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Abstract

Drought stress seriously challenges wheat production and productivity. Grain biomass

(GB) and related traits were assessed under drought stress and non-stress for 285 and

185 durum wheat genotypes, respectively, in field and climate chamber experiments to

identify quantitative trait loci (QTL). Significant correlations between traits estimated in

field and climate chamber trials were observed (p < .001). Genotyping with the wheat

90 K iSelect single nucleotide polymorphism (SNP) array revealed 11,919 polymorphic

SNP markers distributed across the durum wheat genome. The FarmCPU (Fixed and

random model Circulating Probability Unification) method was used for genome-wide

association studies (GWAS). A total of 191 significant (�log10p ≥ 4) marker-trait asso-

ciations (MTAs) were detected at a linkage disequilibrium (LD, r2 ≥ .2) at 4.78 Mb and

were clustered into 70 QTLs. A total of 69 (36%) of the MTAs passed a false discovery

rate (FDR) of 5%. The numbers of QTLs detected were 21, 31, 9 and 9 under field

drought stress (FDS), field non-stress (FNS), climate chamber drought stress (CCDS)

and climate chamber non-stress (CCNS) conditions, respectively. About 43% and 57%

of the QTLs were located on the A and B genomes, respectively. Some of the detected

QTLs were in agreement with previously reported QTLs, while others are novel ones

for the traits investigated. QTLs on 1A between 495694477and -501944537bp, on 3B

between 416256124 and 430507900 bp, on 3B between 745357158 and 759608934

bp, on 4B between 593416763 and 605142497 bp and on 4B between 658785890

and 670511624 bp were selected for validation and may be used to increase grain

yield under drought stress in marker-assisted selection (MAS) schemes.

Key message

Genome-wide association studies (GWAS) enabled detecting novel quantitative trait

loci (QTLs) and identifying single nucleotide polymorphism (SNP) markers associated

with grain biomass and correlated traits for drought stress tolerance in durum wheat

based on a combination of climate chamber and multiyear and multilocation field

experiments.
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1 | INTRODUCTION

Drought is one of the most serious abiotic factors challenging wheat

production and quality internationally and especially in sub-Saharan

Africa (Mwadzingeni et al., 2017; Zampieri et al., 2017). In the worst

scenario, it leads to plant death which results in a total yield loss

(Nakashima et al., 2014). Grain yield reduction due to drought at

40% water reduction has been reported to be 20.6% in wheat and

39.3% in maize (Daryanto et al., 2016). On the other hand, it has

been published that due to high population pressure by 2050, the

demand for wheat is estimated to increase by 60% (FAO, 2013).

Furthermore, in the developing world, more than 50% of wheat

(50 million ha) is produced under a rain-fed system where rainfall is

highly erratic (Gupta et al., 2017). Additionally, drought in combina-

tion with inherently low-fertile soils aggravates the impact of

drought stress resulting in higher wheat yield losses (Mapfumo

et al., 2017; Nezhadahmadi et al., 2013).

In Ethiopia, durum wheat nearly accounts for 15%–20% of the

wheat production and covers 30% of the acreage grown with wheat

(Alemu et al., 2019; Negassa et al., 2012). It is of prime importance for

agricultural production in Ethiopia, as durum wheat is not only a staple

crop for food security but also is becoming a major cash crop having

10% to 20% higher prices than bread wheat (Sall et al., 2019). This is

accounted for the unique characteristics of durum wheat for making

food products such as pasta, burghul and couscous. Nevertheless,

despite the presence of over 10 million ha of land potential for wheat

production, Ethiopia still imports wheat to meet the national wheat

requirements (https://www.indexmundi.com/agriculture/?coun-

try=et&commodity=wheat&graph=imports). Water availability is the

major limiting factor for the expansion of the production of wheat

from the traditionally known growing areas in the highland to the low-

land. Despite the availability of fertile soil in the lowland, this region,

in general, has a moisture deficit and is prone to drought. In Ethiopia,

only less than 1% of the cereal acreage has access to irrigation

(Mann & Warner, 2015; Taffesse et al., 2011). Hence, the production

of important crops like wheat is limited to the highland areas, only.

One way of overcoming this problem is developing drought-tolerant

wheat varieties that are used not only to expand wheat production to

drought-prone areas but also are important to combat the recurrence

of drought in the major wheat-growing regions. Ethiopia is considered

the centre of diversity or secondary origin for durum wheat (Kabbaj

et al., 2017), which offers the great potential to identify landraces that

are tolerant to various stresses as evidenced for pathogens such as

stem rust (Klindworth et al., 2007). This may also hold for drought.

Phenotyping of quantitative traits in the field, representing realis-

tic environmental conditions and in growth chambers, which is better

to control, has paramount importance in crop breeding. Phenotyping

and genotyping of populations or landrace collections are crucial to

further define and understand traits of interest concerning complex

abiotic stresses like drought via genetic mapping (Lopes et al., 2015).

The two common genetic mapping methods are (1) linkage mapping

and (2) association mapping or linkage disequilibrium (LD) mapping

(Xu et al., 2017). Association mapping has the advantages of high res-

olution, high allelic richness, no need for developing mapping

populations and is used as a powerful tool to detect natural variation

underlying complex traits in several crop species (Wehner et al., 2015;

Xu et al., 2017; Zhu et al., 2008). The magnitude of LD and its decay

with genetic or physical distance determines the resolution of associa-

tion mapping and is useful for assessing the desired numbers of SNPs

on arrays (Vos et al., 2017). With the advent of rapid genotyping and

next-generation sequencing technologies, GWAS has become a rou-

tine strategy for mapping genotype–phenotype associations in many

species (Liu & Yan, 2019). For instance, in durum wheat, quantitative

trait loci (QTLs) were detected under drought stress for grain yield on

chromosomes 1A, 4A, 5B and 7B and days to heading (DH), days to

maturity (DM) and thousand-kernel weight (TKW) on chromosome 2B

(Sukumaran et al., 2018) and for seeds per spike (SPS) on chromosome

2B (Mengistu et al., 2016). In this study, we used a wheat 90K iSelect

SNP array facilitating the analyses (Wang et al., 2014) with a high-

density SNP-based consensus map and a physical reference sequence

of tetraploid wheat (Maccaferri et al., 2015, 2019). The objectives of

this study were (i) to identify marker-trait association (MTAs) and

QTLs for yield and related traits under field and climate chamber con-

ditions for drought stress and non-stress conditions and (ii) to assess

the correlation between respective traits under field and climate

chamber conditions.

2 | MATERIALS AND METHODS

2.1 | Study panel (SP)

A SP of 285 durum wheat accessions was used for the analyses of

drought stress tolerance in field experiments in Ethiopia (supporting

information Table S1). The genetic diversity and population structure

were described in Negisho et al. (2021). From the SP, a set of

185 durum wheat accessions was selected for phenotyping in climate

chamber experiments conducted at the Julius Kühn Institute (JKI),

Germany (supporting information Table S1), based on the drought

susceptibility index (DSI) calculated from least squares means

(lsmeans) of field data as described by Fischer and Maurer (1978).

Accordingly, based on the DSI results, a 1:2:1 ratio was used to select

drought-tolerant, medium and susceptible accessions, respectively. A

selection was needed representing the varying genotypes in the size

limited climate chambers and was based on choosing characteristic

genotypes from each group.
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2.2 | Field experiments

Field phenotyping experiments were conducted at four sites for three

seasons (2016–2018) in Ethiopia (Table 1). Biplot analysis for the rela-

tionship among environments explained 84.4% of the variation by

PCA1 and PCA2. Drought stress sites and and high-potential sites

were clustered separately (Figure S1). The three years of data from

the four sites were combined into two representing the two drought

stress scenarios. Dera and Melkassa are sites for field drought stress

(FDS), and Holeta and Debre Zeit are sites for non-drought stress

(FNS) conditions. The FDS sites are located in the rift valley and were

selected for screening genotypes for drought stress tolerance by the

Ethiopian Institute of Agricultural Research (EIAR) (personal communi-

cation). Accessions were randomized in an incomplete block alpha lat-

tice design with three replications per location and accession. Plots

were arranged in rows of 1 m (Figure 1). The spacing between rows

was 0.2 m, and sowing density was calculated based on a seeding rate

of 395 seeds/m2.

2.3 | Climate chamber experiments

A total of 185 accessions were planted in two replications for two

scenarios. The climate chamber drought stress (CCDS) variant was

20% of the maximum soil water capacity (SWC), and the non-

stress (CCNS) variant was 70% SWC. Pots with

15 cm � 15 cm � 20 cm capacity filled with 1500 g of ED73 soil

containing 70% white soil and 30% clay with pH around

6 (H. Nitsch and Sohn GmbH and Co.KG, Germany) were used for

the climate chamber experiments. Five seeds of durum wheat per

accession were planted in each pot. Subsequently, germinated

plants were thinned to three plants per pot. Watering was per-

formed by weighing each pot every other day to maintain 70%

SWC for both soil moisture variants until flowering time. At the

time of flowering (BBCH 65), the CCDS treatment abstained from

water supply until it reached 20% SWC. Then, CCNS and CCDS

treatments were maintained at 70% and 20% SWC until maturity.

The climate chamber temperature was set to 24�C during daytime

and 18�C during the night at the time of planting, with 13/11

light/dark hours, respectively. Then, to simulate the field condi-

tions, from the time of flowering until harvest, it was readjusted to

26�C during day time and 20�C at night (Figure 1).

2.4 | Phenotyping

The durum wheat panel was evaluated for 10 agro-physiological traits

under drought stress and non-stress for field and climate chamber

experiments (Table 2). Hence, grain biomass (GB), DH, grain filling

duration (DGF), DM, plant height (PH), SPAD, spike length (SL), SPS,

harvest index (HI), and TKW were investigated under field and climate

chamber conditions.

We recorded DH per pot for the climate chamber and per plot for

the field at 50% spike emergence (Zadoks stage 65), and DM when

50% of spikes turned yellow or lost green colour (Zadoks stage 87)

(Zadoks et al., 1974). We calculated DGF as the difference between

DM and DH. At physiological maturity, PH was determined by mea-

suring from the soil surface to the tip of the plant excluding awns, and

SL was obtained by measuring the spike from its base to its tip exclud-

ing the awns. The number of SPS was recorded as an average seed

count from 10 spikes per plot after harvesting spikes from ten ran-

domly selected main culms under field and from three spikes per pot

for the climate chamber. GB in gramme per plot for field and gramme

per pot for climate chamber was determined based on the weight of

harvested grain. We measured TKW by taking the weight of 1000

grains for the field experiments and it was estimated from 100 seeds

for the climate chamber experiments. HI was calculated from total GB

per plot to aboveground total biomass per plot for the field experi-

ments. Similarly, for the climate chamber experiments, HI was deter-

mined from total GB per pot to aboveground total biomass of three

plants per pot. Leaf colour was obtained indirectly with a Soil Plant

Analysis Development (SPAD) chlorophyll metre after 10 to 15 days

of flowering using a SPAD-502 Plus instrument (Minolta, Co. Ltd,

Japan). Hence, three flag leaves were selected and five readings per

selected leaf were acquired to get mean SPAD readings (Wehner

et al., 2016).

TABLE 1 Summary of rainfall, minimum and maximum temperature as well as geopositions of the field experimental sites in Ethiopia for the

three growing seasons

Temperature (�C)

Rainfall (mm) 2016 2017 2018

Location Treatmenta Latitude Longitude Altitude 2016 2017 2018 Min Max Min Max Min Max

Dera FDS 8�240N 39� 210E 1620 467 397 422 15 27 16 26 15 27

Melkassa FDS 8�200N 39� 190E 1500 371 475 401 15 28 15 29 15 29

Holeta FNS 8�100N 38�300E 2400 615 792 629 8 22 7 23 8 22

Debre Zeit FNS 8�440N 38� 580E 1900 374 368 299 12 26 13 26 13 26

Abbreviations: FDS, field drought stress; FNS, field non-stress.
aTreatment: FDS and FNS.
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2.5 | Statistical analysis of phenotypic data

The least squares means (lsmeans) were calculated by the lsmeans

package in R (Russell, 2016) and were used for further analyses.

Genotype was fixed, and years, locations, replications and blocks

were considered random. Descriptive statistics were conducted

based on the lsmeans by Rcmdr (Fox, 2017) in the R statistical

computing environment (R Core Team, 2019/URL http://www.R-

project.org/). Pearson's correlation coefficients (r) among different

traits under drought stress and non-stress conditions were calcu-

lated using the corstars function in R, and the corrplot package was

used to visualize the results (Graffelman, 2013; R Core

Team, 2019/URL http://www.R-project.org/). For the 10 agro-

physiological traits, selected correlations between the same traits

were also analysed for FDS versus CCDS, as well as for FNS versus

CCNS treatments.

The following linear mixed model was used for the combined

analysis of variance (ANOVA) by the lmer function in the lme4 pack-

age for R (Bates et al., 2015):

yilyr ¼ μþGiþLlþYyþRr LlYyð ÞþB LlYyRrð ÞþGLYilyþεilyr

where yilyr is the trait of interest in the ith accession, lth location yth

year, rth replication, μ is the overall mean, Gi is the effect of the ith

accession, Ll is the effect of the lth location (i.e., Dera and Melkassa

for FDS) and Yy is the effect of the yth year. Rr (LlYy) is the rth replica-

tion within lth location and yth year, B (LlYyRr) is the effect of kth

incomplete block within lth location, yth year and rth replication, GLY-

ily is the effect of the interaction among the ith accession, lth location

and the yth year and εilyr is the effect of residual. The effect of year

was excluded from the climate chamber experiments. The distribution

was assumed normal with mean zero and effect-specific variances.

F IGURE 1 Field and climate chamber experiments. FNS: field non-stress (Holeta and Debre Zeit), FDS: field drought stress (Melkassa and
Dera), CCNS: climate chamber non-stress = 70% soil water capacity (SWC), CCDS: climate chamber drought stress = 20% SWC. The numbers of
replications under field conditions were indicated
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TABLE 2 Descriptive statistics, heritability, and the number of significant (�log10p ≥ 4) MTA for traits analysed under drought stress and non-
stress conditions for field and climate chamber experiments

Trait Unit Trt Mean Min Max SD (%) CV (%) LSD h2 (%)

% Reduction =

(Yns-Ys/Yns)*100 MTA

GB g/plot FNS 77.10 33.00 115.00 15.60 20.25 6.62 69.60 35.79 4

FDS 49.50 24.00 80.00 11.50 23.21 4.60 61.57 6

g/pot CCNS 2.91 0.00 5.00 1.04 35.77 0.21 NA 52.41 3

CCDS 1.39 0.00 5.00 0.50 36.01 0.09 NA 8

DH days FNS 72.20 62.00 88.00 3.98 5.51 0.90 80.33 9.58 4

FDS 65.30 57.00 77.00 4.27 6.55 0.96 80.37 5

CCNS 73.00 64.00 85.00 4.58 6.28 0.72 NA 1.37 10

CCDS 72.00 57.00 96.00 6.07 8.41 0.93 NA 5

DGF days FNS 47.70 39.00 57.00 3.17 6.65 1.29 56.58 35.56 10

FDS 30.70 23.00 40.00 2.99 9.72 1.23 59.36 6

CCNS 43.58 24.00 58.00 5.88 13.50 1.05 NA 44.10 0

CCDS 24.36 12.00 40.00 5.55 22.80 1.04 NA 0

DM days FNS 120.00 113.00 129.00 3.00 2.51 1.34 48.20 19.91 7

FDS 96.00 90.00 105.00 2.56 2.67 0.99 42.00 6

CCNS 116.57 98.00 130.00 5.20 4.46 0.94 NA 17.35 1

CCDS 96.34 84.00 109.00 6.29 6.23 0.97 NA 0

SPAD free FNS 40.40 31.00 53.00 4.84 11.98 1.55 72.79 9.69 12

FDS 36.50 27.00 50.00 4.94 13.53 1.51 70.82 4

CCNS 36.90 3.00 57.00 13.40 36.37 2.78 NA 36.71 6

CCDS 23.40 4.00 58.00 12.40 52.96 2.48 NA 5

PH cm FNS 101.60 40.70 160.00 21.60 21.30 1.92 89.11 24.57 5

FDS 76.60 35.00 125.00 15.70 20.40 2.13 75.72 6

CCNS 85.30 48.00 113.00 11.70 13.74 1.73 NA 3.66 0

CCDS 82.10 46.00 120.00 11.10 13.46 1.64 NA 0

SL cm FNS 7.90 5.00 12.00 1.15 14.57 0.19 72.32 28.62 7

FDS 5.64 4.00 8.00 0.85 14.99 0.20 83.37 5

CCNS 7.16 4.00 11.00 1.46 20.45 0.15 NA 1.47 5

CCDS 7.06 4.00 11.00 1.30 18.47 0.18 NA 4

HI % FNS 50.00 35.00 70.00 6.47 12.95 2.69 52.25 21.15 9

FDS 39.40 24.00 59.00 6.29 15.95 3.29 51.40 9

CCNS 0.31 0.00 0.47 0.07 22.96 0.01 NA 28.63 6

CCDS 0.22 0.00 0.08 0.08 37.88 0.00 NA 3

SPS count FNS 28.40 20.00 42.00 4.60 16.19 1.48 74.91 27.72 7

FDS 20.60 14.00 31.00 3.96 19.26 1.19 77.56 5

CCNS 18.10 2.00 32.00 5.82 32.16 1.19 NA 13.29 0

CCDS 15.70 1.00 31.00 5.28 33.64 0.97 NA 5

TKW g/1000 FNS 38.20 29.00 49.00 4.24 11.10 1.25 70.49 22.75 3

FDS 29.50 20.00 41.00 3.34 11.31 1.22 64.70 6

CCNS 23.39 6.00 53.00 7.90 33.80 1.15 NA 29.07 3

CCDS 16.59 5.00 49.00 7.58 45.20 1.13 NA 1

Total 191

Abbreviations: CCDS, climate chamber drought stress; CCNS, climate chamber non-stress; CV, coefficient of variation (standard deviation divided by

mean)*100; DGF, grain filling duration; DH, days to heading; DM, days to maturity; FDS, field drought stress; FNS, field non-stress; GB, grain biomass; h2,

heritability; HI, harvest index; LSD, least significant difference; mean, minimum, maximum; MTA, marker-trait association; NA, not applicable (heritability

was not calculated for the climate chamber experiments since it was conducted only once with two replications for each drought variant); PH, plant height;

SD, standard deviation; SL, spike length; SPAD, Soil Plant Analysis Development; SPS, seed per spike; TKW, thousand-kernel weight. Trt, treatment.
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Broad sense heritability (h2) of traits analysed in field experiments

was calculated from variance components of location (l), year (y) and

replication (r):

H2 ¼ σ2g= σ2gþσ2gl=lþσ2gy=yþσ2gly=lyþσ2e=lyr
� �

,

where σ2g, σ2gl, σ2gy, σ2gly and σ2e are accession variance, accession

x location, accession x year and accession x location x year interaction

and error variance, respectively, and l, y, ly and r refer to the number

of locations, years, interaction of locations and years and replications,

respectively (Falconer & Mackay, 1996; Vargas-Reeve et al., 2013).

2.6 | Genotyping

Genotyping was conducted by SGS TraitGenetics GmbH

(Gatersleben, Germany) using the wheat 90K iSelect SNP array (Wang

et al., 2014). The consensus linkage map of tetraploid wheat

(Maccaferri et al., 2015) and the IWGSC RefSeq v1.0 genomic assem-

bly (International Wheat Genome Sequencing Consortium, 2018)

were applied to assign a genomic location to each SNP marker. SNP

markers with minor allele frequency (MAF) of <5%, missing data

>10% and heterozygosity >12.5% were excluded, and SNP markers

were imputed by the Beagle method in R (Browning &

Browning, 2007). Physical distance positions were aligned to the

recent Durum Wheat (cv. 'Svevo') RefSeq Rel. 1.0 (Maccaferri

et al., 2019). Finally, a total of 11,919 high confident SNP markers

were used to construct HapMap files for further MTA analyses. The

genetic population structure was estimated with STRUCTURE 2.3.4

software (Falush et al., 2003, 2007; Hubisz et al. 2009; Pritchard

et al., 2000) implementing a model-based Bayesian cluster analysis as

described in (Negisho et al., 2021).

LD, LD decay and LD plots of the durum wheat genomes (A and

B) were analysed using R packages genetics, LDheatmap and trio

(R Core Team, 2014; Shin et al., 2006; Warnes, 2013). Thus, inter-

marker genetic distances were assessed using the consensus physical

distance position of the respective SNP markers (Maccaferri

et al., 2019). LD critical value was set at r2 ≥ .2 (Oyiga et al., 2017;

Voss-Fels et al., 2015).

2.7 | GWAS

GWAS was conducted using the genome association and prediction

integrated tool (GAPIT) in R (Lipka et al., 2012). A mixed linear model

was employed for each trait by including lsmeans, and drought

treatments-based combined analysis was done for years, locations

and replications. SNP markers, kinship matrix, and q-matrix were used

as cofactors for MTA analysis (Yu et al., 2006). FarmCPU method,

which is iteratively using the fixed-effect model and the random effect

model for powerful and efficient GWAS (Liu et al., 2016), was used.

In the present study, Bonferroni–Holm correction for multiple

testing was too strict to select significant MTAs (Gaetano, 2018;

Holm, 1979). Therefore, in this study, the threshold for associated

markers was adjusted to –log10p ≥ 4 (Bai et al., 2016; Bhatta

et al., 2018; Ma et al., 2016). We also tested the MTA at FDR 5% as

p = 1/total number of SNP*0.05 = 4.19498E-06 (LOD score = 5.4)

(Benjamini & Hochberg, 1995). The phenotypic variance explained

(PVE) was calculated based on sample size, MAF, effect size and stan-

dard error of effect size for each SNP following Teslovich et al. (2010).

Identified MTAs were clustered into QTL using the critical LD decay

value, and MTAs not in LD were considered as an independent QTL

(Kidane et al., 2017; Negro et al., 2019). An MTA, which was similarily

associated with a trait or several traits under the various treatments

(FDS, FNS, CCDS and CCNS) on the same chromosome and at the

same position, was considered as an overlapping MTA (Ahmad

et al., 2014). Likewise, a QTL detected for a trait or several traits

under the various treatments (FDS, FNS, CCDS and CCNS) on the

same chromosome and within the same interval was considered an

overlapping QTL (Tricker et al., 2018). A QTL that relates to two or

more traits within the same treatment was considered as co-located

QTL, while a QTL associated with a single trait was considered as an

individual QTL (Ma et al., 2019; Sukumaran et al., 2018).

In the current study, the interval of the identified QTL was used

as input in the Triticum turgidum Durum Wheat 'Svevo' (RefSeq Rel.

1.0, Maccaferri et al., 2019) in the GrainGenes database to compare

these with previously reported QTLs. If the detected QTL did not

match with any of the reported QTLs for the trait of interest, it is

reported as likely new QTL detected in this study. Graphical represen-

tation of linkage groups and QTLs was carried out using MapChart

2.32 software (Voorrips, 2002).

3 | RESULTS

3.1 | Phenotyping

The durum wheat panel displayed broad phenotypic differences for

each of the traits under field and climate chamber drought conditions,

indicating the broad genetic diversity in the panel (supporting infor-

mation Table S2, Table 2 and supporting information Figures S3 and

S4, respectively). For all studied traits, mean values of the drought

stress treatments were lower than the mean values of the non-stress

treatments both under field and climate chamber conditions. In the cli-

mate chamber experiments, the mean value of GB was reduced by

drought stress treatment by 52.4%, which was higher than mean GB

reduction due to drought in the field (35.79%). Similarly, a higher

reduction due to drought stress was observed for SPAD and HI under

climate chamber conditions (36.71%, 28.63%) as compared with the

field (9.69%, 21.15%). Notably, in the current study, a higher reduc-

tion was obtained under field (24.57%) as compared with the climate

chamber conditions (3.66%) for PH. Boxplots illustrate the mean value

reduction for all studied traits (Figure S2 and S3). The dispersion of

the data from the mean was expressed in percentage of standard

deviation (SD%) and was comparable under field as well as climate

chamber conditions for all tested traits (Table 2). Under field

6 NEGISHO ET AL.



conditions, higher dispersion from the mean was observed for GB and

HI as compared with the climate chamber experiment. In contrast, for

SPAD and SPS, the SD% was higher under climate chamber as com-

pared with field conditions (Table 2).

Under FNS conditions, heritability of traits analysed varied

between 48.2% for DM and 89.11% for PH. Similarly, under FDS, her-

itability ranged between 42% for DM and 83.37% for SL. The current

study showed higher heritability for GB, PH, SPAD, HI and TKW

under FNS as compared with FDS conditions. However, heritability

for DH, DGF, SL and SPS was higher under FDS as compared with

FNS conditions.

The coefficient of variation (CV) was comparable for drought

stress and non-stress conditions for all same traits, except for SL, HI

and SPS under CCDS as compared with CCNS conditions.

ANOVA revealed significant (p < .0001) effects for genotype and

treatment and accession by treatment interactions for GB, DH, DGF,

DM, PH, SL, SPS and TKW under field conditions (supporting informa-

tion Table S3). Similarly, significant (p < .0001) effects were observed

among accessions and between treatments for GB, SPAD, PH, HI and

SPS for the climate chamber experiment. These results indicate high

genetic variability in the SP. However, under field conditions, no

significant difference was observed for HI between treatments and

accession by treatment interactions. Likewise, accession by treatment

interactions was non-significant for PH, SPAD, SPS and HI for the cli-

mate chamber experiment (supporting information Table S3).

3.2 | Correlation analysis

Correlations between traits investigated under FDS and CCDS condi-

tions (above diagonal) and FNS and CCNS conditions (below diagonal)

are shown in Table 3A,B. Under FDS and FNS conditions, GB was pos-

itively and significantly (p < .001) correlated with DGF (r = .46, .21),

SPAD (r = .29, .31), SPS (r = .47, .39), HI (r = .54, .44) and TKW

(r = .47, .55), respectively (Table 3A). Similarly, under CCDS and CCNS

conditions, GB was positively and significantly (p < .001) correlated

with PH (r = .48, .60), SL (r = .32, .40), SPS (r = .50, .52) and HI (r

= .39, .66), respectively (Table 3B). However, under FDS conditions,

GB was negatively and significantly (p < .001) associated with DH (r

= �.48), DM (r = �.27) and SL (r = �.24) (Table 3A). In the current

study, TKW was significantly (p < .05) correlated with GB under all the

experimental conditions except under CCDS condition (Table 3A, B).

TABLE 3 Pearson's correlation coefficients (r) between traits under FDS and FNS conditions (A) and CCDS and CCNS conditions (B)

FDS/FNS DH DM DGF PH SL SPAD SPS HI TKW GB

A

DH 0.73 �0.81 0.23 0.37 �0.18 �0.51 �0.60 �0.37 �0.48

DM 0.62 �0.20 �0.06 �0.07 0.26 �0.12 �0.27 �0.07 �0.27

DGF �0.66 0.17 �0.37 �0.59 0.48 0.62 0.63 0.48 0.46

PH 0.47 �0.05 �0.63 0.63 �0.57 �0.46 �0.49 0.06 �0.04

SL 0.52 �0.03 �0.69 0.75 �0.71 �0.62 �0.61 �0.38 �0.24

SPAD �0.21 0.32 0.58 �0.62 �0.64 0.71 0.53 0.38 0.29

SPS �0.31 0.18 0.57 �0.54 �0.57 0.69 0.68 0.38 0.47

HI �0.47 0.00 0.59 �0.63 �0.58 0.64 0.73 0.40 0.54

TKW �0.19 0.17 0.41 �0.11 �0.37 0.55 0.43 0.46 0.47

GB �0.14 0.04 0.21 0.10 �0.01 0.31 0.39 0.44 0.55

CCDS/CCNS DH DM DGF PH SL SPAD SPS HI TKW GB

B

DH 0.61 �0.28 0.00 0.10 �0.21 0.07 �0.04 0.06 0.00

DM 0.33 0.54 �0.11 �0.10 �0.10 0.08 0.19 0.31 0.10

DGF �0.59 0.57 �0.15 �0.24 0.14 0.05 0.27 0.30 0.11

PH 0.10 �0.03 �0.11 0.48 �0.01 0.59 0.00 �0.33 0.48

SL 0.15 �0.23 �0.33 0.43 �0.05 0.39 �0.09 �0.35 0.32

SPAD �0.17 0.16 0.28 0.18 0.07 0.14 0.14 �0.06 �0.04

SPS 0.00 �0.06 �0.05 0.59 0.36 0.06 0.25 �0.54 0.50

HI �0.34 �0.11 0.21 0.39 0.14 0.30 0.53 0.09 0.39

TKW �0.20 0.02 0.19 0.00 �0.06 0.40 �0.38 0.14 0.01

GB �0.14 �0.12 0.02 0.60 0.40 0.40 0.52 0.66 0.35

Note: Above diagonal indicates the correlation between traits under drought stress treatments and below diagonal shows correlation between traits under

non-stress treatments. Correlations ≥0.15 were significant at p < .05 and highlighted.

Abbreviations: CCDS, climate chamber drought stress; CCNS, climate chamber non-stress; DGF, grain filling duration; DH, days to heading; DM, days to

maturity; FDS, field drought stress; FNS, field non-stress; GB, grain biomass; HI, harvest index; PH, plant height, SL, spike length SPAD, Soil Plant Analysis

Development; SPS, seeds per spike; TKW, thousand-kernel weight. Colors indicate the degree of correlation between the trait.
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Under FDS and FNS conditions, SPAD was positively and signifi-

cantly (p < .001) correlated with GB, DM, DGF, SPS, HI and TKW and

negatively and significantly (p < .01) correlated with DH, PH and SL

(Table 3A). Likewise, under CCNS conditions, SPAD was positively

and significantly (p < .001) correlated with GB, DGF, HI and TKW. But

under CCDS and CCNS conditions, SPAD was negatively and signifi-

cantly (p < .05) correlated with DH (Table 3B).

DH and DM were positively and significantly (p < .001) correlated

under all conditions (Table 3A,B). Under FDS and FNS conditions, DH

was negatively and significantly (p < .001) correlated with DGF, SPAD,

SPS, HI and TKW. Under CCDS and CCNS conditions, DH was nega-

tively correlated with DGF and SPAD, while under CCNS conditions

DH, was negatively and significantly (p < .01) correlated with HI

and TKW.

Correlation between same traits was positive for field versus cli-

mate chamber ranging from non-significant to significant (p < .001)

(Table 4A,B). Accordingly, the correlations between GB for FDS

versus CCDS and FNS versus CCNS were positive and significant with

r = .17 and .32, respectively. Similarly, the correlations between the

same traits, namely DH, DM, DGF, PH and SL, were positive and sig-

nificant (p < .001) for FDS versus CCDS and FNS versus CCNS. Posi-

tive and significant (p < .01) correlation was also observed for SPAD

with r = .19 between FDS and CCDS, but it was non-significant for

FNS versus CCNS. Positive and significant (p < .001) correlation was

detected between SPS for FNS versus CCNS with r = .26, but the cor-

relation was non-significant for FDS versus CCDS. Correlations

between TKW for FDS versus CCDS and FNS versus CCNS were pos-

itive and significant with r = .18 and .45, respectively. In this study, HI

showed a non-significant correlation for FDS versus CCDS and FNS

versus CCNS conditions. Generally, ANOVA, descriptive analysis,

boxplots and correlations between the same traits tested under simi-

lar drought treatment for field versus climate chamber indicate a simi-

lar trend.

3.3 | LD decay

The significant (�log10p ≥ 4) MTA was clustered into QTL by the criti-

cal LD decay value (r2 ≥ .2) at 4.78 Mb. The highest LD decay was cal-

culated for the A-genome on chromosome 4A and the B genome on

chromosome 6B. Therefore, in the sets, chromosomes 4A and 3A had

the highest and the lowest decay rates, respectively. Similarly, chro-

mosomes 6B and 2B had the highest and the lowest decay rates in

the set, respectively. Chromosome 2B had a notably slower decay rate

than the others (supporting information Table S3).

3.4 | MTAs

A total of 191 significant (�log10p ≥ 4) MTAs were detected across

the whole durum wheat genome (supporting information Table S4).

The numbers of detected significant MTAs were 58, 68, 36 and 29 for

FDS, FNS, CCDS and CCNS, respectively. The highest number of

MTAs (25) was detected on chromosome 1B, and the lowest number

was detected on chromosome 3A (5). Concerning the traits analysed,

the highest numbers of MTAs detected were 27 each for SPAD and

HI, followed by 24 for DH. The lowest number of MTAs obtained was

11 for PH (Table 2 and supporting information Table S4). In the cur-

rent study, no MTA was detected for PH under climate chamber

conditions.

In this study, eight overlapping MTAs were detected associated

with multiple phenotypic traits for drought stress and non-stress con-

ditions and highlighted in yellow colour (supporting information

Table S4). Three overlapping MTAs were detected on chromosome

1B at 10778560 bp associated with DH and DM under FDS, at

534692879 bp for GB and DH under CCNS and at 381876470 bp

associated with DH and DGF under CCNS and FDS conditions,

respectively. One overlapping MTA was detected for SPS on

TABLE 4 Pearson's correlation
coefficients (r) for the same traits tested
under FDS versus CCDS conditions (A)
and under FNS versus CCNS conditions
(B) for those traits which MTAs were
analysed

A B

Drought stress treatments r (p value) Non-stress treatments r (p value)

DH_FDS vs DH_CCDS 0.47*** DH_FNS vs DH_CCNS 0.56***

DM_FDS vs DM_CCDS 0.29*** DM_FNS vs DM_CCNS 0.35***

DGF_FDS vs DGF_CCDS 0.31*** DGF_FNS vs DGF_CCNS 0.32***

PH_FDS vs PH_CCDS 0.53*** PH_FNS vs PH_CCNS 0.66***

SL_FDS vs SL_CCDS 0.56*** SL_FNS vs SL_CCNS 0.48***

SPAD_FDS vs SPAD_CCDS 0.19** SPAD_FNS vs SPAD_CCNS 0.12

SPS_FDS vs SPS_CCDS 0.07 SPS_FNS vs SPS_CCNS 0.26***

HI_FDS vs HI_CCDS 0.12 HI_FNS vs HI_CCNS 0.03

TKW_FDS vs TKW_CCDS 0.18* TKW_FNS vs TKW_CCNS 0.45***

GB_FDS vs GB_CCDS 0.17* GB_FNS vs GB_CCNS 0.32***

Abbreviations: CCDS, climate chamber drought stress; CCNS, climate chamber non-stress; DH, days to

heading; DM, days to maturity; DGF, grain filling duration; FDS, field drought stress; FNS, field non-

stress; GB, grain biomass; HI, harvest index; PH, plant height; SL, spike length; SPAD, Soil Plant Analysis

Development; SPS, seed per spike, TKW, thousand-kernel weight; vs, versus.

***p < .001. **p < 0.01. *p < 0.05.
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chromosome 3B at 25269809 bp both under FDS and FNS condi-

tions. One overlapping MTA was detected on chromosome 4B at

485705797 bp associated with DM and HI under FNS and FDS condi-

tions, respectively. Two overlapping MTAs were detected on chromo-

some 5A at 112213041 bp for SL under FDS and for DGF under FNS

and at 110830599 bp for GB under FDS and for HI under FNS. Simi-

larly, one overlapping MTA was detected on chromosome 7A at

616616464 bp associated with DH and SL both under CCDS condi-

tion. Therefore, from the eight overlapping MTAs associated with

multiple phenotypic traits, regardless of the traits associated with, five

markers (Excalibur_c7964_1290 on chromosome 4B at

485705797 bp, Kukri_rep_c116526_98 on chromosome 5A at

112213041 bp, Ra_c18323_183, RAC875_c60169_200 on chromo-

some 1B at 381876470 bp and Tdurum_contig76578_537 on chro-

mosome 5Aat 110830599 bp) were detected under contrasting

drought treatment conditions, indicating that these markers are

potentially stable. One stable marker, detected for SPS

(RAC875_c60169_200) located on chromosome 3B at 25269809 bp,

was detected under FDS and FNS (supporting information Table S4).

Notably, after clustering into QTL, just one overlapping QTL remained

(see below).

The percentage of PVE by each MTA varied from 0.03% to

11.83%. The highest PVE detected was 11.83% for SL under FNS

followed by 10.61% PVE for HI under CCDS, while others showed

lower than 10% PVE indicating the polygenic nature of the quantita-

tive traits evaluated (supporting information Table S4). Manhattan

plots for all investigated traits under FNS, FDS, CCNS and CCDS are

visualized in Figures S5, S6, S7 and S8, respectively. In the current

study, out of 191 detected MTAs, 69 MTAs associated with GB, DH,

DGF, DM, PH, SPAD, SPS, HI and TKW were significant at FDR 5%

highlighted in grey colour (supporting information Table S4) and with

black, red, green and blue colours for FNS, FDS, CCNS and CCDS,

respectively (Figure 2).

Using critical LD (r2 ≥ .2), the detected MTAs were clustered into

70 QTLs (Figure 3 and supporting information Table S5).

Consequently, 31, 21, 9 and 9 QTLs were identified under FNS, FDS,

CCDS and CCNS, respectively. The highest numbers of QTLs obtained

were 12 each for SPAD and HI, followed by 8 QTLs each for GB and

SL. The lowest number of QTLs detected was three for DGF and

TKW, each (Figure 3). In the SP, 30 QTLs were identified on the A-

genome and 40 QTLs on the B genome. The largest number of QTLs

was detected on chromosomes 6B (10 QTLs), followed by 1A (eight

QTLs) and 2B (eight QTLs). The smallest numbers of QTL detected

were one on chromosome 6A, followed by 3A (two QTLs) (supporting

information Table S5). In this study, only one QTL overlapping

between the two watering regimes was detected on chromosome 1B

between 620250467–627873395 bp for HI under FDS and for SPAD

and HI under FNS.

The eight detected QTLs for GB, which are independent from DH

were located on chromosomes 1A between 495694477 and

501944537 bp; 3B between 416256124 and 430507900 bp and

745357158 and 759608934 bp; 4B between 561075112 and

572800846, 593416763 and 605142497 and 658785890 and

670511624 bp; 6B between 505703728 and 510449994 bp and on

7A between 637937043 and 645127159 bp with PVE ranging from

1.92% to 4.24%. These QTLs for GB were co-located with DGF, DM,

SL, SPS, SPAD and HI traits. Six out of the eight QTLs for GB were

previously reported and two were likely new (supporting information

Table S5). All the seven detected QTLs for DH were previously

reported, and out of these, four QTLs turned out to be co-located

with TKW, SL, SPAD, GB and HI. Two out of the three detected QTLs

for DGF aree co-located with SL, SPS, SPAD and TKW traits. One

QTL detected for DGF was previously reported, and two are novel.

Four out of the six detected QTLs for DM are co-located with DH,

DGF, PH, SL, SPAD, HI and SPS. From the detected QTLs for DM,

four are likely new. Five previously reported QTLs were detected for

PH, and out of these, four QTLs are co-located with SL, DH, GB, DGF,

SPS and SAPD. All the twelve QTLs detected for SPAD were previ-

ously reported, and eight QTLs are co-located with DGF, DM, SPS, HI,

DH, PH and SL traits. Six out of the eight detected QTLs for SL are

co-located with DGF, PH, DM, GB, HI, SPAD, TKW and DH traits and

one QTL detected for SL is novel. Four out of the five detected QTLs

for SPS are co-located with DGF, GB, HI, SPAD, PH and TKW traits,

and one QTL for SPS is likely new. Six out of the 12 detected QTLs

for HI are co-located with DGF, SPS, TKW, SPAD, DH, GB and SL,

and two QTLs for HI are novel. The three detected QTLs for TKW

were previously reported, and one QTL out of the three is co-located

with DH and HI.

4 | DISCUSSION

Drought stress alters the morphological, physiological and molecular

responses of plants. In the current study, GB reduction due to drought

stress ranged from 35.79% to 52.41% for field and climate chamber

experiments, respectively. Other recent reports revealed that grain

yield reduction due to drought was up to 60% on durum wheat and

more than 40% and 30% for bread wheat, and rice, respectively

F IGURE 2 Number of detected quantitative trait loci (QTLs) for
the investigated traits (black bar) and under field non-stress (FNS),
field drought stress (FDS), climate chamber non-stress (CCNS), and
climate chamber drought stress (CCDS) treatments (red bar)
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(Sukumaran et al., 2018; Zhang et al., 2018). Field experiments in our

study were reliable, showing moderate to high broad sense heritabil-

ity. Higher heritability values were obtained for most of the evaluated

traits under FNS compared with FDS conditions (Table 2). ANOVA

results indicate the broad genetic diversity of the SP enabling the dis-

section of the embedded genetic diversity.

The negative correlation of GB with DH (r = �.48) and DM (r

= �.27) under FDS conditions indicates that early maturing acces-

sions had a yield advantage. This is in agreement with the finding of

Millet et al. (2016), Sukumaran et al. (2018) and Qaseem et al. (2019).

GB was also negatively correlated with SL (r = �.24) under FDS,

which is in line with results on durum wheat (Pour-Aboughadareh

et al., 2020). The negative correlation of GB with SL under FDS indi-

cated a reduced seed set due to prolonged terminal drought under

field conditions. A positive and significant correlation was observed

between GB and DGF under FDS and FNS conditions. However,

there was no correlation between GB and DGF under CCDS treat-

ment. A report by Sukumaran et al. (2018) also indicated no associa-

tion between GB and DGF in durum wheat genotypes studied under

well-watered and drought conditions. In the current study, under field

conditions, GB did not show a correlation with PH but a positive and

significant (r = .6) correlation with GB and PH under CCDS condi-

tions. This is in agreement with Qaseem et al. (2017) who suggested

that under drought stress environments, tall genotypes accumulate

and mobilize more resources to grain and thus had a higher yield than

shorter genotypes. In the current study, TKW was significantly

(p < .05) correlated with GB except under CCDS under which the

association between these traits was positive but non-significant. A

recent study on durum wheat also reported a non-significant correla-

tion between GB and TKW under drought stress and non-stress con-

ditions (Sukumaran et al., 2018). However, studies revealed a

significant association between GB and TKW in wheat (del Pozo

et al., 2019; Mohammadi et al., 2018). This may be due to the complex

nature of GB and that GB and TKW are affected by several factors

under different environmental conditions.

GWAS is a powerful tool for the identification of quantitative trait

loci and to exploit the differential decay of LD between marker loci

and genes of interest in natural and domesticated populations (Laidò

et al., 2014). The basic principle behind LD is to detect and cluster the

detected MTAs during GWAS analysis. If the distance between two

F IGURE 3 Physical linkage map of the durum wheat genome in Mb by MapChart (Voorrips, 2002). A total of 69 significant quantitative trait
loci (QTLs) at false discovery rate (FDR) 5% under field non-stress (FNS), field drought stress (FDS), climate chamber non-stress (CCNS), and
climate chamber drought stress (CCDS) elucidated by black, red, green, and blue colours, respectively. GB: grain biomass, DH: days to heading,
DGF: grain filling duration, DM: days to maturity, PH: plant height, SL: spike length, SPAD, SPS: seed per spike, HI: harvest index, and TKW:
thousand-kernel weight
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identified MTAs is less than critical (r2 ≥ .2) LD decay value, it shows

95% confidence that the two MTAs stay tighter and they are assigned

as one QTL; otherwise, they are in linkage equilibrium (Kidane

et al., 2017). In crop plants, several QTLs have been reported on agro-

nomic, physiology, and root traits using linkage mapping and genome-

wide association studies (Gupta et al., 2020). In our SP, the LOESS

curve crossed the critical LD (r2 ≥ .2) at 4.78 Mb. Similarly, other stud-

ies reported LD decay values of 4.5 Mb (Maccaferri et al., 2019) and

5.71 Mb (Taranto et al., ) at critical LD (r2 = .2) for the durum wheat

SP. Hence, based on the critical LD value, the identified 191 MTAs

were grouped into 70 QTLs. LD pattern of a SP is important for

selecting the marker density required for GWAS and for defining iden-

tified QTLs (Siol et al., 2017). The PVE varied from 0.03%–11.83%,

and only for two MTAs, a r value higher than 10% for PVE was calcu-

lated, demonstrating the polygenic control of the traits measured in

this study. This is also reported in other studies in durum wheat

(Wang et al., 2019) and bread wheat (Liu et al., 2018). In our study,

two major MTAs were detected for traits HI under CCDS and SL

under FNS with 10.6% and 11.83% PVE, respectively (supporting

information Table S4). Interestingly, similar results were reported from

GWAS analysis for the trait PH in durum wheat explaining 16% to

39% total PVE (Wang et al., 2019) and in bread wheat explaining

10.10% to 30.68% of the phenotypic variation (Jin et al., 2020).

In our study, QTLs were detected for yield and yield-related traits

and matched with previously reported results from durum wheat in

the GrainGenes database (supporting information Table S5). Grain

yield is the main target in wheat breeding and it is a complex trait due

to high GxE interaction and low to intermediate heritability (Börner

et al., 2002). Identification and use of QTLs associated with valuable

agronomic traits at early generation selection in wheat breeding

programmes enhance the development of improved cultivars

(Collard & Mackill, 2008). A QTL that relates to two or more traits is

considered as co-located QTL, while a QTL associated with a single

trait is considered as an individual QTL (Ma et al., 2019; Sukumaran

et al., 2018). Thus, in this study, eight co-located QTLs were detected

associated with GB (supporting information Table S5). QTLs for GB

were found to be also linked with DGF between 495694477 and

501944537 bp; DM between 416256124 and 430507900 bp; with

SL and SPS between 745357158 and 759608934 bp; SL between

561075112 and 572800846, 593416763 and 605142497 and

637937043 and 645127159 bp; with HI, DM and SPAD between

658785890 and 670511624 bp; as well as with SPAD between

505703728 and 510449994 bp under drought stress and non-stress

conditions. Interestingly, in our study, QTLs detected for GB were not

linked with DH, which hints to a limited effect of flowering time on

grain yield as also reported in other studies for durum wheat (Zaïm

et al., 2020) and wheat (Ullah et al., 2021). The detected GB QTLs

were located on chromosomes 1A, 3B (2), 4B (3), 6B and 7A. Except

two QTLs located on chromosomes 1A and 4B, which we believe to

be reported for the first time, the other six QTLs have been reported

in previous studies (Maccaferri et al., 2008; Mengistu et al., 2016;

Soriano et al., 2017) on chromosome 3B, (Milner et al., 2016; Patil

et al., 2013) on chromosome 4B, (Marcotuli et al., 2017) on 6B and on

7A (Mengistu et al., 2016). The current identification of QTLs within

similar QTL intervals in our study and the mentioned previous studies

confirms the findings and the power of GWAS (supporting informa-

tion Table S5). Therefore, QTLs located on chromosomes 3B and 4B

can be considered constitutive QTLs linked to GB whose selection

may help to increase yield under drought stress. Similarly, recent find-

ings identified QTLs for GB in the durum wheat genome (Arif

et al., 2020; Mangini et al., 2018, 2021; Zaïm et al., 2020). Conversely,

in our study and the report by Mangini et al. (2021), no QTL associ-

ated with GB were detected on chromosome 2B, which was reported

to carry QTLs for GB by Zaïm et al. (2020). More important, in our

study, GB QTLs detected under drought stress including newly

detected QTLs showed a positive effect on yield with significant LOD

value ranging between 4.11 and 7 and with up to 4.24% PVE, indicat-

ing that they could have the potential in increasing grain yield in

durum.

DH provides the basis for plant adaptation and is a major trait in

plant breeding (Zaïm et al., 2020). Also, under terminal drought, early

flowering time and a shorter vegetative phase is important for wheat

production (Shavrukov et al., 2017). In the present study, seven (four

co-located and three individual) QTLs for DH were located on chro-

mosomes 1A, 1B, 2A, 4A, 4B and 6B. Interestingly, five of the identi-

fied QTLs were positioned within reported QTL intervals on

chromosomes 1A and 1B (Milner et al., 2016), 2A (Giunta et al., 2018),

4A (Maccaferri et al., 2011; Milner et al., 2016) and on chromosome

6B (Maccaferri et al., 2011; Roncallo et al., 2018). In addition, affir-

ming the finding of our study, QTLs on chromosomes 2A, 2B, 4B, 5B

and 7B were also reported for this phenology trait (Zaïm et al., 2020).

Maccaferri et al. (2015), using durum wheat elite cultivars reported

one QTL on chromosome 4A out of the 43 QTLs associated with DH

across the durum wheat genome except for chromosome 6A. Geno-

mic regions on chromosomes 2A and 2B were reported to be associ-

ated with the major photoperiod sensitivity loci Ppd-A1 and Ppd-B1

(Arjona et al., 2018; Maccaferri et al., 2008, 2011). Notably, our study

detected a QTL on chromosome 2A under FDS that is located very

close to the position of Ppd-lA, but no QTL was detected in the vicin-

ity of Ppd-B1. Ppd1genes affect the time of heading and other traits,

and play an important role in modifying source-sink equilibrium, thus

affecting wheat growth and development (Foulkes et al., 2004;

Kamran et al., 2014; Würschum et al., 2018).

The duration between heading and maturity is an important yield

component in wheat. Here, three QTLs were detected for DGF

located on chromosomes 1B between 378,065,006–385,687,934 bp,

on 3B between 732,882,447–747,134,223 bp, and on 7B between

543,578,199–552,021,963 bp. The three detected QTLs have not

been reported before and thus represent new QTLs linked to DGF in

durum wheat.

QTLs for DGF on chromosome 7B cluster with two or more traits,

for example, SPS, TKW, and SPAD. This may suggest the linear rela-

tionship between DGF and the traits or may be due to pleiotropic

effects (Bhoite et al., 2018). A total of six (three co-located and three

individual) QTLs associated with DM were located on chromosomes

1A, 2B, 4A, 5B, and 7A. Interestingly, two QTLs on chromosomes 4A
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and 7A were detected in the same intervals in Ethiopian durum wheat

landraces and modern varieties on chromosome 4A (Kidane

et al., 2017) and in Ethiopian durum wheat landraces on chromosome

7A (Mengistu et al., 2016). When compared with the GrainGenes

database, the QTLs detected on chromosomes 1A, 2B, and 5B are

likely to be novel QTLs associated with DM in durum wheat.

Plant height is frequently altered when water is limiting to over-

come deleterious effects of drought (Arif et al., 2020). Five (co-located

with other traits) QTLs were identified associated with PH located on

chromosomes 1A, 2B, 6B, 7A, and 7B. The identified QTL on chromo-

some 6B was previously reported associated with PH in Ethiopian

durum wheat landraces (Mengistu et al., 2016). Similarly, the QTL on

chromosome 7B linked with PH is located within a previously reported

QTL region for PH in Mediterranean durum wheat landraces (Soriano

et al., 2017) and close to a QTL region identified in Elite durum culti-

vars (Maccaferri et al., 2011). Similarly, Mangini et al. (2021) reported

QTLs associated with PH on chromosomes which we also identified,

except on chromosome 1A. However, opposite to our findings, Zaïm

et al. (2020) reported QTLs associated with PH on chromosomes 4A,

4B and 5B. The Green Revolution resulted in the release of short,

high-yielding cultivars, which is mainly related to genes controlling PH

in wheat. The introduction of semidwarf genes into bread wheat

resulted in the replacement of tall cultivars with semidwarf cultivars

with high response to inputs (e.g., fertilizers) and resistance to lodging.

Thereby, a significant increase in yield was achieved in many national

breeding programmes (Xynias et al., 2020). In agreement with our

study, Chai et al. (2021) mentioned different alleles responsible for

dwarfing genes in wheat located on chromosomes 2B, 7A and 7B. In

the current study, out of two QTLs for PH under FDS, the one located

on chromosome 1A showed a hight reducing effect with 1.47% PVE.

SPAD values serve as a valuable indicator for the photosynthetic

capacity of plants (Fiorentini et al., 2019; Lopes & Reynolds, 2012). A

total of 12 (eight co-located and four individual) QTLs were identified

for SPAD readings from flag leaves and were mapped on chromo-

somes 1A, 2A, 2B, 3A, 5B, 6B and 7B. A recent study reported QTLs

for flag leaf chlorophyll content for the durum wheat genome but on

chromosomes 1B and 3B (Huang et al., 2018). GWAS results also indi-

cated QTLs linked to leaf chlorophyll content under drought stress

located on chromosomes 1B, 2A, 2B, 3B, 6B and 7B in winter wheat

seedlings (Maulana et al., 2020). These results highlight the potential

of exploring QTLs associated with leaf chlorophyll content in durum

wheat as a key factor for photosynthesis by which 80% of wheat yield

is realized in canopy leaves (Ghosh et al., 2003; Hussain et al., 2015).

SL is a yield-related trait in wheat. Eight (six co-located with other

traits DGF, PH, DM, GB, HI, SPAD, TKW and HI and two individual)

QTLs were detected for SL on chromosomes 2B, 4A, 5A, 5B, 7A and

7B. All QTLs were detected under drought stress conditions except a

QTL located on chromosome 7B. Similarly, Hu et al. (2015) identified

eight QTLs associated with the length of the main spike in durum

wheat located on chromosomes 1B, 2B, 4A, 5A, 5B, 7A and 7B (Hu

et al., 2015). The QTL detected on chromosome 7B is located in a

QTL region reported by Thanh et al. (2013). There was no QTL for SL

reported yet on chromosome 2B suggesting this QTL is novel. Six (five

co-located with DGF, GB, HI, SPAD, and TKW and one individual)

QTLs were detected associated with SPS located on chromosomes

2B, 3B, 6A, 6B and 7A, of which five were reported earlier (Giunta

et al., 2018; Mangini et al., 2018; Mengistu et al., 2016; Roncallo

et al., 2018). One of the QTLs on 6B linked to SPS was reported here

for the first time. Four of the six QTLs detected for SPS were

detected under FDS and CCDS with a positive effect on the trait.

Interestingly, these QTLs identified under drought stresses were also

identified for traits such as DGF, PH, TKW and SPAD.

HI is an important trait directly associated with yield. Twelve

QTLs were detected for HI located on chromosomes 1A, 1B, 2A, 2B,

3A, 5A, 6B and 7A. Recently, a study on association mapping of QTLs

for yield and yield-related traits revealed QTLs associated with HI on

chromosomes 1B, 2B, 3B, 4B, 5B, 7A and 7B (Arif et al., 2020). Simi-

larly, in the current study, the two detected QTLs on chromosomes

2A and 6B were close to the reported QTL interval by Roncallo et al.

(2018) and within the reported QTL interval on chromosome 6A

(Peleg et al., 2009). QTLs for HI obtained in this study located on chro-

mosomes 1A, 3A and 5A are reported for the first time in durum

wheat. Three (two individual and one co-located with DH and HI)

QTLs were detected associated with TKW located on chromosomes

2B, 3B and 4A. These three QTLs were also identified in multilocations

in tetraploid wheat in segregating populations and germplasm collec-

tions for TKW (Mangini et al., 2018). The QTLs on chromosome 2B

detected under CCDS and on 3B under CCNS and on 4A under FNS

were found to be in close vicinity and within the already detected

QTL intervals, respectively (Mangini et al., 2018). Recent, studies also

identified QTLs for TKW on chromosomes 1A, 1B, 2A, 3A, 4B, 5A, 5B

and 6B in durum wheat (Giancaspro et al., 2019; Mangini et al., 2021),

which we lack to identify in our study.

Despite the detection of significant positive correlations between

climate chamber and field results for several traits, we did not observe

common QTLs for any trait under the two environments (greenhouse

and field). In our study, we mainly investigated polygenetic quantita-

tive traits. This phenomenon has been explained as a quantitative trait

being controlled by numerous genes, with each gene having a rela-

tively small effect, and readily affected by environments (Zhang

et al., 2020). Supported by our ANOVA results showing strongest

effects for the environment, we concluded that the missing overlap of

detected associated loci for a certain trait in the two environments

may be explained by the effect of the environment leading to varying

regulatory scenarios for the various traits under the two watering con-

ditions. As a result, genetic selection for drought stress has to be con-

ducted in the target environment and ideally may include the design

of ideotypes for certain growth scenarios (Senapati & Semenov, 2019).

5 | CONCLUSIONS

The experimental setting revealed the impact of drought on the

durum wheat SP. Traits such as DGF, SPAD, SPS, HI and TKW

showed a strong and significant (p < .0001) correlation with GB under

FDS. Heritability of the traits analysed varied between 48.2% for DM
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and 89.11% for PH under FNS. Similarly, under FDS, heritability

ranged between 42% for DM and 83.37% for SL. A significant

(p < .01) positive correlation was detected between GB for FNS ver-

sus CCNS, as well as for FDS versus CCDS conditions. Similarly, sig-

nificant (p < .001) positive correlations were observed between the

same traits (DH, DM, DGF, PH and SL) for FDS versus CCDS and for

FNS versus CCNS conditions. However, the correlation between HI

was not significant for FDS versus CCDS and FNS versus CCNS con-

ditions. GWAS is a powerful tool to pinpoint the association between

traits and markers. Critical (r2 > .2) LD decay value identified 70 QTLs,

of which 50 QTLs were linked to several traits and where 20 QTLs

were associated with any one of the traits under the drought treat-

ments. Many of the QTLs were detected within or at close vicinity of

previously reported QTL intervals, a fact highlighting the consistency

of our study. In addition, we have identified several novel QTLs for

some of the tested traits referring to the GrainGenes database for

durum wheat and literature reports. QTLs with a positive effect size

that were detected under drought stress conditions for GB and for

traits co-located with GB may have high potential in increasing grain

yield in durum wheat. These include, for example, QTL on 1A

betwween 495694477 and 501944537 bp, on 3B between

416256124 and 430507900 bp, on 3B between 745357158 and

759608934 bp, on 4B between 593416763 and 605142497 bp and

on 4B between 658785890 and 670511624 bp. We concluded that

our SP is showing reasonable genetic evidence for adaptations under

drought stress environments. In the future, genomic selection markers

may be developed and validated for QTL markers with relevance for

yield stability and yield improvement under drought stress conditions.

While the environment and selected germplasm will strongly depend

on the breeding strategy, the novel QTL markers identified in our

study likely represent potential candidates for MAS in wheat breeding

programmes for drought tolerance.
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