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Abstract: Wild relatives of wheat serve as an extraordinary source of variability for breeding programs
due to their capabilities to respond to various environmental stresses. Here, we investigated some
species possessing a D genome (T. aestivum, Ae. tauschii, Ae. crassa and Ae. cylindrica) in terms of relative
water content (RWC), stomatal conductance (Gs), relative chlorophyll content, initial fluorescence (Fo),
maximum quantum yield of PSII (Fv/Fm), maximum primary yield of PSII photochemistry (Fv/Fo),
as well as shoot fresh and dry biomasses under control and water deficit conditions. Our results
revealed that water deficit negatively affected all traits; shoot fresh weight, Gs and RWC showed the
highest reduction compared to the control condition. Principal component analysis (PCA) identified
two PCs that accounted for 53.36% of the total variation in the water deficit conditions. Correlation
analysis and PCA-based biplots showed that stress tolerance index (STI) is significantly associated
with Fv/Fm and Fv/Fo under water stress conditions, suggesting that these are the best parameters
to evaluate when screening for tolerant samples at the seedling stage. We identified 19 accessions
from Ae. crassa and one from Ae. tauschii as the most tolerant samples. In conclusion, Ae. crassa might
provide an ideal genetic resource for drought-tolerant wheat breeds.

Keywords: Aegilops species; drought stress; stomatal conductance; photosynthetic capacity; relative
water content

1. Introduction

Climate change is expected to result in fluctuations in precipitation patterns, including the
enhanced severity and accelerated frequency of droughts [1]. Under these circumstances, agricultural
production is one of the many sectors already affected by water availability [2]. Indeed, low water
availability or water deficit is one of the major environmental factors limiting crop growth and
development, productivity and yield performance in many areas across the world [3].

Physiologically, plant growth is controlled by a complex of processes that are adversely affected
by water deficit stress. These effects occur through osmotic stress and various biochemical responses in
plants, including light absorption and capture, antioxidant activity, stomatal conductance, transpiration,
photosynthesis, and respiration [4–7]. Of these processes, photosynthesis is crucial for maintaining
plant growth, as this is how the chemical energy consumed by various metabolic processes is
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derived [8]. Water stress can impose limitations or cause damage to the various physiological
and biochemical processes related to photosynthesis, including reduction in chlorophyll content,
disruption of stomatal conductance, and interference with the rate of net assimilation and photosystem
photochemical efficiency parameters. Such damage can inhibit plant growth, ultimately decreasing
crop production [9–11].

In the photosynthetic system, photosystem II (PSII) is known to be the most unstable component,
as it mainly restricts photochemistry in response to water stress [12]. With progress in understanding
crop stress physiology and its related tools, chlorophyll fluorescence (CF) has become known as a useful
indicator for investigating stress in plants in vivo [13]. Not only are the effects of water deficit on CF
parameters well known and widely reported [13–15], this technique is also a simple, non-destructive
and rapid testing method [3,16]. Hence, CF measurement is an efficient approach for screening the
stress tolerance of different plant species and genotypes [17]. Earlier reports demonstrated that water
deficit stress has unfavorable effects on the efficiency of PSII, as indicated by changes in CF parameters
such as initial fluorescence (Fo), maximum quantum yield of PSII (Fv/Fm), maximum primary yield of
PSII photochemistry (Fv/Fo), as well as plant growth and dry matter.

The regulation of leaf stomatal conductance (Gs) is another important process related to
photosynthesis, and is crucial for both CO2 acquisition and maintenance of water content in leaf
tissue [18,19]. Under water deficit stress, stomata closure occurs due to atmospheric vapor pressure,
decrease in leaf turgor, and signaling pathways [20]. Consequently, stomata closure and prevention of
mesophyll conductance cause a reduction in photosynthetic rate under adverse environments [20,21].
Thus, the effects of water stress on photosynthesis are related directly to the stomatal responses for
dispersion of gases, which finally alters mesophyll metabolism and photosynthesis [20,22]. It has
been reported that the methods used for measuring photosynthetic features such as CF parameters
and chlorophyll content might also estimate the influence of water stress on growth and yield,
since these parameters are significantly associated with the rate of carbon exchange [23–25]. As such,
these parameters can be used as reliable parameters to assess the metabolic/energetic imbalance of
photosynthesis and grain yield across various plant genotypes under water deficit [24,26].

Bread wheat (Triticum aestivum L.) is an important cereal crop, providing 21% of the world’s protein
intake and 19% of the world’s food energy [27]. Due to the rapidly increasing human population,
by 2050 the demand for this cereal is expected to increase by 31% over the 683 million tons consumed
in 2008 [28]. Over the course of various wheat improvement programs aimed at increasing drought
tolerance and other important characteristics, the genetic basis of tolerant breeding lines and cultivated
varieties has narrowed. Therefore, these new resources can provide an ideal opportunity for producing
new varieties. Wild wheats are a valuable source of genes related to water deficit stress and other
abiotic and biotic stresses [15,29–32]. For example, Aegilops tauschii Coss. (2n=2x=14)—the D genome
progenitor of bread wheat—is a diploid and self-pollinated species that played an important role in the
domestication process of wheat. This species is an important source of genetic diversity, and has a
long history in wheat breeding programs [33]. Moreover, Ae. tauschii is one of the main ancestors of
several Aegilops species, including Ae. cylincrica (DDCC-genome), Aegilops ventricosa (DDNN-genome),
Ae. crassa (DDMM- and DDDDMM-genomes), Ae. juvenalis (DDMMNN-genome) and Ae. syriacum
(DDMMSS-genome) [34,35]. Therefore, understanding the genetic diversity and adaptive evolution
of Ae. tauschii, along with other wild wheat relatives that also possess the D genome, may provide
significant insights for breeding superior wheat varieties.

Previously, Pour-Aboughadareh et al. [15] used CF parameters, along with several physiological
and shoot biomass traits, as the selection criteria for severe drought stress, to identify genetic diversity
among a core collection of wheat germplasm. Their study identified a set of wild accessions differing in
Fo, Fv/Fm and Fv/Fo parameters under drought stress [15]. These parameters allowed rapid and early
phenotyping of 180 accessions belonging to the 12 domesticated and wild species, in order to identify
naturally-existing genetic variation and to compare the responses of different species to drought stress.
According to their findings, two species (Ae. cylindrica and Ae. crassa) responded to drought better than
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the other species, including Ae. tauschii and T. aestivum. This invokes an important question: is there
considerable genetic variation in CF parameters within these selected wild species that previously
showed higher drought tolerance? The use of CF parameters as a suitable physiology tool can be
validated by closer examination of the association between CF parameters and plant biomass under
water deficit conditions.

Specifically, this can provide a reliable description of naturally occurring genetic variation for
stress tolerance traits, which in turn may aid in wheat improvement for stress tolerance, for example in
the context of discovering new sources of useful germplasms and alien genomes. Therefore, the current
work aims to address the abovementioned question with the following objectives: (1) to evaluate the
effects of water deficit stress on CF parameters and other physiological traits at the early growth stage,
(2) to explore the potential relationships between CF parameters and dry biomass, and (3) to compare
different D genome species in order to identify the more tolerant species and/or accessions.

2. Materials and Methods

2.1. Plant Material, Experimental Design and Growth Conditions

The plant material consisted of 196 Aegilops and Triticum accessions possessing the D genome,
which belonged to four species: T. aestivum (AABBDD-genome), Ae. tauschii (DD-genome), Ae. cylindrica
(DDCC-genome) and Ae. crassa (DDMM-genome) (Supplementary Table S1). A factorial experiment
was performed in a randomized complete block design with three replications, in a research greenhouse
at the Agronomy and Plant Breeding Department, Tehran University, Karaj, Iran, during the 2018–2019
growing seasons. Two levels of water stress and tested accessions were considered as the main and
sub factors, respectively. Before sowing, seeds were stored at 4 ◦C for 72 h to interrupt seed dormancy.
Ten seeds from each accession were sown in plastic pots (20 cm diameter, 40 cm height), filled with equal
parts sand, soil and humus. The pots were well-irrigated to ensure seed germination. The seedlings
were grown under long daylight conditions (16 h photoperiod), with an air temperature of 25 ± 2 ◦C
during the day and 15 ± 2 ◦C during the night. After the appearance of 2–3 true leaves, the seedlings
were thinned to five plants per pot. The water deficit treatment was initiated at the three-leaf stage of
seedling growth. At this time, half of the plants were kept under well-watered (control) conditions
(full field capacity (FC) = 95 ± 5%) while the other half were subjected to 30 ± 5% FC (water stress) for
20 days. The FC was determined according to the method described by Souza et al. [36]. Thirty days
after sowing, CF parameters were recorded, along with other physiological traits and shoot biomass.

2.2. Chlorophyll Fluorescence (CF) Parameters

CF parameters were measured using a portable Optic-Science OS-30p Fluorometer (Opti-Sciences,
Inc., Hudson NH, USA). Four parameters, including initial fluorescence (Fo), maximal fluorescence (Fm),
maximum quantum yield of PSII (Fv/Fm), and maximum primary yield of PSII photochemistry (Fv/Fo),
were estimated from 20 min dark-adapted leaves from control and water deficit stress conditions for
each sample. For the latter two parameters, Fv is the maximal variable fluorescence, calculated based
on Fo and Fm (Fm-Fo) [37].

2.3. Chlorophyll Content and Stomatal Conductance (Gs)

The relative chlorophyll content (SPAD index) for each accession was estimated using a portable
chlorophyll meter (SPAD-502; Konic Minolta Sensing, Inc., Osaka, Japan). The measurements were
taken from the adaxial surface of three leaves of differing greenness, and the values were averaged over
three plants per accession. A portable Leaf Prometer device (SC-1; Decagon Devices, Inc., Pullman,
WA, USA) was used to measure stomatal conductance.
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2.4. Relative Water Content (RWC)

Leaf samples from each seedling plant were separately harvested and washed with sterile distilled
water to remove soil particles. Once the leaf fresh weight (LFW) was determined, the samples were
floated on distilled water for 24 h. Then the leaf turgid weight (LTW) of each sample was recorded.
To determine the leaf dry weight (LDW), the leaf tissues were oven-dried at 70 ◦C for 72 h before
weight was recorded. Finally, the RWC was estimated based on the following equation [38]:

RWC % = [LFW-LDW]/[LTW-LDW] × 100 (1)

2.5. Shoot Fresh and Dry Biomass

The shoots of each accession were separately harvested and subjected to shoot fresh weight (SFW)
calculation. After SFW determination, the samples were oven-dried at 70 ◦C for 72 h, and weighed to
determine the shoot dry weight (SDW).

2.6. Statistical Analysis

The main and interaction effects of the experimental factors were assessed with an analysis of
variance (ANOVA), using the general linear model procedure in SAS software [39]. The Duncan’s
multiple range test (DMRT) was used to separate the test treatment means. To identify the tolerant
samples, the stress tolerance index (STI) was calculated using the iPASTIC toolkit [40]. Pearson’s
correlation coefficient was calculated for each pair of traits, as well as STI index per growth condition
using XLSTAT software (Addisonsoft XLSTAT, Paris, France). Principal component analysis (PCA) was
computed for the water deficit condition and species with Kaiser’s criterion (i.e., eigenvalue more than
1) using XLSTAT software. For the biplots, the accessions and the traits were represented as points and
vectors, respectively, from the origin to the position of the trait.

3. Results

3.1. Shoot Biomass and Leaf Water Relations

ANOVA revealed that water deficit stress significantly affected shoot biomasses and relative water
content (RWC) among accessions. The two-way interaction effect between water stress and accession
was significant for shoot fresh weight (SFW) and RWC (Table 1). SFW ranged from 0.24 to 3.83 g
plant−1 in the control condition, and from 0.10 to 3.40 g plant−1 in the water deficit condition. Shoot
dry weight (SDW) varied between 0.06 and 1.18 g plant−1 in the control condition, and between 0.01
and 0.59 g plant−1 in the water deficit condition. RWC showed a high range of variation in both the
control and water deficit conditions, ranging from 20.92 to 91.80% in the control and 20.24 to 74.75% in
the water deficit condition. The overall mean across the 196 accessions decreased significantly by 33%
(SFW), 62% (SDW) and 39% (RWC) under the stress condition as compared to the control (Table 1).
The ANOVA results showed significant differences between species in the effect of water deficit stress
on SFW, SDW and RWC. Moreover, within species, there were significant differences in SFW and SDW
between control and water stress conditions (Figure 1 A–C). For example, T. aestivum and Ae. tauschii
produced the highest SFW in the control condition, while T. aestivum and Ae. cylindrica produced the
highest SFW in the stress condition. Under water deficit stress, the lowest reductions in SFW were
observed in Ae. crassa and Ae. cylindrica (Figure 1A). In both conditions, Ae. tauschii and Ae. crassa
produced the highest SDWs. The overall SDW mean of Ae. tauschii and Ae. crassa decreased by 59 and
40%, respectively, under water deficit (Figure 1B). All four species showed the same capability for
maintaining water content in their leaves. Two species, Ae. crassa and T. aestivum, showed the highest
RWC under both conditions. These species also had the lowest reduction (32 and 36%, respectively)
due to stress, relative to the control condition (Figure 1C).
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Table 1. Analysis of variance (ANOVA) for shoot biomasses, physiological traits and chlorophyll fluorescence parameters in 196 accessions with the D genome.

Source of variation df SPAD Gs Fo Fv/Fm Fv/Fo RWC SFW SDW

Water treatment (W) 1 8050.75 *** 148635.74 *** 0.024 *** 3.691 *** 285.21 *** 247912.73 *** 38.72 *** 45.92 ***
Accession (A) 195 53.29 *** 205.02 *** 0.001 *** 0.025 *** 2.73 ** 250.69 *** 0.77 *** 0.04 ***

W × S 195 34.35 *** 229.98 *** 0.0004 ** 0.014 *** 3.40 * 201.84 *** 0.19 *** 0.02ns
Error 782 17.89 67.98 0.0002 0.003 2.02 123.46 0.09 0.02

Coefficient of variance (%) 11.86 19.92 19.58 4.77 27.56 19.96 34.42 36.86

Max value for control condition 26.80 22 0.03 0.18 0.15 20.92 0.24 0.06
Min value for control condition 57.20 96.10 0.16 0.98 18.22 91.80 3.83 1.18

Mean for control condition 38.92 ± 0.17 a 52.60 ± 0.55 a 0.07 ± 0.001 b 0.82 ± 0.003 a 4.37 ± 0.08 a 74.45 ± 0.47 a 1.09 ± 0.02 a 0.64 ± 0.007 a

Minimum for stress condition 19.20 14.30 0.03 0.26 0.20 20.24 0.10 0.01
Maximum for stress condition 47.60 55.60 0.17 0.98 13.34 74.75 3.40 0.59

Mean for stress condition 33.67 ± 0.24 b 30.12 ± 0.31 b 0.08 ± 0.001 a 0.70 ± 0.004 b 3.38 ± 0.04 b 45.41 ± 0.55 b 0.72 ± 0.01 b 0.24 ± 0.005 b

Percentage change due to stress relative
to control condition † 13 43 –13 14 23 39 33 62

SPAD the relative chlorophyll content, Gs stomatal conductance, Fo initial fluorescence, Fv/Fo the maximum primary yield of photochemistry, Fv/Fm the maximum quantum efficiency,
SFW shoot fresh weight (g plant−1), SDW shoot dry weight (g plant−1). ns, *, ** and ***: non-significant and significant at the 0.05, 0.01 and 0.001 probability levels, respectively. † Negative
number indicates value higher than the control condition. Means with various letters (a and b) in each column are significantly different according to the Duncan’s multiple range test
(DMRT) at 0.01 probability level.
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shoot dry weight (SDW) per plant; (C) relative water content (RWC); (D) relative chlorophyll content 
(SPAD); (E) stomatal conductance (Gs); (F) initial fluorescence (Fo); (G) maximum primary yield of 
photochemistry (Fv/Fo); (H) maximum quantum efficiency (Fv/Fm) of four species possessing the D 
genome. Decline (%) due to water deficit stress compared to the control condition is indicated by red 
bars. Vertical lines on each bar indicate SE. W and S indicate water deficit stress treatment and species, 
respectively. Ns, *, ** and *** indicate non-significant and significant at the 0.05, 0.01 and 0.001 
probability levels, respectively. W, S, W×S indicate water deficit stress, species and their interaction 
effects, respectively. 

3.4. Screening of Accessions Based on Stress Tolerance Index (STI) 

The STI index was estimated in order to identify the most tolerant accessions. This index ranged 
from 0.08 to 0.75, with a median of 0.37. Based on the STI diagram (Figure 2), all T. aestivum accessions 

Figure 1. Effect of water deficit stress on measured traits: (A) shoot fresh weight (SFW) per plant;
(B) shoot dry weight (SDW) per plant; (C) relative water content (RWC); (D) relative chlorophyll
content (SPAD); (E) stomatal conductance (Gs); (F) initial fluorescence (Fo); (G) maximum primary
yield of photochemistry (Fv/Fo); (H) maximum quantum efficiency (Fv/Fm) of four species possessing
the D genome. Decline (%) due to water deficit stress compared to the control condition is indicated by
red bars. Vertical lines on each bar indicate SE. W and S indicate water deficit stress treatment and
species, respectively. Ns, *, ** and *** indicate non-significant and significant at the 0.05, 0.01 and 0.001
probability levels, respectively. W, S, W×S indicate water deficit stress, species and their interaction
effects, respectively.

3.2. Relative Chlorophyll Content and Stomatal Conductance

Relative chlorophyll content (SPAD reading) and stomatal conductance (Gs) were significantly
affected by water deficit stress; significant differences in these parameters were observed among
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accessions. Moreover, the two-way interaction effect was significant for both SPAD and Gs parameters.
Water deficit stress caused a 13% decline in chlorophyll content compared to the control (range:
26.80–57.20% in the control, 19.20–47.60% in the stress condition). Water stress also caused a 43%
decrease in Gs compared to the control condition (range: 22–96.10 mmol m−2s−1 in the control,
14.30–55.60 mmol m−2s−1 in the stress condition) (Table 1). The species responded differently to water
stress in terms of the SPAD index: the lowest reduction occurred in Ae. tauschii and Ae. cylindrica under
the stress condition (Figure 1D). However, there was no significant difference among species for the
Gs parameter. The lowest reduction due to stress occurred in Ae. cylindrica (40%) and Ae. crassa (49%)
(Figure 1E).

3.3. Chlorophyll Fluorescence Parameters

Water deficit stress had a significant effect on initial fluorescence (Fo), maximum primary yield
of photochemistry (Fv/Fo), and quantum efficiency (Fv/Fm). The accessions generally responded
differently under water stress, as the interaction between them and water stress was significant for all
CF parameters (Table 1). On average, the Fo parameter in all 196 accessions increased significantly by
13% under stress as compared to the control. Values for this parameter ranged from 0.03 to 0.16 in the
control, and from 0.03 to 0.17 in the stress condition. Water stress decreased the Fv/Fo parameter by 23%,
with an overall mean of 4.37 in the control and 3.38 in the stress condition. The average of the Fv/Fm
parameter among the 196 accessions was 0.82 and 0.70 in the control and stress conditions, respectively
(i.e., in general, a significant reduction (14%) in Fv/Fm occurred during the water deficit stress) (Table 1).
ANOVA revealed that each species had a different response to water deficit stress. There was no
significant effect of stress × species for the Fo parameter, but the species differed significantly for this
parameter (Figure 1F). Under water deficit stress, T. aestivum and Ae. cylindrica showed the greatest
increase in Fo (19% for both species), whereas Ae. crassa showed the least increase (2%). There was no
significant effect of species or stress × species in the four species for Fv/Fo (Figure 1G). Water deficit
stress caused the greatest decline in the Fv/Fo value in Ae. cylindrica (40%) as compared with the control
condition, followed by T. aestivum (20%). The smallest reduction of this parameter was observed in
Ae. crassa (12%). There were highly significant effects of stress treatments, species and their interaction
on the four species for Fv/Fm (Figure 1H). The effect of water deficit stress on this parameter was
highest in T. aestivum (26%), and lowest in Ae. crassa (2% decrease as compared with the control).

3.4. Screening of Accessions Based on Stress Tolerance Index (STI)

The STI index was estimated in order to identify the most tolerant accessions. This index ranged
from 0.08 to 0.75, with a median of 0.37. Based on the STI diagram (Figure 2), all T. aestivum accessions
had values less than the median, whereas all accessions of Ae. crassa and some of Ae. tauschii and
Ae. cylindrica had STIs greater than 0.37. Furthermore, five accessions of Ae. tauschii (No. 53, 56, 63, 71,
and 85) and one accession of Ae. cylindrica (No. 104) showed indications of tolerance similar to the
Ae. crassa accessions. As a result, the following accessions with the highest STIs (included in brackets)
were identified as the most tolerant: 149 (0.69), 150 (0.68), 152 (0.72), 154 (0.64), 155 (0.70), 157 (0.66),
160 (0.75), 163 (0.66), 164 (0.64), 180 (0.68), 182 (0.67), 185 (0.63), 186 (0.65), 192 (0.62) and 195 (0.62).
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Figure 2. Stress tolerance index (STI) values for the 196 accessions possessing the D genome. Red line
indicates the median value. The accession numbers 53, 56, 63, 71, 85 and 104 represent the most tolerant
accessions belonging to Ae. tauschii and Ae. cylindrica species. Stars indicate the accessions with highest
STI values (from the left, accession numbers 149, 150, 152, 154, 155, 157, 160, 163, 164, 180, 182, 185, 186,
192 and 195).

3.5. Analysis of Multiple Functional Traits under Water Deficit Conditions

Associations between the shoot biomasses, physiological traits, CF parameters, and STIs across all
196 individuals were tested with Pearson’s correlation analysis (Figure 3). Under the control condition,
positive and significant correlations were found between the following parameters: Fv/Fm and SPAD;
Fv/Fm and Gs; SFW and Fo; SFW and RWC; RWC and Fv/Fm; STI and SDW. Under water deficit stress,
positive and significant correlations were found between the following parameters: SPAD and Gs;
SPAD and SFW; Fo and SFW; Fv/Fm and Fv/Fo; Fv/Fm and SDW; Fv/Fm and RWC; Fv/Fm and STI; Fv/Fo
and SDW; Fv/Fo and RWC; Fv/Fo and STI. A strong and negative correlation was found between Fo
and SDW under both conditions. This result showed that CF parameters were affected by water deficit,
and the species were consistent in their responses to this stress.

A principal component analysis based on STI and different traits and parameters was used to
further test if the traits were associated when the plants experienced water deficit condition. The first
two principal components (PCs) combined accounted for 53.36% of the total variation in the water
deficit condition. PC1 explained 39.13% of the total variation, and was positively associated with
Fv/Fm, Fv/Fo, SDW, RWC and STI; hence, it was named the photochemistry capacity and dry matter
potential. PC2 explained 14.23% of the total variation, and was strongly influenced by SFW, RWC and
SPAD; hence, it was named the leaf greenness component (Table S2). The PCA-based biplot was
used to explore associations between traits (Figure 4A). According to the cosine of the angle between
trait vectors, positive and significant associations were found among RWC, SPAD and SFW traits.
In addition, STI was significantly correlated with SDW, Fv/Fm and Fv/Fo. Thus, these parameters can be
used as a suitable physiological tool to screen for the most tolerant genotypes. The distribution pattern
of the 196 accessions is shown in Figure 4B. Based on this biplot, all accessions belonging to T. aestivum
were distinctly separated from Ae. crassa (except for a few samples). All accessions of Ae. tauschii and
Ae. cylindrica formed a mixed group and were distributed in the center of the biplot. This biplot further
indicated that Ae. crassa accessions had a strong relationship with PSII photochemistry capacity and
water deficit stress tolerance.
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Figure 3. Pearson’s correlation coefficients among the different measured traits under control (above
the diagonal) and water deficit stress conditions (below the diagonal). SPAD, Gs, Fo, Fv/Fo, Fv/Fm,
SFW, SDW and STI indicate the relative chlorophyll content, stomatal conductance, initial fluorescence,
maximum primary yield of photochemistry, maximum quantum efficiency, shoot fresh weight, shoot
dry weight and stress tolerance index, respectively. * and ** show significance at the 0.05 and 0.01
probability levels, respectively; SFW, shoot fresh weight; SDW, shoot dry weight; RWC, relative water
content; STI, stress tolerance index.

To better dissect the relationships among traits and explore how they were associated within
each species, PCA analysis was computed separately for each species. For T. aestivum, Ae. tauschii,
Ae. cylindrica and Ae. crassa accessions, the first two PCs accounted for 56.96, 54.17, 53.52 and 65.65%
of the total variation under water deficit condition, respectively (Figure 5). In each of their biplots,
STI had a positive and strong correlation with SFW and SDW; Fv/Fm was significantly correlated with
Fv/Fo. Positive and significant correlations were found between RWC and SPAD in three species (T.
aestivum, Ae. tauschii and Ae. cylindrica) (Figure 5A–D). Associations among RWC, SPAD, Fv/Fm and
Fv/Fo were found to be positive, and the biplots rendered for T. aestivum and Ae. crassa showed the
same pattern for these relationships (Figure 5A,C).
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Figure 4. (A) Distribution of the 196 accessions possessing the D genome, based on the two first
components under water deficit stress. Red, blue, green and pink circles indicate T. aestivum, Ae. tauschii,
Ae. crassa and Ae. cylindrica accessions, respectively. (B) PCA-based biplot illustrating the relationships
between the measured traits and STI. SPAD, Gs, Fo, Fv/Fo, Fv/Fm, SFW, SDW and STI indicate the
relative chlorophyll content, stomatal conductance, initial fluorescence, maximum primary yield
of photochemistry, maximum quantum efficiency, shoot fresh weight, shoot dry weight and stress
tolerance index, respectively; PC, principal component.

3.6. Analysis of Multiple Functional Traits under Water Deficit Conditions

It was difficult to identify the best accessions based on a single trait under water stress condition.
Therefore, we used the average of sum of ranks (ASR) of all traits to select the most tolerant accessions
(i.e., those with low ASR values). Based on this method, we identified 20 accessions with low ASR
values (Table 2). Of these, one accession (No. 85) belonged to Ae. tauschii, and the rest belonged
to A. crassa. The ANOVA showed a high level of variability for Fo, Fv/Fm, Fv/Fo and SDW among
this subset of “superior” selected accessions. Values for SPAD, Gs, SFW, SDW and RWC differed
significantly between the two water treatments. The interaction effect between these selected accessions
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and water treatments was significant for all measured traits except Fo, SFW and RWC (Table 2).
The average values of SPAD, Fv/Fm, Fv/Fo and SDW across the 20 accessions selected were higher than
the overall means under water deficit stress, suggesting that these selected accessions have potential in
breeding for drought tolerance in the aforementioned traits. The five accessions (No. 154, 155, 180,
192 and 195) with the lowest ASR values were identified as the best material.
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Figure 5. Biplots based on the different physio-chemical traits, shoot biomasses and STI index in:
(A) T. aestivum, (B) Ae. tauschii, (C) Ae. cylindrica and (D) Ae. crassa species. SPAD, Gs, Fo, Fv/Fo, Fv/Fm,
SFW, SDW and STI indicate the relative chlorophyll content, stomatal conductance, initial fluorescence,
maximum primary yield of photochemistry, maximum quantum efficiency, shoot fresh weight, shoot
dry weight and stress tolerance index, respectively.

PCA revealed that PC1 and PC2 explained 52.13% of the total physic-chemical variation among
the 20 selected accessions. PC1 strongly associated with SPAD, Fv/Fm, Fv/Fo, SDW, RWC and STI,
whereas PC2 positively associated SFW, SDW, STI and SPAD (eigenvalues and factor loadings not
shown). Hence, high PCs values are indicative of potential drought-tolerant accessions. Accordingly,
three accessions (No. 160, 180 and 150) were selected for shoot biomasses with high STI values.
Moderate values of PC1 and PC2 confirmed the earlier selection based on ASR values; the five selected
accessions listed above were in the center of the biplot, and showed positive associations with all traits
(Figure 6).
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Table 2. Mean values of physio-chemical traits and shoot biomasses in the selected accessions for water
deficit stress condition.

Code
SPAD Gs Fo Fv/Fm Fv/Fo SFW SDW RWC

ASR
Con. Str. Con. Str. Con. Str. Con. Str. Con. Str. Con. Str. Con. Str. Con. Str.

85 33.57 32.10 35.50 40.63 0.06 0.070 0.82 0.65 4.29 4.10 1.07 1.08 0.85 0.31 66.53 45.78 60
149 47.13 30.53 49.30 28.60 0.05 0.050 0.86 0.86 4.32 3.75 0.82 0.75 0.71 0.40 74.77 49.37 57
150 43.20 34.17 37.47 24.83 0.06 0.073 0.86 0.83 3.68 3.24 0.86 0.73 0.65 0.45 82.11 53.21 61
151 42.00 26.93 47.87 38.83 0.06 0.067 0.87 0.87 3.79 3.96 0.79 0.40 0.60 0.38 80.27 58.14 62
154 41.47 34.87 62.53 32.60 0.06 0.060 0.88 0.89 4.79 4.58 0.60 0.53 0.66 0.42 69.59 54.54 41
155 37.87 36.97 72.10 34.90 0.07 0.063 0.90 0.88 5.15 4.40 0.95 0.82 0.76 0.40 77.07 52.68 30
157 40.00 37.67 50.17 36.27 0.10 0.100 0.84 0.85 4.04 4.78 0.84 0.61 0.65 0.44 76.45 55.31 49
158 42.00 32.43 55.90 30.00 0.06 0.057 0.91 0.85 6.50 3.53 0.93 0.65 0.69 0.38 73.30 56.85 59
160 41.70 34.13 52.93 26.60 0.06 0.053 0.87 0.85 4.04 3.72 1.21 0.85 0.63 0.51 75.39 56.92 45
161 43.57 32.50 48.33 30.87 0.04 0.077 0.82 0.87 3.31 4.03 0.64 0.52 0.64 0.38 71.06 47.27 61
163 39.17 29.57 50.17 39.13 0.06 0.063 0.88 0.89 5.13 4.42 0.84 0.47 0.73 0.39 77.28 50.06 55
172 40.97 37.43 53.53 23.10 0.06 0.057 0.87 0.97 5.61 10.57 0.66 0.46 0.67 0.39 77.88 61.96 52
180 38.80 37.47 55.43 29.17 0.05 0.067 0.88 0.85 3.88 3.61 0.91 0.69 0.64 0.46 75.28 53.81 43
181 40.37 33.60 49.23 26.57 0.06 0.057 0.90 0.85 4.71 3.56 1.03 0.58 0.63 0.41 78.07 55.25 61
184 43.83 36.60 63.27 24.20 0.08 0.087 0.86 0.88 4.03 4.29 0.91 0.44 0.61 0.41 84.14 52.69 66
185 40.17 40.73 59.67 24.60 0.06 0.070 0.87 0.84 3.61 3.32 0.81 0.73 0.69 0.39 72.20 57.93 48
186 41.40 34.30 57.50 23.83 0.05 0.060 0.86 0.87 4.52 3.93 0.59 0.37 0.76 0.37 78.82 55.52 64
192 40.87 37.83 54.30 23.37 0.07 0.073 0.86 0.88 3.97 4.28 1.13 0.83 0.66 0.41 79.28 56.40 43
193 36.07 39.90 68.83 21.20 0.06 0.067 0.87 0.87 3.56 3.99 0.78 0.51 0.65 0.37 77.04 48.08 63
195 40.00 38.33 81.40 34.47 0.06 0.067 0.88 0.88 4.16 4.38 0.61 0.32 0.64 0.42 71.60 53.24 41

W *** *** ns ns ns *** *** ***
A ns ** ** *** *** *** ns ns

W×A ** *** ns ** * ns *** ns

MS 40.71 34.90 55.27 29.69 0.06 0.07 0.87 0.86 4.36 4.32 0.85 0.62 0.68 0.40 75.91 53.75
MT 38.92 33.68 52.60 30.12 0.07 0.08 0.82 0.71 4.37 3.48 1.09 0.73 0.56 0.24 72.23 65.62
† D 1.79 1.23 2.67 −0.43 −0.01 −0.01 0.05 0.15 −0.01 0.84 −0.24 −0.11 0.11 0.16 3.67 −11.87

SPAD the relative chlorophyll content, Gs stomatal conductance, Fo initial fluorescence, Fv/Fo the maximum primary
yield of photochemistry, Fv/Fm the maximum quantum efficiency, SFW shoot fresh weight (g plant−1), SDW shoot
dry weight (g plant−1), Con control conditions, Str water deficit stress conditions, ASR average of sum of ranks.
ns, *, ** and ***: non-significant and significant at the 0.05, 0.01 and 0.001 probability levels, respectively. W water
deficit stress condition, A accession, MS mean values in selected accessions, MT mean values in total accessions,
D standard division. † Negative number indicates value higher than the control condition.
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indicate the relative chlorophyll content, stomatal conductance, initial fluorescence, maximum primary
yield of photochemistry, maximum quantum efficiency, shoot fresh weight, shoot dry weight and stress
tolerance index, respectively.
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4. Discussion

Among the various abiotic stresses, water deficit is the major detrimental factor for growth
and productivity of many crops. The development of cultivars that are tolerant to water deficit
or drought is one promising strategy for improving wheat yield under stressful environments [28].
Screening for resistance to water deficit in large quantities of plant materials should be inexpensive, fast,
easy and non-destructive, especially if it allows taking several measurements on the same plants [15,41].
Importantly, greenhouse methods that test early growth stages under optimal growth conditions need
to be significantly associated with the water deficit tolerance observed in adult plants under stressful
environmental conditions [42]. In this regard, Kumar et al. [43] state that variation in physiological and
biochemical characteristics of seedling plants are all important in determining the scale of water deficit
resistance between and within plant species. Thus the early growth stage may be suitable for revealing
the physiological and biochemical responses of different wheat cultivars [44]. Indeed, this approach
has been successfully used to develop and introduce drought-tolerant genotypes in maize, cotton and
wheat [45–47].

The genus Aegilops is known to be an ideal genetic source for wheat breeding programs, due to its
high diversity of species and genomes. Among the Aegilops species, Ae. tauschii (a D genome donor) and
Ae. speltoides (a putative B genome donor) directly contributed two of the three bread wheat genomes.
Hence, these wild relatives are significant for improving the genetic potential of modern wheat varieties
to withstand different environmental stresses. Over the last decades, numerous studies have explored
the responses of wild relatives of wheat, especially Ae. tauschii, to various abiotic stresses. Their results
have revealed a high level of genetic diversity among this germplasm. Therefore, discovering the
adaptive potential of these species under stressful environments can provide new insights towards
understanding the genetic basis of drought resistance, and aid in developing new wheat varieties with
enhanced resistance characteristics. To the best of our knowledge, this is the first study to explore water
deficit stress tolerance in Ae. tauschii and other species with a D genome by imposing water stress at
the early stage of growth. The present study uncovered a high level of variability among species and
accessions, in terms of physiological characteristics, shoot biomasses and photosynthetic parameters.
The species tested in this work were previously selected for their water deficit response, based on our
greenhouse evaluation of their physiological, biochemical, and photosynthetic parameters, as well as
their root system architecture features [7,15,32].

In this study, we measured chlorophyll fluorescence and physiological responses to water deficit
stress in seedlings of three Aegilops species, and one bread wheat species collected from different areas.
The response to water deficit differed among the 196 accessions tested. Under water deficit stress, all of
the measured parameters except Fo decreased by varying degrees. Specifically, shoot dry biomasses,
stomatal conductance and RWC fell the most under water deficit conditions (Table 1). Shoot fresh and
dry biomasses are among the most important traits to screen for when identifying tolerant genotypes
at the seedling stage. In this study, shoot fresh and dry biomasses were severely reduced in each of
the species, although the level of reduction under water stress varied between species (Figure 1A,B).
A previous study found a similar change in SFW and SDW patterns in these species, with Ae. crassa
being less affected by stress than other Aegilops species or bread wheat accessions [15]. Leaf RWC is
another key physiological feature that is widely used as an indicator for defining the sensitivity of
plants to tissue and cell dehydration [15]. Several studies have reported that minimal reduction in RWC
during water deficit stress is indicative of stress resistance [48–51]. We observed that water deficit stress
generally decreased RWC (Table 1)—significantly in Ae. cylindrica and Ae. tauschii—whereas Ae. crassa
accessions showed a considerable ability to preserve water in their tissues (Figure 1C). These results
are consistent with those from Wang et al. [52], who reported that water deficit also caused a decline in
RWC in wheat plants. Furthermore, our results confirm those reported in a previous study that also
revealed that Ae. crassa responded well to the water deficit treatment, as it can maintain a high level of
water in its leaf tissues under severe water deficiency conditions [15].
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Our results showed that water deficit stress reduced the relative chlorophyll content (SPAD
reading) of all accessions (Table 1). Chlorophyll is the main component of photosynthesis—one of
the physiological processes most sensitive to environmental stress [51]. Similar to high temperature,
water deficiency may induce lipid peroxidase and electrolytic leakage from chloroplast and thylakoid
membranes, leading to a loss of chlorophyll content [53,54]. The rate of decrease in relative chlorophyll
under water deficient conditions differed across the 196 accessions (Table 1), indicating possible genetic
variability for this trait. For example, Ae. tauschii showed the lowest reduction in relative chlorophyll
compared to the other species. Nevertheless, the average chlorophyll content was similar across species
(Figure 1D), suggesting that the similar responses of the different species may result from the presence
of the D genome.

Water-related processes in plants are influenced by various factors, such as canopy temperature,
leaf water potential, transpiration rate and stomatal conductance [51]. Of these, stomatal conductance
(Gs) plays a crucial role in maintaining water in leaf tissue through control of transpiration.
This physiological process also determines the rate of gas exchange (i.e., carbon dioxide uptake) through
movement of gases between the interior and outer environments of the leaf tissue. Under water deficit
stress, reduced Gs leads to reduction of reaction centers in PSII and exposure of excess energy in the
chloroplasts, hence these events restrict photosynthesis [55]. In this study, water deficit stress decreased
Gs by an average of 43% (Table 1); this was also found in other studies that reported a similar reduction
in Gs as a result of water stress [15,56]. Interestingly, Ae. tauschii showed the lowest reduction (35%) in
Gs, although there were no significant differences among the four tested species. Similarly, Molnar
et al. [57], Dulai et al. [58] and Chunyan et al. [59] also found considerable stomatal conductance in
Ae. tauschii compared with other Aegilops species and bread wheat genotypes when exposed to water
deficit conditions. Hence it seems that this wild progenitor has the potential to improve the drought
tolerance of bread wheat through intergenetic crossing [57].

Among the wild relatives of wheat with a D genome, we noted high variability in shoot dry
matter and other important measured physiological traits, such as RWC, relative chlorophyll content
and stomatal conductance. Variation in these traits suggests that the capability and sustainability
of hybridization might also vary. Additionally, since this variation was observed in response to
severe water deficit stress, it could be suggested that this variability is genetically determined.
Hence, two species (Ae. tauschii and Ae. crassa) could be valuable for drought tolerance breeding.
The hybridization of these wild wheats could also lead to the introgression of favorable genes into
novel wheat populations, and provide a source of new genetic variation via recombination [15,60].

Plant growth and development depends on the complex of photosynthetic and biochemical
activities, which is often affected by various environmental factors. During the process of photosynthesis,
radiation is captured by chlorophyll and additional photosynthetic pigments, and finally transferred
to the photosystem centers (PSI and PSII) where transformation of the quantum photosynthetic
procedure takes place [9]. Chlorophyll fluorescence (CF) measurement is a non-invasive approach
that is widely used in plant stress physiology studies, as it allows investigation of the various
functional levels of the photosynthesis mechanisms [1,15,61,62]. Among the CF parameters, Fo,
Fv/Fm and Fv/Fo values are very important indicators of plant health and photosynthetic activity
under adverse environmental conditions. Initial fluorescence (Fo) is the primary fluorescence level
when all light-harvesting complexes (antenna pigment) associated with the PSII are assumed to be
dark-adapted [63]. Disruption in energy transfer to PSII, and any difficulty/degradation of PSII, are the
most likely causes of an increase in Fo levels when exposed to stressful environments [64]. Hence,
this parameter can be used to indicate the stability of the antenna complex [9]. In the present study,
Fo increased significantly with water deficit stress compared to the control condition (Table 1). Similarly,
previous studies have also reported a trend of increasing values of Fo under water deficit stress in
different crops [1,14,15,62,64,65]. The specific trend in Fo in response to water deficit stress observed
in our study was as follows: Ae. cylindrica (19%) > T. aestivum (19%) > Ae. tauschii (11%) > Ae. crassa
(2%) (Figure 1F). In other words, there was less of an increase in the species with the MD and D
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genomes compared to the species with ABD and DC genomes. This might suggest that Ae. tauschii and
Ae. crassa present more stability in their thylakoid membrane under water deficit stress. Similar to
our result, Pour-Aboughadareh et al. [15] recommended using Fo to identify drought-tolerant wild
relatives. They also noted that the photosynthetic apparatus appeared to be most stable in Ae. crassa.

The maximum quantum yield of PSII (Fv/Fm parameter) is the ratio of variable fluorescence (Fv)
to maximal fluorescence (Fm). The increase in Fm level occurs when a high intensity flash has been
applied, and all of the light-harvesting complexes are assumed to be closed. In this situation, a state
of electrical transfer is reflected when active radiation is passed to PSII. The Fv was calculated as
Fm-Fo, and represents the maximum quantum yield of CF [66]. The Fv/Fm parameter can be applied to
estimate the potential efficiency of PSII by taking dark-adapted measurements [61,63]. Furthermore,
the maximum primary yield of PSII photochemistry (Fv/Fo) is another important photochemical
parameter that provides an estimation of leaf photosynthetic capacity. Like the other measured traits,
Fv/Fm and Fv/Fo were affected by water deficit stress (14% and 23% reduction compared to the control
condition, respectively) (Table 1). According to Ahmad et al. [67], a reduction in these traits caused
by water deficit stress suggests a possible inhibition of photochemistry centers, which may be due
to deficient energy displacement from the antenna chlorophyll complex to the PSII. As shown in
Figure 1G, there is no significant difference among species. However, Ae. crassa and Ae. tauschii showed
the lowest reduction in Fv/Fo compared to the bread wheat and Ae. cylindrica accessions. There was a
high level of variability among the four tested species in Fv/Fm (Figure 1H). The lowest reduction of
this parameter was observed in Ae. crassa and Ae. cylindrica. The smaller reduction in Fv/Fo and Fv/Fm
in Ae. crassa reveals that the PSII of this species withstands water deficit stress better than those of
the other species and reflects the fact that a higher defensive ability of PSII is a significant tolerance
mechanism for this wild wheat. This result is in accordance with previous experiments on water
deficit stress-treated Triticum and Aegilops accessions [14,15,58]. In general, this result reveals that
Fv/Fo and Fv/Fm are key indices that can also be used for screening large collection material for water
deficit-stress tolerance under controlled growth conditions. Moreover, our findings indicated that
the photosynthetic system could be damaged more in the domesticated wheat genotypes, and even
Ae. tauschii and Ae. cylindrica accessions. However, Ae. Crassa—a wild form with an alien genome
(MD)—may be better adapted to avoiding harmful effects from water deficit stress. Thus genetic
diversity may exist in the response to the photochemical parameters to water deficiency stress. Hence,
wheat breeders could use this wild relative to restore lost genetic variation for drought resistance.

In this study, we used the STI as one of the yield-based drought tolerance indices to identify the
most tolerant accessions. This has been recommended as the best selection index, because it identifies
accessions with high biomass and stress tolerance potentials [40]. Our results showed that STI differed
between 196 samples, which is in accordance with numerous reports on different crop plants that used
this index to distinguish between tolerant and sensitive genotypes [68]. We revealed that this index
could discriminate between samples that are better adapted to water stress, and identified the best
biomass performances under water deficit stress and control conditions. This result is in accordance
with those from previous studies of various plants, indicating that this index is indeed the best criterion
for identifying tolerant and sensitive genotypes at the seedling and adult stages [7,15,30,69–72].
According to Figure 2, all accessions of Ae. crassa along with several accessions of Ae. cylindrica and
Ae. tauschii showed considerable STI values; several Ae. crassa accessions were selected as the most
tolerant accessions. This result was further supported by the results of the Pearson’s correlation
analysis, where STI was significantly correlated with SDW, Fv/Fo and Fv/Fm parameters (Figure 3).

The PCA biplot illustrated the associations among the measured traits, and also depicted the
distribution of the all tested accessions (Figure 4). As shown in Figure 4A, all accessions of T. aestivum
and Ae. crassa clearly separated in two distinct dimensions. The biplot also showed that all Ae. crassa
accessions have a strong association with STI, Fv/Fm, Fv/Fo and SDW traits (Figure 4B). Hence,
we suggest that this species harbors a high level of photochemical variability under water deficient
conditions, and can be used in wheat breeding programs. The PCA analyses based on each species
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further confirmed that Ae. crassa and T. aestivum species showed similar relationships among the
abovementioned traits (Figure 5). In order to identify the best accessions, we used a ranking method
(ASR). According to this approach, 20 accessions with low values of average ranks were selected.
As shown in Table 2, we found that 19 of these accessions belong to Ae. crassa; one accession belonged
to Ae. tauschii. Additionally, the results of ANOVA for the selected accessions showed the high level
of genetic diversity among these accessions for Gs, Fo, Fv/Fm, Fv/Fo and SFW. In fact, these results
support previous findings (Figure 6) that Ae. crassa has a high level of variability and may be utilized
in future breeding programs.

5. Conclusions

To summarize, the main findings were as follows: (i) exposure to water deficit stress at the early
growth stage caused severe negative effects on growth and physiological and photochemical traits
in a collection of bread wheat genotypes and its wild relatives with the D genome; (ii) the different
physiological responses to water deficit stress in the tested materials occurred when water stress was
applied to the seedling plants, largely supporting our first study, which indicated a high level of
variability among the tested accessions; (iii) Ae. crassa accessions, especially 154, 155, 180, 192 and 195,
responded well to water deficit stress and may serve as a source of ideal alleles for controlling the
physiological and photosynthetic processes of water stress tolerance. Further experiments are needed
to afford knowledge on the genetics of Ae. crassa’s seedling drought tolerances; and (iv) Fv/Fo and
Fv/Fm had a positive and strong correlation with STI index, hence these traits could be used as the best
non-invasive traits to screen for tolerant accessions.
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