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Abstract: Genetic enhancement of grain production and quality is a priority in wheat breeding
projects. In this study, we assessed two key agronomic traits - grain protein content (GPC) and
thousand kernel weight (TKW) - across 179 Bulgarian contemporary and historic varieties, and
landraces in three growing seasons. Significant phenotypic variation existed for both traits among
genotypes and seasons, and no discernible difference was evident between the old and modern
accessions. To understand the genetic basis of the traits, we conducted a genome-wide association
study with MLM using phenotypic data from the crop seasons, best linear unbiased estimators,
genotypic data from the 25K Infinium iSelect array, and a Bonferroni-adjusted p-value. As a result,
776 significant quantitative trait nucleotides (QTNs) organized into quantitative trait loci were
discovered, including 25 loci associated with GPC, and 35 loci linked to TKW. Additionally, 14
environmentally stable QTNs were identified for TKW. Certain loci on chromosomes 24, 3A, and
6B favorably influenced GPC, while the locus on chromosome 6D impacted TKW positively. These
loci may reflect novel associations to the two traits. Annotations for proteins involved in the
remobilization of carbon and nitrogen from vegetative tissues to developing grain during
senescence, as well as in the following buildup of resources required for seed germination, have
been found for selected putative candidate genes. These include genes coding for 115 globulin seed
storage protein, glutamine synthetase, metalloendopeptidase, components of the
ubiquitin/proteasome system, sucrose transporter, alpha-amylase, NAC and bZIP transcription
factors. Our findings highlight promising genomic regions for targeted breeding programs aimed
at improving grain yield and protein content.

Keywords: association mapping; candidate genes; grain protein content; TKW; grain quality; grain
yield; Triticum aestivum L.
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1. Introduction

Wheat is a unique cereal crop due to the baking qualities of its flour and occupies a central
strategic role in broad-scale food security. Increasing yield and protein content in wheat grain is
essential for safeguarding the human rights to sufficient and nutritious food. The quality and
nutritional value of food products made from wheat flour largely depend upon the type and
concentration of grain proteins [1,2]. As a consequence, total grain protein content (GPC) is one of the
main determinants of both baking quality and the international market price of wheat [3]. The range
of protein in wheat grains is usually between 8 and 20%, accounting for less than 8-15% of the grain
dry weight. Thousand kernel weight (TKW) is a measure of grain weight and, along with spike
number per unit area and grain number per spike, is a main component of wheat total yield. Grain
weight and, respectively, grain yield, is formed mainly by the starch accumulation in the developing
grain and, therefore, any starch gain in the endosperm if not accompanied by an adequate rise in
nitrogen (N)/protein accumulation has a dilution effect that influences the concentration of grain
protein and micronutrients [4]. Due to this important interaction, breeders frequently encounter
conundrums when aiming for genotypes that combine high yield and high protein content in the
grain [5-8].

Comparative studies on changes that have occurred in wheat varieties released or introduced
since the middle of the 19th century showed increased grain yield and decreased protein over time
[4,9]. This suggests that old germplasm (landraces and traditional varieties) can be screened for new
genetic diversity and targeted for the construction of new varieties. Old germplasm grown in
Bulgaria has some desirable traits, such as consistent yield, resistance to drought, high protein
content, or good quality for making bread [10]. The semi-dwarf high-yielding varieties that emerged
in the 1970s replaced the landraces and the tall varieties that were previously grown [11]. Most of this
germplasm is now extinct, but some seed samples are preserved and reproduced in the major
European seed gene banks [12].

Both GPC and TKW are quantitatively inherited and are controlled by multiple genes or
quantitative trait loci (QTL) [13,14]. The impact of the environmental conditions on gene expression
and the genotype by environment interactions further complicates the precise evaluation of these
traits [15].

Genome-wide association studies (GWAS) detect genetic effects based on linkage disequilibrium
(LD) in natural germplasm collections and have become effective tools for modern plant breeding
[16]. Following the rapid development of DNA marker technologies, and in particular the advent of
single nucleotide polymorphism (SNP) chips, association mapping has been used progressively to
establish a strong connection between a genome-wide SNP and a trait of interest. Identifying marker-
trait associations (MTAs) or quantitative trait nucleotides (QTNs) can make it easier for breeders to
choose the best genotypes, reduce the breeding cycle and achieve higher genetic gains. A number of
recent GWAS studies reported genomic regions associated with GPC and yield components [14,17—
31].

The association panels employed in these studies varied in terms of diversity level, genetic
relatedness, and the nature of accessions. For instance, Kartseva et al. [27] used a diverse population
of 255 accessions from 27 countries on 5 continents, and revealed novel stable genomic regions
harboring GPC-associated markers on chromosomes 3A and 3B. QTL hotspots containing 165
significant MTAs for quality and agronomic traits were mapped on almost all chromosomes in an
association panel of 170 diverse landraces from the Mediterranean region [31]. Using a set of 93 spring
common wheat varieties and breeding lines adapted for cultivation in the Siberian region of the
Russian Federation, another study reported eleven genomic regions associated with GPC, of which
nine were physically mapped on chromosome 6A harboring the NAM-A1 gene, homoeologous to the
Gpc-B1 (NAM-B1) gene [23]. Another recent investigation by Tyrka et al. [30] screened 168 Polish
breeding lines of common winter wheat for a number of agronomic traits, and identified trait-
associated markers for heading time, lodging resistance, plant height, and TKW. Therefore, it is
essential to evaluate new large mapping populations with different underlying sub-structure, extents
of genetic relatedness among individuals, and LD decays, to identify novel QTNs or QTL for yield
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and quality traits. Additionally, these traits are influenced by environmental factors, therefore,
detecting MTAs in multi-environment or multi-year studies is crucial for their application in marker-
assisted breeding.

For this study, we assembled an association panel of advanced and historic varieties, and local
accessions from Bulgaria. Our fundamental focus was to explore the natural genetic variation for
protein content in wheat grain and thousand kernel weight, and to reveal the associated genetic
determinants. We found a considerable amount of phenotypic variation for GPC and TKW with no
apparent differences between modern high-productive varieties and old germplasm, nor did the
traits significantly correlate with one another. Based on GWAS findings, we identified promising
genomic regions for wheat improvement and uncovered possible candidate genes. These results
provide information about the genetic resources available to breeders to improve grain yield and
nutritional properties of wheat products, as well as an opportunity to develop closely associated
markers to aid molecular breeding of new varieties.

2. Results

2.1. Phenotypic Variation

Descriptive statistics, frequency distribution, and boxplots showed wide phenotypic variation
for both GPC and TKW under three growing seasons (harvests 2014, 2017, 2021) within the set of 179
wheat accessions with total average over the crop seasons of 13.4 % + 1.34 for GPC, and 45.2 g + 4.28
for TKW (Tables 1, S1 and S2, Figure 1). The range of coefficients of variation (CV, %) across the
individual years was similar for the two traits. Estimates of high broad-sense heritability (h2) for both
traits showed moderate to high values in the individual growing seasons (from 0.64 to 0.78), and high
values over the environments (0.82 for GPC and 0.81 for TKW). To exclude the impact of the growing
season, we computed BLUE values for each accession, treating genotype as fixed and growing season
as random effects. BLUEs varied across the years from 11.6 to 14.7 %, on average 13.4 % for GPC, and
from 39.5 to 51.8 g, on average 45.4 g for TKW (Tables 1, S1 and S2, Figure 1).

Table 1. Descriptive statistics for grain protein content (GPC) and thousand kernel weight (TKW) in
a set of 179 Bulgarian bread wheat accessions evaluated in three growing seasons (environments).
Std. Dev., standard deviation; CV, coefficient of variation; h?, broad-sense heritability; BLUE, best
linear unbiased estimator.

Trait Env. Mean* Std. Dev. Min. Max. CV % h?
GPC (%) Sofia 2014 13.2b 1.46 7.6 16.8 11.09 0.64
Sofia 2017 12.9b 2.06 6.0 16.8 15.90 0.78
Sofia 2021 14.2a 1.62 7.1 19.4 11.43 0.69
Average 13.4 1.34 94 16.8 10.00 0.82
BLUE 13.4 0.51 11.6 14.7 3.81
TKW (g) Sofia 2014 43.1b 6.43 22.2 65.8 14.92 0.77
Sofia 2017 44.0b 4.72 31.0 58.2 10.73 0.64
Sofia 2021 48.6a 5.42 244 61.6 11.14 0.70
Average 45.2 4.28 33.7 55.0 9.46 0.81
BLUE 454 2.25 39.6 51.8 494

*different letters denote significant difference between the mean values at p<0.001.
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Figure 1. Probability density and box-plots for (a, ¢) grain protein content (GPC) and (b, d) thousand
kernel weight (TKW) across three growing seasons and based on best linear unbiased estimators
(BLUES) in a set of 179 Bulgarian bread wheat accessions.

The ANOVA results explained the presence of broad phenotypic variation among genotypes for
GPC and TKW, revealing highly significant effects of genotype, environment (growing season), and
their interaction (Table 2). For both traits, no significant differences were noted only between 2014
and 2017 (Table S3).

Table 2. Factorial analysis of variance (ANOVA) for (a) grain protein content (GPC) and (b) thousand
kernel weight (TKW) from three environments (growing seasons) for a set of 179 Bulgarian bread

wheat accessions.

@)

Source of Variation SS df MS F P-value F crit
Genotype (G) 962.685 178 5.408 3.010 0.0000 1.233
Environment (E) 145.483 2 72.741 40.485 0.0000 3.021
GxE 639.638 356 1.797 7.210 0.0000 3.320

Total 1747.805 536

(b)

Source of Variation SS df MS F P-value F crit
Genotype (G) 9792.257 178 55.013 2.897 0.0000 1.233
Environment (E) 3128.650 2 1564.325 82.375 0.0000 3.021
GxE 6760.582 356 18.990 4.3643 0.0000 4.092

Total 19681.49 536

To assess the trait consistency across the environments and to explain the relationships between
GPC and TKW, Pearson’s correlation coefficient approach was used. Low to high positive Pearson’s
correlation coefficients (r) over the years were computed for GPC (spanning from 0.50 to 0.92) and
TKW (ranging from 0.30 to 0.79) (Table 3). In general, consistency was noted across the growing
seasons, with one exception — GPC in 2017 was not correlated with that in 2021. From the perspective
of the data desirability for GWAS, correlation analysis was performed also with the BLUE mean
values. The Pearson’s correlation coefficients (r) computed based on the BLUEs were positively
significant (p<0.05) for both GPC and TKW. The two grain characteristics were not correlated across
the growing seasons, as well as based on the BLUEs (Table 3).
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Table 3. Pearson correlation coefficients (r) for grain protein content (GPC) and thousand kernel
weight (TKW) among growing seasons (harvests in 2014, 2017 and 2021) and with the mean best linear
unbiased estimator (BLUE) values in a set of 179 Bulgarian bread wheat accessions.

GPC-2017 GPC-2021 GPC-BLUE TKW-2014 TKW-2017 TKW-2021 TKW-BLUE

GPC-2014 0.69*** 0.50*** 0.93*** 0.00 -0.09 -0.08 -0.05
GPC-2017 0.10 0.61*** 0.04 0.01 -0.01 -0.02
GPC-2021 0.47*** 0.16* -0.01 0.12 0.06
GPC-BLUE -0.01 -0.10 -0.07 0.02
TKW-2014 0.39%** 0.30%** 0.60***
TKW-2017 0.53%** 0.42%**
TKW-2021 0.38***

*, *** significant at p<0.05 and 0.001, respectively.

According to [32], the studied population has a distinct structure, encompassing three sub-
populations (SPs), of which SP1 (109 accessions) and SP3 (16 accessions) included predominantly
modern releases, while the old germplasm formed a separate cluster, SP2 (49 accessions), and 5
genotypes were considered as admixed. Taking into account the distinct population structure, we
tested the hypothesis of whether the old accessions differ significantly and consistently from the
modern releases. Therefore, we compared the three SPs across the growing seasons. While the two
sub-groups containing modern varieties did not differ significantly across the years and with the
BLUEs concerning both GPC and TKW, the sub-group of old accessions (SP2) displayed variability
across the environments. Sub-population SP2 had significantly lower GPC compared to the SP3-
varieties in 2021, but did not differ from both groups of modern releases in 2014, 2017 and with the
BLUEs (Figure 2a). The group of old germplasm showed a higher TKW mean value in 2017 but a
lower value in 2021 when compared to SP1, whereas the TKW mean BLUE of SP2 was significantly
lower than that of SP3 (Figure 2b).

To distinguish genotypes that could be used for improving grain protein content in breeding
programs, the accessions were classified according to [2] into five groups with protein 213% (Group
1), 212% (Group 2), 211% (Group 3), and >10% (Group 4), <10 (Group 5). The prevailing part of the
accessions (90 and 94% of SP1 and SP3 modern releases, 84% of SP2 old accessions, or 89% of the
entire population) fall into Groups 1 and 2 (Figure 3).

In order to evaluate the phenotypic variability of the population throughout the crop seasons,
we initially determined the deviations from the respective yearly average GPC and TKW.
Subsequently, these discrepancies were averaged for each accession throughout the three seasons.
The influence of genotypes fluctuated per the environmental gradient, with the variance extending
from 0.012 (2014) to 0.025 (2017) for GPC (Table S4), and from 0.011 (2017) to 0.022 (2014) for TKW
(Table S5). The variance within the entire population over the years spanned from 0.0 to 0.108 for
GPC, and from 0.0 to 0.101 for TKW.

2.2. Linkage Disequilibrium (LD) Estimation, Significant Quantitative Trait Nucleotides (QTNs) and
Quantitative Trait Loci (QTL)

From the perspective of GWAS, LD was considered. This is essential to define the interval of
highly associated SNPs and to identify the most significant loci [16]. Here, we calculated LD decay
using the whole association panel irrespective of the genotype status (old vs modern). The LD decay
values varied from 1.5 to 3.0 Mbp on the individual chromosomes, with the highest value of LD decay
in the D-genome (2.54 Mbp) and homoeologous group 3 (2.27 Mbp), on average 1.98 Mbp (Table 56).

do0i:10.20944/preprints202402.1069.v1
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Figure 2. Box-plots for (a) grain protein content (GPC, in %) and (b) thousand kernel weight (TKW,
in g) (B) across three growing seasons and based on best linear unbiased estimators (BLUESs) in sub-
populations (SPs) within a population of 179 Bulgarian bread wheat accessions.

For GPC, no significant QTNs were detected across the growing seasons (data not shown).
However, based on BLUESs, a total of 293 significant QTNs were identified at -logi (p) > 5.53,
distributed on 18 chromosomes with the highest number (84) on chromosome 3A (Figure 4a).

We combined the adjacent significantly associated markers into 25 LD blocks as trait-associated
QTL. These loci were positioned on 13 chromosomes (1A, 1B, 1D, 24, 2B, 2D, 3A, 5A, 5B, 5D, 6A, 6B,
and 7A), with the highest number of QTLs (5) on chromosome 3A (Tables 4 and S7, Figure 5). If we
assume that the adjacent significant SNPs are independent and there is no interaction between them,
and therefore, their effect is additive, the total effect of the detected QTL represents a sum of the
individual SNP effects [33]. The results underscored the presence of 13 QTL with positive additive
effects on protein content ranging from 5.28 to 49.26, while the rest loci had negative summary effects
ranging from -0.91 to -40.52, thus reducing the protein content. The proportion of phenotypic variance
explained by the significant SNPs within QTL (R? in %) ranged from 13 to 23% (Table 4). Locus
QGpc.ippg-1A.2 with the highest number of individual SNPs with positive effect (11 out of 15), 14 to
20% individual markers contribution to the variation, and a total effect of 49.26 is promising for
increasing the protein content.
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Figure 3. Proportion of accessions (a-c) from the three sub-populations and (d) within the entire
population of 179 Bulgarian bread wheat accessions with respect to grain protein content (GPC);
classification is according to [2].
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Figure 4. (a) Manhattan and (b) Q-Q plots of the genome-wide association scan for grain protein
content based on MLM (Q+K) model and mean BLUE values in a set of 179 Bulgarian bread wheat
accessions calculated with the phenotypic data from three growing seasons. For the Manhattan plot,
the red line depicts the threshold of —logio (p) = 5.53. The significant quantitative trait nucleotides
(QTNs) are above the red line; for the Q-Q plots, the red line corresponds to the expected values.
Table 4. Information about Quantitative Trait Loci (QTL) associated with grain protein content (GPC)
detected by GWAS analysis in a population of 179 Bulgarian bread wheat accessions.
i Total High Co-
QTL Position range SNPs Peak SNP Peak SNP - Allele QTL R?range confidence located
(Mbp)? logio(p) N
effect genes loci
chzl;’pg‘ 3217-3857 4 Excalibur_c7237_1084 736 AIG 1610 17-19% 81
chzlg”g‘ 4358-5129 15 AX-94522764 779 A/G 4926 1420% 59  [28,57]
chzlg”g‘ 350.01-357.34 7 wsnp_JD_c40990_29127031 585  A/G -1806 13-14% 55 (37]
QGpc.ippg-1B 562.66 —567.17 3 Tdurum_contig8158_269 6.00 A/G 1722 13-15% 37
QGpc.ippg-1D 420.18 —-426.36 5 wsnp_Ex_c9577_15855968 5.84 T/C -574 13-14% 74
QGpc.ippg-2A 496.54 - 499.61 5 Ra_c22880_760 8.38 A/G 2258 16-22% 16
QGpc.ippg-2B.1646.95 - 652.19 5 Kukri_c4294_371 6.78 A/G  -18.69  17% 44 [19]
QGpc.ippg-2B.2724.85-730.10 3 Tdurum_contig56876_365 5.96 T/C -5.81 14% 10
QGpc.ippg-2D  52.54 - 61.61 7 D_contig28346_467 8.22 T/C -40.52 20-22% 111
Qnglfpg' 5414-5901 10 BS00032524_51 621  T/C 2595 14-15% 88
Qnglgpg' 483.60-489.86 6  wsnp_Ex_c11039_17902115 631  A/G -13.00 15% 46 [56]
Qnglg’pg' 513.89-52121 15 BobWhite_c9468_453 658  A/G 727 1416% 62 [27]

QG;’;'IZ”g' 519.31-537.00 27 AX-158523405 755  T/IC -495 13-19% 120
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QG;’ZIE P8 55446-56435 16 BS00011612_51 733 A/G 1244 1518% 69

QGEZZ’ P& 8417-9444 10 Tdurum_contig81753_70 587  A/G 1205  14% 46

QGZZZ’ P& 9523-101.02 3 wsnp_Ex_rep_c110023_92574403 589  T/C 1772  14% 25

QGZZIQ’P& 102.15-111.94 13 wsnp_Ku_c328_679106 58  A/G 645  14% 47
QGpc.ippg-5B.1 56.83-60.66 5 BS00024717_51 608  T/C 590 15% 29
QGpc.ippg-5B.2425.77 - 429.63 5 BS00068100_51 625  AIG 640  15% 35 (57]
QGpe.ippg-5D 550.49 - 556.35 4 Kukri_c15823_196 799 T/C 091 1423% 107 28]

chzlf P& 45314-456.16 3 Tdurum_contig78006_158 596 A/G 528 13-14% 32

chzlgpg' 607.88-613.01 8 wsnp_Ex_c1153_2213588 674  T/C -1262 1417% 136
QGpc.ippg-6B.1450.41 — 457.45 4 AX-158552532 657  A/G -12.03 14-16% 33
QGpe.ippg-6B.257132-57881 8  wsnp_Ku_c11870_19296142 645  T/C 2387 13-16% 57
QGpc.ippg-7A 73236 -73437 3 AX-158589978 575 T/C 563 13-14% 41

Intotal: 1,460

2QTL position range includes LD supported flanking intervals; "Previously reported significant markers/QTL

coinciding with (bold) or in close proximity to the QTL identified in the current study.

s
is

Figure 5. Distribution of the detected trait-associated genomic loci along the wheat chromosomes.
Red bars represent quantitative trait loci (QTL), associated with grain protein content (GPC); blue
bars and circles represent QTL and stable quantitative trait nucleotides (QTN), associated with
thousand kernel weight (TKW), respectively. On the right side of chromosomes, the flanking
significant SNPs are depicted; the numbers to the left of the chromosomes indicate the position of the
flanking markers (in Mbp).

For the yield-related trait TKW, a total of 483 significant QTNs (-log1o (p) > 5.53) were identified
on all chromosomes (Figure 6a). Twenty-nine of them were detected in two growing seasons (2017
and 2021), and the rest 454 were based on BLUEs. Clustering of adjacent significant trait-associated
SNPs/QTNs within LD blocks formed 35 QTL on 13 chromosomes (1A, 1B, 2B, 3A, 3B, 4B, 5A, 5B, 6A,
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6B, 6D, 7A, 7B) with the highest number on chromosomes 2B (6), 3B (5) and 6A (5) (Tables 5 and S8,
Figure 5). Based on the additive assumption, most of the QTL associated with TKW displayed neutral,
slightly negative, or slightly positive effects on the trait. Our findings emphasized one QTL (on 6A)
with a strong negative effect, and two loci with a high positive impact (on 6D and 7A) on the trait
(Table 5). Noteworthy, 14 SNPs distributed across chromosomes 1A, 1B, 2B, 6A, and 6B were deemed
environmentally stable because of their strong association (-logio (p) > 5.53) with TKW BLUE values
and with phenotypic data gathered throughout at least one growing season (Table 5, Figure 5). Eight
of them (on chromosomes 14, 2B, 6A and 6B) were not included in LD blocks (Table 5). Both types
of TKW-associated loci (QTL and independent stable QTNs) explained between 8 and 22% of the trait
variance. The highest total additive effect (26.55) and the highest additive positive effect (50.01) on
the trait was calculated for locus QTkw.ippg-6D having 28 positive SNPs out of 40, with the individual
amount of variation 16 to 21% indicating that this region may be a relatively major QTL.

Collectively for the two traits, the majority of loci were mapped on A (26) and B (30) sub-genomes,
while the D sub-genome carried a minor portion of QTL (4) (Tables 4 and 5). The Q-Q plots supported
the detected strong association signals for GPC and TKW (Figures 4b and 6b).

Two genomic regions were shared between GPC and TKW (Figure 5). A short overlapping
region on chromosome 2B (length of 55,849 bp) includes the interval from 646.9 to 647.0 Mbp and
represent an intersection of QGpc.ippg-2B.1 and QTkw.ippg-2B.4, located in the support region of the
flanking SNPs. The second one is a larger region on chromosome 6A extending from 607,9 to 613.0
Mbp (length of 5,087,923 bp), and includes the entire loci QGpc.ippg-6A.2 and QTkw.ippg-6A.5 (Tables
4 and 5). The overlapping QTL in the chromosome 2B common region showed negative effects on
both traits, while the loci in the shared region on chromosome 6A had high negative effect on protein
content and slightly positive effect on TKW.
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Figure 6. (a) Manhattan and (b) Q-Q plots of the genome-wide association scan for thousand kernel
weight based on MLM (Q+K) model and the phenotypic data from three growing seasons, along with
the calculated BLUE values in a set of 179 Bulgarian bread wheat accessions. For the Manhattan plot,
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the red line depicts the threshold of —logio (p) = 5.53. The significant quantitative trait nucleotides
(QTNs) are above the red line; for the Q-Q plots, the red line corresponds to the expected values.

Table 5. Information about (a) Quantitative Trait Loci (QTL) and (b) environmentally stable
Quantitative Trait Nucleotides (QTNs) associated with thousand kernel weight (TKW) detected by
GWAS analysis of a population of 179 Bulgarian bread wheat varieties.
(@
Peak
. Total High Co-
2
QTL Position SNPs Peak SNP SNP Allele QTL R confidence located
range (Mbp)2 -log1o range .
) effect genes loci®
QTkw.ippg-1A.1  1.38 - 6.06 3 CAP12_c3074_192 796 A/G 131 14-19% 70
QTkw.ippg-1A.2 4.32-9.19 4 AX-94692394 8.54 T/C 311 11-21% 91 [53]
QTkw.ippg-1B.1 13.74 -17.25 11 BS00108057_51 8.01 T/C -1.76 14-22% 74
QTkuw.ippg-1B.2 6:;7;0_ 4 BS00039135_51 717  A/C 355 9-17% 47 [21]
QTkw.ippg-2B.1 11.47 —16.91 4 BobWhite_c26803_89 6.75 T/C 017 14-16% 99 [53]
QTkw.ippg-2B.2 26.67 — 31.69 9 Excalibur_c46590_363 629 T/C -2.00 13-15% 104
QTkw.ippg-2B.3 11785 (')9:0_ 3 wsnp_Ex_c51461_55394646 588 A/G -4.70 12-13% 23
. 638.79 —
QTkw.ippg-2B.4 647,01 16 AX-95652816 6.67 A/G -576 13-16% 73
. 773.26 — .
QTkw.ippg-2B.5 77903 7 Excalibur_c5438_274 840 T/C 239 15-21% 76
. 798.33 —
QTkw.ippg-2B.6 802.95 4 BS00065264_51 6.62 T/G -3.38 13-16% 45
QTkw.ippg-3A 45.83 —51.48 3 BS00011111_51 6.70 T/G -157 14-16% 61 [53]
QTkw.ippg-3B.1 4.54-13.40 6 AX-94783816 5.93 A/T 071 13-16% 186 [59]
QTkw.ippg-3B.2 58.06 — 62.67 5 RAC875_c34484_67 6.67 A/G -447 13-16% 49 [36]
QTkw.ippg-3B.3 80.27 - 85.23 4 wsnp_Ex_c1097_2105209 6.03 A/G 288 13-14% 41
QTkw.ippg-3B.4 2241269789_ 4 CAPS8_rep_c4453_136 594 T/C 0.04 13-14% 28 [58]
. 542.04 -
QTkw.ippg-3B5 "0 oo 4 BS00062734_51 638 A/G -010 13-15% 69
. 586.73 —
QTkw.ippg-4B 502 55 6 Ex_c25467_851 6.07 T/C 0.01 13-14% 39 [63]
. 480.95 -
QTkw.ippg-5A.1 487.60 4 AX-158584685 618 A/G -0.09 13-14% 69 [30]
. 667.20 —
QTkw.ippg-5A.2 672,45 6 AX-109335926 6.83 T/G 3.89 13-16% 57 [58,63]
QTkw.ippg-5B.1 7.41-10.45 4 BS00067985_51 612 T/C -391 14% 45
QTkw.ippg-5B.2 5:25974_ 5 AX-110484654 6.45 A/G 457 14-15% 28
. 670.94 —
QTkw.ippg-5B.3 67445 3 CAP12_¢2231_114 684 A/C 533 8-16% 42 [63]
. 691.13 - .
QTkw.ippg-5B.4 694.14 3 Kukri_c1214_2316 6.75 T/C -5.44 14-16% 37 [53,63]
QTkw.ippg-6A.1 523 -8.23 4 Tdurum_contig63703_1143 6.75 T/IC 649 15-16% 56 [60]
QTkw.ippg-6A.2 14.27 - 18.07 4 RAC875_¢2253_2011 5.99 T/C 0.61 11-14% 91 [59]
QTkw.ippg-6A.3 27.71 - 38.19 38 BS00023140_51 7.62 T/C -16.71 14-18% 165
QTkw.ippg-6A.4 5;%;4:0_ 5 AX-94475556 711 T/C 428 13-17% 51 [53,58]
. 607.93 - .
QTkw.ippg-6A.5 61336 11 Kukri_c11902_580 876 T/C 150 17-22% 163 [53,61,63]
. 28642 — ,
QTkw.ippg-6B.1 201.69 4 Kukri_c26279_503 571 T/C -0.04 13% 23
. 307.75 -
QTkw.ippg-6B.2 313.20 4 RAC875_c41604_1001 5.75 T/C -011 13% 10
. 415.23 - .
QTkw.ippg-6B.3 40177 3 Kukri_c55096_140 569 A/C -154 13% 19
. 703.28 —
QTkw.ippg-6B.4 70738 3 wsnp_Ex_rep_c67100_65576598 7.50  A/G -1.69 17-18% 112 [53]
. 459.54 —
QTkw.ippg-6D 40 AX-158600736 8.70 T/C 26.55 16-22% 211

469.55
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QTkw.ippg-7A 18.01 -21.17 9 AX-94791713 5.80 T/C 1051 13% 70 [53]
QTkw.ippg-7B 6356;(?4_ 8 AX-158592437 675 A/G 015 13% 53 [62]
Intotal: 2,477
(b)
Position High Co-
QTL/Chr. (Mbp) Env. SNP -logo (p) Allele Effect Rz confidence located
genes locib
Stable QTNs within a LD blocke
QTkw.ippg-1A.2  6.32 2017, BLUE Kukri_c8390_1102 6.92 A/G -5.01 11%
QTkw.ippg-1B.2  636.75 2021, BLUE BS00039135_51 717 A/C -2.00 17% [21]
QTkw.ippg-1B.2  636.75 2021, BLUE BobWhite_c2844_569 7.15 A/C -2.00 17% [21]
QTkw.ippg-1B.2  636.80 2021, BLUE AX-111478328 7.14 A/G -1.99 17% [21]
QTkw.ippg-6A.2 16.57 2017, BLUE RAC875_c2253_2011 5.99 T/C -1.49 14%
QTkw.ippg-6A.2 16.57 2017, BLUE Kukri_c10377_376 5.74 A/G -1.45 13%
Stable QTNs not in a LD block
1A 594.10 2017, BLUE AX-95160390 6.77 C/G 1.56 17% 21
2B 101.30 2017, BLUE Excalibur_rep_c66832_742 5.68 T/G 4.10 13% 27 [53]
2B 104.57 2017, BLUE  RFL_Contig2231_346* 5.57 A/G 1.94 13% 38 [53]
2B 104.58 2017, BLUE Tdurum_contig68806_677* 5.74 T/C -1.95 13% [53]
6A 7753 2017,2021, RACS875_rep_c114561_587 581 A/G 404 14% 29 (58]
BLUE
6A 100.77 2017, BLUE AX-95145282** 7.84 A/G 478 20% 49
6A 100.80 2017, BLUE AX-158588216** 5.65 A/G 4.09 13%
6B 159.70 2017, BLUE GENE-3659_104 5.84 T/C -4.24 14% 51

In total: 215

aQTL position range includes LD supported flanking intervals; "Previously reported significant markers/QTL
coinciding with (bold) or in close proximity to the QTL/QTNs identified in the current study; <For stable QTNs,
detected with BLUEs and at least one other environment, the higher -logio (p) values, and the corresponding
effects and R? values are given; the presented number of high confidence genes is within the LD supported
intervals of the markers; ¥, **Marked SNPs are adjacent.

2.3. Potential Candidate Genes

To hypothesize potential candidate genes underlying the analyzed traits, we explored the 25 and
35 QTL detected for GPC and TKW, respectively, as well as the eight environmentally stable QTNs
for TKW that were outside LD blocks. The search for candidate genes was performed based on the
physical position of the flanking QTNs on T. gestivum L. cv. Chinese Spring reference genome
extended by LD interval estimated for each chromosome based on LD decay. Within the defined
QTL, we found a total of 1,460 high-confidence genes associated with GPC (Tables 4 and Table S9).
For TKW, a total of 2,477 high-confidence annotated genes within the 35 QTL, and 215 genes in the
vicinity of the stable independent QTNs were evaluated as potential candidate genes (Table 5, Table
510).

In Tables 6 and 7, we assembled shorter lists of selected potential candidate genes based on gene
annotations and a literature survey. Relevant candidate genes associated with GPC and TKW
encoded proteins involved in senescence-associated proteolysis, in nutrient remobilization and
allocation from leaves to grains; storage proteins; a variety of transporter proteins; proteins involved
in starch metabolism; the components of the ubiquitin-protease proteolytic system, and a number of
transcription factors, such as NAC-domain proteins. Certain genes associated with early seed
germination, such as subtilisin-like serine protease, alpha-amylase, thioredoxin and germin-like
proteins, were shown to be specific to GPC. Regarding TKW, genes were found that code for proteins
controlling grain size and weight, including expansins, cell wall invertase, and serine
carboxypeptidase.
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Table 6. Selected candidate genes residing within the QTL intervals and associated with Grain Protein

Content (GPC).
QTL Gene ID Anotation function
QGpc.ippg-1A.1 TraesCS1A01G052600 Germin-like protein
TraesCS1A01G052700 Germin-like protein
TraesCS1A01G052900 Germin-like protein
TraesCS1A01G053000 Germin-like protein
TraesCS1A01G053100 Germin-like protein
TraesCS1A01G053700 Ubiquitin activating enzyme E1
QGpc.ippg-1A.2 TraesCS1A01G063600 Ubiquitin-conjugating enzyme E2
TraesCS1A01G066100 11S globulin seed storage protein
TraesCS1A01G069000 bZIP transcription factor family protein
QGpc.ippg-1A.3 TraesCS1A01G196300 26S proteasome regulatory subunit family protein
TraesCS1A01G197400 WRKY family transcription factor
TraesCS1A01G197600 Peptide transporter
TraesCS1A01G197700 Peptide transporter
QGpc.ippg-1B  TraesCS1B01G338500 Cysteine protease family protein
TraesCS1B01G338800 Thioredoxin
TraesCS1B01G339000 Thioredoxin
QGpc.ippg-1D TraesCS1D01G330800 E3 ubiquitin-protein ligase MARCH6
TraesCS1DO1G331800 Bifunctional inhibitor/lipid-transfer p1."0tein/seed storage 2S albumin
superfamily
TraesCS1D01G331900 Bifunctional inhibitor/lipid-transfer p1.‘0tein/seed storage 25 albumin
superfamily
TraesCS1D01G332200 Basic-leucine zipper (BZIP) transcription factor family
TraesCS1D01G332500 Thioredoxin
TraesCS1D01G333100 E3 ubiquitin-protein ligase
QGpc.ippg-2A TraesCS2A01G289800 Alpha-amylase
TraesCS2A01G289800 Alpha-amylase
QGpc.ippg-2B.1 TraesCS2B01G453000 Ubiquitin-specific protease family C19-related protein
TraesCS2B01G453100 Ubiquitin-specific protease family C19 protein
TraesCS2B01G454300 WRKY transcription factor
QGpc.ippg-2B.2 TraesCS2B01G533300 Sucrose transporter
QGpc.ippg-2D  TraesCS2D01G100500 Thioredoxin, putative
TraesCS2D01G100600 NAC domain protein
TraesCS2D01G100900 NAC domain protein,
TraesCS2D01G100700 NAC domain protein,
TraesCS2D01G100800 NAC domain protein,
TraesCS2D01G101300 NAC domain protein
TraesCS2D01G101400 NAC domain protein
TraesCS2D01G102300 Cysteine protease
TraesCS2D01G104400 E3 ubiquitin-protein ligase SHPRH
TraesCS2D01G104500 WRKY transcription factor
TraesCS2D01G104600 WRKY transcription factor
TraesCS2D01G104700 WRKY transcription factor
TraesCS2D01G105400 Basic-leucine zipper domain
TraesCS2D01G106200 Cysteine proteinase
TraesCS2D01G109300 Germin-like protein 1
QGpc.ippg-3A.1 TraesCS3A01G085500 bZIP transcription factor, putative (DUF1664)
TraesCS3A01G090700 E3 ubiquitin-protein ligase SINA-like 10
QGpc.ippg-3A.3 TraesCS3A01G285600 Proteasome subunit alpha type
TraesCS3A01G287800 Eukaryotic aspartyl protease family protein
TraesCS3A01G289000 Senescence-associated family protein (DUF581)
TraesCS3A01G289700 WRKY transcription factor
TraesCS3A01G289800 PROTEIN TARGETING TO STARCH (PTST)
QGpc.ippg-3A.4 TraesCS3A01G293700 BZIP transcription factor family protein, putative
TraesCS3A01G297600 Subtilisin-like protease
TraesCS3A01G299400 NAM-like protein

reprints202402.1069.v1
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QGpc.ippg-3A.5 TraesCS3A01G318700

QGpc.ippg-5A.1
QGpc.ippg-5A.3
QGpc.ippg-5B.1

QGpc.ippg-5B.2
QGpc.ippg-5D
QGpc.ippg-6A.1

QGpc.ippg-6A.2

QGpc.ippg-6B.1
QGpc.ippg-6B.2

QGpc.ippg-7A

TraesCS3A01G319300
TraesCS3A01G319800
TraesCS5A01G073000
TraesCS5A01G076000
TraesCS5A01G081500
TraesCS5B01G054200
TraesCS5B01G054600
TraesCS5B01G054700
TraesCS5B01G245300
TraesCS5D01G543600
TraesCS6A01G242000
TraesCS6A01G243100
TraesCS6A01G394200
TraesCS6A01G402200
TraesCS6A01G402300
TraesCS6A01G406700
TraesCS6B01G253400
TraesCS6B01G325700
TraesCS6B01G325800
TraesCS6B01G327400
TraesCS6B01G327500
TraesCS6B01G329200
TraesCS6B01G329400
TraesCS7A01G561400
TraesCS7A01G562100
TraesCS7A01G563600

13

26S proteasome regulatory subunit S2 1B
Cysteine protease
Eukaryotic aspartyl protease family protein
Amino acid transporter, putative
Cysteine protease
Amino acid transporter family protein, putative
NAC domain-containing protein
E3 ubiquitin-protein ligase
Serine-protease HtrA-like
Peptide transporter
26S proteasome non-ATPase regulatory subunit
WRKY transcription factor
bZIP transcription factor (DUF630 and DUF632)
Thioredoxin
Mitochondrial metalloendopeptidase OMA1
Mitochondrial metalloendopeptidase OMA1
NAC domain protein
Oligopeptide transporter, putative
Senescence-associated family protein, putative (DUF581)
Senescence-associated family protein, putative (DUF581)
Mitochondrial metalloendopeptidase OMA1
Glutamine synthetase
NAC domain-containing protein
NAC domain-containing protein 29
Cysteine protease, putative
Thioredoxin
Thioredoxin

Table 7. Selected putative candidate genes residing within the linkage disequilibrium (LD) supported
intervals of the detected QTL and stable independent QTNs associated with Thousand Kernel Weight

(TKW).
QTL/stable QTN Gene ID Annotation function
QTkw.ippg-1A.1 TraesCS1A01G005700 E3 ubiquitin-protein ligase ORTHRUS 2
TraesCS1A01G007200 Gamma-gliadin
TraesCS1A01G007300 Gamma-gliadin
TraesCS1A01G007400 Gamma-gliadin
TraesCS1A01G007700 Gamma-gliadin
TraesCS1A01G008000 Low molecular weight glutenin subunit
QTkw.ippg-1A.2 TraesCS1A01G010900 Low molecular weight glutenin subunit
QTkw.ippg-1B.1 TraesCS1B01G029300  E3 ubiquitin-protein ligase pellino homolog 3
QTkw.ippg-1B.2 TraesCS1B01GA07700 Protease inhibitor/seed StOIjage/llpld transfer protein
family
TraesCS1B01G407800 Protease inhibitor/seed stor.age/hpld transfer protein
family
TraesCS1B01G407900 Protease inhibitor/seed stoxjage/hpld transfer protein
family
TraesCS1B01CA08000 Protease inhibitor/seed st01iage/hp1d transfer protein
family
QTkw.ippg-2B.1 TraesCS2B01G025900 Subtilisin-like protease 6
QTkw.ippg-2B.2 TraesCS2B01G057600 NRT1/PTR family protein 2.2
TraesCS2B01G057700 NRT1/PTR family protein 2.2

TraesCS2B01G058400 Serine carboxypeptidase family protein, expressed

TraesCS2B01G062700 Sucrose transporter-like protein
TraesCS2B01G055700 Bidirectional sugar transporter SWEET
TraesCS2B01G055800 Bidirectional sugar transporter SWEET
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TraesCS2B01G055900 Bidirectional sugar transporter SWEET
TraesCS2B01G056000 Bidirectional sugar transporter SWEET
TraesCS2B01G056100 Bidirectional sugar transporter SWEET
QTkw.ippg-2B.6 TraesCS2B01G626000 Protein NRT1/ PTR FAMILY 5.5
TraesCS2B01G626100 Protein NRT1/ PTR FAMILY 5.5
TraesCS2B01G626600 Protein NRT1/ PTR FAMILY 5.5
TraesCS2B01G626700 Protein NRT1/ PTR FAMILY 5.5

TraesCS2B01G627000 NAC domain-containing protein, putative
TraesCS2B01G627100 NAC domain-containing protein, putative
TraesCS2B01G627200 NAC domain-containing protein, putative

TraesCS2B01G629700 E3 ubiquitin-protein ligase SINA-like 10
QTkw.ippg-3A TraesCS3A01G077900 NAC domain-containing protein
TraesCS3A01G078400 NAC domain protein
TraesCS3A01G078500 E3 ubiquitin ligase family protein
QTkw.ippg-3B.1 TraesCS3B01G018000 E3 ubiquitin-protein ligase
TraesCS3B01G018100 E3 ubiquitin-protein ligase
TraesCS3B01G018200 E3 ubiquitin-protein ligase
TraesCS3B01G019600 E3 ubiquitin-protein ligase
TraesCS3B01G026900 E3 ubiquitin-protein ligase
TraesCS3B01G027000 E3 ubiquitin-protein ligase
TraesCS3B01G027400 E3 ubiquitin-protein ligase
TraesCS3B01G027500 E3 ubiquitin-protein ligase
TraesCS3B01G028000 E3 ubiquitin-protein ligase
TraesCS3B01G028800 E3 ubiquitin-protein ligase
TraesCS3B01G028900 E3 ubiquitin-protein ligase
TraesCS3B01G014300 Expansin protein
TraesCS3B01G014400 Expansin protein
TraesCS3B01G028100 Cell wall invertase
TraesCS3B01G028500 Cell wall invertase
QTkw.ippg-3B.2 TraesCS3B01G092800 NAC domain-containing protein
TraesCS3B01G092900 NAC domain-containing protein
TraesCS3B01G093300 NAC domain protein
TraesCS3B01G093400 E3 ubiquitin ligase family protein
QTkw.ippg-3B.3 TraesCS3B01G116800 E3 ubiquitin-protein ligase
TraesCS3B01G116200 Serine carboxypeptidase, putative
TraesCS3B01G116300 Serine carboxypeptidase, putative
TraesCS3B01G116400 Serine carboxypeptidase, putative
QTkw.ippg-3B.4 TraesCS3B01G208300 NAC domain-containing protein
TraesCS3B01G209300 Sucrose synthase 3
QTkw.ippg-3B.5 TraesCS3B01G336200 E3 ubiquitin-protein ligase
TraesCS3B01G336900 ADP-glucose pyrophosphorylase small subunit 2
TraesCS3B01G339100 Subtilisin-like protease
QTkw.ippg-5A.1 TraesCS5A01G271500 NAC domain protein
TraesCS5A01G275900 NAC domain-containing protein
QTkw.ippg-5A.2 TraesCS5A01G507500 E3 ubiquitin-protein ligase SINA-like 10
QTkw.ippg-5B.1 TraesCS5B01G007600 E3 ubiquitin-protein ligase
QTkw.ippg-5B.2 TraesCS5B01G382100 E3 ubiquitin protein ligase DRIP2
QTkw.ippg-6A.2 TraesCS6A01G030700 High affinity nitrate transporter
TraesCS6A01G030800 High affinity nitrate transporter
TraesCS6A01G030900 High affinity nitrate transporter
TraesCS6A01G031000 High affinity nitrate transporter

TraesCS6A01G031100 High affinity nitrate transporter
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TraesCS6A01G031200 High affinity nitrate transporter
TraesCS6A01G032400 High affinity nitrate transporter
TraesCS6A01G032500 High affinity nitrate transporter
TraesCS6A01G032800 High affinity nitrate transporter
TraesCS6A01G032900 High affinity nitrate transporter
TraesCS6A01G033000 High affinity nitrate transporter
TraesCS6A01G033100 High affinity nitrate transporter
TraesCS6A01G033200 High affinity nitrate transporter
TraesCS6A01G028800 Subtilisin-like protease
TraesCS6A01G036800 Subtilisin-like protease
TraesCS6A01G032700 Expansin protein
QTkw.ippg-6A.3 TraesCS6A01G057400 NAC domain-containing protein, putative
TraesCS6A01G065600 NAC domain
TraesCS6A01G065700 NAC domain
QTkw.ippg-6A.5 TraesCS6A01G406700 NAC domain protein
QTkw.ippg-6B.1 TraesCS6B01G214700 Cytokinin oxidase/dehydrogenase
QTkw.ippg-6B.3 TraesCS6B01G238700 High affinity nitrate transporter
TraesCS6B01G238800 High affinity nitrate transporter
QTkw.ippg-6D TraesCS6D01G390200 NAC domain protein
TraesCS6D01G396300 E3 ubiquitin-protein ligase
TraesCS6D01G393600 Sucrose transporter
QTkw.ippg-7A TraesCS7A01G040900 Sucrose synthase

Stable QTN not in a LD block
Excalibur_rep_c66832_742 TraesCS2B01G136000 E3 ubiquitin-protein ligase
RFL_Contig2231_346* TraesCS2B01G136200 Subtilisin-like protease
Tdurum_contig68806_677*TraesCS2B01G137200
RAC875_rep_c114561_587 TraesCS6A01G108300
TraesCS6A01G110100

Subtilisin-like protease
NAC domain-containing protein, putative
Squamosa promoter-binding-like protein
Squamosa promoter-binding protein-like
transcription factor

AX-95145282**

AX-158588216* TraesCS6A01G125900

3. Discussion

3.1. Phenotypic Variation

To meet the growing demand for sufficient amounts and quality of food and overcome the
challenges posed by environmental changes, it is essential to effectively utilize the available genetic
resources of bread wheat [34]. Here, we used a collection of old and modern bread wheat accessions,
and explored the genetic variation of TKW and GPC, the two most important characters determining
yield and end-use quality, and eventually, the economic value of bread wheat. The study revealed
large phenotypic variability for the target traits with highly significant contributions of genotype,
environment, and genotype by environment interaction. The observed moderate to high values of
broad-sense heritability and the consistency of trait records evidenced by the significant correlations
between the crop seasons suggest that a considerable part of the variation is due to inherent genetic
differences among the accessions. These results agree with similar findings in bread and durum
wheat for GPC [19,25,27,35], and TKW [13,36]. Given that the panel contains historical and
contemporary varieties released or collected between 1925 and 2010, it is possible that the recorded
genetic variance —especially for TKW —is inflated. This is because throughout the course of nearly
nine decades, genetic factors have contributed significantly to increases in yield and yield-related
attributes. The landmark of these genetic gains for the Bulgarian wheat collection is the introduction
of semi-dwarfing genes in the 1970s [11]. The pleiotropic effects that these genes exert on plant
responsiveness to N applications, on photosynthetic rates, and on the accumulation of carbohydrates
in the grain ultimately have improved grain yield.
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This study shows that a large proportion (89%) of the accessions have protein above 12%, and
are suitable for preparing leavened breads [2]. The average grain protein values (13.4%) are similar
to or higher than the reported information on protein contents in other bread wheat collections
[19,27,28,31,37]. Additional research revealed that some accession sets had greater protein values (up
to 20%), demonstrating the impact of genotype by environment interactions [22,23,38].

Wheat yield and quality are affected by climatic factors (temperature, precipitation, drought
type) [39]. In contrast to the abundant rainfall that was recorded from April to July in 2014, stretching
from heading time to maturity, the amount of rain that fell in May and June 2017 was consistently
less than the average for the climate (Figure S1), which suggests a sustained moderate drought during
anthesis and grain filling. Prolonged water insufficiency early in grain development reduces the
number of amyloplasts and endosperm cells, which lowers the capacity of starch accumulation, and
ultimately lowers grain weight [40,41]. In 2021, a modest drought during anthesis and a more severe
final drought were seen (Figure S1). Minor water stress following anthesis can speed up grain filling
in wheat by boosting the activity of key catalytic enzymes that convert sucrose to starch, and by
remobilizing nonstructural carbohydrates from the vegetative tissues to the grain [41]. The effects of
these patterns of drought (timing and severity) explain well the significantly higher mean TKW value
obtained in 2021 than that in 2017. The considerably lower mean TKW recorded in 2014 is consistent
with research showing that prolonged soil wetness after anthesis restricts the amount of assimilates
available to growing grains, hence diminishing the development of grain yield [42]. The observed
variance in the protein content in the collection under study may potentially be explained by the
precipitation oscillations among the three crop seasons. In our study, we found a significant
difference (p < 0.001, Table 1) in the average protein values for 2014 (13.2%) and 2021 (14.2%), when
prolonged waterlogging or terminal drought periods, respectively, were suggested during late
vegetation. A decline in GPC has been associated with waterlogging [43]. Conversely, during a
drought an increase in the seed proteins has been shown [44], possibly connected to modified carbon
(C) partitioning and, hence, to a shift in the C/N ratio, that favors greater N-assimilation [45].

Significant genotype by environment interaction was seen (Table 2), and the genotypic effects
varied along with the environmental gradient (Tables S4 and S5). It is interesting to note, that
throughout the growing seasons varieties Mustang, Bozhana and Levent displayed consistently high
positive deviation from the average GPC and high values of TKW. These accessions are potential
sources for concurrent improvement of the two traits. Ancestral history indicates that the Mustang
variety is descended from the old accession Yubilejna-3, which also exhibits consistently high protein
levels in the grain. Additionally, its pedigree involves a hybrid derived from Agropyron sp., a
wheatgrass that has been shown to contribute to seed storage proteins in wheat-Agropyron
introgressions [46,47].

The lack of association between TKW and GPC in our data using Pearson's approach shows that
there is little to no decrease in seed weight in the presence of the identified loci for GPC. Similarly,
no significant correlations were found between GPC and TKW across environments in studies of
wheat lines derived from wild emmer [48,49]. This observation is consistent with findings by Oury
and Godin [6] that genotype by environment interactions for grain yield and GPC may obscure the
strong genetic background of the yield-protein interrelationship. Thus, Lindeque et al. [50] detected
limited significant correlations between grain yield and protein content in a study of wheat accessions
of various yielding capacities grown in environments of different precipitation trends. This result
holds promise for the simultaneous genetic enhancement of the two traits.

Historical germplasm, such as landraces and traditional varieties, are an important source for
bringing new genes into contemporary crops [31,51,52]. Therefore, it is strategically important to
characterize these genetic resources in order to properly utilize them in pre-breeding. Our
comparative analysis of variation for GPC showed that although the old germplasm (SP2) was
characterized in general by high values of grain protein concentrations (Figure 3, Table S1), these
values were lower than those of modern releases or did not differ notably from them (Figure 2).
Moreover, the percentage of high-protein genotypes (= 12%) was higher in the two modern sub-
populations, SP1 (90%) and SP3 (94%), compared to the old accessions of SP3 (84%). The idea that the
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older germplasm had superior yield-related metrics than the more recent varieties was also not
supported by the observed variability in mean TKW values of SP2-accessions across the growing
seasons. One likely reason is that a lot of contemporary Bulgarian varieties are either descended from
old accessions, or have highly productive and high-protein Russian and Serbian ancestors in their
pedigrees as Table 51 and the research by Kartseva et al. [27] show. These results suggest that wheat
breeders have managed to construct improved varieties in terms of the studied traits.

3.2. Genomic Regions Associated with Grain Protein Content (GPC) and Thousand Kernel Weight (TKW)

Significant verified SNPs or genomic regions linked to GPC and TKW have been detected on all
wheat chromosomes, according to recent research [14,53-55]. We compared the strongly associated
SNPs found in this study to previously published loci or markers using the INGSC RefSeq v.1.0 map
as a reference. Our analysis identified four loci linked to GPC (QGpc.ippg-1A.2, -1A.3, -3A.2, and -
3A.3) that include known QTNs [27,37,56,57], while QGpc.ippg-1A.2 and additional three loci were
situated in close proximity (0.3 to 6 Mb distance) to other previously published genomic regions
[19,28,57,58] (Table 4). Five SNP clusters and seven stable SNPs associated with TKW overlapped
with previously reported QTL [21,53,58,59] (Table 5). Meanwhile, 14 TKW-linked SNP clusters were
close (0.5 to 10 Mb distance) to reported QTL in both durum and bread wheat collections [30,36,53,58—
63] (Table 5).

To our knowledge, the remaining QTL and/or stable QTNs associated with GPC and TKW
detected in this study have not been previously linked to the studied traits suggesting that these loci
are novel. Hence, we can say with a fair degree of confidence that some of the noteworthy loci
associations with GPC on chromosomes 1A, 1B, 1D, 2A, 2B, 2D, 3A, 5A, 5B, 5D, 6A, 6B, and 7A found
in the current research are unprecedented. Certain SNP/QTL related to TKW on chromosomes 1A,
1B, 3B, 5B, 6A, 6B, 6D, and all six QTL on 2B are also considered novel. The loci QGpc.ippg-1A.2, -2A,
-3A.1, and -6B.2, and QTkw.ippg-6D with the highest additive positive effects and a high proportion
of phenotypic variance explained are potentially distinct or close to known QTNs (QGpc.ippg-1A.2)
trait-associated genomic regions that hold promise for use in breeding programs aimed at improving
GPC and TKW, respectively.

3.3. Putative Candidate Genes Related to Grain Protein Content (GPC) and Thousand Kernel Weight (TKW)

We searched for potential candidate genes not only at suggestively novel loci, but also in
genomic regions that validated previously established associations, given the wider genome
coverage of the detected regions. The most well-known putative candidate genes that encode for
various protein types related to GPC and TKW are summarized in Tables 6 and 7, and the complete
lists of all high-confidence genes are given in Tables S9 and S10. Grain production and nutrient
content of cereal crops are governed by the buildup of nutrients in the grain near the end of the plant
lifespan [64]. The quantity and quality of these nutrients is greatly affected by the remobilization of
Cand N from vegetative tissues to developing grain during senescence, as well as by the subsequent
accumulation of resources for seed germination. All these processes are accompanied by expressional
changes in a vast number of genes that ultimately impact both grain output and protein content [65].
Therefore, it is not surprising that we detected common putative candidate genes in the genomic
regions that seemed to affect GPC and TKW in the studied association panel. The next section covers
potential genes that may impact both traits and those that may affect only one.

3.3.1. Genes Related to Senescence-Associated Proteolysis, Nutrient Remobilization and Allocation
from Source to Sink

Senescence-associated proteolysis in leaves results in hydrolysed transportable products which
is essential for the source-to-sink allocation of nutrients. Within the GPC-related loci, we identified
genes encoding cysteine-, aspartyl-, and serine-proteases, metalloproteases, and senescence-
associated family proteins (DUF581). Several genes encoding the main constituents of the
ubiquitin/26S proteasome system (UPS), particularly the proteasome subunit alpha type, 26S
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proteasome regulatory subunit family proteins, ubiquitin-activating enzyme E1, ubiquitin-
conjugating enzyme E2, and E3 ubiquitin-protein ligase, were also found in the GPC-associated
regions (Table 6). As for TKW, we found 23 putative genes for E3 ubiquitin-protein ligase (Table 7).
TaGW2, a wheat gene that codes for E3 RING-type ubiquitin ligase, has two SNP polymorphisms that
indicate its relationship to TKW, suggesting it as a potential candidate for grain development [66].
Within the TKW-associated loci, we retrieved six putative candidate genes translated into NRT1/PTR
(Nitrate transporter 1/peptide transporter) proteins, and 13 genes annotated as high-affinity nitrate
transporter proteins (Table 7). Products of the NRT1/PTR genes, together with the high-affinity
transporter genes NRT2 (Nitrate transporter 2) are known for the uptake and translocation of nitrates
and small peptides, thereby being involved in the N remobilization from source leaves to reservoir
organs [67]. In the GPC-coding regions, we found genes encoding amino acid and peptide transporter
proteins that are known to facilitate the transfer of amino acids across membranes and from source
to sink. One gene, encoding glutamine synthetase, a key enzyme in the N assimilation, was detected
on chromosome 6B (Table 6). The wheat glutamine synthetase genes were suggested to have
functions for protein accumulation in grains [68], and for grain size traits, including TKW [69].

3.3.2. Genes Coding for Storage Proteins

The output of our search for GPC-related candidate genes includes three genes on chromosome
1A encoding for 11S globulin seed storage proteins. In wheat, the 11-125 globulins, called ‘triticins’,
account for about 5% of the total seed protein [70], but are considered to be nutritionally rich due to
the presence of a unique lysine-rich repeat motif [71]. Interestingly, six putative candidate genes with
the annotated function of gamma gliadins and low-molecular-weight glutenins were discovered in
the TKW-associated loci QTkw.ippg-1A.1 and -1A.2. Similarly, Giancaspro et al. [72] and Schierenbeck
et al. [73] identified candidate genes for the key prolamins in TKW-coding regions. This finding is
not surprising given that gliadins and glutenins make up the majority of endosperm reserve proteins
in wheat grain. Two putative candidate genes for GPC and four genes for TKW were annotated as
bifunctional inhibitors/lipid transfer protein/seed storage helical domain. Others also reported on
such function of suggestive candidate genes underlying marker associations with grain architecture
traits and TKW [59,73]. Although these genes might represent breeding interest for boosting yield
components, it should be noted that the gene products, including lipid transfer proteins, inhibitors
and seed reserve proteins, especially 25 albumins, are recognized as food allergens [74].

3.3.3. Genes Related to Sugar Transport and Starch Metabolism

Starchy endosperm makes up over 80% of cereal grains, hence increasing starch synthesis can
improve TKW and yield. Starch synthesis in wheat grain requires the cooperation of numerous
proteins with enzymatic and transporter functions [75,76]. In GPC-associated chromosome regions
we detected putative candidate genes encoding sucrose transporter protein and PROTEIN
TARGETING TO STARCH (PTST), while in TKW-related loci we found genes coding for SWEET
(Sugars will eventually be exported transporters) proteins, sucrose synthase, and ADP-glucose
pyrophosphorylase (AGPase) (Tables 6 and 7). The gene TraesCS3A02G289800 translated into PTST
(Table 6) has been recognized as putative candidate for grain protein in a recent study in a highly
diverse population [27]. Candidate genes coding for SWEET sugar transporter [77] and AGPase [78]
that may impact grain weight per spike and TKW, respectively, have also been proposed.
Interestingly, we discovered a TKW candidate gene on chromosome 6B, which translated into
cytokinin oxidase/dehydrogenase (CKX), an enzyme that controls cytokinin levels. An intriguing
hypothesis suggests that a grain weight-associated locus (TaGW2-6A), which codes for E3 ubiquitin
ligase, modulates the cytokinins’ expression levels through CKXs and the AGPase gene expression,
which indirectly alters the rate of starch accumulation, size of endosperm cells, and ultimately the
size and weight of grains [79].
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3.3.4. Regulatory Genes

Regulatory networks during grain filling stage in cereals include differentially expressed
transcription factors mainly enriched in NAC, WRKY, MYB, bZIP and others [64,65,80]. The output
of our candidate gene search for GPC involved 11 genes encoding NAC-domain-containing proteins,
seven genes for proteins with WRKY domain, and five genes for bZIP transcription factor family
proteins (Table 6). As for TKW, we discovered 17 putative candidate genes encoding NAC-domain-
containing proteins, and two genes for a SQUAMOSA promoter binding protein-like transcription
factor (Table 7). NAC genes have been shown to regulate the transcriptional changes during early
leaf senescence in wheat, including genes associated with the N and nutrient remobilization from
source to sink [81,82], and with the grain accumulation of glutenin and starch [83,84], thereby
presenting candidates for improved yield and quality breeding. Previous studies in rice [85] and
wheat [72] reported on putative candidate genes for grain size and TKW, encoding for SQUAMOSA
promoter binding protein-like, a star player for plant growth and development [86].

3.3.5. Genes Related to Early Seed Germination

In this work, we found prospective candidate genes related with GPC translated into subtilisin-
like serine protease, alpha-amylase, thioredoxin, and germin-like protein (Table 6). Subtilisin-like
proteases contribute to the degradation of reserve proteins during germination [87]. Genes for
subtilisin-like proteases have been proposed as possible candidates for GPC [19] and seed longevity
[88] in wheat. Alpha-amylase is one of the primary enzymes responsible for starch degradation to
fuel early germinating grain [89]. Thioredoxins are ubiquitous tiny proteins (about 12 kDa) that can
regulate the redox environment in the cell and play a key role in preharvest sprouting resistance and
seed germination [90]. Germins and germin-like proteins are a broad and diverse class of plant
proteins that were first identified in germinating wheat grains [91].

3.3.6. Genes Related to the Regulation of Grain Size and Weight

In TKW-associated regions, we detected two putative candidate genes coding for cell wall
invertase (CWI), four genes coding for serine carboxypeptidase, and three expansin-coding genes.
CWI is an enzyme that is essential for sink tissue formation and C partitioning, and has a strong
correlation with kernel weight [92,93]. Orthologous genes encoding serine carboxypeptidase in rice
(OsGS5) and wheat (TaGS5) have been associated with changes in grain size and weight [94,95].
Expansins affect the structure of the cell wall, cell growth, and grain tissue extension, and so play a
crucial role in determining grain size [96].

4. Materials and Methods

4.1. Plant Material

The plant material consisted of 179 winter wheat (Triticum aestivum L.) accessions that originated
from Bulgaria, of which 129 were modern varieties, and 50 were old accessions (historic varieties of
tall stature and landraces). Seeds from the old accessions were procured from the seed gene banks at
the Leibniz Institute for Plant Genetics and Crop Research (IPK), Gatersleben, Germany, and the Crop
Research Institute, Prague, Czech Republic. According to the available information, the period of
early breeding and research expeditions to aggregate seeds from landraces and historic varieties for
gene bank collections expands from 1925 to 1970. Seeds from the contemporary varieties released
until 2010 were made available from the two major breeding centers in Bulgaria (Dobrudzha
Agricultural Institute, General Toshevo and the Institute of Plant Genetic Resources, Sadovo), as well
as by breeders. Information about botanical variety, status (modern vs old), year of release and
known genealogy is given in Table S1.
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4.2. Phenotyping

The seed material was collected from field experiments conducted in Sofia, Bulgaria (42°41'N,
23¢19’E) during three crop seasons (2013/14, 2016/17 and 2020/21), denoted by the year of harvest
(2014, 2017 and 2021). For each growing season, the accessions were sown in a random design in
double 1 m-long rows and two replications. The soil type at the experimental field is leached vertisol,
pH 6.1, with 3.1 % humus, 1,420 mg total N per kg soil, of which 18 mg inorganic N. Plants received
120 kg N/ha as ammonium nitrate in two split doses, 40 kg/ha two weeks after sowing and 80 kg/ha
before stem extension growth stage. For pest control, standard agricultural practices were applied.
The average monthly temperature ranged between -5.8°C and 23.2°C, during the vegetation cycles
(October-July). The monthly precipitation ranged from 4.7 mm to 150.5 mm, with average annual
precipitation of 682 mm, which is ca. 20 % higher than the climate norm for Sofia. Information on the
monthly weather statistics for the region of the experimental field is presented in Figure S1.

Plant material was hand-harvested and hand-threshed. For each genotype and crop season, the
thousand kernel weight (TKW) was determined based on grain number and grain mass of 10 main
spikes per replication. The grain protein content (GPC) was measured in three pooled whole-grain
powder samples (1.0 g each) for each accession and year. Before analyses, seeds were dried to a
constant weight and ground to a fine powder with IKA Tube Mill Control (IKA Werke GmbH & Co,
Staufen, Germany). The total N concentration was determined using a UDK 159 Automatic Kjeldahl
Nitrogen Protein Analyzer (Velp Scientifica, Italy), and the corresponding GPC values (in %) were
automatically inferred from the N values, according to [97].

4.3. Statistical Analyses

The significant differences in GPC and TKW among accessions, growing seasons, and interaction
effects between genotype and environment were tested by analysis of variance (ANOVA). The Best
Linear Unbiased Estimators (BLUEs) for each accession across the growing seasons were obtained to
eliminate the environmental impact by assuming the genotype as a fixed effect and the growing
season as a random effect. The relationships for GPC and TKW among the growing seasons and with
the BLUEs of these traits were tested by Pearson correlation coefficients (r).

Broad sense heritability h? for GPC and TKW was calculated using the formula:
a¢

2
2 4 %
(O‘G o E)
where % is the genotype variance, * is the variance of the residual, and #nE is the number of
environments (growing seasons). Heritability in each environment was estimated using the same

formula, where nE in the denominator is the number of replications in a given environment.
All phenotypic data analyses were accomplished using STATISTICA 14 [98].

=

4.4. Association Mapping and Candidate Gene Search

Before performing marker-trait association analysis, the population stratification, the genetic
relatedness among population entries and the LD were considered. The genotypic data for the
association panel of 179 accessions were already available from the 25K Infinium iSelect array (SGS
Institut Fresenius GmbH TraitGenetics Section, Gatersleben, Germany) and described in [32].
Population structure was modeled using the Bayesian clustering algorithm in STRUCTURE 2.3 .4, and
the membership coefficients (Q-values) were determined [32]. Kinship was estimated as a similarity
matrix (K) from 17,083 SNPs in TASSEL v. 5 (https://tassel.bitbucket.io/, accessed on 10 December
2023). The values of LD decay (in Mbp) were determined for each chromosome as described in [32].
Considering the distinctive population structure and high genetic relatedness among population
individuals, GWAS was undertaken with a mixed linear model (MLM), Q+K model, to control
pseudo associations [99-101]. Hence, the filtered set of 17,083 SNPs, phenotypic data from the three
crop seasons, and the calculated BLUE mean values for the traits, along with population structure (Q
values) and kinship similarity matrix (K) as covariates were used for association mapping analysis in
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TASSEL v.5. Additive effects and R? (percent phenotypic variation) of QTNs were estimated in
TASSEL v.5 and Excel (Microsoft). The percentage of phenotypic variation explained by each QTN
(R?) was calculated as the difference of R? with and without the strongest associated SNP.

The threshold of statistically significant QTNs was set by the Bonferroni algorithm. Bonferroni
corrected p-value was calculated with the formula: p-value =% , here a=0.05 and # is the number of

SNPs. The threshold above which the significant markers on the Manhattan plots are located was
calculated by -logio (corrected p-values). According to our data, for the 17,083 SNP markers, the
estimated Bonferroni threshold is 5.53. On quantile-quantile (Q-Q) plots, distributions of important
p-values (expected vs. observed -logw (p-values)) for GPC and TKW were shown. To draw the
Manhattan plots and Q-Q plots, R package gqqman was employed [102]. Clusters of three or more
SNPs were considered as suggestive QTL, when the flanking markers met the above criteria for
significance, and the adjacent SNPs were located within a support interval based on the LD decay
values estimated for each chromosome. Trait-associated SNPs obtained with BLUEs that were shared
with at least one individual growing season, and at least one of them was significant (-logio (p)>5.53)
were considered as environmentally stable ones.

Candidate gene regions were defined as LD blocks harboring significant flanking trait-
associated markers (-logio(p)>5.53) and their extension to the left and right within the LD-estimated
interval. For significant trait-associated SNPs outside of LD blocks (referred to as independent
QTNs), flanking regions within the LD interval on either side of the marker were searched for
candidate genes. Within these regions, high-confidence putative candidate genes were predicted by
blasting against the cv. Chinese Spring reference genome IWGSC RefSeq v1.0. [103]. Gene
annotations, gene ontologies (GOs), InterPros and details for the potential candidate genes were
obtained using EnsemblPlants, and Persephone web-based platforms
(http://plants.ensembl.org/Triticum_aestivum/Info/Index;  https://web.persephonesoft.com/?data)
(accessed on 10 January 2024).

5. Conclusions

The GWAS analysis revealed a number of QTL underlying both studied traits. Additionally, 14
environmentally stable QTNs on chromosomes 1A, 1B, 2B, 6A, and 6B were found for TKW. While
some of the loci confirmed already published ones, others might be new. Among these, four loci for
GPC (QGpc.ippg-1A.2, -2A, 3A.1 and -6B.2) and one locus for TKW (QTkw.ippg-6D) had notably
positive effect on the traits, thereby representing promising genomic regions for use in breeding
projects aiming at improving grain protein and yield, respectively. Besides, to our knowledge all of
the targeted regions except for QGpc.ippg-1A.2, have not been previously linked to the studied traits.
Based on their gene ontology and annotation, a few of the many high-confidence genes that were
retrieved from the trait-associated genomic areas were selected as intriguing candidates. Annotations
to senescence-associated proteolysis, nutrient remobilization and source-to-sink allocation, synthesis
of storage proteins, starch metabolism, seed germination, and regulatory transcription factors are
present in these genes.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Climate characteristics at the experimental site, Sofia, Bulgaria (42°41'N,
23°19°E) during three crop seasons (2013/14, 2016/17 and 2020/21). The precipitation is related to the climate
norm (1961-90) accepted by the Bulgarian National Institute of Meteorology and Hydrology, Ministry of
Environment and Water.; Table S1: Information about the 179 wheat accessions from Bulgaria and summary
statistics for grain protein content (GPC) from three crop seasons (harvests 2014, 2017, 2021), average over the
seasons, and the average best linear unbiased estimator (BLUE) values; Table S2: Information about the 179
wheat accessions from Bulgaria and summary statistics for thousand kernel weight (TKW) from three crop
seasons (harvests 2014, 2017, 2021), average over the seasons, and the average best linear unbiased estimator
(BLUE) values; Table S3: Analysis of variance of the single factor “Growing season” of grain protein content
(GPC) and thousand kernel weight (TKW) in a set of 179 bread wheat accessions in three growing seasons
(harvests 2014, 2017, 2021); Table S4: Variability and stability of grain protein content (GPC ) in a set of 179 bread
wheat accessions; Table S5: Variability and stability of thousand kernel weight (TKW) in a set of 179 bread wheat
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accessions; Table S6: Values of linkage disequilibrium (LD) decay for each chromosome, homoeologous group
and genome in a set of 179 old and modern bread wheat accessions from Bulgaria; Table S7: Quantitative trait
loci (QTL) for grain protein content (GPC) identified by GWAS analysis in a set of 179 old and modern bread
wheat accessions from Bulgaria; Table S8: Quantitative trait loci (QTL) for thousand kernel weight (TKW)
identified by GWAS analysis in a set of 179 old and modern bread wheat accessions from Bulgaria; Table S9:
Candidate genes inside QTL for grain protein content (GPC); Table S10: Candidate genes inside QTL and in the
LD-supported interval of the stable QTNs for thousand kernel weight (TKW).
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