum of all of the identified phenolics, are expressed as g/kg fresh
weight, while individual phenolic compounds are expressed as mg/kg fresh weight.

2.8. Statistical Analysis

The data were collated using Microsoft Excel 2016 and R commander (Package Rcmdr)
version 2.7.1. (Team, R.D.C., 2008, Stanford, CA, USA). For each methodology, five bio-
logical repetitions were performed. Data are expressed as means ± standard error (SE).
One-way analysis of variance (ANOVA) with Tukey tests was used to determine significant
differences between treatments, and statistical means were calculated at the 95% confidence
level to determine the significance of the differences.

3. Results and Discussion
3.1. Identification of Individual Phenolic Compounds in the Crop Vegetables

A total of 60 phenolic compounds were identified based on the previous literature
data: 15 for B. vulgaris; 15 for B. rapa var. japonica; 17 for L. sativa; 13 for V. locusta. Some of
these were identified for the first time in these crop vegetables. Of these 60 compounds, 9
were identified, and their fragmentation was confirmed using standards. The remaining
compounds were tentatively identified according to their pseudo-molecular ions (i.e.,
[M-H]−) and specific fragmentation patterns (i.e., MS2, MS3). The phenolic compounds
identified, their fragmentation, and the standards used to express them, are given in Table 1.
Representative chromatograms of the phenolic compounds identified can also be seen in
the Supplementary Materials.
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For the 25 hydroxycinnamic acids, 4 were identified through the use of standards
and their fragmentation: neochlorogenic acid (3-caffeoylquinic acid); cryptochlorogenic
acid (4-caffeoylquinic acid); chlorogenic acid (trans-5-caffeoylquinic acid); ferulic acid.
The remaining 21 hydroxycinnamic acids were identified through their typical fragmen-
tation patterns. p-coumaric acid and caffeic acid derivatives were identified through
their fragmentation patterns of MSn ion m/z 163 and 119 and m/z 179, as reported by
Liu et al. [18]. cis 5-O-p-coumaroylquinic acid, trans 5-O-p-coumaroylquinic acid, caffeoyl-
tartaric acid hexoside, and dicaffeoylquinic acid were identified through their fragmentation
patterns as previously reported for V. locusta and L. sativa by Hernández et al. [19] and
Abu-Reidah et al. [20]. Coumaroyl malate, sinapoyl malate, sinapoyl glycoside, feruloyl
malate, and caffeoyl malate were identified by their specific fragmentation patterns as re-
ported for pak choi (Brassica campestris L. ssp. chinensis var. comunis) by Harbaum et al. [21],
which are described here for the first time for B. rapa var. japonica. Ferulic acid derivatives
were identified through their fragmentation patterns of MSn ion m/z 193 and 175, as re-
ported by Vieira et al. [22], and cis 5-O-feruoylquinic acid and trans 5-O-feruoylquinic acid
were identified through their fragmentation patterns as reported by Hernández et al. [19].
There were only two hydroxybenzoic acids identified, dyhydroxybenzoic acid hexoside
and galloyl hexoside, both of which were previously identified by Abu-Reidah et al. [20].

All of the 11 flavones identified were in B. vulgaris and V. locusta. Four flavones
(luteolin-7-rutinoside, diosmetin apiosylglucoside, diosmin, and apigenin-rutinoside) were
identified in V. locusta, all of which were previously reported by Hernández et al. [19], and
seven (vitexin hexoside 1 and 2, vitexin pentoside, luteolin dihexoside, vitexin, vitexin
hexoside derivate, and malonyl pentosylvitexin) in B. vulgaris. Vitexin, vitexin hexoside,
vitexin pentoside, and malonyl pentosylvitexin were previously reported in B. vulgaris
by Vissers et al. [23] and AbdEl-Ghffar et al. [24], while, luteolin dihexoside and vitexin
hexoside derivatives are reported here for the first time in B. vulgaris.

There were 13 flavonols identified, 2 in B. vulgaris, 7 in B. rapa var. japonica, and
6 in L. sativa. In B. vulgaris, both of the flavonols identified (isorhamnetin dihexoside,
rutinoside) are reported here for the first time in B. vulgaris, and these followed the typical
fragmentation pattern MSn m/z 315 and 300, MSn+1 m/z 300, 287 for isorhamnetin. In B.
rapa var. japonica, of the seven flavonols identified, only kaempferol hexoside derivative is
reported for the first time, which followed the kaempferol typical fragmentation pattern
MSn m/z 285 and 284. The other flavanols identified in B. rapa var. japonica were previously
identified in pak choi (Brassica campestris L. ssp. chinensis var. comunis) and curly kale
(Brassica oleracea L. Convar. acephala var. sabellica) by Harbaum et al. [21] and Olsen et al. [25],
and here for the first time in B. rapa var. japonica. In L. sativa, all six flavonols identified
were previously reported by Medic et al. [13].

3.2. Effects of the Juglone Treatments on the Crop Vegetable Yields

The control effects of juglone (1 mM, 10 µM) and the leaf extract with 10 µM juglone
were not the same across these different crop vegetables, as was also seen previously in
germination studies by Medic et al. [13]. The effects of the different treatments on the crop
yields and root weights are shown in Figure 1 and in Supplementary Materials.

Interestingly, the highest crop yields and root weights were obtained for the 10 µM
leaf juglone treatments for B. rapa var. japonica and L. sativa, and for the K2 control as the
second-highest for B. vulgaris and V. locusta. This might be because the leaf extracts contain
other nutrients and beneficial allelochemicals besides juglone that can stimulate plant
growth and increase crop yields. In contrast to our previous seed germination study [13],
where the 10 µM juglone leaf extract was not different from the control treatments, here,
the 10 µM leaf juglone even showed higher yields, compared with the other treatments.
Indeed, this would appear logical considering that most biostimulants are produced from
plant waste [26]. However, higher concentrations of juglone in the leaf extract might have
inhibitory effects also on crop yields, as observed in the germination trial by Medic et al. [13],
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where 1 mM juglone leaf extracts significantly inhibited seed germination and seedling
growth. Therefore, further studies are needed before a conclusion can be drawn.
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Figure 1. Heat map showing leaf fresh weights and root dry weights, from highest (green) to lowest
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It is known that juglone is absorbed from the soil through the roots and, therefore,
acts first on the roots of the plants. It penetrates the plasma membrane of the root cells and
induces depolarisation by blocking the K+ channels, which inhibits root and, consequently,
shoot, nutrient uptake, and growth [27]. This explains the lowest yields for all of these
crop vegetables, as well as the lowest root weights, which were seen for 1 mM, followed by
10 µM, control juglone treatments. Overall, juglone showed allelopathic effects on the yields
of all of these crop vegetables. However, the yields of B. vulgaris and L. sativa appeared to
be less affected by the lower concentration of the control juglone (10 µM) than that of B.
rapa var. japonica and V. locusta and would, therefore, be a better choice for cultivation in
soils where juglone is still present.

3.3. Effects of the Juglone Treatments on the Crop Vegetable Quality

Looking at the effects of the juglone treatments with the same 10 µM concentration
of control juglone and leaf juglone on the crop quality in terms of TAPC, it can be seen
that these were not the same across the crop vegetables (Figures 2–5), as also previously
reported by Medic et al. [13] and Ercisli and Turkkal [28]. While L. sativa and V. locusta
showed similar responses, the responses of B. vulgaris and B. rapa var. japonica were almost
contrary. All of the data that showed significant differences are further detailed in the
Supplementary Materials.
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control (0.17% DMSO, 0.17% ethanol in H2O); K2: water control. Young leaves, undeveloped leaves;
semi-old leaves, remaining fully developed leaves; old leaves, four outer fully developed leaves.
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control (0.17% DMSO, 0.17% ethanol in H2O); K2: water control. Young leaves, undeveloped leaves;
semi-old leaves, remaining fully developed leaves; old leaves, four outer fully developed leaves.
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Figure 5. Contents of the total phenolic groups identified in V. locusta expressed relative to fresh
weight (A) and as proportions of the total phenolic groups identified (B). K1: extraction medium
control (0.17% DMSO, 0.17% ethanol in H2O); K2: water control. Young leaves, undeveloped leaves;
semi-old leaves, remaining fully developed leaves; old leaves, four outer fully developed leaves.

As can be seen in Figure 2A, the extraction medium control (K1; with vehicles used for
the control juglone and leaf juglone treatments) affected the quality of B. vulgaris, compared
with K2 (water control), with lower TAPC in the younger and semi-old leaves. There
were no differences between the K1, 1 mM and 10 µM control juglone, and 10 µM leaf
juglone treatments, except for TAPC in older leaves treated with 10 µM leaf juglone, which
had lower TAPC than for the other treatments. Figure 2B shows that for B. vulgaris, there
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were no differences in the proportions of total hydroxycinnamic acid, total flavonols, and
flavones, indicating that the quality of B. vulgaris was not greatly affected by the 1 mM and
10 µM control juglone and 10 µM leaf juglone treatments. In terms of quality, the younger
leaves tended to have the highest TAPC and, therefore, the highest quality, while the older
leaves had lower TAPC, which is usually the case for all plants [29]. The higher TAPC in
the younger leaves is the result of the plant defence mechanisms, as leaves with higher
TAPC are better protected against bacterial infections than older leaves [30]. The TAPC
of B. vulgaris was consistent with previous measures of Vissers et al. [23]; however, most
of the phenolic compounds identified, as well as the highest contents seen in the present
study, were flavones, compared with the phenolic acids reported by Vissers et al. [23].

The vehicle effect (i.e., K1 vs. K2) on quality seen for B. vulgaris was not seen for B.
rapa var. japonica, L. sativa, or V. locusta. As shown in Figure 3A, in B. rapa var. japonica,
there were no clear trends seen for TAPC, and thus, 1 mM and 10 µM control juglone and
10 µM leaf juglone did not have any effects on the crop quality. However, if the contents
of hydroxycinnamic acids and flavonols are considered, it can be seen that the 1 mM and
10 µM control juglone treatments resulted in higher hydroxycinnamic acids contents in
the semi-old leaves, while the semi-old leaves treated with 10 µM leaf juglone had lower
hydroxycinnamic acids content, compared with both controls (K1, K2), as can be seen in
Figure 3B. In addition, the treatments with 1 mM and 10 µM control juglone also affected
the flavonols content, with increased total flavonols in the older leaves, compared with the
young leaves, which was not seen for the control or 10 µM leaf juglone treatments. Overall,
in the semi-old leaves, 10 µM leaf juglone decreased the hydroxycinnamic acids content,
while the flavonols content increased, in contrast to the 1 mM and 10 µM control juglone
treatments, for which in the semi-old leaves, the hydroxycinnamic acids content increased
and the flavonols content decreased. This suggests that other allelochemicals are present
in J. regia that can have actions similar to those of juglone, as also previously indicated by
Medic et al. [13]. The TAPC of B. vulgaris was consistent with that of Harbaum et al. [21]
in Brassica campestris L. chinensis var. communis and higher than previously reported in B.
rapa var. japonica by Khanam et al. [31]. Most of the phenolic compounds identified in the
present study, as well as the highest contents, were for the hydroxycinnamic acids, similar
to a previous report by Khanam et al. [31].

Similar to B. rapa var. japonica, in L. sativa the majority of the identified and quantified
phenolic compounds represented the hydroxycinnamic acids, followed by the flavonols,
which is in agreement with Abu-Reidah et al. [20] and Ribas-Agustí et al. [32]. TAPC was
slightly lower than previously reported by Santos et al. [33]. Figure 4 shows that the 1 mM
and 10 µM control juglone treatments affected the metabolic response of L. sativa in the
same way as for B. rapa var. japonica, while the 10 µM leaf juglone treatment had no effects
on the secondary metabolites. The highest TAPCs were seen for the older leaves in the
1 mM and 10 µM control juglone treatments, compared with the younger leaves, mainly
due to the higher flavonols and hydroxycinnamic acids contents. Considering the relative
values of the phenolic compounds (Figure 4B), it can be seen that the treatments with 1 mM
and 10 µM control juglone resulted in higher proportions of hydroxycinnamic acids and
lower proportions of flavonols in the younger leaves, compared with the older leaves,
contrary to other treatments (K1, K2, 10 µM leaf juglone), in which the proportions of
hydroxycinnamic acids were higher in the older leaves, and proportions of flavonols were
higher in the younger leaves. This has been observed previously for B. vulgaris, B. rapa
var. japonica, and V. locusta, and it suggests a uniform metabolomics response of these crop
vegetables to produce hydroxycinnamic acids when affected by the allelochemical juglone.

As can be seen in Figure 5, both of the 1 mM and 10 µM control juglone treatments
had effects on the quality of V. locusta, while there were no differences between the controls
and the 10 µM leaf juglone treatments. The metabolic responses of V. locusta were similar to
those of L. sativa, with the older leaves showing the highest levels of TAPC, mainly due to
the increase in the hydroxycinnamic acids content in the older leaves treated with juglone.
Apart from this difference in the hydroxycinnamic acids in the 1 mM and 10 µM control
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juglone treated plants in the old leaves, the major difference was in the contents of the
other phenolic compounds, which were higher in older leaves, compared with younger
leaves. The TAPC of V. locusta is in agreement with that reported by Hernández et al. [19].
Most of the phenolic compounds identified in the present study, as well as the highest
contents, were hydroxycinnamic acids, followed by flavones, as previously reported by
Hernández et al. [19].

4. Conclusions

As also previously reported by Medic et al. [13], we can confirm that each of these
crop vegetables responds differently to the allelochemicals, and although juglone appears
to be the most toxic of the allelochemicals, it might not be the only one in these leaf
extracts of J. regia. Here, the treatment with the leaf extract (i.e., 10 µM leaf juglone)
resulted in the highest yields and comparable qualities in terms of TAPC, compared
with the other treatments. This either means that this leaf extract of J. regia also contains
beneficial allelochemicals that can stimulate growth, or that the leaf extract is simply a good
source of additional minerals and nutrients that stimulate growth without affecting the
metabolic responses of the plants themselves. The possibility that different concentrations
of J. regia leaf extracts have different biostimulatory effects on such crop yields should be
further investigated.

In addition to the identification and quantification of the phenolic compounds in
these crop vegetable leaves of different ages, the main objective of this study was to
investigate the yields, quality, and metabolic responses of these different crop vegetables,
so as to determine which of them cannot thrive in soils containing juglone or other J. regia
allelochemicals. From the data obtained, it can be concluded that B. vulgaris and L. sativa are
more suitable for planting in soils where walnuts were previously grown, since, although
they were affected by the 1 mM control juglone, they showed fewer negative effects for the
10 µM control juglone in terms of crop yields. In terms of crop quality, the smallest effects
of the different treatments were seen for B. vulgaris. Both B. rapa var. japonica and V. locusta
showed lower yields even for the lower of the control juglone treatments (i.e., 10 µM), and
the quality was also affected, so cultivation in juglone-containing soils should be avoided.

Apart from identifying and quantifying 60 compounds from B. vulgaris, B. rapa var.
japonica, L. sativa, and V. locusta, with some reported for these crop vegetables for the
first time, this study also serves as a basis for the selection of more suitable crops in the
early years of planting of crops in the soils where walnuts were previously planted. The
quality of the leaves of these crop vegetables at different ages and the quality and yields
of these selected crop vegetables grown under the influence of allelochemicals were also
investigated, to determine the influence of allelochemicals on their metabolomics and, thus,
on the uptake of phenolic compounds considered to be beneficial to human health. The
data obtained could be relevant for future studies on crop management in different soils
and the use of allelochemicals to modify the phytochemical composition of vegetables.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12020347/s1, Figure S1: Representative full scan for
the HPLC–MS analysis, and identification of the phenolic compounds for Beta vulgaris L., Figure S2:
Representative full scan for the HPLC–MS, and identification of the phenolic compounds for Brassica
rapa L. var. japonica, Figure S3: Representative full scan for the HPLC–MS, and identification of
the phenolic compounds for Lactuca sativa L., Figure S4: Representative full scan for the HPLC–MS,
and identification of the phenolic compounds for Valerianella locusta Laterr., Table S1: Yields for the
different crop vegetables in terms of leaf fresh weight and dry matter, and root dry weight, Table S2:
Individual phenolic compounds quantified in Beta vulgaris L., Table S3: Individual compounds
quantified in Brassica rapa L. var. japonica, Table S4: Individual compounds quantified in Lactuca sativa
L., Table S5: Individual compounds quantified in Valerianella locusta Laterr.

221



Agronomy 2022, 12, 347

Author Contributions: Conceptualisation, A.M. and A.S.; data curation, A.M. and T.Z.; formal
analysis, A.M.; funding acquisition, A.M., M.H. and R.V.; investigation, A.M., T.Z. and M.C.G.;
methodology, A.M.; project administration, R.V.; resources, A.M., M.H. and R.V.; software, A.M.;
supervision, A.S. and R.V.; validation, A.S. and R.V.; visualisation, A.M., T.Z. and A.S.; writing—
original draft preparation, A.M.; writing—review and editing, T.Z., A.S., M.H. and R.V. All authors
have read and agreed to the published version of the manuscript.

Funding: This study is a part of programme P4-0013-0481, which is funded by the Slovenian Research
Agency (ARRS) and the infrastructural centre IC RRC-AG (IO-0022-0481-001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Part of the data presented in this study are available in Supplemen-
tary Materials here. The remaining data presented in this study are available on request from the
corresponding author. The remaining data are not publicly available due to privacy.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ahmed, S.; Shanks, C.B. Quality of Vegetables Based on Total Phenolic Concentration Is Lower in More Rural Consumer Food

Environments in a Rural American State. Int. J. Environ. Res. Public Health 2017, 14, 924. [CrossRef] [PubMed]
2. Liu, R.H. Health-Promoting Components of Fruits and Vegetables in the Diet. Adv. Nutr. Int. Rev. J. 2013, 4, 384S–392S. [CrossRef]

[PubMed]
3. Medic, A.; Jakopic, J.; Solar, A.; Hudina, M.; Veberic, R. Walnut (J. regia) Agro-Residues as a Rich Source of Phenolic Compounds.

Biology 2021, 10, 535. [CrossRef] [PubMed]
4. Wolfe, K.L.; Kang, X.; He, X.; Dong, M.; Zhang, Q.; Liu, R.H. Cellular Antioxidant Activity of Common Fruits. J. Agric. Food Chem.

2008, 56, 8418–8426. [CrossRef] [PubMed]
5. Di Noia, J. Defining Powerhouse Fruits and Vegetables: A Nutrient Density Approach. Prev. Chronic Dis. 2014, 11, E95. [CrossRef]
6. Medic, A.; Zamljen, T.; Hudina, M.; Veberic, R. Identification and Quantification of Naphthoquinones and Other Phenolic

Compounds in Leaves, Petioles, Bark, Roots, and Buds of Juglans regia L., Using HPLC–MS/MS. Horticulturae 2021, 7, 326.
[CrossRef]

7. Ahmed, S.; Stepp, J.R. Beyond yields: Climate change effects on specialty crop quality and agroecological management. Elem. Sci.
Anthr. 2016, 4, 92. [CrossRef]

8. Medic, A.; Solar, A.; Hudina, M.; Veberic, R. Phenolic Response to Walnut Anthracnose (Ophiognomonia leptostyla) Infection in
Different Parts of Juglans regia Husks, Using HPLC–MS/MS. Agriculture 2021, 11, 659. [CrossRef]

9. Li, Z.-H.; Wang, Q.; Ruan, X.; Pan, C.-D.; Jiang, D.-A. Phenolics and Plant Allelopathy. Molecules 2010, 15, 8933–8952. [CrossRef]
10. Wink, M. Introduction: Biochemistry, Role and Biotechnology of Secondary Metabolites. Annu. Plant Rev. Online 2018, 3, 1–17.

[CrossRef]
11. Zubay, P.; Kunzelmann, J.; Ittzés, A.; Zámboriné, É.N.; Szabó, K. Allelopathic effects of leachates of Juglans regia L., Populus tremula

L. and juglone on germination of temperate zone cultivated medicinal and aromatic plants. Agrofor. Syst. 2021, 95, 431–442.
[CrossRef]

12. Islam, A.K.M.M.; Widhalm, J.R. Agricultural Uses of Juglone: Opportunities and Challenges. Agronomy 2020, 10, 1500. [CrossRef]
13. Medic, A.; Zamljen, T.; Slatnar, A.; Hudina, M.; Veberic, R. Is Juglone the Only Naphthoquinone in Juglans regia L. with Allelopathic

Effects? Agriculture 2021, 11, 784. [CrossRef]
14. Aliskan, I.K.; Terzi, I. Allelopathic effects of walnut leaf extracts and juglone on seed germination and seedling growth. J. Hortic.

Sci. Biotechnol. 2001, 76, 436–440. [CrossRef]
15. de Scisciolo, B.; Leopold, D.J.; Walton, D.C. Seasonal patterns of juglone in soil beneath Juglans nigra (black walnut) and influence

of J. nigra on understory vegetation. J. Chem. Ecol. 1990, 16, 1111–1130. [CrossRef] [PubMed]
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