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Abstract: Worldwide periods of heat and drought are projected to be more frequent, longer, and
occurring earlier, which could deleteriously affect the productivity of cool-season crops including
wheat (Triticum spp.). The coexistence of heat and drought stresses affects plant biochemical and
physiological processes including cell membrane function. The increased permeability and leakage of
ions out of the cell has been used as a measure of cell membrane stability (CMS) and as a screen test for
stress tolerance. The main objectives of this research were to: (1) screen a global spring wheat panel for
CMS by exposing leaf tissue to heat treatment and osmotic pressure (PEG 600), (2) identify potential
quantitative trait loci (QTL)/genes linked with CMS using genome-wide association mapping, and
(3) estimate the relationship between the field performance and measured CMS. The results indicated
highly significant differences among the 2111 spring wheat accessions regarding CMS. Moreover,
several SNPs were found to be significantly linked with CMS. The annotation of the significant SNPs
indicated that most of these SNPs are linked with important functional genes, which control solute
transport through the cell membrane and other plant biochemical activities related to abiotic stress
tolerance. Overall, this study demonstrated the use of genome-wide association mapping for the
identification of potentially new genomic regions associated with CMS. Tolerant genotypes identified
in this study proved to be more productive under preliminary field stress conditions. Thus, the
identified membrane-stable accessions could be used as parental genotypes in breeding programs for
heat or drought stress tolerance.

Keywords: heat stress; drought stress; GWAS; cell membrane stability

1. Introduction

Ensuring sustainable wheat production to meet the demands of a growing population under
ongoing fluctuation in environmental conditions is a tremendous challenge for wheat breeders and
producers. The urgent need to increase global wheat production requires greater progress in improving
wheat tolerance to biotic and abiotic stresses. Terminal drought and heat are two major abiotic
stresses that frequently coexist in wheat [1,2], causing deleterious effects on many biochemical
and physiological processes, including disruption of cell membrane stability. Drought tolerance
mechanisms can be classified into three broad categories such as drought escape, drought avoidance,
and biochemical tolerance of the tissue to water deficit [3–7]. Heat tolerance in plants includes
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accumulation of various metabolites such as antioxidants, osmoprotectants, and heat-shock proteins
(Hsps) [8]. While drought is a relatively slow process, heat stress can occur abruptly, which can cause
a severe decline in grain yields. Several researchers indicated that the optimum temperature during
flowering is 17.5 ◦C [9]. Increased temperature above the optimum temperature by 1 to 2 ◦C for one
or two days resulted in significant decline in grain yield [10]. Furthermore, considerable difference
between plants ambient temperature and the weather stations air temperatures was reported by [11], in
which they found that the ambient temperature measured under field conditions was up to 7 ◦C higher
than the air temperature measured at a typical weather station. The previous difference might explain
the uncertainty in the assessment of heat stress impacts on crop yield under field conditions [12,13].

The quantitative nature of drought and heat stress tolerance in wheat lower the probability of
developing genotypes with tolerance to such stresses via traditional breeding methods, which limits
the success of this approach [14]. Several plant breeders were largely guided in their selection for
drought and heat tolerance by grain yield and its stability under stress conditions. However, breeding
for high yield under drought or heat stress conditions using multi-location testing is inherently
complicated by year-to-year variability and the low heritability of drought and heat stress tolerance
under these circumstances [15]. Furthermore, screening for drought and heat stress tolerance under
field conditions requires considerable f resources and suitable environmental conditions for effective
and accurate phenotypic performance that can be used to distinguish tolerant genotypes. Thus,
researchers tend to break down stress tolerance into series of measurable sub-traits, identify QTLs
associated with tolerance, then pyramid multiple genes or QTLs controlling multiple sub-traits to
improve tolerance [16]. Several physiological sub-traits were used to study the effect of terminal
drought and heat stress on wheat production, i.e., total biomass, remobilization of stored assimilates,
root characteristics, osmotic adjustment, and CMS [17–20]. Cell membrane stability (CMS) is one of
the sub-traits that has been used to study drought and heat stress and subsequently select tolerant
genotypes [21,22].

Both drought and heat stress have similar effects on the plant cell, damaging the selective
permeability of the plasma membrane. Thus the cell cannot maintain its internal composition [23].
The damage affects plant growth and development [24]. Measurement of solute leakage from the plant
tissue was used to estimate the damage to the cell membrane caused by drought [14,18,25,26] and
heat [14,22,27–30] under field conditions. Screening plant response to water deficit was achieved using
chemical desiccators such as polyethylene glycol (PEG) [31–33]. It was documented that PEG can be
used to change the water potential of the solutions, inducing potential osmotic pressure, which can be
used as a mediator of drought stress [34–37]. Thus, several researchers used the effect of PEG on the
CMS as an early selection step to select the most promising drought- and stress-tolerant genotypes [38].
Similarly, the effect of heat stress on the cell membrane’s thermal stability was studied under field
conditions and in vitro [39]. Overall, cell membrane stability was found to be a quantitative trait that
was moderately heritable [39], with a high genetic correlation with grain yield [40,41], and that a small
number of genes control a large portion of the variation in the cell membrane permeability [42].

Marker-assisted selection (MAS) uses genetic markers to select for desirable plants, where success
relies on driving real and accurate marker-trait associations using bi-parental QTL mapping or
association mapping (AM) [43]. Bi-parental QTL mapping has some limitations: the QTLs identified
by this method are restricted to specific population(s), and bi-parental mapping population is rarely
the targeted population to be used for cultivar development. An alternative approach is association
mapping (AM), which has been successful in revealing variants responsible for several traits in different
crops [43–45]. Association mapping can be applied to structured populations [44], thus incorporating
a broad spectrum of germplasm is possible [44,46,47]. Successful applications of association mapping
require comprehensive phenotypic and genotypic data. The dramatic decrease in the genotyping
costs [48], in addition to the availability of current and historical data from different field trials over
the years, make AM a viable approach [49].
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In this study, we quantified independently the effects of PEG and heat stresses on CMS using
a global spring wheat panel at the flowering stage. The primary objectives were to: (i) evaluate a
panel of 2111 spring wheat lines for CMS; (ii) identify both unique and shared QTLs linked with
cell membrane stability under heat and osmotic stress; and (iii) test the association between the field
performance and the measured CMS. This study will help in exploring the influence of CMS and its
associated QTLs/genes on drought and heat stress tolerance, which might facilitate breeding efforts
for these traits. The uniqueness and importance of our study come from applying well-documented
CMS phenotyping protocols, as possible indicators for drought and heat stress, to a large number of
diversified accessions while using a 9k SNP markers platform in a GWAS mixed model to identify
QTLs linked with CMS. This study proposes using CMS as a tool to identify genetic resources likely
to encompass new or complementary allelic variation for drought or heat stress. Identifying these
genetic resources will be followed by extensive and focused field evaluation for the identified genetic
resources under drought and heat stress conditions. Then several follow-up studies will focus on the
development of gene-based selection approaches and crossing to cumulative gene action for drought
and heat stress tolerance to obtain environmentally robust genetic gains using data from multiple trials.

2. Materials and Methods

2.1. Plant Materials and Field Growth Conditions

The diverse panel of 2111 spring wheat (T. aestivum L.) accessions (882 landraces; 493 breeding
lines; 419 cultivars and 317 with uncertain category) that was considered in this study is part of an
ongoing multi-year, multi-environment association mapping project carried out in Egypt. The seeds of
this panel were introduced from USDA-ARS and are referred to hereafter as SWAMP (Spring Wheat
Association Mapping Panel). SWAMP was phenotyped in 2014/2015 and 2015/2016 in Elbhera,
northern Egypt (31◦05′35.2′ ′ N, 30◦30′10.4′ ′ E), for several traits; however, in the current study only
cell membrane stability (CMS) and yield performance will be reported. Due to the large number of
accessions, we were not able to evaluate all 2111 accessions for CMS at flowering time in the same
season. Thus, the 2111 accessions were evaluated for CMS in two years, in which 995 accessions
were evaluated in 2016 and another 1116 accessions were evaluated in the following season (2017).
Each accession was planted in two replicates using a randomized incomplete block design [50] in
plots of four rows wide with 25 cm between rows and two meters long. For both seasons, 2016 and
2017, each incomplete block consisted of 50 accessions in addition to the three check cultivars, i.e.,
“Sids13”, Gimmiza 9”, and “Giza 168”. The check cultivars used in this study are among the most
broadly adapted cultivars in Egypt; further information about the check cultivars is provided by [51].
During the growing season, fertilizers, systemic insecticide, and fungicide were applied as needed to
avoid malnutrition or unintended biotic stress.

2.2. Preparing Leaf Samples for Treatment

A total of 10 main-stem flag leaves were randomly collected at flowering time from each plot.
Three 1 cm diameter leaf disks were taken per leaf; one disk was used as a control and the other was
used for PEG or heat treatments. These disks were taken midway between the base and the tip of the
leaf blade using a cork borer. Disks were placed in control and treated vials each containing 6 mL of
deionized water, then rinsed with three changes of deionized water to remove electrolytes adhering
to plant tissue as well as electrolytes released from cutting. After a final rinsing, vials were drained,
maintaining sufficient water to prevent desiccation of the plant material, covered with plastic wrap,
and held for 18 h in a refrigerator at 10 ◦C to allow the diffusion of electrolytes from the plant material.
Then, one vial was kept at 25 ◦C to be used as a control and the other two were treated either with
polyethylene glycol (PEG600) or with heat treatments (described below).



Sustainability 2017, 9, 1606 4 of 16

2.3. Polyethylene Glycol (PEG) Treatment

Leaf disks of treatment vials were submerged in 30 mL of polyethylene glycol (60% PEG600)
solution for 24 hours at 10 ◦C in the dark [25]. After the treatment period, the leaf pieces were washed
with deionized distilled water, then 30 mL of deionized distilled water were added.

2.4. Heat Treatment

Heat-treated vials were covered with plastic wrap and incubated in a water bath at 45 ◦C for
1 h; control vials were maintained at room temperature (25 ◦C) during the same period. Treatment
temperature and duration were chosen after conducting preliminary experiments involving variations
in water-bath temperature to determine the treatment conditions producing the greatest sensitivity in
detecting genetic differences [22].

2.5. Measurement of Electrolyte Leakage

After treatments, the vials were held at 10 ◦C for 24 h to allow the diffusion of electrolytes from the
plant material. Then, all vials were brought to room temperature (25 ◦C), shaken to mix the contents,
and an initial conductance were obtained from heat treatment (T1), PEG treatment (P1), and control
(C1). Then, all vials (treatment and control) were placed in an autoclave held at a pressure of 0.10 MPa
and 121 ◦C for 15 min to kill plant tissue and release all the electrolytes. Then, the vials were cooled to
25 ◦C, the contents mixed, and final conductance measurements were made for PEG treatment (P2),
heat treatment (T2), and control (C2). Cell membrane stability was expressed as percent relative injury
(RI%) using [22] the following equations:

Relative injury due to heat treatment (Heat_RI) = {1 − [1 − (T1/T2)]/[1 − C1/C2)]} × 100 (1)

Relative injury due to PEG treatment (PEG_RI) = {1 − [1 − (P1/P2)]/[1 − C1/C2)]} × 100 (2)

where T, P, and C refer to conductance values for heat treatment, PEG, and control vials, respectively;
and the subscripts 1 and 2 refer to the initial and final conductance measurements, respectively.

2.6. Grain Yield Evaluation

A total of 40 accessions (20 with the lowest RI% and another 20 with the highest RI%) obtained
from PEG test (PEG_RI set) and another 40 accessions (20 with the lowest RI% and another 20 with
highest RI%) obtained from heat test (Heat_RI set) were evaluated in the field for grain yield. Both sets
were planted in Egypt, Damanhour University Experimental Farm (30◦45′19.4′ ′ N, 30◦29′04.8′ ′ E) in
the 2016/2017 season in three replicates using a randomized incomplete block design. Each incomplete
block consisted of 10 accessions in addition to the three check cultivars, i.e., Sids13, Gimmiza 9, and
Giza 168. Both PEG_RI set and Heat_RI set were evaluated under contrasting field conditions; i.e.,
well-irrigated vs. water deficit for PEG_RI set; and optimum vs. late sowing dates for Heat_RI set.
The PEG_RI set was exposed to water deficit by withholding irrigation in the tilling, flowering, and
grain-fill stages of crop development. The late sowing date (12 January 2017) for the Heat_RI set
exposed the accessions to heat stress during the reproductive stage (29.3 ◦C average maximum daily
temperature 10 days before and during flowering, as monitored at a local weather station).

The water-deficit susceptibility index (WD_SI) and Heat susceptibility index (HT_SI) were
calculated as per [52] as follows for WD_SI:

WD_SI = (1−YWS/YWOP) / (1−YWS/YWOP), (3)

where YWS, YWOP, YWS, and YWOP refer to the yield under water deficit, the yield under optimum
irrigation, mean yield across the tested accessions under water deficit, and the mean yield across the
tested accessions under optimum irrigation, respectively.
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The heat susceptibility index (HT_SI) was also calculated as per [52] as follows for HT_SI:

HT_SI = (1−YHS/YHOP) / (1−YHS/YHOP), (4)

where YHS, YHOP, YHS, and YHOP refer to the yield under heat stress, the yield with an optimum
sowing date, the mean yield across the tested accessions with a late sowing date, and the mean yield
across the tested accessions with an optimum sowing date, respectively.

2.7. Genotyping

The wheat panel was genotyped with the 9K SNP wheat iSelect assay [53]. For purposes of
numerical analyses, genotypes were coded as x = (−1, 0, 1), where −1 represents homozygous for
the minor allele, 0 represents heterozygotes, and 1 represents homozygous for the major allele. After
removing SNP markers with missing values (>10%) and minor allele frequency (MAF < 5%), missing
values were imputed using random forest regression [54]. The calculated r2 among all pairs of SNPs
loci were calculated and plotted using R software [55] and sommer package [56]. The calculated r2

was used to estimate the rate of LD decay with genetic distance [57].

2.8. Statistical Analysis

The following mixed model was fit to the cell membrane relative injury (RI%):

yijkl = µ + gi + ej + rk(j) + bl(kj) + εijkl , (5)

where µ is the overall mean, E (fixed) is the year effect, gi is the effect of ith wheat accession, ej (fixed)
is the effect of the jth year (to isolate the effect of not evaluating all the accessions in the same year), rk(j)

is the effect of the kth complete block nested within the jth year, bl(kj) (random) is the effect of the lth

incomplete block nested within the kth complete block and jth year, and εijkl (random) is the residual.
The observations of the cell membrane relative injury (RI%) were also subjected to basic statistics

such as Pearson correlation analysis and analysis of variance. The best linear unbiased estimate (BLUE)
and SNP markers were subjected to association analysis using mixed linear model (MLM) in R package
rrBLUP [58].The population’s structure (Q matrix) was constructed using principal component analysis
(PCA) of marker allele frequencies, and the kinship matrix (K) was estimated using R software rrBLUP
package [58].

The association analysis was carried out by performing a linear mixed model with restricted
maximum likelihood estimates as follows:

Y = µ +Qv + Zu + e, (6)

where Y is a vector of phenotype observation, µ is a vector of intercepts, v is a k × 1 vector of
population effects, u is a n × 1 vector of random polygene background effects, e is a vector of random
experimental errors with mean 0 and covariance matrix Var (e), Q is an n × k matrix defining the
subgroup membership, Z is an incidence matrix relating Y to u, Var(u) = 2 K Vg, where K is a known n
× n matrix of kinship coefficients, Vg is the unknown genetic variance, which is a scalar. Var (e) = RVR,
where R is an n × n matrix, and VR is the unknown residual variance, which is a scalar too.

An additional two models were used: the first contained phenotypic and marker data and the
other model contained phenotypic markers and the kinship matrix (K). The last two models were
used as a reference to determine how well the kinship and PCA covariates helped correct for the
population structure. The obtained p-values for each marker per phenotype were adjusted for false
discovery rate using q-value function in the rrBLUP package [58] and the optimum p-value threshold
was determined.
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3. Results and Discussion

3.1. Phenotypic Data

Since all the accessions were not evaluated for cell membrane stability (CMS) in the same year,
the year effect was fitted as a fixed effect in the mixed models to eliminate any variation due to doing
the trials in multiple years. Before conducting the analysis of variance, the CMS data were checked
for normality, and a normal distribution of the measurements was observed (Figure 1). Thus, no
data transformation was required for the relative injury percentage (RI) obtained from PEG treatment
(PEG_RI) or heat treatment (Heat_RI). Furthermore, the distribution of the data did not show any
statistically significant skewness and kurtosis. The previous results indicate that the plant tissue was
exposed to a gradual high temperature, causing the plants to acquire cell membrane thermotolerance
genes to be activated. Previous reports stated that before conducting the cell membrane thermostability
test plants should be exposed to moderate heat stress for an appropriate period (Hardining) [59–61].
Exposing the plants to a moderately high temperature can be performed under the field conditions or in
the greenhouse [60,61]. The idea behind exposing the plants to moderate heat stress before conducting
the CMS test is to allow plants to undergo physiological changes and accumulate metabolic components
required for stable cell membranes [62]. On the other hand, exposing plants to a high temperature
without hardening will cause a skewness in the data distribution because most of the plants, if not all,
will be expected to show limited cell membrane stability to high temperature. The analysis of variance
for PEG_RI and Heat_RI indicated significant statistical differences among accessions regarding CMS
for both treatments (Table 1).
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Table 1. Analysis of variance for relative injury (%) to the cell membrane as affected by PEG and
heat treatments.

Source of Variance Df
Mean Square of Relative Injury %

PEG Heat

Year 1 0.14 ns 10.49 ns

Block 1 2785.19 ** 204.63 **
Iblock (Block) 84 5.30 4.10

Entries 2113 42.66 ** 43.60 **
Error 2538 7.87 7.26

** Significant at a p-value of 0.01. ns: not significant .
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Relative cell membrane injury (RI) ranged from 27.0 to 54.5% with a mean of 39.8% when the
PEG was applied; it ranged from 26.0 to 56.5% with a mean of 39.1 when the heat treatment was
applied. The Pearson correlation coefficient calculated across the 2111 accessions between PEG_RI and
Heat_RI was statistically significant (r = 0.51, p < 0.00012). The significant correlation may be due to
an overlap between some genes that regulate by PEG_RI and Heat_RI treatments [28]. For example,
both water deficit and heat stress upregulate the expression of HSPs in wheat [28]. Several researchers
referred to the existence of different response mechanisms in plants to both stresses compared to
individual stress [30,63,64]. They also reported that photosynthetic products, such as sugars, explicitly
accumulated during both water deficit and heat stresses [65].

Based on the RI obtained using PEG, 20 accessions with the lowest PEG_RI and another
20 accessions with the highest PEG_RI were evaluated in the field for grain yield (Supplementary
Materials, Table S1). Across the 40 accessions (PEG_RI_Set), a significant negative correlation was
observed between PEG_RI and grain yield obtained under water deficit (r = −0.52, p-value < 0.001).
In contrast, nonsignificant correlation was observed between PEG_RI and grain yield under normal
irrigation (r = −0.12, ns.).

Due to the late sowing date, Heat_RI_Set (the lowest Heat_RI and the highest Heat_RI) were
exposed to heat stress under field conditions during flowering (29.3 ◦C average of the maximum daily
temperature 10 days before and during flowering). The grain yield for Heat_RI set (Supplementary
Materials, Table S2) revealed a significant negative correlation (r =−0.64, p-value < 0.001) with Heat_RI
under heat stress (late sowing date). In contrast, a non-significant correlation (r = 0.01) was detected
between Heat_RI and grain yield obtained from the optimum sowing date.

Furthermore, susceptibility index (SI) results indicated a positive correlation (r = 0.37,
p-value < 0.001) between PEG_RI and grain yield susceptibility index under water deficit conditions
(SI_WD); Similarly, a significant positive correlation (r = 0.55, p-value < 0.001) was found between
Heat_RI and yield susceptibility index under heat stress conditions (SI_HT). The results of the
correlation between CMS and high yield under water deficit and heat stress agreed with previous
research [1,20,27]. A stress susceptibility index (SI) was first suggested by [52] as a useful way of
comparing yield performance between stressful and non-stressful environments. It expresses the
separate effects of yield potential and stress susceptibility on yield. In these terms, lower susceptibility
is considered to be synonymous with higher stress tolerance.

3.2. Association Mapping

The threshold for r2 in the studied accessions was 0.09. Figure 2 shows a scatterplot of the
distributions of the r2 values as a function of the genetic distances among SNP pairs for the whole
collection. The point at which the locally weighted scatterplot smoothing (LOESS) curve intercepts
was used to determine the critical r2, which was the average Linkage disequilibrium (LD) decay of the
population. Based on these criteria, the average LD decay of the whole genome was ~8 cm. The mean
of r2 among all SNP pairs across the entire collection was 0.09, which is higher than the 0.022 described
by [66] and 0.019 reported by [67] in populations of smaller sizes and with a lower number of markers.
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To reduce the probability of the false discovery rate while running the genome-wide association
analysis, population structure was accounted for using Q and the K matrices. A linear mixed model
was used in which K and Q + K [68] matrixes were fitted. The preliminary results indicated that the
expected and observed cumulative distributions of p-values obtained using the K and Q + K models
were similar. There were no notable differences in the number and identity of markers showing
significant associations with the two models. These results agree with those of [68], in which they
found that correcting for population structure using the kinship matrix was as effective in reducing the
false-positive rate as using the Q + K model. Therefore, we reported the results of association mapping
using only the K matrix.

After correcting for the population structure and false discovery rate, several SNP markers
were found to be significantly associated with RI%. These SNPs were aligned and annotated to
known wheat genes and genome sequences. However, since the wheat genome sequence is not
publicly available yet, gene annotation and alignment were done using model plants such as sorghum
(Sorghum bicolor L.), rice (Oryza sativa L.), and Brachypodium (Brachypodium distachyon L.) (in addition
to wheat) to search for functional genes that could be associated with the sequences of the significant
SNPs that were detected. A total of 20 significant SNPs were significantly associated with RI_PEG.
These significant SNPs were located on chromosomes; 1A (IWA4754 and IWA4538), 1B (IWA6290),
2A (IWA5793), 4A (IWA3756), 6B (IWA4170), and 7B (IWA5000) (Table 2 and Figure 3). The IWA6290
sequence was reported previously and found to correspond to an enzyme named glycerophosphoric
diester phosphodiesterase that participates in glycerophospholipid metabolism and was found to
be involved in plant heat stress tolerance [69]. The IWA3756 sequence corresponded to glutamate
synthesis protein, which appeared to be involved in proline acclimation and drought tolerance [70].
The IWA4170 sequence corresponded to the uncharacterized membrane protein At3g27390-like isoform.
The IWA5000 SNP sequence corresponded to the TRAF-type zinc finger protein [71]. Previous reports
demonstrated that many proteins from the zinc finger superfamily are involved in biotic and abiotic
stress tolerance in plants [72].
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Table 2. Statistically significant SNP markers found to be linked to cell membrane relative injury (RI%)
obtained using PEG and heat treatments.

Marker Chromosome Position
Treatment p-Value

PEG Heat

IWA4754 1A 23.2 + - 3.41 × 10−8

IWA4538 1A 112.6 + - 3.28 × 10−7

IWA6290 1B 30.5 + + 1.78 × 10−11

IWA5793 2A 87.8 + + 1.76 × 10−6

IWA3756 4A 117.6 + - 2.21 × 10−6

IWA7268 4B 14.8 - + 2.15 × 10−9

IWA4065 6B 73.7 - + 3.79 × 10−9

IWA3971 6B 73.7 - + 1.54 × 10−8

IWA7401 6B 73.7 - + 1.57 × 10−8

IWA5748 6B 73.7 - + 9.79 × 10−6

IWA3131 6B 73.7 + + 1.08 × 10−11

IWA6826 6B 73.7 + + 9.49 × 10−11

IWA3133 6B 73.7 + + 1.53 × 10−10

IWA7873 6B 73.7 + + 3.80 × 10−10

IWA6142 6B 73.7 + + 7.85 × 10−10

IWA6825 6B 73.7 + + 5.42 × 10−9

IWA5785 6B 73.7 + + 6.13 × 10−9

IWA4170 6B 78.7 + - 8.65 × 10−7

IWA8192 6B 73.7 + + 3.47 × 10−11

IWA5000 7B 129.51 + + 3.89 × 10−8

+: Significantly linked with the studied trait. -: no statistical significant linkage was detected.

Other markers were found to be significantly associated with Heat_RI (Table 2 and Figure 4).
These markers were located on chromosomes 4B (IWA7268), 6B (IWA4065, IWA3971, IWA7401,
IWA5748), and 3A (IWA4451). IWA4065 and IWA7401 SNP sequences correspond to the SWI/SNF
complex subunit SWI3B, which is involved in the Jasmonate and ethylene pathways [70]. The IWA4451
SNP sequence corresponded to the galactose lectin protein domain, which participates in several plant
abiotic stress tolerance mechanisms [73].
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In addition, 11 markers were found to be linked with both Heat_ and PEG_RI (Table 2). The gene
annotation results indicated that markers found to be significantly associated with both PEG_RI
and Heat_RI corresponded to putative proteins with enzyme activity such as ATPase (IWA5785).
ATPase plays a crucial role in transporting solutes in and out of the cell through the cell membrane [74].
Other SNP sequences were found to correspond to beta-transducing proteins (IWA3131, IWA3133,
IWA6825, and IWA6826), which play an important molecular role in translocating molecules through
the plant cell membrane and tolerance to abiotic stress [75]. Another SNP sequence was found to be
associated with RNA recognition motifs (IWA7873), which were found to confer abiotic stress tolerance
in several species [76]. Another significant SNP sequence (IWA6142) corresponded to the sequence of
the PRP38 family, which was found to be linked with plant tolerance to salinity stress [77]. Overall,
the gene annotation and alignment for the common QTLs indicated that these QTLs are involved
in transporting solutes through the cell membrane or are responsible for abiotic stress tolerance.
Our results agreed with comparative transcriptomic and gene expression studies for several plant
species exposed to both water deficit and heat stress [65,78].

In recent years, worldwide drought and extreme heat reduced crop yields by 10% between 1964
and 2007 [79]. Extreme heat and water shortage events are predicted to become increasingly common
and severe by the end of the 21st century [3,79]. The Mediterranean basin is expected to have an
annual mean temperature increase of 3 to 4 ◦C, and a 10 to 20% decrease in annual precipitation [3,80].
The detrimental effect of heat stress on wheat yield may worsen if it coincides with drought stress [81].
During the late reproductive stage of wheat, farmers usually stop irrigation whenever the temperature
increases, which exposes their plants to terminal drought stress, because water deficit (reduced water
availability) reduces transpiration and plant cooling. Reduced cooling enhances the impact of heat
stress and biotic stresses such as leaf (caused by Puccinia triticina Eriks.) and stem rust (P. graminis f.
sp. tritici) [82]. Therefore, simultaneous breeding for both water deficit and heat stress is predicted
to be an increasingly important future wheat breeding goal. Traditionally, plant breeders relied on
large-scale replication of field trials over years and locations to identify the accessions that perform
best in a target environment. However, most plant breeders depend on the overall yield performance
to determine the most tolerant accession. Unfortunately, the performance of the accessions under
water deficit or heat stress is dependent on the environments that were chosen to screen in, and most
of the time the tolerant accessions are not those with the highest yield but rather those with the most
stable yield across a range of environments. Moreover, evaluating for heat and drought stress under
field conditions is time-, labor- and resource-intensive.

To overcome previous field evaluation problems, many plant breeders have endeavored to
take advantage of next-generation sequencing (NGS) and a large number of plant collections in
different international gene banks to identify the most promising genotypes regarding tolerance to
water deficit and heat stress. Then, genetic data can be linked with phenotypic data to identify the
QTLs/genes associated with physiological traits that directly or indirectly affect the plant tolerance
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to water deficit and heat stress [2,83,84]. Identifying QTLs associated with CMS using association
mapping requires large populations to increase the recombination frequency and the frequency of
rare alleles [19]. However, there is a high cost associated with genotyping and phenotyping such
a large population. Currently, phenotyping became a major bottleneck and resource constraint on
genome-wide association mapping [19]. Thus we focused our efforts and resources on conducting a
time-consuming phenotyping for CMS using 2111 spring wheat accessions with publicly available 9K
SNP marker data [85].

The wheat collection utilized in this study is an ideal source of genetic variation for CMS because
of the large number of accessions, the diverse origin, and the status of improvement; i.e., cultivars,
landraces, and lines. Overall, our results indicated that the accessions varied greatly for cell membrane
RI due to using heat stress or PEG. Furthermore, the results presented in this study could be employed
as a preliminary screening for drought and heat stress to focus a breeder’s efforts on searching for
heat or drought tolerant accessions. Furthermore, a robust and significant association was observed
between yield data for the cell membrane in most stable and nonstable genotypes under water deficit
and heat stress conditions. Certainly, more extensive follow-up phenotypic evaluation under the field
conditions is required; however, the number of accessions to be evaluated in the field must be reduced
to focus resources on evaluating the most promising lines. Based on the current results, we might field
test hundreds of accessions instead of thousands, which will save considerable effort and resources
and increase accuracy.

4. Conclusions

Based on previous research and our findings, cell membrane stability (CMS) for the spring wheat
collection utilized in the current study varied in response to imposed in vitro heat and PEG treatments.
The correlation between CMS obtained from using heat and PEG was significant. Furthermore, yield
data for the most cell membrane stable and nonstable accessions evaluated under contrasting field
conditions, i.e., water deficit and heat stress, were in agreement with the CMS results.

Genome-wide association mapping (GWAS) identified several QTLs that were found to be
involved in transporting solutes through the cell membrane or generally involved in abiotic stress
tolerance mechanisms. After validating the significant QTLs, it can be converted into Kompetitive
Allele Specific Polymerase Chain Reaction (KASP), which should be useful in MAS for drought and
heat stress. The most stable cell membrane accessions identified in this study have the potential to
be excellent parental lines in breeding programs interested in incorporating water deficit and heat
tolerance. Our follow-up studies will focus more extensively on the field evaluation of the most stable
cell membrane accessions and evaluating the importance of the significant markers found to be linked
with CMS in this study.

Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/9/9/1606/s1.
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