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Abstract: Durum wheat is mainly used for products for human consumption, the quality of which
depends on the content of protein and yellow pigments in the semolina. The challenges faced by
modern breeding, related to population growth and climate change, imply improvement of both
grain yields and quality in durum wheat germplasm well adapted to specific agro-climatic conditions.
To address those challenges, a better understanding of the genetic architecture of agronomic and
quality traits is needed. In the current study we used the Genome-Wide Association Study (GWAS)
approach in a panel of Bulgarian and foreign genotypes to define loci controlling agronomic and
quality traits in durum wheat. We mapped 26 marker traits associations (MTAs) for four of the six
studied traits—grain yield, grain protein content, seed yellow colour (CIELAB b*), and plant height.
The greatest number of MTAs was detected for grain yield. Seven MTAs were detected for each grain
protein content and seed colour, and one MTA for plant height. Most of the reported associations
had confidence intervals overlapping with already reported quantitative trait loci (QTLs). Two loci
controlling grain yield were not reported previously. The MTAs reported here may be a valuable tool
in future breeding for improvement of both grain yield and quality in durum wheat.

Keywords: durum wheat; genome-wide association study (GWAS); grain yield; grain protein content;
yellow pigments

1. Introduction

Durum wheat (Triticum turgidum ssp. durum) is used mainly for products for human
consumption, such as pasta, couscous, burghul, and bread. Since its domestication during
the Neolithic period [1], its grain yield has significantly improved as a result of preventing
losses resulting from seed shattering or plant logging, and through increasing spike fertility
and seed size [2,3]. The increase in grain size was accompanied by a decrease in the relative
amount of protein and yellow pigments in the grain semolina due to dilution effect [4,5].
Both protein and pigment content are considered important for the pasta-making quality
of the durum wheat semolina. The proteins in the wheat grain are mainly represented by
gliadins and glutenins, which are related to the rheological properties of the dough, and
cultivars with higher protein concentration are considered to produce pasta products with
higher firmness and better cooking quality [6]. The main yellow pigments in the wheat
semolina are carotenoids, of which lutein is the most abundant, followed by zeaxanthin, o,
and p-carotene [7]. Pasta products with a higher concentration of yellow pigments are visually
more appealing to the consumers and known to have beneficial effects on human health [8].

Grain protein content (GPC) and seed colour (SC) are complex traits whose expression
is controlled by multiple genetic factors and is influenced by environmental conditions [7,9].
Their reverse relationship with grain yield hampers the progress of selection for these
traits. During the last few decades, the production of genotypes with higher GPC has
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most commonly been a result of a high rate of nitrogen fertilisation [10,11]. Some authors
attribute the lack of significant progress in breeding of genotypes with higher GPC to the
narrow genetic pool and lack of sufficient genetic variation for the trait in the modern
cultivars [10,11]. The wild emmer T. turgidum L. var. dicoccoides is seen as a potential donor
of beneficial alleles. Chee et al., 2001 [11] introgressed a quantitative trait locus (QTL)
for high GPC (Gpc-B1), mapped by Joppa et al. [12] in recombinant inbred lines, bearing
segments of wild emmer’s chromosome 6B, in adapted durum wheat germplasm and
observed transgressive inheritance with no negative effect on grain yield in the RILs with
the highest values of GPC. However, this approach was not as successful in the experiment
of Uauy et al., 2006 [13] where the introgressed region, in addition to the increase in
protein concentration, also showed a complete association with accelerated senescence and
reduced grain yield, probably due to a linkage drag effect. During the last two decades,
numerous studies have been reported aiming to dissect the genetic architecture of quality
traits defining genomic regions with potential applicability in marker-assisted selection,
using segregating populations or association panels [4,10,14,15].

In recent years, the rapid development and application of DNA marker systems like
PCR-based markers (simple sequence repeats and functional markers) and genotyping by
sequencing have contributed greatly to QTL mapping for important agro-physiological
and disease-resistant traits, gene discovery, and marker-assisted selection. The release of
a more accurate and complete bread wheat reference genome in 2018 [16] has resulted
in the design of single-nucleotide polymorphism (SNP) arrays with different densities or
application targets (from 9 K to 820 K), that have greatly facilitated genomic selection and
genome-wide association studies (GWAS) in wheat breeding.

In Bulgaria, initial durum wheat research began in 1925 with the establishment of
the Institute of field crops (IFC), formerly named the “Institute of cotton and durum
wheat” in Chirpan. The early durum wheat cultivars that were released resulted from
selections within the local durum wheat populations. During the period 1950-1980, stress-
tolerant varieties with high productivity [17,18] and better pasta-making quality [19] were
developed by the utilisation of intraspecific and interspecific hybridisation, as well as
mutation breeding. Several recent studies utilised molecular markers (SSR) to study the
genetic diversity, population structure, and introgression of chromosome segments from
wild relatives in Bulgarian durum wheat [20,21]. The future success of the breeding efforts
depends on the knowledge of the genetic architecture of the target traits and the potential
beneficial alleles in the breeding material. The GWAS approach offers an opportunity
to address both aforementioned problems simultaneously and will accelerate the durum
wheat breeding process in Bulgaria.

The objective of the present study is to perform genome-wide association study for
grain yield and grain quality traits in durum wheat, using a panel of 90 modern durum
varieties and advanced breeding lines from the working collection of the Institute of Field
Crops, Chirpan, Bulgaria.

2. Materials and Methods
2.1. Plant Material

The plant material consisted of a germplasm collection of 90 modern durum wheat
(Triticum durum Desf.) genotypes with different agro-ecological origins from Europe and
the USA. Bulgarian durum wheat is represented by 26 modern varieties and 36 breeding
lines developed in the Institute of Field Crops (IFC), Chirpan, located in South-Eastern
Bulgaria, and the Dobrudzha Agricultural Institute (DAI) in North-Eastern Bulgaria. The
foreign germplasm introduced in Bulgaria is represented by the varieties from several
European countries, including Italy (11), France (1), Austria (4), Hungary (4), Germany (3),
Russia (2), Ukraine (1), and the USA (2). Seeds from the modern cultivars were provided
by the IFC and DAI breeding centres.
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2.2. Phenotypic Data

Field experiments were conducted in three crop seasons (2019-2021) in the fields of the
IFC, Chirpan, located in a region typical for durum wheat production. Sowing was done up
to the middle of November of each year. Field trials were organised in plots of 15 m? each
using a completely randomised design with three replications. Each genotype was sown
with 550 germinated seeds per m?, following the standard technology for growing durum
wheat breeding materials in FCI-Chirpan. The predecessor was winter peas. One-time
nitrogen (N) fertilisation with a fertiliser rate of 100 kg/ha of active substance nitrogen
was applied in February each year and 92 kg/ha of active-substance P,Os was applied
before the sowing of the durum wheat. At full maturity, 15 plants from each replication
were selected for biometric measurements.

The following traits were evaluated and measured each cropping season: the grain
yield (GY) of each plot was weighed and its mean value for each genotype was calculated
in t/ha, plant height (PH) was measured in cm from the ground surface to the end of the
spike without the awns on the main stem, grain protein content (GPC) was determined
by the Kjeldahl method (N x 5.7) according to BNS EN ISO 20483: 2014 [22] (https:
/ /bds-bg.org/en/project/show /bds:proj:87392, accessed on 21 January 2011), spike length
(SL) was measured on the main stem from the base of the spike to the top of the uppermost
spikelet, thousand kernels weight (TKW) was determined according to BNS EN ISO
520: 2010 [23] (https:/ /bds-bg.org/bg/project/show /bds:proj:81894, accessed on 19 May
2014), and seed colour (SC) = Minolta yellow index b*. The values of yellow colour b*
were measured according to CIE L*a*b* cubic colour space, which is considered the most
operational and informative one. The measurement was made per grain using a Minolta
CR-410 chroma metre. The higher the b* value, the greater the amount of carotenoids [24].
The chroma metre was calibrated with a standard calibration plate.

2.3. SNP Genotyping

DNA extraction and SNP genotyping of the panel of 90 durum wheat genotypes was
performed by SGS Institut Fresenius GmbH TraitGenetics Section (Gatersleben, Germany).

Genomic DNA was extracted from 100 mg of fresh leaves of a bulk of 10-day-old seedlings
using DNeasy™ Plant Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. Genomic DNA quality was checked using 1% agarose gel electrophoresis.

The DNA of each sample was used for SNP genotyping using an optimised wheat 25K
Infinium iSelect array (Illumina Inc., San Diego, CA, USA). The array contained 24,145 SNPs
combining 17,229 markers from the Illumina 20K array [25], 6916 new markers from the
135K Axiom array [26], and additional trait- and gene-specific markers. Genotyping was
performed by the SGS Institut Fresenius, Trait Genetics GmbH (Gatersleben, Germany)
with the GenomeStudio v.2.0 software package (Illumina, San Diego, CA, USA).

The wheat cv. Chinese Spring reference genome assembly v1.0 from the International
Wheat Genome Sequencing Consortium (IWGSC_WGA_v1.0) [16] and the genetic map
based on the International Triticeae Mapping Initiative (ITMI) Double Haploid popula-
tion [27] were used for SNP chromosome alignment.

The physical SNP positions were obtained by alignment of the 25 K array design file
to the reference genome of the durum wheat cultivar Svevo [2].

2.4. Statistical Analysis

Best linear unbiased predictions (BLUPs) for all studied traits were estimated sep-
arately for each of the cropping seasons (1) and across the three seasons (2), using the
following two models, respectively:

Y=p+gi+ri+e; 1)

Y=p+gi+ 1+ s+ (88)ik + Eijk 2)
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where y is the overall mean, g; is the random effect of the ith genotype, r; is the random
effect of the jth replication, sy is the random effect of the kth season, (gs)j is the random
effect of the interaction between ith genotype and kth season, and ¢;j, is the random error
of the model. All predictors in the models were considered random. The models were
fitted using the Imer function from the Ime4 package [28] in R version 4.4.1 [29]. The BLUPs
extracted from the two models were used for the estimation of the correlation between
traits and in the GWAS analysis in each of the seasons and across seasons. ANOVA and
AMMI were used to analyse the main effects of genotype, season, and their interaction.

The genetic structure of the studied panel was inferred with STRUCTURE 2.3 [30]
and DAPC [31]. Before the analyses, raw SNPs data were filtered for pairs in high linkage
disequilibrium (2 > 0.2) using PLINK 1.9 [32]. STRUCTURE analysis was conducted
with 1 to 10 hypothetical populations, with 50,000 burn-in phases, and 200,000 MCMC
replications in 10 independent runs. The most probable number of subpopulations was
defined, according to Evanno’s method [33], and the results were visualised with the R
package pophelper [34].

The linkage disequilibrium (LD) between marker pairs was estimated in TASSEL 5 [35],
and LD decay with distance was calculated using the method described by Remington et al.
(2001) [36]. The threshold r? values beyond which LD was regarded as genetic linkage was
derived as 95th percentile of the LD between unlinked loci. The threshold values were
estimated using the LD.decay function in R package sommer [37].

The association analysis was done in GAPIT 3 [38] with the implemented MLMM [39]
algorithm, using six principal components to control for the genetic structure in the experi-
mental panel. To control for false positive associations, we used Bonferroni correction at
o =0.05.

In order to define candidate genes, high confidence gene models in the confidence
interval (CI) of the QTLs were extracted from Svevo version 1 annotation data, retrieved
from the PLAZA [40] platform and searched with ShinyGO [41] for enriched pathways.

3. Results
3.1. Phenotypic Variation

The results from the analysis of the phenotypic data are reported in Table 1. Each
cropping season is designated with the respective harvest year, and the joint analysis
across the three seasons is designated as “3Yrs”. The reported mean values were estimated
from the BLUPs, extracted from the linear mixed models. The mean grain yield (GY) in
the individual seasons ranged between 4.1 t/ha in 2019 and 6.38 t/ha in 2021 (Table 1).
Similarly, for plant height (PH), the lowest mean value was recorded in 2019 (81.8 cm) and
the highest mean value in 2021 (99.38 cm). For grain protein content (GPC), the highest
mean was observed in 2019, and the lowest in 2021. The highest mean value (8.04 cm) for
spike length (SL) was also recorded in 2019 and the lowest (6.75 cm) in 2021. The mean
values for thousand kernel weight (TKW) ranged between 41.84 g and 44.96 g, respectively,
in 2020 and 2021. For seed colour (SC), the estimated mean values of the yellow index b*
were between 16.08 and 16.95, in 2021 and 2020, respectively.

The significance of the differences observed between the traits means in the three
seasons were tested using Welch'’s t-test with Holm adjustment for multiple comparisons.
According to the results presented in Figure 1, the mean differences for all pairwise compar-
isons of traits between seasons were significant, with the exception of TKW which showed
non-significant difference between 2019 and 2020.

The effects of genotype, environment (season), and their interaction were studied
using the AMMI model. For all studied traits the main effects of genotype and seasons
were significant. For some traits, including GY, PH, and GPC, the season explained the
highest percentage of the total variation (Table S1). For the rest of the traits (SL, TKW,
and SC), the largest proportion of the variation was explained by the genotype. The
genotype X environment interaction (GEI) was significant for all studied traits, with a
share between 10.98 and 18.15% from the total sum of squares (Table S1). The biplot
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analysis showed that 2019 and 2020 were the two most discriminative seasons for GY
(Figure S1), and the two high-yielding seasons had opposite correlations with the PC1.
For PH, 2021 was the most discriminating season, showing a distinct interaction with
genotypes compared to the other two seasons. The lowest GPC was recorded in 2020,
which, according to the biplot analysis, was the most discriminative season for this trait,
showing a different pattern of GEIl in comparison to 2019 and 2021. The most discriminating
environment for SL was 2019 which had an opposite correlation with the two other seasons
with respect to PC1. For TKW, the 2019 environmental vector was located near the centre
of the co-ordinate system, suggesting lower interaction with the trait expression, while the
other two seasons showed stronger interaction and had opposite directions on the PCI.
Similar results were observed for SC, where 2020 was the most discriminating season with
a distinct GEI pattern to the other two seasons.

Table 1. Descriptive statistics of studied traits data.

Season Mean St.d Min Max cv Heritability

2019 4.1 0.87 1.17 5.94 21.23 0.93

GY 2020 5.57 1.41 1.59 8.26 25.34 0.97
2021 6.38 0.68 3.76 8.11 10.65 0.87

3Yrs 5.35 1.4 1.17 8.26 26.2 0.69

2019 81.8 6.92 68.4 101.2 8.46 1.00

PH 2020 89.47 7.6 70.1 117.3 8.5 1.00
2021 99.38 9.3 66.9 121.3 9.36 1.00

3Yrs 90.22 10.76 66.9 121.3 11.93 0.86

2019 16.17 0.71 13.8 18.2 442 1.00

Gre 2020 13.98 0.99 11.6 16.3 7.09 1.00
2021 14.42 0.56 13.2 159 3.89 0.98

3Yrs 14.86 1.22 11.6 18.2 8.24 0.70

2019 8.04 0.83 6.2 10.2 10.27 1.00

SL 2020 7.14 0.66 5.3 9.2 9.28 1.00
2021 6.75 0.57 53 8.9 8.37 0.96

3Yrs 7.31 0.88 5.3 10.2 12 0.72

2019 42.27 3.14 344 49.6 7.43 1.00

TWK 2020 41.84 3.22 36.4 51.6 7.7 1.00
2021 44.96 297 37.1 52.6 6.61 1.00

3Yrs 43.03 34 34.4 52.6 791 0.82

2019 16.65 0.5 15.3 17.9 3.03 0.96

sc 2020 16.95 0.68 154 18.8 4.01 0.98
2021 16.08 0.61 14.7 17.8 3.8 0.98

3Yrs 16.56 0.7 14.7 18.8 4.24 0.76

GY—grain yield (t/ha); PH—plant height (cm); GPC—grain protein content (%); SL—spike length (cm);
TKW—thousand kernel weight (g); SC—seed colour.
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Figure 1. Violin plots of the studied traits with pairwise comparison of seasons’ means. GY—grain
yield (t/ha); PH—plant height (cm); GPC—grain protein content (%); SL—spike length (cm);
TKW—thousand kernel weight (g); SC—seed colour.

3.2. Phenotypic Correlation

The correlation between GY and PH was positive and significant in two out of
three cropping seasons, and in the BLUPs for the joint analysis of the three seasons, desig-
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nated as “3Yrs” (Figure 2). Surprisingly, the correlation between GY and GPC in 2020 and
in the 3Yrs was positive. GPC correlated positively with PH in all three cropping seasons
and the overall means (3Yrs). A positive correlation between GPC and TKW was detected
only in 2019. TKW also correlated positively with PH in the three cropping seasons and in
the joint analysis. However, its correlation with GY was significant only in 2020 and the
3Yrs. The trait SL showed a positive correlation with PH in 2019, and a negative one in
2020. A negative correlation of SL with GY was observed in 2020 and in the joint analysis.
The trait SC showed a significant negative correlation with GY in 3Yrs. The correlation
between SC and PH was also negative and significant in all seasons except for 2019. The
correlation between the two grain quality traits (SC and GPC) was significant and negative,
with intermediate-to-high magnitude of correlation in all seasons and in the joint analysis.
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GPC 013 o021 d
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Figure 2. Phenotypic correlations between studied traits in the three seasons: 2019, 2020, and 2021,
and the joint analysis across seasons (3Yrs). The correlation indices on a white background are
non-significant.

3.3. Genetic Structure of the Durum Wheat Collection

The raw data file of 90 durum wheat varieties, genotyped with 25 K Infinium iSelect
array, contained 24,145 SNPs. We filtered out the markers with no allelic information and
missing information on the physical position. Consequently, the duplicated positions were
filtered, keeping the entries with fewer missing data. Loci with more than 5% missing data
were also filtered out, and the missing data for the remaining 16,715 SNPs were imputed
using beagle v. 5.4 [42]. After removing markers with MAF < 0.05 in TASSEL 5, the informa-
tion for 7312 SNPs was retained and used in the downstream analyses. Of the 7312 SNPs,
3425 were located on the A genome and 3887 on the B genome. Chromosome 1B had the
highest number of markers (720), followed by chromosome 5A with 687 SNPs. The group
four chromosomes had the lowest number of markers—365 and 322, respectively—for 4A
and 4B. The majority of markers were situated in the distal chromosome regions (Figure S2).
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Two methods were used to investigate the genetic structure of the experimental panel.
According to results of the model-based approach, implemented in STRUCTURE 2.3, the
analysed durum wheat collection was divided into two clusters (Figure 3a,b). The first
one consisted of 48 genotypes, twenty seven of which originated from the USA and South-
Western, Central, and Eastern Europe, six varieties from the North-Eastern breeding centre
in Bulgaria, and fifteen from the Southern breeding centre. The second cluster consisted of
28 genotypes, twenty seven of which originated from Southern Bulgaria, and one variety
from Austria. There were 14 genotypes that were not assigned to any of the two clusters,
and were considered as admixed. The results from the discriminant analysis of principal
components (DAPC) suggested the presence of four groups in the panel (Figure 3c,d). The
first group consisted of twelve genotypes originating from Central and Eastern Europe, the
USA, and the North-Eastern breeding centre in Bulgaria, and they were predominantly
winter-type durum wheats. These genotypes were grouped in the third quadrant of the
co-ordinate system, and were the most distant group in relation to the rest (Figure 3d). The
second group consisted of twenty four varieties from the Southern Bulgarian breeding
centre and one Austrian (Powidur). Group 3 from the DAPC analysis was formed of twenty-
three genotypes, originating from South-Western Europe (France and Italy), Central Europe
(Hungary, Germany, and Austria), and Bulgarian varieties from both breeding centres;
the group was formed predominantly of spring varieties. The last group was formed by
thirty-one Bulgarian durum genotypes, all originating from the Southern breeding centre.

W Cluster1 [l Cluster2

Group 1
Group 2

25 5o 75 160
"‘.‘ Group 3
g4 \ Group 4 /\
Q .‘.

Figure 3. Genetic structure of the studied association panel. Most probable number of clusters,
defined with Evanno method (a). Clusters according to STRUCTURE analysis (b). Most probable
number of groups for DAPC was defined using BIC plotted against the number of clusters (c).
Grouping of the genotypes in DAPC (d).

3.4. Linkage Disequilibrium

The analysis of LD on the whole genome level showed that 34% of the marker pairs
were in significant (p < 0.01) linkage disequilibrium. The mean value of 12 for these
marker pairs was 0.23. The average percentage of marker pairs in LD for the individual
chromosomes was 33.5, with a mean LD value 72 = 0.23. Chromosome 1A had the highest
percentage of marker pairs in LD around 50%, and chromosome 4A had the lowest (28%).

Whole-genome linkage disequilibrium in the studied panel decayed below the thresh-
old value of ? = 0.21 at a distance of 6 Mb (Figure 4). The LD decay for the individual
chromosomes varied between 3.6 Mb for 4A and 19.2 Mb for 6B. On average, the LD
decayed more rapidly on chromosomes of the A genome (7.8 Mb) than on the chromosomes
of the B genome (10.1 Mb).

The interval = 6 Mb from an SNP associated with a trait is the confidence interval of
the respective QTL.
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Figure 4. Graphical representation of whole-genome LD decay in the experimental panel. The red
line represents the LD decay with physical distance, calculated by the method of Remington et al. [36].
The black horizontal line designates a critical value of 7*> = 0.3, and the green horizontal line shows
12 = 0.21 derived as 95th percentile of the distribution of LD values between unlinked loci.

3.5. Association Mapping

In total, for the three individual cropping seasons and 3Yrs, the GWAS analysis defined
26 SNPs associated with four traits (GPC, GY, PH, and SC). The marker-trait association
(MTAs) whose confidence intervals (Cls) overlapped, i.e., the SNPs were situated at a
distance smaller than twice the LD decay distance, were considered as the same QTL,
and were reported with the same name in Table 2. Thus, for the four traits, 23 QTLs
were detected.

In the 2019 cropping season, only MTAs controlling SC were detected (Table 2 and
Figure S3). Two of the five loci were detected on chromosome 2B, and the rest were on
3B, 6B, 7A. The MTAs jointly explained about 94% of the variance in the trait. The one on
chromosome 3B explained the highest proportion (58.8%), and its minor allele was also
associated with the greatest effect on the trait, increasing the values of the b* index with
0.57 units (Table 2).

In 2020, MTAs controlling three of the studied traits were detected (GPC, GY and PH). The
SNP associated with GPC on chromosome 5B explained 43.5% of the variation, and its minor
allele was associated with a 0.62% increase in the protein content. The four SNPs associated with
GY were located on chromosomes 3B, 4A, 5B, and 6B, and explained 86.2% of the phenotypic
variance. The minor alleles of the SNPs on 3B and 6B were associated with a decrease in grain
yield, and, on the contrary, the minor alleles of the other two markers (on 4A and 5B) were
associated with higher GY. PH was associated with one SNP on chromosome 2B, explaining
68.5% of the phenotypic variance, with a minor allele effect of —5.6 cm.

In cropping season 2021 (Table 2 and Figure S3), all statistically significant associations
were for GY. The MTAs were located on chromosomes 1B and 3B, two loci on 4A, and one
on 6A, and these jointly explained about 90% of the phenotypic variance. The MTA on
chromosome 1B had the largest effect on GY, and the minor allele of the SNP was associated
with an increase of 0.68 t/ha. The MTA on chromosome 3B was located about 300 kb
downstream of the SNP associated with GY in 2020, and both were considered as one
QTL (QTL_GY-3B). One of the two MTAs on chromosome 4A was also expressed in 2020
(QTL-GY-4A). The second MTA detected on the same chromosome had an opposite effect
and explained almost 30% of the variance. The minor allele of the SNP on chromosome 6A
was also associated with a decrease in GY.
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Table 2. MTAs detected in the study.

QTL Name SNP Chr Alleles Pos —log10(p) MAF Effect * R? Gene
QTL_SC-2B.1 BS00034245_51 2B G/T 211585291 6.03 0.22 0.18 47 TRITD2BV1G080480
QTL_SC-2B.2 BS00088489_51 2B A/G 626536489 5.61 0.25 0.15 6.04 TRITD2BV1G209990
2019 SC QTL_SC-3B wsnp_RFL_Contig3845_4190041 3B c/T 53166188 20.81 0.16 0.57 58.49 TRITD3BV1G021370
QTL_SC-6B AX-94779724 6B C/T 29915087 10.92 0.06 —0.43 14.65 TRITD6BV1G011230
QTL_SC-7A Kukri_c25451_119 7A A/G 664106883 11.72 0.48 —0.23 9.98 TRITD7AV1G251930
GPC QTL_GPC-5B.1 Excalibur_c50887_231 5B A/G 377520915 5.58 0.21 0.62 43.46 TRITD5BV1G127200
QTL_GY-3B Tdurum_contig595664435 3B C/A 836158083 13.01 0.32 —-0.6 34.52 TRITD3BV1G283150
QTL_GY-4A.1 BS00066413_51 4A G/A 593869162 8.86 0.18 0.42 9.94 TRITD4AV1G204300
2020 GY QTL_GY-5B AX-109883040 5B G/A 542897518 5.59 0.35 0.37 16.49 TRITD5BV1G188680
QTL_GY-6B AX-158589231 6B C/A 146701770 6.68 0.22 —0.86 25.32 TRITD6BV1G052330
PH QTL_PH-2B AX-110926324 2B G/A 156719975 5.17 0.08 —5.56 68.47 TRITD2BV1G060320
QTL_GY-1B AX-158607271 1B G/T 11175539 7.02 0.28 0.68 26.95 TRITD1BV1G004750
QTL_GY-3B Tdurum_contig51605_194 3B T/C 836442137 7.32 0.33 —0.36 16.36 TRITD3BV1G283450
2021 GY QTL_GY-4A.1 BS00066413_51 4A G/A 593869162 6.17 0.18 0.27 8.2 TRITD4AV1G204300
QTL_GY-4A.2 BS00018740_51 4A C/T 624119696 5.35 0.09 —0.34 26.78 TRITD4AV1G220620
QTL_GY-6A BS00036830_51 6A T/C 593001535 6.53 0.35 —0.31 11.5 TRITD6AV1G215830
QTL_GPC-3A Excalibur_rep_c70658_301 3A c/T 690118919 9.67 0.05 0.38 28.07 TRITD3AV1G258800
QTL_GPC-3A AX-158523263 3A G/T 691850935 13.97 0.49 0.27 12.3 TRITD3AV1G259700
QTL_GPC-3B AX-158563409 3B T/G 780561770 6.57 0.08 —0.25 7.99 TRITD3BV1G259480
GPC QTL_GPC-5B.2 wsnp_Ku_c3869_7094615 5B G/T 435310110 8.1 0.44 0.27 17.66 TRITD5BV1G144960
QTL_GPC-5B.3 wsnp_Ex_c2615_4862266 5B G/A 477324307 6.79 0.22 —0.22 14.65 TRITD5BV1G161310
QTL_GPC-7A Excalibur_rep_c111181_453 7A c/T 155380747 13.55 0.28 —0.26 13.06 TRITD7AV1G067030
s QTL_GY-1A BobWhite_c1361_1187 1A G/A 1104472 11.42 0.19 0.31 38.92 TRITD1AV1G000450
QTL_GY-1B wsnp_Ex_c1137_2182795 1B G/A 9032185 8.84 0.36 0.23 8.65 TRITD1BV1G003990
oY QTL_GY-4A.3 Excalibur_rep_c70578_299 4A G/A 555057805 6.14 0.06 —-0.35 20.33 TRITD4AV1G184860
QTL_GY-4A.1 BS00066413_51 4A G/A 593869162 10.35 0.18 0.24 14.69 TRITD4AV1G204300
QTL_SC-2B.2 BS00088489_51 2B A/G 626536489 5.51 0.25 0.17 19.87 TRITD2BV1G209990
sC QTL_SC-6A.1 AX-94978875 6A A/G 24688558 8.42 0.26 0.26 26.19 TRITD6AV1G009970
QTL_SC-6A.2 Excalibur_c5168_512 6A A/G 603773004 8.79 0.41 0.24 29.81 TRITD6AV1G221400

* The effects of the MTAs are reported in respect of the effect of the rare allele of each locus; Rz—percentage of phenotypic variation explained by the MTA; Gene—the names of genes
containing the MTA within CDS are highlighted in bold.
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A GWAS analysis of 3Yrs detected MTAs for three traits (GPC, GY, and SC). For GPC,
six marker-trait associations on four chromosomes (3A, 3B, 5B, and 7A) were detected. In
total, they explained 93.7% of the phenotypic variance. The two SNP on chromosome 3A
explained 40% of the total phenotypic variance, and their minor alleles were associated
with an increase in the protein content. Those two sites were situated at a distance of
1.7 Mb, and are probably associated with the same genetic factor controlling the GPC. The
minor allele of the MTA on chromosome 3B was associated with a decrease in the trait
value. The minor alleles of the two MTAs on chromosome 5B had opposite effects, and
the one on 7A was associated with a decrease in GPC. Four MTAs were detected for GY
(chromosomes 1A, 1B, and two on 4A), explaining 82.6% of the trait variance. The marker
on chromosome 1A explained the largest proportion of the total variation (39%), and its
minor allele was associated with an increase in the GY. The effect of the MTA on 1B was
also positive, but with a smaller effect. The latter SNP was located 2.1 Mb upstream of an
SNP associated with GY, detected in the 2021 season. The two MTAs on 4A were positioned
beyond the threshold LD decay distance, suggesting that they represent two separate QTLs
on the same chromosome. One of these MTAs (BS00066413_51) was also detected in two of
the seasons. The minor alleles of the two SNPs had opposite effects on GY (Table 2). Three
MTAs were detected for SC. Together, they explained in total 75.6% of the total phenotypic
variance. The MTA on chromosome 2B was also observed in 2019 (Table 2). The minor
alleles at all three loci were associated with an increase in b* index.

3.6. Candidate Genes

In order to define putative candidate genes controlling the phenotypic expression
of the studied traits, we examined the physical genome positions harbouring the MTAs,
and further searched the interval 776 Mb from the peak SNP (the distance at which whole-
genome LD decayed to 7% = 0.21) for high confidence gene models. Out of twenty-six SNPs
with significant associations with a trait, twenty were located in annotated genes and six
were located in intergenic regions. The search in the QTLs Cls yielded 3055 annotated
high-confidence gene models.

4. Discussion
4.1. Phenotypic Variation

The phenotypic expression of many agronomic and quality traits is highly dependent
on environmental conditions and the interaction between the genotype and the environ-
ment, which hinders the selection of widely adapted genotypes. Clarifying the factors
influencing trait expression using genomic approaches can accelerate the introgression of
loci controlling traits of interest in elite varieties, facilitating the breeding process.

An analysis of variance showed a significant effect for the genotype on the expression
of all studied traits in each cropping season and across seasons (3Yrs), which is an essential
requirement for performing GWAS analysis. The other main effects (season and replication)
also proved to have significant effects on the studied traits. For half of the traits (GY,
PH, and GPC), the cropping season made the greatest contribution to the total sum of
squares, indicating that the environmental conditions in the three seasons were significantly
different, affecting overall genotype performance. For the other three traits (TKW, SC,
and SL), although the season had a significant effect, the genotype made the greatest
contribution to the total variation. This means that the between-seasons differences in
those traits were less pronounced and the majority of the phenotypic variation was due to
genotypic differences. In TKW, which was the only trait with a non-significant difference
between a pair of seasons, the genotype explained the greatest proportion of the variation
(50%). For all traits, the genotype by environment interaction proved to be significant,
indicating that genotypes responded differently to the varying environmental conditions
across seasons, and as a result, different genomic loci are expected to be detected in GWAS
across cropping seasons. Our results of AMMI model analysis are consistent with those of
other authors [43—45].
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4.2. Phenotypic Correlations

To select suitable genotypes in breeding programes, it is extremely important to have
a good knowledge of the correlations between the traits characterising yield and quality.
Correlations, although reliable only within the studied genotypes and conditions, point
to relationships that could be used to increase the effectiveness of breeding programs [46].
The presence of a high correlation coefficient between two traits suggests the existence of a
strong hereditary relationship between them and the probability of a close genetic basis [47].
In the studied collection of 90 modern durum wheat genotypes we found a significant and
positive correlation between PH and traits: GY and GPC and TKW in all cropping seasons.
The positive correlations between PH and GY in durum wheat was reported previously by
us [48] and by other authors [49,50]. The consistent, high, positive correlations between
PH and GPC are in agreement with the observation of other authors [50,51]. In addition,
Nigro et al. [51] showed that the dominant allele Rht-B1 related to decreasing plant height
is associated with a decrease in GPC.

Another significant, consistently observed relationship across all cropping seasons
and in the joint analysis in the present study was the negative correlation between GPC
and SC. Simple logic suggests a positive relationship if the grain relative content of proteins
and yellow pigments is determined only by the dilution effect. However, our results are
consistent with results reported by [9], suggesting that, in the studied panel, the dilution
effect does not play an important role for the expression of these traits. This is also
confirmed by the non-significant relationship between SC and TKW in all seasons and 3Yrs.
The observed positive correlation between GPC and TKW in 2019 could be due to the high
GPC combined with average TKW means in that season.

A significant positive correlation of medium magnitude was observed between GY and
GPC in 2020 and 3Yrs, which is a deviation from the generally accepted inverse relationship
between both traits. Usually those traits are in reverse relationship in wheat [52-54]. In both
durum and common wheat, GPC is mainly a result of the post-anthesis N-uptake [55-57].
Grahmann et al. [58] observed a positive correlation between the two traits in suboptimal
nitrogen levels due to the retention of the soil nitrogen by organic residues, making it
unavailable for the plants. However, in our experiment, a standard agronomic practice
was utilised and the observation is most probably a result of a specific combination of
environmental conditions and the structure of the experimental panel. This assumption is
supported by the fact that groups 2 and 4 from the DAPC analysis had distinctly higher
values for both GY and GPC than the population mean, while groups 1 and 3 had lower
values than the mean in 2020. The DAPC groups 2 and 4 consist of mainly modern
Bulgarian varieties and breeding lines from the breeding programs of IFC, Chirpan, and
South Bulgaria. Therefore, the positive correlation found between GY and GPC is due to
the presence of genotypes in the studied population that have the potential to realise both
high yield and high protein content in our pedo-climatic conditions. In this regard, more
detailed research is needed to clarify the genetic and environmental factors responsible for
the deviation from the inverse GY-GPC relationship in order to identify genetic differences
in the ability for nitrogen assimilation before and after anthesis, and for remobilization. The
results of such an investigation could contribute to future breeding progress aimed at the
simultaneous improvement of yield and protein content in durum wheat under changing
climatic conditions in our region.

4.3. Genetic Structure

The genetic structure observed after model-based analysis showed a well-defined
geographic pattern of grouping of the genotypes, although not as pronounced as in our
previous study of the same population, based on SSR markers analysis [20]. Nevertheless,
a fraction of the genotypes from the Southern breeding centre again formed a distinct
group, with only one genotype not originating from South Bulgaria (Table S2). The geno-
types from the Northern breeding centre were grouped with the varieties from Central
and South-West Europe. The results from the DAPC analysis (Table S2), on the other
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hand, were more similar to those from the previous study, as the South selection formed
two separate groups and the varieties from the North-Eastern breeding centre grouped with
varieties from Central Europe (Hungary) and Russia, and the genotypes from South-West
Europe (Italy and France) formed a distinct group. The observed geographic structuring
is also consistent with our results from an SSR analysis of a panel of bread wheat [59],
and indicative of the breeding goals in specific agro-climatic zones in both wheat breed
centres in Bulgaria. In terms of number of clusters, our results are consistent with those
reported by Kabbaj et al. [60], who also found four clusters using DAPC in a core collection
of durum wheat varieties and landraces. The relevance of the observed grouping in the
DAPC analysis is further confirmed by the pronounced group differences in the phenotypic
response to the environment conditions, i.e., 2020, as was discussed above.

4.4. LD-Decay and Association Mapping

In the studied panel, LD decayed to the calculated threshold value of ? = 0.21 at a
distance of 6 Mb, which is higher than the 5.71 Mb reported by Toranto et al. [61], but lower
than the one (9.6 Mb) reported by Wang et al. [62].

The GWAS analysis detected 26 MTA for four of the six studied traits. Grain yield
was the trait with the greatest number of MTAs detected—eleven SNPs located on seven
chromosomes were associated with grain yield. The Cls, defined by the LD decay distance,
of two pairs of MTAs on chromosomes 3B and 1B overlapped, and were considered as
signals of the same QTLs. As a result, we report nine loci controlling GY. Two of the
QTLs, one flagged by AX-109883040 on chromosome 5B and the other by BS00036830_51
on 6A, were not in the Cls of previously reported QTLs, and were defined as novel loci
controlling grain yield in durum wheat. The rest of the QTLs for GY reported in that study
had at least partially overlapping Cls with already reported QTLs. We found two QTLs
located on the short arms of chromosomes from group 1, which were previously detected
by Blanco et al. [10] and Mulugeta et al. [63], respectively for the locus on 1A and 1B. The
chromosome segment of the QTL on 3B, detected in both 2020 and 2021, was also reported
by other authors [64—66]. The stable MTA on chromosome 4A (QTL_GY-4A.1) observed in
our study is located 2.7 Mb apart from the SNP marker (BS00092859_51) associated with
GY [67] and within the CI of a QTL detected in a RIL population by Roncallo et al. [68].
The other two loci controlling GY on chromosome 4A were also in the Cls of previously
reported QTLs, the QTL_GY-4A.2 reported by Mengistu et al. [67] and Peleg et al. [69], and
the QTL_GY-4A.3 reported by Roncallo et al. [68]. The QTL_GY-6B is located near to a
meta-QTL for components of yield and harvest index, detected by Arriagada et al. [64].

For GPC, seven MTAs were mapped in the current study. Three of them were mapped
on chromosome 5B, two on 3A, and one on 3B and 7A. The peak SNP of QTL_GPC-5B.2 lies
in the CIs of one detected by Gonzalez-Hernandez et al. [70]. The CI interval of the latter
also partially overlapped the CI of QTL_GPC-5B.3. The region of QTL-GPC-5B.1 was not
found as previously reported in the literature. The MTAs on 3A were just 1.7 Mb apart and
were considered as one QTL (QTL_GPC-3A). They are located less than 14 Mb upstream of
IWB13886 (3A:676162818) mapped by Nigro et al. [71]. Other authors have detected QTLs
controlling GPC on chromosome group 3 in durum wheat [72]. Kartseva et al. [73], in an
association panel of common wheat, also found an association between GPC and markers
in the distal regions of the long arms of 3A and 3B. The QTL on 7A falls into the CI of a
meta-QTL hotspot (No. 81) detected by Marcotuli et al. [74].

For SC, seven MTAs were detected. Two of them were located on 2A, two on 6A,
and the rest were on 3B, 6B, and 7A. The association of SC with SNP BS00088489_51 on
chromosome 2B was detected in 2019 and 3Yrs. N'Diaye et al. [75] found two haplotypes
in that chromosome segment of 2B associated with semolina colour. On chromosome 3B,
Patil et al. [76] found QTL in a bi-parental population in the same region as us. One of
the MTAs on 6A (QTL_SC-6A.1) is located on the short arm of the chromosome. In that
segment, N'Diaye et al. [75] mapped a locus controlling semolina colour. The other locus
controlling SC on 6A (QTL_SC-6A.2) is located in the CI of a meta-QTL hotspot (No. 73)
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in the study of Marcotuli et al. [74]. The peak marker of the QTL on 7A is approximately
14.2 Mb upstream from the QTL mapped by Reimer et al. [77]. The chromosomes from
group 7 are known to harbour phytoene synthase genes [78], and several other authors
reported QTLs related to semolina colour, located on those chromosomes [76,79,80].

For plant height, only one MTA was mapped on chromosome 2B. In durum wheat on
2B, a QTL for PH was detected by Rathan et al. [81], and in bread wheat Agarwal et al. [82]
mapped several loci on 2A and 2B.

In the current study we detected three QTLs, one controlling SC and two controlling
GY, which were expressed in at least two seasons. Although we are referring to these loci
as stably expressed, because of the significant genotype by season interaction, suggesting
expression of different genomic loci across experimental seasons, we are aware of the
limitations of the experimental design, arising from the single test location in relation to
the practical application of these loci in MAS. The MTAs detected in a single environment
have to be validated in more locations and consecutive seasons to assess their practical
applicability in MAS.

4.5. Candidate Genes

In order to define putative candidate genes, we revised all genes harbouring MTAs
or the closest ones, and searched the confidence intervals for enriched pathways with
potential roles in the expression of the studied traits. In the section below, we will discuss
those QTLs in which we found putative candidate genes.

The SNP associated with GY in 2020 on chromosome 3B (QTL_GY-3B) is located
in a probable leucine-rich receptor-like protein kinase (LRR-RLK), TRITD3BV1G283150.
LRR-RLK are involved in biotic stress response and resistance [83,84], and abiotic stress
response [85]. Those genes may potentially play a role in yield response as overexpression
of wheat LRR_RK (TuBRI1) in Arabidopsis results in early flowering and higher seed
yield [86].

The grain yield QTL on chromosome 4A, QTL_GY-4A.1, was the most stable one de-
tected in our study. It was expressed in 2020, 2021, and 3Yrs. The peak SNP (BS00066413_51)
is located about 3.5 Kb downstream from a gene encoding a geraniol 8-hydrolase, a member
of the Cytochrome P450 (CYP450) monooxygenases family. The family is widespread and
its members play a plethora of functions, such as the metabolism of fatty acids, terpenoids
metabolism, plant hormones and alkaloids synthesis, regulation of organ size, and abiotic
stress responses [87-90]. In wheat, some members of the CYP450 family are associated with
resistance to mycotoxins and grain number [91] or grain size [92]. It should also be noted
that the region of that QTL was significantly enriched for histidine-kinases and SAUR genes.
The histidine-kinases are an element of the phosphorelay-mediated two-component system
for intracellular signal transduction. They are involved in various hormone-dependent
biological processes in plants [93]. In wheat, those types of kinase are known to participate
in drought stress response [94], nitrogen use efficiency [95], and delayed senescence [96].
The SAUR family consists of auxin-regulated genes involved in the fine-tuning of growth
and response to external and internal signals [97]. In addition to the auxin-induced cell
elongation in hypocotyls [98], those proteins play a role in other development phases, such
as promoting senescence [99], which also may have an impact on grain yield.

The peak SNP of QTL_GY-4A.2 is located in a gene (TRITD4AV1G220620) for an acyl-
CoA-binding domain-containing protein 6 (ACBP6). In Arabidopsis, ACBP6 is involved
in cold stress tolerance [100,101] and, more importantly, in seed development and seed
weight [101].

The MTA SNP of QTL_GY-6A is located in a basic helix-loop-helix protein
(bHLH)—TRITD6AV1G215830. The bHLH proteins are a large superfamily of transcrip-
tion factors, participating in the control of biotic and abiotic stress response [102,103]
development (Ono et al., 2018; Wang et al., 2023), grain size, and weight [104,105].

For GPC, the putative candidate genes were involved in protein remobilisation, amino
acid transport, and amino-acyl synthetase. The chromosome segment of QTL_GPC-3A
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was enriched for genes for aspartic-peptidases and harboured several genes encoding
for ubiquitin ligases and F-box, which participate in nitrogen recycling during leaf senes-
cence [106,107]. In the confidence interval of QTL_GPC-5B.2 several F-box proteins were
also detected, namely a putative RING/U-box E3 ubiquitin ligase and two serine proteases
(TRITD5Bv1G145690 and TRITD5Bv1G145700), the latter located approximately 2.5 Mb
downstream from the MTA site, with a potential role in nitrogen remobilisation [108].
Three genes (TRITD3Bv1G260030, TRITD3Bv1G260090, and TRITD3Bv1G260110) involved
in amino acid transport were found in QTL_GPC-3B, about 2 Mb downstream from the
peak SNP (AX-158563409). Some amino acid transporters may play an important role
in providing nitrogen in the late grain filling stages [109]. Furthermore, Jin et al. [110]
showed that TsAAP6-3B is a major regulator of GPC in bread wheat. The marker (Ex-
calibur_rep_c111181_453) associated with GPC on chromosome 7A (QTL_GPC-7A) was
located in an alanine-tRNA ligase gene TRITD7AV1G067030. The enzyme may be consid-
ered as a candidate gene, as the levels of its transcripts correlated with the accumulation of
grain storage proteins in bread wheat [111].

In three QTLs controlling SC were defined putative candidate genes. The region
QTL_SC-2B.2 is enriched with genes encoding terpene synthases, engaged in biosynthesis of
gibberellic acid. Both types of terpenoid, carotenoids and gibberellins, share geranylgeranyl
pyrophosphate as a common precursor and their biosynthetic pathways may compete
for the substrate [112]. In the confidence interval of QTL_SC-6B are located two PPO
genes (IRITD6Bv1G012300 and TRITD6Bv1G012320), contributing to the browning and
decolourisation of common [113] and durum wheat products [114]. The peak SNP of
QTL_SC-6A.2 is located about 2.3 Mb downstream from TRITD6Av1G219960, a Cyt P450
(CYP97A3) protein involved in the biosynthesis of lutein [115].

5. Conclusions

We mapped 23 QTLs controlling four important traits in durum wheat, out of which
two are reported for the first time. Among the QTLs for grain yield, one (chromosome 3B)
was stably expressed in two cropping seasons, one (chromosome 1B) in 2021 and combined
analysis across seasons, and one (chromosome 4A) in two individual seasons as well as
across all seasons (3Yrs). The QTL for SC on chromosome 2B was also detected in 2019
and 3Yrs. About 70% of the MTAs detected in the present study overlap with previously
reported QTLs in both durum and bread wheat. Some of the detected QTLs were found
to harbour genes known to control the expression of the respective traits. The most
relevant putative candidate genes for GY were involved in stress response, growth, and
development. Putative candidate genes for GPC were involved in nitrogen remobilisation
and transport, and for SC in biosynthesis and metabolism of terpenes. The MTAs detected
in our study could be a good starting point for selecting genes potentially important for
grain yield and quality in durum wheat for further functional analyses and validation.
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