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Abstract: Drought and high temperature are the major abiotic stresses for wheat production. The
present study investigated the effect of drought and chronic heat stress on physiological parameters
of durum wheat lines derived from interspecific crosses and their association with yield. Seventy-
seven durum wheat lines were evaluated during two seasons (2016–2017 and 2017–2018) for drought
tolerance at Tessaout (Morocco) using irrigated and rainfed treatments and for heat tolerance at Wad
Medani (Sudan). Five drought screening indices (alone or combined) and physiological parameters
were used to assess drought and heat tolerance. Among the physiological parameters used, canopy
temperature (CT) had moderate heritability and was significantly affected by both severe and
moderate drought stresses. CT at early heading showed a stronger correlation with grain yield (GY)
and total biomass (BY) under heat stress. The use of maximum quantum yield of PSII (Fv/Fm) for
drought/heat screening was limited by the low genetic variation despite its significant correlation
with yield under drought (r2 = 0.22) and heat (r2 = 0.4). The normalized difference vegetation index
(NDVI) at vegetative stage was highly correlated with GY and BY and it showed high genotypic
variation that can allow for efficient selection. The grain filling rate (GFR) was found to be highly
correlated with GY and BY under heat stress. The modified stress tolerance index (MsSTI) had
the highest association with GY under drought (R2 = 0.82) while the mean productivity (MP) was
adapted to both optimal conditions (R2 = 0.77) and drought stress (R2 = 0.73). The computation of
a mean score index (MSI) improved the selection efficiency under drought (R2 = 0.92). The results
showed good potential for lines derived from wide crosses to increase variability for heat and drought
adaptive physiological traits.

Keywords: durum wheat; drought; heat; tolerance; canopy temperature; chlorophyll fluorescence;
drought indices

1. Introduction

Drought and heat are the major abiotic stresses affecting wheat productivity in the
world. The global wheat area exposed to drought doubled between 1979 and 2006 [1] and
the future availability of water to meet crop requirements will be a major challenge in arid
and semi-arid regions [2]. Global wheat production is expected to decrease by 4.1% to 6.4%
for every 1 ◦C increase in temperature as warming is already slowing yield gains in the
majority of wheat production areas [3,4].
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These two abiotic stresses can occur at different wheat growth stages and affect
several morphological, physiological, and molecular plant processes [5,6] resulting in
significant yield losses [7–10]. These complex changes in addition to the high genotype by
environment interaction limit the effectiveness of empirical selection for drought and heat
tolerance [11,12], especially under the fluctuations of Mediterranean environments [11].
Therefore, the development of drought and heat tolerant wheat cultivars requires an
integrated breeding strategy that includes screening techniques for physiological and
morphological adaptive traits in addition to the molecular tools to harness diverse genetic
resources [6,13–16].

For instance, canopy temperature (CT) was reported to be useful to select for water-
stressed environments and high correlation with grain yield (GY) was found for CT mea-
sured at anthesis halfway and grain filling stages [17,18]. CT is an integrative measurement
that is correlated with other physiological mechanisms. Cooler CT was associated with root
spreading in bread wheat [19] and the its association with genetic gains in hot conditions
was established [20,21]. CT is also influenced by the stomatal control of transpiration as
stomatal closure under reduced water status results in an increase of CT [22]. The negative
correlation between CT and grain yield, plant height, and heading time suggests that a
cooler canopy provides yield benefits at both drought and heat stresses. These benefits are
more pronounced under heat stress [23].

Drought and heat stresses affect the photosynthetic activity by reducing the chloro-
phyll content [24,25] and damaging the photosystem II reaction sites [26,27]. Chlorophyll
content measurement provides information on the health status of the leaf [28] while
chlorophyll fluorescence informs about the effectiveness in using the energy absorbed by
the chlorophyll to diagnose the onset of photo-inhibition [29]. Both traits were reported
to be valuable for wheat breeding. Chlorophyll fluorescence was found to be useful for
evaluating yield performance under rainfed Mediterranean conditions when measured
during grain filling period [7,30]. The maximum quantum yield of PSII (Fv/Fm) represents
the most meaningful chlorophyll fluorescence reading [27], as it measures the efficiency of
light harvesting and the conversion to chemical energy [31]. Fv/Fm was identified as a
suitable trait to screen for tolerance to high temperatures [31] and several quantitative trait
loci (QTLs) were identified for fluorescence parameters under heat stress [32]. Chlorophyll
content showed a correlation with grain yield and thousand kernel weight under heat and
drought stresses [33,34] and it was found negatively correlated with the heat susceptibility
index [35].

Broadening the genetic base for these physiological adaptive traits requires access
to novel diversity, which can be supplied by crop wild relatives [36]. Screening of wheat
wild relatives identified several donors for useful traits in wheat breeding [37]. Triticum
monococcum subsp. aegilopides showed more potential to improve relative water content for
drought tolerance than tetraploid and hexaploid wheat species [5]. Aegilops geniculata and
Triticum dicoccoides were identified as sources for chlorophyll and photosynthesis-related
traits to improve drought and heat tolerance [38,39]. Screening under field conditions
identified a higher level of heat tolerance during a vegetative stage in Aegilops speltoides and
Aegilops tauschii [40]. Nachit and Elouafi [41] reported several durum wheat lines generated
through interspecific hybridization combining adaptation to dry conditions with high yield
potential. In addition to physiological and morphological mechanisms involved in drought
tolerance, several indices were proposed to screen for drought adaptation. Fischer and
Maurer [42] suggested the drought susceptibility index (DSI), Rosielle, and Hamblin [43]
developed the mean productivity (MP) and tolerance (TOL) while the drought tolerance
index (DTI) was suggested by Fernandez [44]. Farshadfar and Sutka [45] introduced
a correction coefficient to DTI and proposed a modified stress tolerance index (MsSTI).
All these indices consider the performance of the genotypes under optimal and stressed
conditions to separate susceptible genotypes from tolerant genotypes.

These indices were used extensively to screen and select genotypes for drought
tolerance [46–49]. Tolerance and susceptibility indices can select genotypes with specific
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adaptation to drought stressed or favorable environments, and also genotypes combining
high yield under both types of environments. There is some variation in the ability of these
indices to select effectively suitable genotypes for dry environments, which suggests that
their combination can be useful to achieve higher selection efficiency [50]. The objectives of
this study are: (i) assess the heritability of some physiological traits and their association
with grain yield under drought and heat stresses, (ii) examine the ability of tolerance
indices and their combination to select the best genotypes for drought stress, and (iii) select
pre-breeding lines from a durum wheat population derived from interspecific crosses with
high yield potential and good levels of drought and tolerance.

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

The study was conducted with 77 lines of durum wheat (Triticum turgidum var. durum)
including 67 lines derived from wide crosses, eight checks, and the two recurrent parents
(Table S1). The durum derivatives are the result of interspecific crosses between two
durum wheat cultivars (Cham 5 and Haurani) and Triticum turgidum subsp. dicoccoides
(Syn Triticum dicoccoides), Triticum monococcum subsp. aegilopoides (Syn Triticum boeoticum),
Triticum urartu, and Aegilops speltoides. Haurani is a locally adapted Syrian landrace with
low yield potential but drought tolerant while Cham 5 is a high yielding variety released
in Syria from ICARDA supplied germplasm. The wild parents were selected based on the
ecology of their collecting sites and their disease resistance. Repeated backcrosses followed
the initial hybridization to restore fertility and break the undesirable gene linkages. The
derivative lines showed high variation for agro-morphological traits and resistance to
yellow and leaf rust [51].

2.2. Field Conditions

The screening trials for drought and heat were conducted during the two seasons
(2016–2017 and 2017–2018). For drought tolerance screening, the trials were conducted at
the Tessaout experimental station (31◦49′ N, 7◦25′ W) in Morocco. Tessaout is characterized
by frequent droughts with average annual precipitations of 266 mm. Two trials were
established each season. The first trial is non-stressed under full irrigation (TSIR) and the
second trial is under rainfed conditions (TSRF), representing the drought stressed. Both
trials were irrigated at sowing to ensure homogeneous germination and emergence. TSIR
received five additional irrigations at different growth stages. The heat tolerance screening
was conducted at a heat research platform at wad Medani (WMD), Sudan (14◦24′ N,
33◦31′ E, Altitude 407 m). WMD is characterized by a hot season with a temperature
ranging between 18 ◦C and 36 ◦C on average. The trials were irrigated at an interval of 7 to
10 days to avoid the confounding effect of drought and heat.

Each trial was randomized in an incomplete block design (alpha-lattice) with two
replications. Each replicate consisted of 11 blocks with seven genotypes in each. The plots
were laid out in 4 rows of 2 m long with a sowing density of 300 seeds per m2. The distance
between rows was 0.30 m. The optimal agronomic practices in terms of fertilizers, weeding,
and fungicides recommended for each location were applied.

2.3. Data Collection

At Tessaout, the collected traits were grain yield (GY) and biological yield (BY) es-
timated from the two internal rows in each plot avoiding the border and converted to
Kg/ha. Number of days to the heading (DHE) recorded when 50% of each plot reached
the heading and thousand kernel weight (TKW) was estimated by counting and weighing
500 seeds. When both trials (TSIR and TSRF) were at heading, the canopy temperature (CT)
was recorded using a thermal camera (FLIR T460). The pictures were analyzed with FLIR
tools (Version 5.5.16064.1001) to estimate the CT of each plot. Chlorophyll fluorescence was
measured on the dark adapted flag leaf of three random plants from the internal rows in
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each plot using Fluorometer OS30p+. CT and chlorophyll fluorescence were measured at
sunny days between 12.00 and 2.00 p.m.

At WMD, the normalized difference vegetation index (NDVI), chlorophyll content
(CHL), and CT were measured at the heading time and grain filling period in 2017. During
the second season (2017–2018), an additional third measurement was performed at the
vegetative stage. The maximum air temperature was always higher than 35 ◦C at the
day of measurements during both seasons (Table 1). CT was measured with a hand-held
infrared thermometer (Center 325). Each measurement represents the average of three
random readings in each plot. CHL was measured using a chlorophyll meter (Minolta
SPAD-502). Each measurement represents the average of five readings performed on
random plants. NDVI measurements were collected using a greenseeker following the
manufacturers’ instructions. At WMD, the readings of all physiological traits were taken
during clear days under sunny conditions between 1:00 p.m. and 3:00 p.m. GY and BY
were estimated similarly to that at Tessaout and the grain filling rate (GFR) was calculated
by Pinto et al. [52]

GFR =
grain yield

(
KG. ha−1)

grain f illing period (days)

Table 1. Maximum and minimum temperatures during physiological trait records at wad Medani for the two seasons
2016–2017 and 2017–2018.

2016–2017 2017–2018

Sowing Date 18 December 2016 7 December 2017

Trait Stage T min T max T min T max

NDVIv Vegetative - - 18.8 38.5
NDVIh Heading (ZGS 5) 16.5 38.5 21 39.2
NDVIf Grain filling (ZGS 7) 22.5 41.7 22.5 40.5
CHLv Vegetative - - 17.5 38.5
CHLh Heading (ZGS 5) 16.5 38.5 21 39.2
CHLf Grain filling (ZGS 7) 22.5 41.7 22.5 40.5
CTv Vegetative - - 18.8 38.5
CTh Heading (ZGS 5) 16.5 38.5 17.5 38.5
CTf Grain filling (ZGS 7) 22.5 41.7 18.5 37

NDVIv, Normalized difference vegetation index at vegetative stage. NDVIh, NDVI at heading. NDVIf, NDVI during grain filling. CHLv,
Chlorophyll content at vegetative stage. CHLh, Chlorophyll content at heading. CHLf, chlorophyll content during grain filling. CTv,
canopy temperature at vegetative stage. CTh, canopy temperature at heading. CTf, canopy temperature during grain filling. T min,
minimum temperature (◦C). T max, maximum temperature (◦C). ZGS 5, Zadoks growth scale 5. ZGS 7, Zadoks growth scale 7.

2.4. Statistical Analysis and Tolerance Indices

Data from Tessaout and WMD were analyzed separately with two stages analysis for
each location. Linear mixed models were used for both first and second stage analysis,
with replication and block effects nested in each trial as random effects. The first stage
analysis was conducted using lme4 [53] and sommer [54] in R software [55].

At Tessaout, the water regime, year, and their interaction were used as fixed effects
for the first stage, while the genotypes were considered as random effects. A diagonal
structure variance across years and water regimes was used to compute the genotypic
variance and heritability in each environment (combination of year and water regime). The
broad sense heritability in each environment was computed by Falconer and Mackay [56].

H2 =
Var (G)

Var (G)+
Var (e)

r

where Var (G) is the genotypic variance, Var (e) is the error variance, and r is the number
of replications.
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The second stage analysis was performed using meta-R software [57] to assess the
genotype by environment interaction (G × E). Both genotypes and G × E were used as ran-
dom effects for this analysis. Only environments with heritability above 0.10 were included
in G × E analysis. Meta-R was also used to compute the best linear unbiased estimations
(BLUEs) of all traits in each environment. The BLUEs across years at each water regime were
computed for GY. They were used for computing drought tolerance/susceptibility indices.

Five tolerance and susceptibility indices were computed to assess the drought impact
on the yield and select tolerant genotypes (Table 2). The methodology suggested by
Thiry et al. [50] was then used to score the genotypes based on their ranking within the
population for each index. The range of each index allowed us to define 10 groups with
each representing 10% of the population. The genotypes were then scored from 1 to 10
with 10 representing the most desirable genotypes for that index. The scores’ attribution
provides more flexibility to test a different combination and improve the selection efficiency.
The scores were used to perform and plot a hierarchical clustering analysis using the
packages maptree, dendextend, gclus, and cluster [58–61] in R software [55].

Table 2. Equations and references of the drought tolerance and susceptibility indices used for drought
tolerance evaluation.

Index Equation Reference

Drought tolerance index (DTI) DTI = (Yp)(Ys)

(Yp)
2 [44]

Drought susceptibility index (DSI) DSI =
1−

(
Ys
Yp

)
1−

(
Ys
Yp

) [42]

Mean productivity (MP) MP = Yp+Ys
2

[43]

Tolerance (TOL) TOL = Yp−Ys [43]

Modifies stress tolerance index (MsSTI) MsSTI = (Ys)2

(Ys)
2 × DTI [45]

Yp, yield under optimal conditions. Ys, yield under drought stress. Yp, Average yield under optimal conditions.
Ys, average yield under drought stress.

At WMD, the first stage analysis was performed considering the year as a fixed effect
and genotypic variance was estimated for each year similarly to Tessaout. For all traits, the
year with zero or low heritability (<0.10) was excluded from the G × E analysis of variance.
The BLUEs in each year were computed for all traits using Meta-R [57].

The Hmisc Package [62] was used to compute the phenotypic Pearson correlation coef-
ficients among traits at Tessaout and WMD. The linear regression analysis and scatterplots
were performed with ggpubr package [63].

3. Results
3.1. Climatic Data

Climatic data showed the difference between the two seasons at Tessaout where the
second season had more favorable growing conditions, especially during the reproduc-
tive stage. Despite the difference in heading time between TSIR and TSRF, the average
maximum temperature during the reproductive stage was not different between TSIR
and TSRF. In addition, the second season received more precipitations at both vegetative
(167.4 mm) and reproductive (87.6 mm) stages. At WMD, the temperature was consistently
high during all growth stages in both seasons. The first season was characterized by a
higher maximum temperature during the vegetative stage (36.05 ◦C) in comparison to the
second season (33.9 ◦C). This is also valid for the minimum temperature that averaged
18.24 ◦C in 2016–2017 and 16.3 ◦C in 2017–2018 during the vegetative stage. The oppo-
site was observed during the reproductive stage as the average minimum and maximum
temperatures were higher during 2017–2018 (Table 3). No rainfall was registered at WMD
during both seasons.
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Table 3. Average minimum and maximum temperatures (◦C) and precipitations (mm) at vegetative
and reproductive stages during two cropping seasons (2016–2017 and 2017–2018) at Tessaout (TST)
and wad Medani (WMD).

Season Location
Vegetative Stage Reproductive Stage

Min T
(◦C)

Max T
(◦C)

Prec.
(mm)

Min T
(◦C)

Max T
(◦C)

Prec.
(mm)

2016–2017
TST 4.4 19 118 11.96 29.75 60

WMD 18.24 36.05 0 17.42 36.89 0

2017–2018
TST 4.55 18.04 167 9.9 24.04 87.6

WMD 16.3 33.9 0 20 39.8 0

3.2. Drought Screening
3.2.1. Analysis of Variance

The application of two water regimes at Tessaout (Irrigated/Rainfed) resulted in
highly significant differences in GY and other measured traits. Only Fv/Fm was less
affected by the water regime. However, the year effect on this trait was higher. The
interaction between the year and water regime was significant for GY and other agronomic
traits, while it was not significant for CT and Fv/Fm (Table 4). In terms of the genotypic
effect, it was consistently significant over years and trials for DHE, TKW, and GY, which
was associated with high heritabilities for these traits (Table 4). The effect of the genotypes
was significant for Fv/Fm only at TSRF-17 (h2 = 0.56) and TSIR-18 (h2 = 0.48) while, at
TSIR-17 and TSRF-18, no genetic contribution to the variance of this trait was observed.
The genotypic effect of CT was significant during the two seasons under both irrigated
and rainfed conditions. The highest CT heritability was observed at TSIR-17 (0.52). Higher
heritability was expressed for BY under drought stress in comparison to optimally irrigated
conditions during both seasons (Table 4).

Table 4. F-statistics for the fixed effects (year and water regime (WR)) and heritabilities of traits of
durum wheat lines across years and WR at Tessaout during the seasons 2016–2017 and 2017–2018.

F Statistics for Fixed Effects

CT Fv/Fm DHE BY TKW GY

WR 28.75 *** 4.55 · 39.37 *** 48.6 *** 37.57 *** 31.56 ***
Year 25.75 *** 8.34 * 5.5 * 19.94 * 54.98 *** 4.12 ns

WR: Year 0.80 ns 0.0016 ns 36.44 *** 6.89 * 13.92 * 14.33 *

Heritability

TSIR-17 0.52 ** 0 ns 0.57 ** 0.10 ns 0.54 ** 0.53 ***
TSRF-17 0.16 ** 0.56 ** 0.63 ** 0.39 ** 0.59 *** 0.44 ***
TSIR-18 0.31 ** 0.48 * 0.82 ** 0.19 ns 0.47 *** 0.48 ***
TSRF-18 0.28 ** 0 ns 0.91 ** 0.26 * 0.74 *** 0.66 ***

CT, canopy temperature. GY, grain yield. BY, total biomass. TKW, thousand kernel weight (g). DHE, days to
heading. Fv/Fm, maximum quantum yield of PSII. WR, water regime. · p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001.
ns, non-significant.

The genotype by environment (G × E) analysis showed a significant G × E interaction
for all the measured traits except for BY. The year-to-year fluctuations for all traits, especially
under the rainfed conditions, are summarized in Table 5. At TSRF, the mean GY doubled in
the second season as it went from 2253 kg/ha to 4561 kg/ha. Similarly, TKW and BY under
rainfed conditions increased by 53% and 57%, respectively, in 2018. Days to heading in
2018 ranged between 97 and 113 days. This range was wider than the first season despite
similar means for both seasons. At TSIR, the effect of year on GY and other agronomic
traits was less important. Only TKW showed an increase during the second season under
irrigated conditions (Table 5).
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Table 5. Descriptive statistics and significance of the G × E of traits collected at Tessaout during the
two seasons of 2016–2017 and 2017–2018 under rainfed (TSRF) and irrigated conditions (TSIR).

Trait Location Year Min Max Mean SD G × E
Significance

GY
TSIR

2017 2393 8614 5955 1248

*
2018 2572 7562 5251 1087

TSRF
2017 728 4157 2253 706
2018 2490 6330 4561 950

BY
TSIR

2017 10,564 21,546 15,133 2315

ns2018 11,685 19,798 16,375 1953

TSRF
2017 5319 14,036 8810 1694
2018 9443 17,200 13,510 1654

TKW
TSIR

2017 25.4 48.4 37.2 4.8

*
2018 31.0 51.2 41.9 4.1

TSRF
2017 18.5 32.6 24.8 3.2
2018 28.0 45.0 38.9 3.6

DHE
TSIR

2017 100 109 105 2

***
2018 97 111 103 3

TSRF
2017 97 106 102 2
2018 97 113 103 4

Fv/Fm
TSIR

2017 - - - -

***
2018 0.62 0.75 0.69 0.03

TSRF
2017 0.60 0.74 0.68 0.03
2018 - - - -

GY, grain yield. BY, total biomass. TKW, thousand kernel weight (g). DHE, days to heading. Fv/Fm, maximum
quantum yield of PSII. * p < 0.05. *** p < 0.001. ns, non-significant.

The comparison of the performance between TSRF and TSIR showed that drought
stress was more severe in the first season with an average decrease of 62% in GY, compared
to only 13% reduction in the second season. This observation is also valid for TKW, which
was reduced by 33% due to drought stress in 2017. Similarly, the total biomass showed 41%
and 17% reductions under drought stress in 2017 and 2018, respectively.

For the physiological parameters, the G × E interaction was significant for both CT
and Fv/Fm. However, for Fv/Fm, only two environments (TSRF-2017 and TSIR-2018)
were included in the G × E analysis because no genetic variation was observed in other
environments. All the genotypes had higher CT under drought stress during both seasons.

The canopy temperature was more affected by the drought during both seasons and
all the genotypes had higher CT under drought stress. On average, the lines at TSIR
were 3.2 and 4.6 ◦C cooler than at TSRF in 2017 and 2018, respectively. The first season
was characterized by a higher average CT at both TSIR (23.16 ◦C) and TSRF (26.4 ◦C) in
comparison to the second season where CT ranged between 18.8 ◦C at TSIR and 23.4 ◦C at
TSRF (Figure 1).

Wider ranges of Fv/Fm were registered in the environments where heritability was
high. At TSRF (2017), Fv/Fm ranged from 0.60 to 0.74 with an average of 0.68. This
range was similar to what was observed under irrigated conditions in the second season
(0.62–0.75) where the average was 0.69. The low heritability did not allow us to assess the
genotypic response of Fv/Fm to drought stress in each season (Table 5).
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Figure 1. Boxplot of the canopy temperature (◦C) measured at heading stage at Tessaout under
irrigated (TSIR) and rainfed (TSRF) conditions during two consecutive seasons of 2016–2017 and
2017–2018.

3.2.2. Correlation Results

The correlation results showed a cluster of GY, BY, and TKW. These traits were highly
correlated to each other under both optimal and drought-stressed conditions. BY has a
higher correlation with GY under rainfed conditions during both seasons while TKW was
more correlated to GY under optimal conditions (Table 6). DHE was significantly correlated
with GY only in the second season with higher correlation under drought stress (r2 =−0.39)
in comparison to optimal conditions (r2 = −0.31). The correlation between GY and CT
was not significant under any of the environments. However, it was consistently negative
across years and water regimes and it was higher under drought stress. Considering only
the environments where there was a genotypic effect, Fv/Fm was significantly correlated
to GY at TSRF-17 (r2 = 0.22) and TSIR-18 (r2 = 0.24). The correlation between Fv/Fm
and DHE was significantly negative at both TSIR-18 (r2 = −0.40) and TSRF-17 (r2 = 0.41).
The correlation between BY and CT was consistently negative, but was significant only at
TSIR-17 (r2 = −0.29). A significant positive correlation was found between the heading
time and CT at TSRF in the second season (r2 = 0.35).

Table 6. Pearson correlation coefficients of grain yield (GY) to days to heading (DHE), thousand
kernel weight (TKW), total biomass (BY), canopy temperature (CT), and Fv/Fm at Tessaout under
irrigated (TSIR) and rainfed (TSRF) conditions during two consecutive seasons of 2016–2017 and
2017–2018.

DHE TKW BY CT FV/FM

2017
TSIR 0.06 0.36 *** 0.67 *** −0.03 -
TSRF −0.21 0.30 *** 0.82 *** −0.12 0.22 *

2018
TSIR −0.31 *** 0.56 *** 0.67 *** −0.12 0.24 *
TSRF −0.39 *** 0.50 *** 0.74 *** −0.18 -

DHE, days to heading. TKW, thousand kernel weight (g). BY, total biomass. CT, canopy temperature. Fv/Fm,
maximum quantum yield of PSII. * p < 0.05. *** p < 0.001.

3.2.3. Drought Screening Indices

The drought tolerance indices had different associations to GY under optimal and
drought stress conditions. Tolerance (TOL) showed no ability to select desirable genotypes
for drought stress (R2 = 0.0038). In addition, it was not highly correlated to GY at TSIR
(R2 = 0.39). In fact, some lines within the best ranking group (10), according to TOL, were
among the lowest yielding lines under both conditions (Figure 2). DTI and MP were more
effective in the identification of drought tolerant lines. However, MP was more suitable
for yield potential selection (R2 = 0.77) than DTI (R2 = 0.58). The drought susceptibility
index (DSI) failed to distinguish between the genotypes based on the performance at TSIR
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(R2 = 0.012) and it had a moderate ability to select superior genotypes under drought stress
(R2 = 0.35). The highest association to GY under drought stress was observed with MsSTI
(R2 = 0.89). The genotypes with scores 8, 9, and 10 were the highest yielding at TSRF.
Simultaneously, the desirable lines according to MsSTI included high yielding lines under
optimal conditions. This highlights the ability of this index to select for both environments.
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In order to increase the selection efficiency for drought tolerance, a mean score index
(MSI) [50] was computed based on the indices that were effective to select good genotypes
at TSRF. Therefore, TOL was excluded when calculating MSI.

MSI =
Score MP + Score DTI + Score DSI + Score MsSTI

4

The coefficient of determination between MSI and GY at TSRF was 0.92. This associa-
tion is higher than those for all indices taken individually (Figure 3). MSI allowed a clear
distinction between the different groups of genotypes. Based on the MSI, 19 genotypes
were selected as the most stable lines under drought (Table S2). Six lines of this subset
were ranked among the highest yielding at TSIR (129080, 142013, 142074, 141997, 142026,
and Louiza). The advantage of MSI over MsSTI is the inclusion of more lines with specific
adaptation to drought stress.

Figure 3. Linear regression and coefficient of determination of the mean score index (MSI) versus
grain yield (kg/ha) under drought stressed conditions at Tessaout over two seasons (2016–2017 and
2017–2018).

The clustering based on the DSI, DTI, TOL, MP, and MsSTI resulted in the identification
of five different groups of genotypes (Figure S1). The most desirable lines were grouped in
the fourth group. They combine adaptation to drought with high yield potential (Figure 4).
This group included four checks (Louiza, Faraj, Icarachaz, and Cham 1) and 10 lines
derived from interspecific crosses. The derivative lines in this group originated from crosses
between Cham 5 and Aegilops speltoides, Triticum dicoccoides, T. urartu, and T. aegilopoides.
The clustering confirmed that MSI was highly effective in selecting most performant lines
under drought stress. MSI combined the highest yielding lines at TSRF from the two
groups (4 and 5) (Figure 4).

3.3. Heat Screening
3.3.1. Analysis of Variance

The results of the analysis of variance showed that the year and its interaction with
the genotypes were highly significant for GY, BY, and GFR. Canopy temperature at early
heading (CTh) and during grain filling (CTf) were significantly affected by the season,
but their interactions with the genotypes were not significant. The year and GxE effects
were not computed for NDVIv, CTv, CHLv, and Fv/Fm as data was available for only
one season. The lowest genotypic variance was observed in 2017 for CHLh, CHLf, and
NDVIh (Table 7).
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Figure 4. Boxplot of grain yield (kg/ha) at Tessaout under optimal conditions (TSIR) and rainfed
conditions (TSRF) by cluster groups identified based on drought susceptibility/tolerance indices. A
red color represents the lines selected by the mean score index (MSI).

The heritability of most of the traits was higher in the second year and reached 0.9,
0.82, and 0.81 for GY, BY, and GFR, respectively. For the physiological parameters, higher
heritability was observed for NDVIv (0.79) measured at the vegetative stage and for CHLh
(0.62) in 2018. In comparison to CTf measured at grain filling, CTh had higher heritability
(0.43) associated with significant differences between the genotypes in 2018. Cooler CT was
observed for lines derived from both recurrent parents to Ae. Speltoides, Triticum dicoccoides,
and Triticum aegilopides in addition to the checks Faraj and Louiza.

The highest genetic variation for Chlorophyll content was observed in 2018 at the
heading stage (CHLh) with a heritability of 0.62 and significant genotypic effect. The
first season was characterized by zero heritability for both CHLh and CHLf. For NDVI,
higher heritability was observed when measured at an early vegetative stage. NDVIv
heritability reached 0.79 with a significant genotypic effect in 2018 while NDVIh had lower
heritabilities during both seasons in comparison to other NDVI measurements. The lines
derived from crosses with T. aegilopoides, T. urartu, and T. dicoccoides showed high variation
for NDVI with high variability between the lines derived from the same cross.

Fv/Fm measured at heading stage ranged from 0.62 to 0.73 with a heritability of 0.22
in 2018. The second season was characterized by an increase in GY, BY, and GFR with their
average increase by 58%, 20%, and 55%, respectively. Simultaneously, CTh and CTf had
wider ranges with a decrease on average (Table 7).
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Table 7. Heritability and significance of genotypes, year, and their interaction on agronomic and physiological traits
collected under continuous heat stress at wad Medani during two seasons: 2016–2017 and 2017–2018.

Trait Year Range Average h2 Year
Significance

Gx Year
Significance

GY
2017 230–2334 1381 0.31 ·

*** ***2018 230–3930 2184 0.90 **

BY
2017 2334–9589 5939 0.53 *

*** ***2018 1602–10,606 7156 0.82 *

GFR
2017 12.5–90.7 49.4 0.11 ns

*** ***2018 10.5–134.9 76.8 0.81 ***

CTv
2017 - - - - -
2018 26.7–32.7 29.3 0.29 ns

CTh
2017 26.7–30.8 29.1 0.14 ns

*** ns
2018 23.7–31.6 26.9 0.43 *

CTf
2017 28.2–33.1 31.1 0.27 **

** ns
2018 22.4–32 25.9 0.32 ns

CHLv
2017 - - - ns -
2018 39.8–62.6 54.1 0.29

CHLh
2017 42.7–58.9 50.9 0 ns -
2018 48.2–65.2 56.3 0.62 **

CHLf
2017 32.5–58.8 46.9 0 ns -
2018 39.7–62.9 52.2 0.43 *

NDVIv
2017 - - - - -
2018 0.31–0.69 0.50 0.79 *

NDVIh
2017 0.41–0.79 0.56 0 ns -
2018 0.31–0.73 0.50 0.07

NDVIf
2017 0.30–0.70 0.50 0.35 ns

ns *2018 0.36–0.74 0.58 0.34 ns

Fv/Fm
2017 - - - - -
2018 0.62–0.73 0.67 0.22 ns

GY, grain yield. BY, total biomass. GFR, grain filling rate. CTv, canopy temperature at vegetative stage. CTh, canopy temperature at
heading. CTf, canopy temperature during grain filling. CHLv, Chlorophyll content at vegetative stage. CHLh, Chlorophyll content at
heading. CHLf, chlorophyll content during grain filling. NDVIv, Normalized difference vegetation index at vegetative stage. NDVIh,
NDVI at heading. NDVIf, NDVI during grain filling. Fv/Fm, maximum quantum yield of PSII collected at heading. · p < 0.1, * p < 0.05,
** p < 0.01, *** p < 0.001. ns, non-significant.

3.3.2. Association of Physiological Traits to Grain Yield and Total Biomass

Canopy temperature measured at different stages did not show a significant associ-
ation with GY during 2017. However, during the second season, a significant negative
association was observed between GY and both CTv and CTf. The strongest correlation
was observed with the first measurement (CTv, R =−0.35) and it decreased with the second
(CTh, R = −0.26) and the third (CTf, R = −0.22) measurements (Figure 5). Cooler canopy
was consistently associated with higher biomass during both seasons. The highest associ-
ation to BY was observed with CTh in the second season (R = −0.62). The lines 142,072,
142,068, and the check Faraj maintained a cooler temperature during all the reproductive
stages (CTh and CTf) combined with high biomass. In addition, the line 142,068 was among
the highest yielding genotypes in 2018 with a GY of 3317 kg/ha.

NDVIv had the highest correlation with BY in 2018 (R = 0.75) and GY (R = 0.32). This
association decreased during the cycle and was not significant during grain filling. In 2017,
the correlation between BY and NDVI was not significant for all the three measurements
(Figure 6). In 2017, NDVIh and NDVIf correlated negatively with GY. It is also important
to mention that some winter/facultative genotypes headed very late and produced a very
low yield.



Agronomy 2021, 11, 695 13 of 20

Figure 5. Linear regression and the Pearson correlation coefficient of canopy temperature measured
at vegetative stage (V), heading (H), and grain filling (F) versus grain yield (A) and biological yield
(B) under continuous heat stress at wad Medani for two seasons (2016–2017 and 2017–2018).

Chlorophyll content did not correlate significantly with GY and BY. Despite the
higher correlation value between CHL and BY in comparison to GY, it was not significant
(Figure 7). No difference was observed with regard to the time of measurement under
continuous heat stress for CHL. The highest association with grain yield was obtained with
GFR in 2018 (R = 0.93) and this correlation decreased to 0.56 in 2017. Fv/Fm collected at
heading showed a significant correlation with GY (R = 0.4) in 2018 (Figure 8).

Figure 6. Linear regression and the Pearson correlation coefficient of normalized difference vegetation
index (NDVI) measured at vegetative stage (V), heading (H), and grain filling (F) versus grain yield (A)
and biological yield (B) under continuous heat stress during two seasons (2016–2017 and 2017–2018).
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Figure 7. Linear regression and the Pearson correlation coefficient of chlorophyll content measured
at vegetative stage (V), heading (H), and grain filling (F) versus grain yield (A) and biological yield
(B) under continuous heat stress for two seasons (2016–2017 and 2017–2018).

Figure 8. Linear regression and the Pearson correlation coefficient of maximum quantum yield of
PSII (Fv/Fm) (A) and grain filling rate (B) versus grain yield under continuous heat stress for two
seasons (2016–2017 and 2017–2018).

4. Discussion

At Tessaout, the drought penalty on the yield varied with the season rainfall and
was more severe in the first season, reflecting the unpredictable climate in which wheat
is exposed to in the Mediterranean region. Under these conditions, varieties, which are
drought tolerant and having high yield potential under more favorable conditions, are
needed to ensure higher and more stable yields. The maximum temperature at WMD was
consistently above 30 ◦C throughout the crop cycle, confirming the choice of this site as a
research platform for heat tolerance breeding.

The results showed the potential to exploit the genotypic variation for CT to select
for drought and heat tolerance. CT was more useful under heat than drought stress, as
it is significantly correlated with both GY and BY and it had moderate heritability. The
CT correlations with other traits under drought were not significant. However, it can be
considered a secondary physiological trait to increase the probability of additive gene action
for drought adaptation, as suggested by Reynolds et al. [64]. Previous studies have reported
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an advantage of the CT measurement during grain filling for both genetic variations and
correlations to GY under drought [17,47]. In fact, grain filling is the most vulnerable stage
to drought stress [65], which can allow to identify tolerant from susceptible genotypes.

Taking into consideration the balance between high genotypic variation and strong
association to GY and BY, the present results suggest that early heading stage is suitable
to use CT for heat tolerance screening. CTv can also be recommended because of its high
association to GY and BY, which could be explained by the fact that, under continuous
heat stress, heat damage increases through the cycle and genotypes that can avoid early
thermal shock will accumulate less damage in later stages. Lines with higher biomass
had cooler CT during all stages, which is important, as BY explained the highest variation
in GY at WMD [10]. Cooler CT and higher BY are associated with deeper root systems
and root spreading, contributing to avoidance of heat stress as reported by previous
studies [19,20,66]. The importance of CT in heat tolerance was confirmed by many studies,
which also identified several marker-trait associations and QTLs for canopy temperature
under heat stress [18,67–69]. Some of these QTLs had pleiotropic effects on grain yield and
other related traits.

For chlorophyll fluorescence parameters, the correlation between Fv/Fm and GY
under rainfed conditions at Tessaout and at WMD was significant, which suggests Fv/Fm
as an effective selection criteria for both drought and heat tolerance. However, low and in-
consistent heritability could be the major limitation for Fv/Fm to select in early generations.
Low [30] to moderate [70] heritabilities were reported for Fv/Fm under drought stress
with significant correlation to GY. However, high heritability was found at anthesis for ter-
minal heat stress [32] and under controlled (heat stressed) conditions at seedling stage [71].
Drought was reported to damage the PSII and decrease Fv/Fm [26,72,73]. In the present
study, the limited genetic variation for Fv/Fm did not allow us to compare TSIR and TSRF
during the same season in order to assess this damage. Chlorophyll fluorescence showed
more potential to be used for heat than drought screening as the correlation with GY was
higher at WMD. In addition, the Fv/Fm range at WMD was lower than what is reported
for healthy plants [74], confirming the effect of continuous heat stress on Fv/Fm [35].

CHL showed high genetic variation at the heading stage. However, it did not correlate
significantly with GY and the other traits. This could mean that chlorophyll content is not
a determinant of the photosynthetic rate. In fact, Akter and Rafiqul Islam [75] reported
that several processes are involved in the determination of photosynthetic rate under
heat stress. Despite the confirmed heat effect in reducing CHL [34,76,77], selection using
CHL under chronic heat stress should be used with caution. Its association with stay
green [24,78], which could expose the plants to more stress during reproductive stage,
leading to yield penalty.

The measurement of NDVI during the vegetative stage showed the possibility to
identify and select heat tolerant genotypes. Measurements performed at later stages
(NDVIh and NDVIf) did not present any advantage and NDVIf was the least effective
in terms of correlation with all other major traits. The significant correlation of NDVIv
with CTv and BY suggests the possibility to select lines integrating multiple tolerance
mechanisms in early growth stages. Similar findings were reported for NDVI at the
vegetative stage by Pinto et al. [67] who identified several QTLs on A and B genomes. This
supports the choice of using durum wheat direct progenitors (donors of A and B genome)
from the primary gene pool to improve abiotic stress tolerance with polygenic inheritance,
as suggested by Valkoun [51]. Pradhan et al. [18] also found a positive association between
NDVI at heading and grain yield. They also identified several marker-trait associations
(MTAs) under heat stress. It is, however, important to consider germplasm with similar
phenology when collecting NDVI and avoid very late and winter/facultative genotypes in
the analysis.

GFR can be recommended as efficient screening criteria for heat tolerance. It had
the highest correlation to GY during both seasons. GFR can be easily computed for large
breeding populations with accurate recording of anthesis and maturity time. The correla-
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tion of GFR and BY could be associated with the importance of assimilates availability to
improve efficient translocation toward the grains. The usefulness of GFR is also derived
from its ability to determine the final grain weight, which is a major yield component with
high genetic plasticity [79–81]. Knowing that BY and thousand kernel weight explained
together more than 40% of GY variation under the same conditions of the present study at
WMD [10], GFR can increase the selection efficiency under chronic heat stress. A high filling
rate can also compensate for the reduction of spike fertility and filling period, which are, in
turn, reduced by heat stress [8,77,82]. In addition, the contribution of GFR to grain yield
was reported to be more important than filling duration under terminal heat stress [83].

The drought tolerance and susceptibility indices showed different accuracies to select
drought-adapted genotypes based on the groups identified by Fernandez [44]. The suscepti-
bility indices (TOL and DSI) were less effective than tolerance indices (DTI, MP, and MsSTI)
to select suitable lines for drought stress. According to Mohammadi et al. [46], MP and DTI
can be used alternatively as they were correlated with each other and, therefore, selected
the same genotypes. Using the scores, the present results showed that DTI is more efficient
under drought stress while MP included some lines with moderate performance under
drought stress. Selection based on MP is privileged in regions where drought stress occurs
at equal frequencies as favorable conditions [43], which is the case in the Mediterranean
region. The level and duration of drought stress could be responsible for various results of
correlation among indices. This explains the identification of different best suitable indices
in multiple studies. For example, Farshadfar et al. [84] suggested that DTI and TOL had
the same selection ability while Gholinezhad et al. [49] identified MsSTI, MP, and DTI as
the most efficient screening indices under moderate and severe drought stress. In another
study by Farshadfar et al. [85], TOL and DTI were clustered in different groups and MsSTI
was identified as an efficient selection index. These differences show that the ideal index
to use could be environment-specific depending on the stage, duration, and severity of
drought stress. Therefore, combining different indices provides breeders with the ability to
increase the selection efficiency depending on the targeted environment. Thiry et al. [50]
computed MSI based on the scores of five indices (DSI, TOL, MP, GMP, and STI), which
resulted in a determination coefficient of 0.98 with GY under heat stress. In the present
study, MSI was computed including only the effective indices at Tessaout (MP, DTI, DSI,
and MsSTI). The efficiency of MSI is shown in the coefficient of determination with GY at
TSRF (0.92). MSI selected efficiently the genotypes with a high yield under both optimal
and stressed conditions. Therefore, the use of scores and adapted MSI can be recommended
as a flexible tool to use the drought tolerance/susceptibility indices.

The results also showed the potential of crop wild relatives to increase genetic variation
for the physiological traits involved in heat and drought tolerance. For instance, the line
142001 (Haurani*2/T. urartu) can be a source for cooler CT during the vegetative stage
and higher CHL under heat. This line was previously recommended for its earliness at
WMD [10], which means that it can combine both escaping and avoidance mechanisms
to continuous heat stress. Under drought stress, several lines derived from T. urartu,
T. aegilopides, and T. dicoccoides were characterized by cooler CT. An improvement in yield
under terminal drought stress was also reported with lines derived from crosses with
T. dicoccoides [41]. By selecting wild parents originating from heat and drought-prone
environments, the expected derived lines can lead to drought and heat tolerant germplasm.
Therefore, for further selection of wild parental germplasm, the aridity index can be an
important factor. Peleg et al. [86] also reported the potential of Triticum dicoccoides collected
from hot and/or dry environments to improve drought tolerance in durum wheat. This
supports use of wild relatives, mainly from the primary gene pool, for drought and heat
tolerance breeding.

5. Conclusions

High genetic variation was found for yield and physiological traits in the population
derived from interspecific hybridization. This means that harnessing CWR from the
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primary and secondary gene pool can widen the genetic base for wheat breeders to cope
with the adverse effects due to climate change. It can supply sources of physiological
traits involved in continuous heat avoidance mechanisms, such as NDVI and CT. These
traits can contribute to yield genetic gains through additive gene action. CWR, especially
from the primary gene pool, can also contribute directly to yield improvement under
drought stress without affecting the yield potential. The combination of different drought
tolerance/susceptibility indices showed the potential to increase the selection efficiency of
superior genotypes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11040695/s1. Figure S1: dendrogram of the groups identified based on the clusters
using the drought tolerance/susceptibility indices. Table S1: List of durum wheat lines evaluated for
heat and drought tolerance. Table S2: List of the durum wheat lines selected for drought tolerance
based on the mean score index (MSI).
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