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acetyltransferase 2 gene
revealed by GWAS is associated
with grain protein content
in spring durum wheat
Aleksey Ermolaev1*, Ludmila Bespalova2, Varvara Korobkova1,
Aleksey Yanovsky2, Lubov Nazarova1, Aleksandra Kroupina1,
Anastasia Chernook1, Aleksandra Mudrova2,
Viktoria Voronezhskaya1,3, Pavel Kroupin1, Gennady Karlov1

and Mikhail Divashuk1,4

1All-Russian Research Institute of Agricultural Biotechnology, Moscow, Russia, 2P.P. Lukyanenko
National Grain Center, Krasnodar, Russia, 3Moscow Institute of Physics and Technology,
Moscow, Russia, 4National Research Center “Kurchatov Institute”, Moscow, Russia
Grain protein content (GPC) is a critical determinant of durumwheat quality, with

cysteine playing a pivotal role in gluten strength. This study aimed to develop

genetic markers associated with GPC through a genome-wide association study

(GWAS) and validate their utility for breeding programs. A panel of 190 durum

wheat accessions was phenotyped for GPC across multiple environments and

genotyped using 4927 high-quality SNPs. GWAS identified a significant SNP on

chromosome 4B, located in an intergenic region. Through the analysis of linkage

disequilibrium decay rate, and functional gene ontology annotation, the serine

acetyltransferase 2 gene involved in cysteine biosynthesis was identified as a

candidate gene for GPC. A missense mutation (Gly325Ser) in the ninth exon of

sat2 was associated with a 1.33% GPC increase in spring durum wheat

recombinant inbred lines. Structural analysis indicated that the Gly325Ser

mutation alters the SAT2 protein’s C-terminal a-helix, potentially influencing

enzyme activity. Additionally, an intronic SNP showed association with multi-year

average GPC increase of 0.92% in spring durumwheat. Despite the intronic SNP’s

lack of direct amino acid impact, its high phenotypic variance explained (40.23%

in spring wheat) suggests regulatory roles in gene expression. Expression

profiling of TAsat2 homologous from bread wheat revealed peak transcription

during grain filling stages, aligning with grain protein accumulation dynamics.

The developed KASPmarkers demonstrated robust allelic discrimination, offering

practical tools for marker-assisted selection. This study provides actionable

genetic resources for breeding high-protein spring durum wheat genotypes.
KEYWORDS

grain protein content, spring durum wheat, GWAS, serine acetyltransferase 2, KASP,
SNP, molecular marker
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1 Introduction

Durum wheat (Triticum turgidum L. subsp. durum (Desf.)

Husn.) is one of the most important grain crops in the global

food industry. The quality of durum wheat grain largely depends on

grain protein content (GPC), which is a key determinant of pasta

and cereal quality (Sissons et al., 2021; Fu et al., 2018; Kaplan Evlice,

2022). A crucial component of durum wheat grain protein is the

amino acid cysteine, which enhances gluten strength by forming

disulfide bonds that contribute to the three-dimensional structure

of dough. Although cysteine constitutes only 2% of gluten amino

acids, it is essential for optimal dough processing characteristics

(Gasparre and Rosell, 2023; Gao et al., 2013). Therefore, identifying

genes involved in cysteine metabolism and developing molecular

markers linked to increased GPC could facilitate the breeding of

elite wheat varieties with superior grain quality.

GPC is a complex trait regulated by multiple quantitative trait

loci (QTLs) that interact with each other and with environmental

factors (Nigro et al., 2019). However, not all major QTLs are stable

across diverse environments, limiting their utility in marker-

assisted selection (Kumar et al., 2018). QTLs and candidate genes

influencing GPC have been identified on nearly all chromosomes in

both cultivated and wild wheat (Giancaspro et al., 2019). The most

significant QTL, associated with the majority of phenotypic

variation in GPC, was mapped to the short arm of chromosome

6B in wild tetraploid wheat (T. turgidum spp. dicoccoides) (Uauy

et al., 2006). Subsequent studies identified 325 main-effect QTLs

and 42 epistatic QTLs (Kumar et al., 2018). Within the major 6B

QTL, the functional gene Gpc-B1 was cloned; it encodes the NAC

transcription factor (NAM-B1), which accelerates plant senescence

and enhances nitrogen remobilization from leaves to developing

grains (Uauy et al., 2006). Other genes, including Asparagine

synthetase 1, Glutamine synthetase 1, NPF, and NRT, have also

been implicated in nitrogen uptake and remobilization, further

influencing GPC (Balyan et al., 2016). Thus, most known GPC-

associated genes in wheat are involved in nitrogen metabolism.

Sulfur is another critical component of proteins, as it is

incorporated into the amino acids methionine and cysteine. In

durum wheat storage proteins, sulfur is essential for synthesizing

sulfur-containing amino acids like cysteine, which form disulfide

bonds between cysteine residues, determining the physical properties

of dough (Islam et al., 2019; Shewry, 2011). Consequently, identifying

genes related to sulfur metabolism and developingmolecular markers

for increased sulfur content could improve the quality of durum

wheat-derived products by enhancing flour properties.

The aim of this work was to identify genomic loci associated

with GPC in durum wheat grain and to develop molecular markers

for breeding durum wheat for high GPC. We employed a genome-

wide association study (GWAS) to identify a novel target gene, sat2,

for improving sulfur utilization and GPC in durum wheat breeding

programs. As a result, Kompetitive Allele-Specific PCR (KASP)

markers were developed for the polymorphism associated with

higher GPC.
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2 Materials and methods

2.1 Plant materials and field experiments

A total of 190 accessions of spring and winter durum wheat

were used for the study. These include commercial cultivars and

promising candidate lines for registration from the P.P.

Lukyanenko National Grain Center (Krasnodar, Russia). Field

experiments with a panel of winter and spring accessions of

durum wheat were carried out across three growing seasons

(2019–2020, 2020–2021, and 2021–2022) at two different

locations — 45°01’45.7”N and 38°52’48.0”E (Krasnodar, Russia),

and 45°08’52.0”N and 37°43’02.9”E (Kuban, Russia), using methods

previously described (Kroupin et al., 2023; Kroupina et al., 2023).

For the evaluation of developed KASP markers, an expanded

data set was used. In addition to the 190 accessions of spring and

winter durum wheat used for GWAS, an additional 40 spring and

winter durum wheat accessions were used in order to improve the

statistical power of the analysis. Field experiments for these

additional 40 accessions were conducted in the same manner as

for 190 accessions, using methods previously described (Kroupin

et al., 2023; Kroupina et al., 2023).

A panel of 43 recombinant inbred lines (RILs) of spring durum

wheat used for KASP markers evaluation was created via a

previously described protocol (Chernook et al., 2019). The field

experiments were conducted in Moscow (55°50’N, 37°33’E) and

Krasnodar (45°41’N, 38°55’E) in 2018 and 2021. The experiments

were carried out under field conditions following the adopted

methodology (Chernook et al., 2019).
2.2 Phenotyping

GPC in durum wheat panel was measured in 500 grams of grain

using the Infratec™1241 grain analyzer (Foss Analytical, Hillerød,

Denmark) following the manufacturer’s protocol. GPC was

measured separately for each wheat accession in each

environmental condition (growing season and location). Broad-

sense heritability (H2) was calculated as the proportion of genotype

variance to total variance using the following formula:

H2 =
s 2
g

s 2
g + s2

gen−1e + s 2
e n−1e

(1)

Where s 2
g denotes the genetic variance, s 2

ge denotes the variance

of the interaction between the genotype and the environment, s 2
e

denotes the residual variance ne denotes the number

of environments.

GPC in durum wheat RILs was measured in 50 grams of grain

using the InfraLUM FT-12 grain analyzer (Lumex, Saint Petersburg,

Russia) following the manufacturer’s protocol. GPC was measured

separately for each RIL accession in each environmental condition

(growing season and location).
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2.3 Genotyping and SNP calling

Genotyping for all 190 durum wheat accessions was carried out

using the Breeders’ 35K Axiom® array. Total genomic DNA for

genotyping was isolated from four-day-old seedlings using the

CTAB method (Murray and Thompson, 1980). Signals from the

SNP microarray were converted into genotype calls using Axiom

Analysis Suite Software 4.0 (Thermo Fisher Scientific, Inc.), with

standard settings for a diploid organism. Only A- and B-subgenome

variants were called. OTVs (off-target variants) were processed

using the OTV-caller utility as part of the Axiom Analysis Suite

Software 4.0 program. SNP metrics after OTV-caller were

regenerated. Only variants of the PolyHighResolution category

(polymorphic SNPs that showed good separation of the signal

from different alleles) belonging to the A- and B-sub genomes

were used for analysis. Further filtering was performed using plink2

v2.00a5LM (Chang et al., 2015). SNPs containing more than 10% of

missed genotypes, as well as SNPs with MAF (Minor Allele

Frequency) less than 5%, were removed as variants in which

polymorphism may be a result of genotyping error. The final set

of SNPs consisted of 4927 variants, which were used for GWAS.
2.4 Genome-wide association analysis

The Bayesian-information and Linkage-disequilibrium

Iteratively Nested Keyway (BLINK) algorithm implemented in the

R package GAPIT version 3.1.0 was used to conduct GWAS (Huang

et al., 2019). The first 10 principal components of population

structure were calculated using plink2 v2.00a5LM (Chang et al.,

2015) and were included in GWAS as covariates to account for

population structure as a fixed effect. The first two principal

components accounting for the majority of the explained variance

were used for visualization of population structure. The kinship

matrix (K) was calculated using the VanRaden method (VanRaden,

2008) and used to account for genetic relatedness as a random

effect. BLUPs (Best Linear Unbiased Prediction) for each cultivar in

each year were calculated for GPC using the R package “lme4”

(Bates et al., 2015) using the following formula:

Yijkl = m + ni + yj + tk + sl + eijkl (2)

where Yijkl denotes the average GPC for variety i of type k

collected in l in year j, µ denotes the overall average, ni denotes
random effect of genotype i, yj denotes random effect of year j, tk
denotes random effect of durum wheat growth habits k, sl is random

effect of location l, and eijkl is the residual error associated with

variety i of type k collected in l in year j. The vector of coefficients

corresponding to ni (BLUPs) was utilized as the phenotype for

GWAS. The resulting P-values were adjusted using the VIF

(variance inflation factor) (Tsepilov et al., 2013). To visually

assess the deviation between the observed and expected P-value

distributions, a Quantile-Quantile (Q-Q) plot was used. The

genome-wide inflation factor l was calculated to analytically

assess the deviation between the observed and expected P-value

distributions (Dadd et al., 2009). To identify statistically significant
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SNPs, an FDR (False Discovery Rate) threshold of 5% was applied.

Statistical analysis and result visualization were conducted using R

version 4.3.1.
2.5 Identification of the candidate genes

The coordinates of statistically significant SNPs in the durum

wheat reference genome assembly Svevo.v1 were found based on

previously mapped probe oligos from the Breeders’ 35K Axiom®

array to the durum wheat genome assembly (Maccaferri et al.,

2019). The search area for candidate genes was limited on either

side of the statistically significant SNP by the average distance at

which linkage disequilibrium (LD) becomes indistinguishable from

the background LD. This approach was chosen due to the fact that

the Breeders’ 35K Axiom® array was originally developed for bread

wheat, which does not guarantee preservation of the order of

markers being used for durum wheat genotyping, and also

because of the large number of chromosomal rearrangements

shown in durum wheat, which can disrupt unpredictably the real

order of markers in different varieties (Badaeva et al., 2007). Thus, a

genome-wide threshold for reducing LD to background levels

appears to be an adequate alternative to searching within local

LD block. The selection of candidate genes was based on the

existing gene ontology (GO) annotation in the durum wheat

genome assembly Svevo.v1 (Maccaferri et al., 2015).
2.6 Mining of polymorphisms in candidate
gene and design of KASP markers

To investigate the genetic diversity, the candidate gene was

sequenced in six durum wheat accessions utilized for GWAS. For

this purpose, primers were developed for the ORF (open reading

frame) of the gene, resulting in overlapping PCR products ranging

from 500 to 700 bp. Primers were designed using Primer3Plus

(Untergasser et al., 2012). Sequencing was performed on pairedend

150 bp reads. The libraries were prepared using the SG GM Maxi

Plus kit (Raissol, Moscow). Sequencing was performed using a

FASTASeq 300 sequencer (Genomed, Moscow). The quality of the

obta ined reads was eva lua ted wi th Fas tQC v0 .12 .1

(www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on

January 10, 2024). The reads were trimmed using bbduk v39.06,

which is part of the BBTools toolkit (www.sourceforge.net/projects/

bbmap, accessed on January 10, 2024). Reads were mapped to the

reference sequence of the gene from the durum wheat genome

assembly Svevo.v1 (Maccaferri et al., 2019) using bowtie2 v2.5.2

(Langmead and Salzberg, 2012) with default parameters, except –

dovetail. PCR and optical duplicates were removed using samtools

v1.18 (Danecek et al., 2021). Mutations were identified using

freebayes v1.3.6 (Garrison and Marth, 2012). When identifying

variants, the top 4 alleles were accounted for based on the sum of

nucleotide read quality (-n 4). The low-quality SNPs (phred score

<20) were removed using vcftools v0.1.16 (Danecek et al., 2021).

The consensus gene sequence incorporating the identified
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mutations was obtained using bcftools v1.18 (Danecek et al., 2021).

Multiple sequence alignment was conducted using Clustal Omega

v1.2.4 (https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed on

January 10, 2024) and visualized using Jalview 2.11.4.1

(Waterhouse et al., 2009).

For identified SNPs, discriminatory primers were developed

using the Primer3Plus program (Untergasser et al., 2012), the 3’

nucleotide of which is complementary to one of the alleles. To

develop markers, either exonic non-synonymous SNPs were used or

intronic SNPs.
2.7 Association between the developed
KASP markers and GPC

The analysis was conducted on a complete dataset and

separately on collections of winter and spring durum wheat. Data

on GPC for 2023 were also included in the analysis. To assess the

presence of an association, we employed a mixed linear model

(MLM) of the “lme4” package (Bates et al., 2015) with random

slopes and intercepts. For a complete dataset, both a growth habit

(winter or spring) and a year were accounted for as random effects.

In the separate dataset for spring and winter durum wheat, the year

was treated as a random effect. The KASP marker allelic state served

as a fixed effect in both complete and separate datasets. We assessed

the statistical significance of the association between allelic state and

phenotype using type 2 sum of squares analysis of variance

(ANOVA), with a significance threshold of a = 0.05. PVE

(Percent of Variance Explained) for RILs was calculated using the

following formula:

PVE = 2f (1 − f )b2 (3)

where f denotes the MAF and b denotes effect size (the slope of

the linear model). PVE values were expressed as percentages. PVE

for extended GWAS panel was calculated accounting for population

structure using MLM. The first 10 principal components of

population structure and GRM (Genomic Relationship Matrix)

were calculated using plink2 v2.00a5LM (Chang et al., 2015) and

were included as covariates (fixed effect) and genetic relationship

estimator (random effect). PVE was estimated using REML

(REstricted Maximum Likelihood) from “lme4” R package (Bates

et al., 2015) as fraction genetic variance in total variance.

To assess the presence of an association between the genotype of

the KASP marker and GPC, MLM from the “lme4” package (Bates

et al., 2015) was used with a random slope and intercept. Technical

replicates were considered random effects. To calculate the

statistical significance of the association between allelic state and

GPC, an ANOVA (type 2 sum of squares) was performed at the

significance level of a = 0.05. PVE was calculated using formula 3.

Statistical analysis and result visualization were conducted using R

version 4.3.1.
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3 Results

3.1 GWAS using polymorphic population
enables to find candidate gene sat2 and its
allelic variant with altered protein structure

A polymorphic panel consisting of 190 accessions of spring and

winter durum wheat was used in the GWAS (Figure 1A).

Distribution of GPC in different growing seasons as well as

BLUPs was evaluated using the Q-Q plot and found to be

approximately normal (Figure 1B). The estimated broad-sense

heritability, calculated using Equation 1, of GPC was 0.77,

indicating that 77% of the observed phenotypic variation is due to

genotype variation.

After genotyping and removing low-quality SNPs, 4927 high-

quality SNPs were used in the GWAS. The variance inflation factor

was used to correct for observed inflation of P-values (Supplementary

Figure 1). A single SNP at Chr4B:624,321,301 (AX-94403238, effect

size b = 0.13, percent of variance explained, PVE = 0.94%) showed a

statistically significant association with GPC (Figure 1C). The SNP

AX-94403238 was annotated as intergenic in the durum wheat

reference genome assembly Svevo.v1 (Maccaferri et al., 2019). There

were no QTLs or genes previously associated with GPC at these

coordinates on chromosome 4B of T. durum in the literature. The

serine acetyltransferase 2 gene (sat2; TRITD4Bv1G186970) was

identified as the closest gene to the SNP AX-94403238 within a

genomic region delineated by an average LD decay range of 4.25 Mbp

(Supplementary Figure 2). According to GO annotation, sat2 is

involved in three biological processes: cysteine biosynthetic process

from serine (GO:0006535), acyl-carrier-protein biosynthesis

(GO:0031108), and cellular amino acid biosynthesis (GO:0008652).

Furthermore, a previous study showed that sat2 overexpression results

in the accumulation of free cysteine in storage proteins of legume seeds

(Tabe et al., 2010). Transgenic maize lines overexpressing the

Arabidopsis sat2 gene demonstrated increased levels of storage

proteins, characterized by high levels of the sulfur-containing amino

acid methionine (Xiang et al., 2018, 2022). Based on proximity to

statistically significant SNP, GO annotation and literature evidences,

the sat2 was identified as a candidate gene associated with GPC.

The sat2 gene sequences from six durum wheat accessions used

for GWAS as well as those extracted from genome assemblies of

bread wheat, Tritcum dicoccoides, and Aegilops speltoides were used

for polymorphism mining. A set of KASP markers has been

developed for polymorphisms identified in the sat2 gene

sequences (Supplementary Table 1).

A missense mutation leading to an amino acid change

(Gly325Ser) at the C-terminus of the SAT2 protein was identified

in the ninth exon of the sat2 gene (Figure 2A). The comparative

structural analysis of wild-type (Figure 2B) and mutant (Figure 2C)

SAT2 revealed an extended a-helix at the C-terminus in the

mutant SAT2.
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FIGURE 1

Population structure PCA plot of the durum wheat panel used for GWAS (A). Q-Q plot for the GPC distribution of the durum wheat panel in
individual years, as well as the BLUP values (calculated usnig Equation 2), used in GWAS (B). Manhattan plot of GWAS results for GPC. The green line
indicates the threshold of statistical significance FDR 5% (C). PCA, Principal Component Analysis; FDR, False Discovery Rate.
FIGURE 2

Multiple sequence alignment of the C-terminus of the SAT2 protein from durum wheat, bread wheat, and wild relatives (A). Comparison of the 3D
protein structure between wild type (B) and mutated (C) SAT2 proteins. The difference in the structure due to the single amino acid change is
highlighted with red rectangles. Differences in wild type and mutant SAT2 protein conformations stability and dynamics measured by RMSD (D) and
RMSF (E). RMSD, Root Mean Square Deviation; RMSF, Root Mean Square Fluctuation.
Frontiers in Plant Science frontiersin.org05
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3.2 Mutant SAT2 exhibits reduced global
stability and altered local dynamics

RMSD (root mean square deviation) analysis of structural

stability revealed greater conformational fluctuations in the SAT2

mutant compared to the wild-type protein. Over the course of 1 ns,

the wild-type structure showed RMSD values ranging from 0.1 to

0.45 nm, consistent with moderate global deviations likely

attributable to a flexible C-terminal tail. In contrast, the mutant

variant reached RMSD values up to ∼0.7 nm, indicating a reduced

capacity to maintain its minimized structure (Figure 2D). RMSF

(root mean square fluctuation) profiles (Figure 2E) further

highlighted increased mobility in the N-terminal and central

regions of the mutant, despite a localized rigidity at the C-

terminus that was consistent with previous visual inspections of

the trajectory (Supplementary Data 1).

These trends suggest that the G325S mutation induces long-

range destabilizing effects beyond its immediate vicinity.

Additionally, higher minimized potential energy in the mutant

(Supplementary Figure 3) suggests persistent internal strain

despite energy relaxation.
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3.3 Developed KASP markers for the sat2
revealed association with GPC

The KASP marker TDsat2.e9.1 was designed for the identified

missense mutation in the ninth exon of the sat2 (G>A), and

exhibited good allelic discrimination (Supplementary Figures 4).

A 1.33% increase in GPC was consistently associated with the G

allele of the sat2 gene in durum wheat RILs (Figures 3A, B,

Supplementary Figure 5; P-value = 0.003).

The KASP marker TDsat2.i1.1 was designed for the SNP (G>T)

in the first intron of the sat2 gene, exhibited good allelic

discrimination (Supplementary Figure 6), however it was found to

be monomorphic in RILs; thus, its effect cannot be evaluated using

this panel. Validation of the KASP marker TDsat2.i1.1 was

performed using an extended panel of durum wheat consisting of

230 winter and spring accessions, including a panel used for GWAS

(Supplementary Figure 7). A 0.63–1.12% (0.92% in average)

increase in GPC depending on the year, was consistently

associated with the T allele of the sat2 gene in spring durum

wheat across multiple years (Figures 3C, D). ANOVA showed

statistically significant differences in GPC between groups of
FIGURE 3

Results of the association analysis between the allelic state of the KASP marker TDsat2.e9.1 and GPC data from the RILs panel of spring durum
wheat. PVE was calculated using Equation 3. (A, B). Results of the association analysis between the allelic state of the KASP marker TDsat2.i1.1 and
the multi-year GPC data for the panel of spring durum wheat accessions (C, D). RIL, Recombinant Inbred Line; GPC, Grain Protein Content; KASP,
Kompetitive Allele Specific PCR.
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durum wheat accessions carrying G or T alleles of the sat2 gene

(Figures 3C, D, Supplementary Table 2; P-value < 0.001).

TDsat2.i1.1 explained a higher proportion (4.89%) of GPC

variation than AX-94403238 (0.94%) in spring durum wheat.

ANOVA for winter wheat accessions showed a statistically not

significant association between the TDsat2.i1.1 allele and GPC

(Supplementary Figure 8, Supplementary Table 2; P-value = 0.57),

as well as an analysis of the complete dataset (Supplementary

Figure 9, Supplementary Table 2; P-value = 0.30). A clear trend

was detected showing higher GPC for the T allele of TDsat2.i1.1

(Supplementary Figure 8, Supplementary Table 2; P-value =

0.30).The A-allele of the KASP marker TDsat2.e9.1 was greatly

underrepresented; thus, its effect cannot be assessed using

this panel.
3.4 sat2 is predominantly expressed in
grains

Comparative transcriptomics approaches are crucial in

transferring biological information, particularly conserved gene

functions from better-studied species (Zuluaga et al., 2023). This

approach was previously used for the identification of candidate

genes based on both functional annotation and expression profiles

in the closely related species Triticum aestivum (Desiderio et al.,

2019). Although omics resources for durum wheat are steadily

increasing, more extensive data, resources, and databases are

available for bread wheat due to its greater economic importance

(Zuluaga et al., 2023).

The expression profile of the sat2 homologous from bread

wheat (TAsat2) revealed that its transcription levels were highest
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in grains during the “soft dough” stage and in leaves during at the

“kernel water ripe” and “main stem and three tillers” stages

(Figure 4A). TAsat2 expression in grains was most pronounced in

the aleurone layer and sub-aleurone cells at 20–30 days post-

anthesis (Figure 4B). Therefore, mutations in SAT2 may affect the

availability of cysteine in aleurone and subaleurone cells, change

protein synthesis, and shift the protein gradient in the starchy

endosperm, contributing to the observed variation in GPC.
4 Discussion

In this study, we identified the sat2 gene and demonstrated that

G-allele of TDsat2.e9.1 and T-allele of the TDsat2.i1.1 are associated

with GPC in spring, but not winter, durum wheat. Members of the

SAT gene family encode serine acetyltransferase (SAT/SERAT), a

key enzyme in cysteine synthesis. SAT is a critical component of the

cysteine synthase complex, a hetero-oligomer comprising SAT and

O-acetylserine-(thiol)lyase (OASTL) proteins (Wirtz and Hell,

2006). In plant tissues, OASTL is present in large excess relative

to SAT, rendering SAT concentration a limiting factor for complex

formation (Haas et al., 2008; Wirtz and Hell, 2006).

The KASP marker TD2.i1.1 targets a mutation in the first intron

of sat2 without altering the encoded protein’s amino acid sequence.

Previous studies indicate that most variants in the first intronic

region influence gene expression (Kowal et al., 2024). Thus, the

intronic SNP identified in sat2 could elevate its expression, which,

in turn, might increase cysteine abundance in grain storage

proteins (Tabe et al., 2010), suggesting a potential role in

transcriptional regulation.
FIGURE 4

The expression profile of the durum wheat sat2 gene homologous in bread wheat (TAsat2) in different tissues at different developmental stages (A).
The expression profile of the durum wheat sat2 gene homologous in bread wheat in different tissues of grain at different developmental stages (B).
Expression levels are presented as FPKM. Error bars are expressed as SE. Data were extracted from the WheatExp database (Pearce et al., 2015).
Developmental stages follow the Zadoks growth scale (Zadoks et al., 1974). DPA, days post-anthesis; SE, standard error; FPKM, Fragments Per
Kilobase of transcript per Million mapped reads.
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The KASP marker TDsat2.e9.1 targets a missense mutation

(Gly325Ser) in the ninth exon of sat2, which induces structural

changes in the SAT2 C-terminus. The C-terminal domain of a SAT

mediates protein-protein interactions with OASTL, forming the

structural basis of the hetero-oligomeric cysteine synthase complex.

Substitutions in this region reduce or abolish SAT enzymatic

activity (Wirtz et al., 2001). Molecular dynamic analysis in the

wild-type SAT2 revealed increased flexibility of the C-terminal tail

facilitates moderate global deviations (0.1–0.45 nm RMSD). By

contrast, the SAT2 mutant exhibits substantially larger global

displacements (up to ∼0.7 nm RMSD) and a rigidified C-

terminus, accompanied by heightened mobility in the N-terminal

and central regions. These results indicate that the G325S mutation

leads to an overall less resilient conformation.

Based on spatiotemporal patterns of sat2 expression, the grain

filling stage exhibits the highest expression levels and coincides with

the beginning of protein accumulation in grains (Zhang et al.,

2021). Furthermore, during the grain filling, the amino acids

produced by proteolysis in the leaves are transported to the grain

as substrates for protein synthesis (Fisher and Gifford, 1986), which

explains the elevated sat2 transcript levels in leaves. The observed

differences in the contribution of the same sat2 genotype to GPC in

spring and winter durum wheat could result from unique biotic and

abiotic factors during grain formation and maturation in different

seasons of the year.

The KASP markers TDsat2.i1.1 and TDsat2.e9.1 represent

practical tools for spring durum wheat breeding programs.

Although no statistical difference was observed in winter durum

wheat, the sat2marker could be used in breeding programs focusing

on pyramiding genes involved in GPC or other agronomically

important traits, such as plant height and frost resistance. In

winter durum wheat breeding, concurrent selection for frost

tolerance and grain quality is critical, as genetic analyses confirm

these traits can be combined without trade-offs (Longin et al., 2013).

Furthermore, the semi-dwarfism gene Rht exhibits a pleiotropic

effect, leading to reduced grain protein content in durum wheat

(Achilli et al., 2022).

The identified mutations in the sat2 may regulate GPC through

distinct mechanisms: the missense exonic mutation alters SAT

enzymatic activity, while the intronic mutation potentially affects

transcriptional regulation. Field data robustly associated sat2 allelic

variation with differential protein accumulation, providing a

foundation for breeders to leverage this gene in GPC

improvement. While this study does not elucidate the precise

mechanisms by which sat2 influences GPC in durum wheat, the

evidence presented suggests that the identified SNPs are likely

causal variants.
Data availability statement

The RNA-seq datasets analyzed for this study are publicly

available via the WheatExp database. Details are provided in the

Supplementary Methods.
Frontiers in Plant Science 08
Author contributions

AE: Software, Investigation, Conceptualization, Writing –

review & editing, Formal Analysis, Data curation, Visualization,

Writing – original draft, Validation, Methodology. LB: Resources,

Data curation, Writing – review & editing. VK: Validation,

Investigation, Writing – review & editing. AY: Writing – review

& editing, Resources, Data curation. LN: Investigation, Validation,

Writing – review & editing. AK: Investigation, Validation, Writing

– review & editing. AC: Writing – review & editing, Investigation,

Resources, Validation. AM: Investigation, Validation, Writing –

review & editing. VV: Formal Analysis, Investigation, Writing –

review & editing, Writing – original draft. PK: Supervision,

Conceptualization, Writing – review & editing. GK: Writing –

review & editing, Funding acquisition, Project administration.

MD: Resources, Project administration, Funding acquisition,

Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This study was funded by

the Russian Science Foundation (Grant No. 24-16-00274).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1632673/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2025.1632673/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1632673/full#supplementary-material
https://doi.org/10.3389/fpls.2025.1632673
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Ermolaev et al. 10.3389/fpls.2025.1632673
References
Achilli, A. L., Roncallo, P. F., Larsen, A. O., Dreisigacker, S., and Echenique, V.
(2022). Population structure, allelic variation at rht-b1 and ppd-a1 loci and its effects on
agronomic traits in Argentinian durum wheat. Sci. Rep. 12, 9629. doi: 10.1038/s41598-
022-13563-w

Badaeva, E., Dedkova, O., Gay, G., Pukhalskyi, V., Zelenin, A., Bernard, S., et al.
(2007). Chromosomal rearrangements in wheat: their types and distribution. Genome
50, 907–926. doi: 10.1139/G07-072

Balyan, H. S., Gahlaut, V., Kumar, A., Jaiswal, V., Dhariwal, R., Tyagi, S., et al. (2016).
Nitrogen and phosphorus use efficiencies in wheat: physiology, phenotyping, genetics,
and breeding. Plant Breed. Rev. 40, 167–234. doi: 10.1002/9781119279723.ch4

Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects
models using lme4. J. Stat. software 67, 1–48. doi: 10.18637/jss.v067.i01

Chang, C. C., Chow, C. C., Tellier, L. C., Vattikuti, S., Purcell, S. M., and Lee, J. J.
(2015). Secondgeneration plink: rising to the challenge of larger and richer datasets.
Gigascience 4, s13742–s13015. doi: 10.1186/s13742-015-0047-8

Chernook, A., Kroupin, P., Bespalova, L., Panchenko, V., Kovtunenko, V., Bazhenov,
M., et al. (2019). Phenotypic effects of the dwarfing gene rht-17 in spring durum wheat
under two climatic conditions. Vavilov J. Genet. Breed. 23, 916–925. doi: 10.18699/
VJ19.567

Dadd, T., Weale, M. E., and Lewis, C. M. (2009). A critical evaluation of genomic
control methods for genetic association studies. Genet. Epidemiol. 33, 290–298.
doi: 10.1002/gepi.20379

Danecek, P., Bonfield, J. K., Liddle, J., Marshall, J., Ohan, V., Pollard, M. O., et al.
(2021). Twelve years of samtools and bcftools. Gigascience 10, giab008. doi: 10.1093/
gigascience/giab008

Desiderio, F., Zarei, L., Licciardello, S., Cheghamirza, K., Farshadfar, E., Virzi, N.,
et al. (2019). Genomic regions from an Iranian landrace increase kernel size in durum
wheat. Front. Plant Sci. 10, 448. doi: 10.3389/fpls.2019.00448

Fisher, D. B., and Gifford, R. M. (1986). Accumulation and conversion of sugars by
developing wheat grains: Vi. gradients along the transport pathway from the peduncle
to the endosperm cavity during grain filling. Plant Physiol. 82, 1024–1030. doi: 10.1104/
pp.82.4.1024

Fu, B. X., Wang, K., Dupuis, B., Taylor, D., and Nam, S. (2018). Kernel vitreousness
and protein content: Relationship, interaction and synergistic effects on durum wheat
quality. J. Cereal Sci. 79, 210–217. doi: 10.1016/j.jcs.2017.09.003

Gao, X., Zhang, Q., Newberry, M. P., Chalmers, K. J., and Mather, D. E. (2013). A
cysteine in the repetitive domain of a high-molecular-weight glutenin subunit interferes
with the mixing properties of wheat dough. Amino Acids 44, 1061–1071. doi: 10.1007/
s00726-012-1441-5

Garrison, E., and Marth, G. (2012). Haplotype-based variant detection from short-
read sequencing. arXiv preprint arXiv:1207.3907. doi: 10.48550/arXiv.1207.3907

Gasparre, N., and Rosell, C. M. (2023). Wheat gluten: A functional protein still
challenging to replace in gluten-free cereal-based foods. Cereal Chem. 100, 243–255.
doi: 10.1002/cche.10624

Giancaspro, A., Giove, S. L., Zacheo, S. A., Blanco, A., and Gadaleta, A. (2019).
Genetic variation for protein content and yield-related traits in a durum population
derived from an inter-specific cross between hexaploid and tetraploid wheat cultivars.
Front. Plant Sci. 10, 1509. doi: 10.3389/fpls.2019.01509

Haas, F. H., Heeg, C., Queiroz, R., Bauer, A., Wirtz, M., and Hell, R. (2008).
Mitochondrial serine acetyltransferase functions as a pacemaker of cysteine synthesis in
plant cells. Plant Physiol. 148, 1055–1067. doi: 10.1104/pp.108.125237

Huang, M., Liu, X., Zhou, Y., Summers, R. M., and Zhang, Z. (2019). Blink: a package
for the next level of genome-wide association studies with both individuals and markers
in the millions. Gigascience 8, giy154. doi: 10.1093/gigascience/giy154

Islam, S., Yu, Z., She, M., Zhao, Y., and Ma, W. (2019). Wheat gluten protein and its
impacts on wheat processing quality. Front. Agric. Sci. Eng. 6, 279–287. doi: 10.15302/J-
FASE-2019267

Kaplan Evlice, A. (2022). The effect of durum wheat genotypes on cooking quality of
pasta. Eur. Food Res. Technol. 248, 815–824. doi: 10.1007/s00217-021-03899-4

Kowal, E. J., Sakai, Y., McGurk, M. P., Pasetsky, Z. J., and Burge, C. B. (2024).
Sequence determinants of intron-mediated enhancement learned from thousands of
random introns. bioRxiv 2024–10. doi: 10.1101/2024.10.29.620880

Kroupin, P. Y., Bespalova, L. A., Kroupina, A. Y., Yanovsky, A. S., Korobkova, V. A.,
Ulyanov, D. S., et al. (2023). Association of high-molecular-weight glutenin subunits
with grain and pasta quality in spring durum wheat (triticum turgidum spp. durum l.).
Agronomy 13, 1510. doi: 10.3390/agronomy13061510

Kroupina, A. Y., Yanovsky, A. S., Korobkova, V. A., Bespalova, L. A., Arkhipov, A.
V., Bukreeva, G. I., et al. (2023). Allelic variation of glu-a1 and glu-b1 genes in winter
durum wheat and its effect on quality parameters. Foods 12, 1436. doi: 10.3390/
foods12071436
Frontiers in Plant Science 09
Kumar, A., Jain, S., Elias, E. M., Ibrahim, M., and Sharma, L. K. (2018). “An overview of qtl
identification andmarker-assisted selection for grain protein content in wheat,” in Eco-friendly
agro-biological techniques for enhancing crop productivity Springer, Singapore, 245–274.

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with bowtie 2.
Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

Longin, C. F. H., Sieber, A.-N., and Reif, J. C. (2013). Combining frost tolerance, high
grain yield and good pasta quality in durum wheat. Plant Breed. 132, 353–358.
doi: 10.1111/pbr.12064

Maccaferri, M., Harris, N. S., Twardziok, S. O., Pasam, R. K., Gundlach, H., Spannagl,
M., et al. (2019). Durum wheat genome highlights past domestication signatures and
future improvement targets. Nat. Genet. 51, 885–895. doi: 10.1038/s41588-019-0381-3

Maccaferri, M., Ricci, A., Salvi, S., Milner, S. G., Noli, E., Martelli, P. L., et al. (2015).
A high-density, snp-based consensus map of tetraploid wheat as a bridge to integrate
durum and bread wheat genomics and breeding. Plant Biotechnol. J. 13, 648–663.
doi: 10.1111/pbi.12288

Murray, M., and Thompson, W. (1980). Rapid isolation of high molecular weight
plant dna. Nucleic Acids Res. 8, 4321–4326. doi: 10.1093/nar/8.19.4321

Nigro, D., Gadaleta, A., Mangini, G., Colasuonno, P., Marcotuli, I., Giancaspro, A.,
et al. (2019). Candidate genes and genome-wide association study of grain protein
content and protein deviation in durum wheat. Planta 249, 1157–1175. doi: 10.1007/
s00425-018-03075-1

Pearce, S., Vazquez-Gross, H., Herin, S. Y., Hane, D., Wang, Y., Gu, Y. Q., et al.
(2015). Wheatexp: an rna-seq expression database for polyploid wheat. BMC Plant Biol.
15, 1–8. doi: 10.1186/s12870-015-0692-1

Shewry, P. R. (2011). “Effects of nitrogen and sulfur nutrition on grain composition
and properties of wheat and related cereals,” in The molecular and physiological basis of
nutrient use efficiency in crops, (UK: A John Wiley & Sons, Inc.) 103–120.

Sissons, M., Cutillo, S., Marcotuli, I., and Gadaleta, A. (2021). Impact of durum wheat
protein content on spaghetti in vitro starch digestion and technological properties. J.
Cereal Sci. 98, 103156. doi: 10.1016/j.jcs.2020.103156

Tabe, L., Wirtz, M., Molvig, L., Droux, M., and Hell, R. (2010). Overexpression of
serine acetlytransferase produced large increases in o-acetylserine and free cysteine in
developing seeds of a grain legume. J. Exp. Bot. 61, 721–733. doi: 10.1093/jxb/erp338

Tsepilov, Y. A., Ried, J. S., Strauch, K., Grallert, H., van Duijn, C. M., Axenovich, T. I.,
et al. (2013). Development and application of genomic control methods for genome-
wide association studies using non-additive models. PloS One 8, e81431. doi: 10.1371/
journal.pone.0081431

Uauy, C., Brevis, J. C., and Dubcovsky, J. (2006). The high grain protein content gene
gpc-b1 accelerates senescence and has pleiotropic effects on protein content in wheat. J.
Exp. Bot. 57, 2785–2794. doi: 10.1093/jxb/erl047

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., et al.
(2012). Primer3—new capabilities and interfaces. Nucleic Acids Res. 40, e115–e115.
doi: 10.1093/nar/gks596

VanRaden, P. M. (2008). Efficient methods to compute genomic predictions. J. dairy
Sci. 91, 4414–4423. doi: 10.3168/jds.2007-0980

Waterhouse, A. M., Procter, J. B., Martin, D. M., Clamp, M., and Barton, G. J. (2009).
Jalview version 2—a multiple sequence alignment editor and analysis workbench.
Bioinformatics 25, 1189–1191. doi: 10.1093/bioinformatics/btp033

Wirtz, M., Berkowitz, O., Droux, M., and Hell, R. (2001). The cysteine synthase
complex from plants: mitochondrial serine acetyltransferase from arabidopsis thaliana
carries a bifunctional domain for catalysis and protein–protein interaction. Eur. J.
Biochem. 268, 686–693. doi: 10.1046/j.1432-1327.2001.01920.x

Wirtz, M., and Hell, R. (2006). Functional analysis of the cysteine synthase protein
complex from plants: structural, biochemical and regulatory properties. J. Plant Physiol.
163, 273–286. doi: 10.1016/j.jplph.2005.11.013

Xiang, X., Hu, B., Pu, Z., Wang, L., Leustek, T., and Li, C. (2022). Co-overexpression
of atsat1 and ecpapr improves seed nutritional value in maize. Front. Plant Sci. 13,
969763. doi: 10.3389/fpls.2022.969763

Xiang, X., Wu, Y., Planta, J., Messing, J., and Leustek, T. (2018). Overexpression of
serine acetyltransferase in maize leaves increases seed-specific methionine-rich zeins.
Plant Biotechnol. J. 16, 1057–1067. doi: 10.1111/pbi.12851

Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the growth
stages of cereals. Weed Res. 14, 415–421. doi: 10.1111/j.1365-3180.1974.tb01084.x

Zhang, S., Ghatak, A., Bazargani, M. M., Bajaj, P., Varshney, R. K., Chaturvedi, P.,
et al. (2021). Spatial distribution of proteins and metabolites in developing wheat grain
and their differential regulatory response during the grain filling process. Plant J. 107,
669–687. doi: 10.1111/tpj.15410

Zuluaga, D. L., Blanco, E., Mangini, G., Sonnante, G., and Curci, P. L. (2023). A
survey of the transcriptomic resources in durum wheat: Stress responses, data
integration and exploitation. Plants 12, 1267. doi: 10.3390/plants12061267
frontiersin.org

https://doi.org/10.1038/s41598-022-13563-w
https://doi.org/10.1038/s41598-022-13563-w
https://doi.org/10.1139/G07-072
https://doi.org/10.1002/9781119279723.ch4
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.18699/VJ19.567
https://doi.org/10.18699/VJ19.567
https://doi.org/10.1002/gepi.20379
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.3389/fpls.2019.00448
https://doi.org/10.1104/pp.82.4.1024
https://doi.org/10.1104/pp.82.4.1024
https://doi.org/10.1016/j.jcs.2017.09.003
https://doi.org/10.1007/s00726-012-1441-5
https://doi.org/10.1007/s00726-012-1441-5
https://doi.org/10.48550/arXiv.1207.3907
https://doi.org/10.1002/cche.10624
https://doi.org/10.3389/fpls.2019.01509
https://doi.org/10.1104/pp.108.125237
https://doi.org/10.1093/gigascience/giy154
https://doi.org/10.15302/J-FASE-2019267
https://doi.org/10.15302/J-FASE-2019267
https://doi.org/10.1007/s00217-021-03899-4
https://doi.org/10.1101/2024.10.29.620880
https://doi.org/10.3390/agronomy13061510
https://doi.org/10.3390/foods12071436
https://doi.org/10.3390/foods12071436
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1111/pbr.12064
https://doi.org/10.1038/s41588-019-0381-3
https://doi.org/10.1111/pbi.12288
https://doi.org/10.1093/nar/8.19.4321
https://doi.org/10.1007/s00425-018-03075-1
https://doi.org/10.1007/s00425-018-03075-1
https://doi.org/10.1186/s12870-015-0692-1
https://doi.org/10.1016/j.jcs.2020.103156
https://doi.org/10.1093/jxb/erp338
https://doi.org/10.1371/journal.pone.0081431
https://doi.org/10.1371/journal.pone.0081431
https://doi.org/10.1093/jxb/erl047
https://doi.org/10.1093/nar/gks596
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1046/j.1432-1327.2001.01920.x
https://doi.org/10.1016/j.jplph.2005.11.013
https://doi.org/10.3389/fpls.2022.969763
https://doi.org/10.1111/pbi.12851
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/tpj.15410
https://doi.org/10.3390/plants12061267
https://doi.org/10.3389/fpls.2025.1632673
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	High-quality bonds: serine acetyltransferase 2 gene revealed by GWAS is associated with grain protein content in spring durum wheat
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and field experiments
	2.2 Phenotyping
	2.3 Genotyping and SNP calling
	2.4 Genome-wide association analysis
	2.5 Identification of the candidate genes
	2.6 Mining of polymorphisms in candidate gene and design of KASP markers
	2.7 Association between the developed KASP markers and GPC

	3 Results
	3.1 GWAS using polymorphic population enables to find candidate gene sat2 and its allelic variant with altered protein structure
	3.2 Mutant SAT2 exhibits reduced global stability and altered local dynamics
	3.3 Developed KASP markers for the sat2 revealed association with GPC
	3.4 sat2 is predominantly expressed in grains

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


