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Abstract: Stem reserves in grain crops are considered important in grain filling under post-anthesis
stress in the absence/low availability of photosynthetic assimilates. Considerable variation is present
among genotypes for stem reserve translocation in wheat. Therefore, this study aimed to exploit the
phenotypic variation for stem reserve translocation in wheat under control and chemically induced
stress conditions. The phenotypic variation among six parents and their corresponding direct cross
combinations was evaluated under induced stress conditions. The results signify the presence of
considerable variation between treatments, genotypes, and treatment-genotype interactions. The
parent LLR-20 depicted the highest translocation of dry matter and contribution of post-anthesis
assimilates under induced-stress conditions. Similarly, cross combinations Nacozari × LLR22,
Nacozari × LLR 20, Nacozari × Parula, Nacozari × LLR 21, LLR 22 × LLR 21, and LLR 20 × LLR 21
showed higher source-sink accumulation under induced-stress conditions. The selected parents and
cross combinations can be further utilized in the breeding program to strengthen the genetic basis for
stress tolerance in wheat.

Keywords: stem reserves; photosynthetic assimilates; abiotic stress; combining ability; translocation

1. Introduction

Pakistan is among the countries with the rising adversary of climate change [1] in
terms of increasing temperatures and random rainfalls [2]. Achieving maximum yield
under the climate change scenario is critical for sustainable agriculture [3]. Increased
evapotranspiration with the increase in annual temperature has emerged as a natural
hindrance in arid zones [4], resulting in reduced crop production. Wheat production, both
in irrigated and rainfed areas, is hampered due to environmental stresses [5]. Therefore,
it is pertinent to exploit existing germplasm for developing new cultivars tolerant to the
changing environment [6,7].

Terminal drought stress at the grain filling stage has been considered a major fac-
tor affecting the optimum yield [8]. Stabilizing grain yield under stress conditions is
likely influenced by storage of photosynthetic assimilates and their efficiency remobi-
lization [9,10]. Stem reserves are critically involved in yield enhancement by improving
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grain filling [11,12]. Generally, stem reserves are water-soluble carbohydrates [13], radially
available for translocation to other plant parts. However, their ability to translocate is
highly specific to the genotype and environmental conditions [14]. Previously published
statistics have suggested a 50% decrease in the mobilization of stem reserves in cereals,
including wheat, under dryland conditions compared to irrigated conditions [15]. Further-
more, due to reduced photosynthesis after anthesis, current photosynthetic assimilates
reduced, gradually affecting the grain filling [16]. Severe environmental stress may reduce
grain filling, leaf desiccation, and reduced photosynthesis [17–19]. Genotypes with the
ability to mobilize the stem reserve under stress conditions are likely to yield better [13].
Therefore, along with other breeding strategies to cope with climate change, breeding for
stem reserves is important.

Wild progenitors, landraces, and obsolete accessions are excellent sources for cu-
mulating desirable variation in cultivars [20]. Genotypes with the ability to translocate
stem reserves as a carbon source for grain filling can play a crucial role in environmental
stress conditions to overcome/minimize yield losses. The study was aimed to exploit local
landraces of wheat for efficient utilization of stem reserves under induced senescence con-
ditions. We performed a systematic study to evaluate local landraces, obsolete accessions,
and F1 progeny under induced senescence as stress stimuli.

2. Results

We evaluated wheat genotypes under control and induced stress conditions for phe-
notypic traits related to stem reserve mobilization. The values of different plant traits of 21
genotypes, including 15 direct cross combinations and 6 parental lines, were subjected to a
two-factor analysis of variance [21]. The results exhibited highly significant (p < 0.01) dif-
ferences among all genotypes for studied traits (Table 1). Analysis of variance also showed
significant differences among control and treated conditions. Similarly, genotype-treatment
interaction was also found significant.

Table 1. Mean squares for six wheat varieties and fifteen F1 crosses.

SOV Df DMA DMM TDM TE CPA

Replication 2 2334.381 ns 2971.341 ns 9122.198 ns 3.133 ns 7.41 ns
Treatment (T) 1 243.056 ** 38,006,177.7 ** 10,549,093 ** 11,600.643 ** 43,260.51 **

Error 2 1811.937 278.167 2468.865 7.198 0.872
Genotype (G) 20 1,835,737.2 ** 2,096,902.058 ** 1,045,662 ** 1160.817 ** 2246.031 **

T × G 41 748.772 ** 212,916.902 ** 242,712.4 ** 322.716 ** 639.084 **
Error 80 1661.159 636.312 5210.865 4.009 5.298

CPA, contribution of post-anthesis assimilate; DMA, total dry matter at anthesis (g); DMM, total dry matter at maturity (g); SOV, source of
variation; TDM, translocation of dry matter (g); TE%, translocation efficiency percentage. ** Significant at p < 0.01.

Effect of Induced Stress

The two-factor ANOVA suggested significant variation under control and induced
stress conditions among different genotypes. To compartmentalize the phenotypic vari-
ation, we further analyzed the data for combining ability analysis. Analysis of variance
for combining ability is presented in Table 2. A separate analysis for both control and
induced stress treatment emphasized significant differences for general combining ability
(GCA) and specific combining ability (SCA) for all the traits under study. A likelihood ratio
(LR) test for homogeneity of variance depicted significant differences in error variance
(Table 3). Therefore, it is speculated that heterogeneity is important for consideration in this
experiment, and all analyses were performed supposing heterogeneity of variance between
stress and non-stress/control conditions. For illustration, we report genotype means for
the two experiments for different traits (Figure 1). Comparisons of mean values suggested
non-significant differences for DMA (dry matter at anthesis); however, it took a toll, and
dry matter reduced significantly at maturity (DMM) under induced stress conditions
(Figure 1B). The differences in the dry matter at anthesis suggest considerable translocation
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under induced stress conditions and signify the importance of translocation under stress
environments. Similarly, results for TE% (translocation efficiency), CPA (contribution
of pre-anthesis assimilates), and TDM (translocation of dry matter) depicted differential
behavior under control and induced stress treatments (Figure 1C–E). The genotypes also
showed significant variation for each trait.
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(E) genotype means for TDM (translocation of dry matter).
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Table 2. ANOVA (F = F-values and p = p-values) for combining ability.

SOV Df
TGW (g) DMA (g) DMM (g) TDM (g) TE% CPA

F p F p F p F p F p F p

Cont.

Rep 2 1.02 ns 0.07 ns 5.26 ** 1.77 ns 3.4 0.043 3.21 ns
Gen 20 66.75 *** 1254.2 *** 2782.4 *** 478.6 *** 490.1 *** 658.4 ***
GCA 5 100.62 *** 1561.53 *** 1702.4 *** 171.21 *** 136.55 *** 379.5 ***
SCA 15 55.46 *** 1151.82 *** 3142.5 *** 581.16 *** 608.03 *** 751.42 ***

St

Rep 2 0.1 ns 1.59 ns 0.98 ns 1 ns 0.98 0.3849 0.34 ns
Geno 20 2609.16 *** 351.94 *** 1252.9 *** 63.84 *** 140 *** 202.06 ***
GCA 5 3986.5 *** 447.01 *** 2143 *** 16.03 *** 83.52 *** 58.63 ***
SCA 15 2150.05 *** 320.25 *** 956.01 *** 79.78 *** 158.9 *** 249.87 ***

CPA, contribution of post-anthesis assimilate; DMA, total dry matter at anthesis (g); DMM, total dry matter at maturity (g); G, genotypes;
GCA, general combining ability; Rep, replication; SCA, specific combining ability; SOV, source of variation; TDM, translocation of dry
matter (g); TE%, translocation efficiency percentage; TGW, 1000-grain weight (g). ** Significant at p < 0.01; *** Highly significant at p < 0.001.

Table 3. Error variances of individual experiments for the five traits and LR test for homogeneity of variance.

Experiment TGW (g) DMA (g) DMM (g) TDM (g) TE% CPA

Control 0.68 739.47 467.69 1501.93 1.0299 1.6321
Induced Stress 0.0201 2582.85 804.93 8919.8 6.989 8.9604

LR-Test for Homogeneity
of Variance

x2 87.74 14.72 2.91 28.26 32.14 26.05
p <0.0001 0.0001 0.0879 <0.0001 <0.0001 <0.0001

CPA, contribution of post-anthesis assimilate; DMA, total dry matter at anthesis (g); DMM, total dry matter at maturity (g); TDM,
translocation of dry matter (g); TE%, translocation efficiency percentage; TGW, 1000-grain weight (g).

To further understand the variation among genotypes, we performed F-tests (sequen-
tial, Type 1) and estimated the significance level of replicate-treatment, genotype, and
genotype-treatment interaction. The results suggested significant treatment-genotype in-
teraction for all traits except dry matter at anthesis (Table 4), signifying the influence of
induced-stress treatment on gene action of the respective traits. Similarly, except DMA, all
traits showed significant interaction for both the SCA and GCA effects (Table 4).

Table 4. F-tests (sequential, Type I) of effects for replicate-treatment, genotype, and genotype-treatment interaction in a joint
analysis of both trials.

SOV Df TGW DMA (g) DMM (g) TDM (g) TE% CPA

Replicate-Treatment 5
F 897.38 0.68 11779.9 399.78 571.44 1610.19
p <0.0001 0.64 <0.0001 <0.0001 <0.0001 <0.0001

Genotype 20
F 250.6 1105.09 3295.4 200.67 289.55 424.08
p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

GCA 5
F 402.6 1389.95 3430.09 23.87 77.72 50.77
p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

SCA 15
F 199.94 1010.14 3250.52 259.68 360.16 548.52
p <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Genotype-Treatment 20
F 28.87 0.45 334.61 46.58 80.49 120.67
p <0.0001 0.9749 <0.0001 <0.0001 <0.0001 <0.0001

GCA-Treatment 5
F 21.75 0.2 532 52.95 102.95 165.38
p <0.0001 0.9631 <0.0001 <0.0001 <0.0001 <0.0001

SCA-Treatment 15
F 31.25 0.54 268.81 44.47 73 105.77
p <0.0001 0.9099 <0.0001 <0.0001 <0.0001 <0.0001

CPA, contribution of post-anthesis assimilate; DMA, total dry matter at anthesis (g); DMM, total dry matter at maturity (g); GCA, general
combining ability; SCA, specific combining ability; SOV, source of variation; TDM, translocation of dry matter (g); TE%, translocation
efficiency percentage; TGW, 1000-grain weight (g).
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Stress resistance index (SRi) was calculated for each trait, as previously described by
Piepho et al. [14]. Stress resistance index as interaction contrast, the pairwise difference
between control and induced stress treatment for a specific trait, was compared against
the average over genotypes. The results are presented in Table 5. Based on SRi, we
estimated tolerant genotypes for each trait under study. For instance, cross combinations
Nacozari × CB 42 and LLR 22 × LLR 21 and parent CB 42 depicted tolerant behavior
for TGW under induced stress conditions. Similarly, parent LLR20 showed relatively
tolerant behavior for translocation of dry matter, while parents Nacozari, CB 42, and LLR
21 depicted negative SRi. The negative SRi depicted a stress-susceptible response. However,
parents LLR22 and Paula depicted non-significant SRi, emphasizing the negligible role
of stem reserve translocation under stress conditions. Cross combinations Nacozari ×
LLR22, Nacozari × Paula, Nacozari × LLR 20, Nacozari × LLR 21, LLR 20 × LLR 21, and
LLR 22 × LLR 21 depicted higher accumulations of dry matter, i.e., tolerance behavior.
In contrast, cross combinations Nacozari × CB 42, LLR 20 × CB 42, LLR 22 × CB 42,
LLR 20 × Paula, and CB 42 × LLR 21 depicted susceptible behavior under stress conditions
with negative SRi.

Table 5. Estimates of differences between control and drought treatment for contrast (“entry vs. all entries”) with standard
error (SE).

Genotype TGW (g) DMA (g) DMM (g) TE% TDM CPA
SRi p SRi p SRi p SRi p SRi p SRi p

Nacozari −0.3 1.0 1.3 1.0 333.1 <0.0001 −312.9 <0.0001 −11.1 <0.0001 −7.4 0.0
Nacozari × LLR22 −1.0 0.6 4.8 1.0 −869.9 <0.0001 969.9 <0.0001 31.0 <0.0001 36.8 <0.0001
Nacozari × LLR 20 4.5 <0.0001 −16.9 1.0 −643.8 <0.0001 452.2 <0.0001 15.5 <0.0001 9.3 <0.0001
Nacozari × CB 42 0.2 1.0 15.3 1.0 349.6 <0.0001 −637.7 <0.0001 −16.1 <0.0001 −54.5 <0.0001
Nacozari × Paula −0.6 1.0 3.0 1.0 −713.1 <0.0001 559.7 <0.0001 17.9 <0.0001 31.2 <0.0001
Nacozari × LLR21 −2.7 <0.0001 7.2 1.0 85.0 0.0 −305.2 <0.0001 9.3 <0.0001 24.9 <0.0001

LLR 22 −4.9 <0.0001 31.0 1.0 211.0 <0.0001 −304.8 <0.0001 −4.4 0.2 −7.1 0.0
LLR 22 × LLR 20 1.4 0.1 −53.3 0.9 −95.3 0.0 102.6 0.8 0.6 1.0 8.7 0.0
LLR 22 × CB 42 0.4 1.0 11.4 1.0 42.3 0.6 −129.1 0.5 −15.4 <0.0001 −3.3 0.8
LLR 22 × Paula −0.9 0.7 −4.3 1.0 −20.8 1.0 20.7 1.0 2.8 0.9 1.7 1.0

LLR 22 × LLR 21 4.8 <0.0001 −22.5 1.0 127.3 <0.0001 −169.0 0.1 11.5 <0.0001 12.7 <0.0001
LLR 20 −0.2 1.0 13.9 1.0 −495.4 <0.0001 647.5 <0.0001 21.0 <0.0001 4.3 0.4

LLR 20 × CB 42 −0.5 1.0 14.6 1.0 482.9 <0.0001 −571.5 <0.0001 −32.1 <0.0001 −27.9 <0.0001
LLR 20 × Paula 3.9 <0.0001 21.6 1.0 76.2 0.0 −144.5 0.3 −11.4 <0.0001 0.3 1.0

LLR 20 × LLR 21 −1.7 0.0 18.8 1.0 0.3 1.0 521.5 <0.0001 17.3 <0.0001 29.9 <0.0001
CB 42 5.6 <0.0001 −4.3 1.0 537.2 <0.0001 −307.6 <0.0001 −12.8 <0.0001 −25.1 <0.0001

CB 42 × Paula −0.6 1.0 −36.5 1.0 435.7 <0.0001 −364.3 <0.0001 4.1 0.3 5.9 0.1
CB 42 × LLR 21 −2.1 0.0 −28.5 1.0 228.5 <0.0001 76.3 1.0 −11.5 <0.0001 −15.0 <0.0001

Paula −0.3 1.0 −22.9 1.0 80.4 0.0 23.8 1.0 −1.3 1.0 −16.0 <0.0001
Paula × LLR 21 −3.5 <0.0001 1.3 1.0 −305.0 <0.0001 138.6 0.4 −3.3 0.6 4.3 0.4

LLR 21 −1.5 0.1 45.0 1.0 153.9 <0.0001 −266.3 0.0 −11.3 <0.0001 −13.7 <0.0001
SE 0.5 34.1 21.1 60.4 1.7 1.9

CPA, contribution of post-anthesis assimilate; DMA, total dry matter at anthesis (g); DMM, total dry matter at maturity (g); SRi, stress
resistance index; TDM, translocation of dry matter (g); TE%, translocation efficiency percentage; TGW, 1000-grain weight (g).

We further evaluated variance parameters and derived quantities to understand the
random effects of genotypes. The results are presented in Table 6. The ratio (CR/DR)
of correlated response to selection under control treatment and selection under stress
treatment were taken into account for direct selection under stress treatment, as previously
elaborated by [22]. The result shows that direct selection under treatment 2 is preferable
for all traits except dry matter at anthesis (Table 6).
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Table 6. Variance parameter estimates, heritabilities, and correlated response (CR) ratio over direct response (DR) to
selection for the six traits.

SOV TGW (g) DMA (g) DMM (g) TE% TDM CPA

σ2
g(control) 14.9024 308,943.45 433,260.52 239,132.1 167.9183 357.66478

σ2
g(drought stress) 17.4721 302,552.56 335,651.14 186,835.69 323.94253 600.51176

ρg(control),g(drought stress) 0.8016 1 0.8226291 0.6330897 0.5989808 0.5778774
σ2

e(control) 0.6800 696.74361 467.69211 1501.9254 1.0298581 1.632095
σ2

e(drought stress) 0.02010 2162.5795 804.93264 8919.8047 6.9890113 8.9604112
Hcontrol 0.9850 0.9992488 0.9996403 0.9979108 0.9979598 0.9984812

Hdrought stress 0.9996 0.9976231 0.9992013 0.9843355 0.9928597 0.9950509
CR/DR 0.7957 1.0008145 0.8228098 0.6374404 0.6005172 0.5788727

σ2
GCA 1.4321 13,408 5930.75 885.84 0.00000 0.00

σ2
SCA 10.0279 13,927 63,706 79,752 146.22 282.74

σ2
GCA×treatment(control) 0 6673.19 591.43 1541.84 0.0000 16.7078

σ2
SCA×treatment(control) 2.1136 53,856 38,929 45,475 24.2590 56.1866

σ2
GCA×treatment(drought stress) 0 4532.98 4049.25 146.24 8.3914 0.00

σ2
SCA×treatment(drought stress) 4.3910 46,997 13,982 18,935 167.32 315.65

CPA, contribution of post-anthesis assimilate; DMA, total dry matter at anthesis (g); DMM, total dry matter at maturity (g); TDM,
translocation of dry matter (g); TE%, translocation efficiency percentage; TGW, 1000-grain weight (g).

3. Discussion

Wheat is a major grain crop due to its nutritional value and wide acceptability world-
wide [14,23,24]. However, adversities associated with climate change are major challenges
to meet the ever-increasing demand of food supply with the increasing population [25–27].
Therefore, breeding for stress tolerance has been the focus of many studies during the
past few decades. There are many techniques to understand and exploit stress mecha-
nisms, mainly specific to the stress conditions, i.e., water-stress [28], salt-stress [29,30],
nutrient-stress [31], or temperature-stress [19,32–34]. Stem reserves, as water-soluble car-
bohydrates, are the major source of carbon for grain filling under stress conditions [35].
Furthermore, after anthesis, when photosynthesis is reduced [16], stem reserves provide a
source for grain filling. However, plants’ response towards stem reserve translocation is
highly specific and varies considerably between genotypes [11]. Therefore, it is important
to understand the existing variation in the germplasm and utilize it for further breeding
programs. This study aimed to provide an efficient method for screening the germplasm
for stress tolerance under chemically induced stress conditions, which can be utilized as a
generalized response towards stress.

The experiment consisted of two treatments: treatment 1 was kept as control under
rainfed conditions, and treatment 2 was chemically induced stress treatment. The method-
ology used for chemical desiccation of plants was adapted from Blum et al. [11]. Potassium
iodide was used as a chemical desiccant. Previously reported statistics suggested stem
reserve translocation as an important indicator for selection under stress conditions [36,37].
Therefore, we selected six parents and their direct crosses to screen for variation in geno-
types regarding stem reserve translocations. Similar studies have been conducted to exploit
the stem reserve for the reproductive sink in grain crops, viz., wheat [36,38], maize [39,40],
and rice [41,42]. Chemical desiccation provides excellent stimuli for stress, and resulting
responses can be categorized as generalized stress responses [41,43].

Presented results depicted statistically significant variation among genotypes in re-
sponse to chemically-induced stress. These results are in line with previous reports sug-
gesting genotype-specific responses towards induced stress in different crops [44–47].
After the development of semi-dwarf genotypes with increased yield, the post-green
revolution era resulted in reduced accumulation of water-soluble carbohydrates in the
stem [44]. Therefore, it is pertinent to exploit the natural variation present in wild rela-
tives and obsolete accessions. We used six parental lines, including four local landraces
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and two obsolete accessions. Parental lines and direct cross combinations (21 in total)
depicted (supported by the presented data analysis) differential responses under control
and induced-stress treatment. Furthermore, results indicated heterogeneity, previously
explained by Resende et al. [48], as an important consideration between the control and
induced-stress conditions. F-statistics also suggested significant variation for all the traits
corresponding to genotypes, GCA, SCA, genotype-treatment interaction, GCA-treatment
interaction, and SCA-treatment interaction.

The stress tolerance index, a relative measure of stress, is an important indicator for
selecting specific traits under stress conditions [14]. Our results depicted considerable
variation among genotypes for their stress tolerance indices for different traits. This
variation can be further utilized in breeding programs to exploit stem reserve translocation
in wheat to cope with devastating effects of stress, especially in rainfed areas where terminal
stress is a common environmental attribute. The design and analysis can also be utilized in
breeding programs for efficient germplasm screening for future breeding.

4. Materials and Methods
4.1. Plant Material

The experimental materials comprised six wheat local landraces and obsolete ac-
cessions, viz., Nacozari, LLR-20, LLR-21, LLR-22, CB-42, Paula, and 15 F1 populations
(only direct crosses). The lines were previously screened and identified for stem reserve
translocation. The screening was done for the total dry matter at anthesis (g), total dry
matter at maturity (g), translocation of dry matter (g), translocation efficiency percentage,
the contribution of post-anthesis assimilate associated with stem reserve mobilization, and
other yield-related morphological characters. The screening study was conducted during
the wheat growing season (planted in autumn and harvested in spring).

4.2. Induced Senescence as Stress Stimuli

The experiment for combining ability studies was planted in the next growing season.
All the experiments were performed in the experimental area, Department of Plant Breeding
and Genetics, PMAS Arid Agriculture University Rawalpindi, Pakistan.

All the F1 hybrids and their parents were arranged in randomized complete block
design in field conditions, and the experiment was conducted in triplicate. Two sets of this
experiment were sown under rainfed conditions, with one kept as control while the other
was treated with potassium iodide at 50% anthesis stage to create chemical desiccation.
Two seeds hole−1 were sown with the help of a dibbler in rows (5 m each) with row × plant
spacing of 15 cm × 15 cm. After germination, thinning was done to maintain one seedling
hill−1 after germination. All other cultural and agronomic practices (seed treatment, time of
sowing, fertilization, pest and disease control, thinning, etc.) were kept uniform following
local recommendations to maintain stress-free crop throughout the growing season. At
maturity, ten guarded plants from each replication were randomly selected for recording
data for the traits.

4.3. Data Collection

The data were recorded for the traits (listed below) at the required stage from ten
guarded plants randomly selected from each replication.

4.3.1. Areal Plant Biomass Treated

At maturity, ten un-thrashed plants were randomly harvested from each experimental
unit treated with potassium iodide and weighed using an electric balance (grams). Some
derived parameters were also calculated related to biomass and translocation of stem
reserves according to the method described by Papakosa and Gagianas [49]:

Dry matter mobilization = DMA − DMM
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where dry matter mobilization is in mg plant−1, DMA is dry matter at anthesis, and DMM
is dry matter at maturity.

Translocation e f f iciency (%) =
Dry Matter Mobilization

DMA
× 100

where DMA is dry matter at anthesis.
Contribution of assimilates to grain (%) = (Mobilization of dry matter/grain weight) × 100

Assimilate contribution to grain (%) =
Dry Matter Mobilization

Grain Weight
× 100

4.3.2. Areal Plant Biomass for Control

The areal plant biomass of plants grown under rainfed conditions was measured
according to the method for areal plant biomass for treated plants.

4.4. Statistical Analysis

The data collected for all the traits were subjected to analysis of variance according to
Steel et al. [50]. AOV-function in R-software was employed to perform analysis of variance
(R Foundation for Statistical Computing, Vienna, Austria https://www.r-project.org/, ac-
cessed on 10 December 2020). LR tests for homogeneity of variance were conducted accord-
ing to Stehlik et al. [51]. Further analysis to understand the variation in dry matter translo-
cation as stress response was estimated using the model suggested by Piepho et al. [14].

5. Conclusions

The variation among genotypes can be further utilized in the breeding programs
to exploit stem reserve translocation in wheat to cope with devastating effects of stress,
especially in rainfed areas where terminal stress is a common environmental attribute. The
design and analysis can also be utilized in breeding programs for efficient germplasm
screening for future breeding. The selected parents and cross combinations can be further
utilized in the breeding program to strengthen the genetic basis for stress tolerance in wheat.
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