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ABSTRACT

Wheat is one of the most important global crops and selection for better performance
has been ongoing since ancient times. As a quantitative trait controlled by the inter-
play of several genomic loci and under the strong influence of the environment, grain
protein content (GPC) is of major interest in breeding programs. Here, we review the
most recent contributions to the genetics underlying wheat GPC and grain protein
deviation (GPD, representing the relationship between grain protein content and
yield), together with the performance of genomic prediction models characterizing
these traits. A total of 364 significant loci related to GPC and GPD are positioned on
the hexaploid wheat genome, highlighting genomic regions where significant indepen-
dent QTL overlap, with special focus on two regions located on chromosomes 3A and
5A. Some of the corresponding homoeologous sequences co-locate with significant
independent QTL reported on the B and D subgenomes. Overlapping independent
QTL from different studies are indicative of genomic regions exhibiting stability
across environments and genotypes, with promising candidates for improving grain
quality.

BACKGROUND

Grain protein content (GPC) is a primary focus for wheat
breeding programs globally. It is a highly important quality
trait controlled by multiple quantitative trait loci (QTL) inter-
acting with each other, with the environment and influenced
by agricultural management practices (Groos et al. 2003;
Blanco et al. 2006; Nigro et al. 2019). The GPC of mature
grains ranges between 8% and 20% and translates into flour
quality. Breeding efforts over the past few decades have seen a
decline in GPC because of its often observed negative associa-
tion with grain yield (Oury & Godin 2007; Laidig et al. 2017).
However, some studies in recent years have reported genotypes
and populations where this negative association is broken
(DePauw et al. 2007; Liu et al. 2019; Fatiukha et al. 2020) and
genomic regions positively affecting GPC but without negative
effect on yield, as well as genomic regions positively affecting
both traits (Thorwarth et al. 2019; Ruan et al. 2021). These
results support the possibility of improving GPC without
compromising yield. Thus, within breeding programs, interest
has grown into identifying the genetic elements that improve
GPC while maintaining yield across environments.
Genotype (g), environment (e) and their interaction (g 9 e)

have significant effects on GPC. Consequently, numerous stud-
ies have reported variations in QTL effects for QTL detected in
different environments and under diverse genetic backgrounds
(Huang et al. 2003; Huang et al. 2004; Kumar et al. 2007;
Kuchel et al. 2007a,b; Maccaferri et al. 2008; McIntyre
et al. 2010). This translates into the main limitation of previous
studies: that the identified QTL is often specific to the plant

material and the environments tested and/or the agricultural
management practice used (Kumar et al. 2018b). Furthermore,
most studies, even though performed in multiple environ-
ments, are based on relatively small population sizes. In con-
trast, Juliana et al. (2019) genotyped more than 44,000 bread
wheat lines, with more than 3,400 lines tested on different con-
tinents and considered 50 traits, including traits related to yield
and stress resilience and GPC. The design of this study allowed
for several traits to be investigated and related at the same time,
while the large number of lines increased confidence and sup-
port for the results. Another limitation of several studies is
related to the ploidy level of the genotypes. Where the focus is
on diploid and tetraploid wheat, the D subgenome remains
uncovered when it comes to translating results to hexaploid
wheat (Rapp et al. 2018; Kumar et al. 2018b; Giancaspro
et al. 2019; Liu et al. 2019; Nigro et al. 2019; Fatiukha
et al. 2020; Ruan et al. 2021). In the last few years, however, a
number of studies based on hexaploid wheat have provided sig-
nificant contributions to uncovering the genetic elements
underlying GPC (Goel et al. 2019; Michel et al. 2019; Chen
et al. 2020; Muqaddasi et al. 2020; Yang et al. 2020; Lou
et al. 2021; Sandhu et al. 2021b; Zhang et al. 2021; Pu
et al. 2022; Sandhu et al. 2021c). Recent years have seen signifi-
cant advances in wheat genomics. In spite of the large genome
size, with high sequence similarity of the three subgenomes and
a large amount of repetitive elements, valuable genomic
resources for hexaploid wheat have become available to assist
in identifying relevant trait-related genes (Avni et al. 2017;
Zimin et al. 2017; https://www.wheatinitiative.org/iwgsc; Mac-
caferri et al. 2019; Walkowiak et al. 2020; Gaurav et al. 2021).
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A wide range of population types have been used to study
GPC, including crosses and families, commercial varieties,
germplasm collections, hybrid and inbred populations, associa-
tion populations and populations of synthetic hexaploid wheat.
Different approaches have been combined to increase detection
power and accuracy, including genome-wide association stud-
ies (GWAS) and testing of candidate genes; synteny-based
approaches; and tests for significant association of specific
metabolites (Nigro et al. 2019; Thorwarth et al. 2019).
The last review focusing on GPC in wheat was published in

2018, in which Kumar et al. (2018b) compiled a comprehensive
overview of advances related to the genetic elements underlying
wheat GPC, including the genetic relationship between GPC
and grain yield. The study presented GPC QTL identified on all
chromosomes, with a total of 325 main effect QTL and 42 epi-
static QTL reported before 2017, with over 80 QTL showing
stability across different environments. Kumar et al. (2018b)
highlighted nine stable QTL with associated markers reported
across the studies, located on chromosomes 2AS, 2BS, 2BL,
2DL, 3BS, 4AL, 4B, 6BS and 7A. Since then, further studies
have made valuable contributions and are included in the

present review, with a focus on genomic regions and genetic
elements that are stable across environments. Figure 1 inte-
grates information about the genomic localization of GPC
QTL from recent studies using tetra- and hexaploid wheat.

GPC, GRAIN YIELD AND GPD

Breeding for increased GPC is affected by the negative correla-
tion with yield that is generally reported (Oury & Godin 2007;
Laidig et al. 2017), which has materialized in varieties with
higher grain yield but lower GPC. Data from Danish national
trials between 1995 and 2018 (Fig. 2) showed that yield
increased while GPC decreased, with newly bred wheat varieties
having higher yield at the expense of GPC (www.sortinfo.dk).
This is probably an issue, particularly for highly productive
wheat cultivation areas such as Northern Europe, where plant
breeding has been able to push wheat yields to high levels, even
under restricted nitrogen fertilizer regimes. However, some
varieties deviate from the general trend (Fig. 2). Some of these
observed deviations from the regression line appear to be sta-
ble, and thus genetically controlled, indicating the possibility of
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Fig. 1. Tentative physical chromosome positions on the hexaploid wheat genome (IWGSC RefSeq v 1.0) of published QTL for grain protein content (GPC) and

grain protein deviation (GPD) in hexa- and tetraploid wheat. Physical positions were mainly based on information on flanking DNA markers of QTL. In cases

where only one marker was available, the QTL is marked �10,000,000 bp of the marker position. For studies conducted in tetraploid wheat, information on

marker position was computed based on the expected synteny with hexaploid wheat. The studies are ordered based on number of QTL, to the right of the

chromosomes. From the review of Kumar et al. (2018b), only the selected nine stable QTL are included in this figure. GPD-specific QTL are marked with dotted

lines. The two red arrows at 3A and 5A indicate the two genomic regions discussed in detail in this study.
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improving both GPC and grain yield simultaneously in breed-
ing programs (Sears 1998).

Grain protein deviation (GPD) represents the residuals of
the regression of protein content on grain yield and was pro-
posed as an indicator of the closeness of the relationship
between yield and GPC for a specific variety (Monaghan
et al. 2001). A positive, high GPD is indicative of a genotype
combining good yield and higher GPC. Studies employing
GPD highlight its potential to identify and facilitate selection
of genotypes with good yield and higher GPC (Monaghan
et al. 2001; Oury & Godin 2007; Rapp et al. 2018; Thorwarth
et al. 2018; Thorwarth et al. 2019; Mosleth et al. 2020). Identifi-
cation of GPD QTL and associated markers is of particular
interest due to their potential to increase GPC without nega-
tively affecting yield components. Mosleth et al. (2020)
reported high genetic variation for GPD, with differences in
GPD stability across environments observed for different geno-
types. Some genotypes showed stable positive or negative GPD,
while others displayed unstable GPD across different environ-
ments. Genotype was the main component accounting for
GPD variance; however, genotype–site/year interaction and
even nitrogen level also played a role.

Several of the identified GPC QTL have a negative effect on
yield. However, in some tetraploid wheat trials, no significant
correlation between GPC and yield (1000 kernel weight) was
observed (Fatiukha et al. 2020). The lack of negative associa-
tion between these two traits in the plant material used in this
study suggests that the significant genomic regions identified
could be used to improve GPC without negatively affecting
yield. Moreover, additive QTL, with positive effects on both
GPC and yield, have also been identified, for example on chro-
mosome 2A (Thorwarth et al. 2018). These are interesting can-
didates for the simultaneous improvement of both traits. The
significant loci are of high interest, especially when supported

by other, independent studies, as revealed by overlapping sig-
nificant genomic regions, as seen in Fig. 1. In general, hybrid
genotypes have superior performance across multiple traits. At
a given yield level, hybrids had higher GPC (high GPD) than
inbred lines, indicating their potential for overcoming the neg-
ative correlation between grain yield and protein content
(Thorwarth et al. 2018). Hybrids have also shown earlier head-
ing and a longer senescence phase compared to the parents,
resulting in a longer grain filling period (Gimenez et al. 2021).
This finding adds support to the significance of post-anthesis
nitrogen uptake previously reported to be associated with GPD
(Bogard et al. 2010).

GPC, GPD, NITROGEN AND SENESCENCE

Grain protein content (GPC) is strongly influenced by applica-
tion of nitrogen fertilizer, as well as by the nitrogen uptake
capacity and nitrogen utilization efficiency (Garnett et al. 2015;
Cormier et al. 2016). An appropriate balance between post-
anthesis nitrogen uptake and remobilization during processes
related to senescence has been linked to GPC (Bogard
et al. 2010). GPD was also shown to be tightly linked with
post-anthesis nitrogen uptake (Bogard et al. 2010) and a posi-
tive association between GPC QTL and nitrogen use efficiency
(NUE) has been reported (Zhang et al. 2021). Increased nitro-
gen fertilizer application in the field has been widely used to
increase GPC (Belete et al. 2018; Sultana et al. 2021). However,
due to the negative environmental impact of this practice, the
development and use of varieties with a positive GPD, inde-
pendent of external nitrogen applications, is crucial. Plant
senescence has a large impact on GPC, but also on grain yield,
with the early onset of senescence being correlated to higher
GPC and lower grain yield, while delayed senescence is associ-
ated with lower GPC and higher yield (Sultana et al. 2021).
However, genotype specific variations have been described
(Sultana et al. 2021), suggesting the possibility for selecting
gene combinations favouring both GPC and yield. Senescence
and NUE are tightly connected and depend on nitrogen avail-
ability in the environment. It is well-known that low nitrogen
conditions accelerate senescence, while higher nitrogen has the
opposite effect (Sultana et al. 2021). During senescence, up to
90% of the nitrogen in the plant is remobilized to the grain
(Gaju et al. 2014). NUE seems to link the negative correlation
of GPC and grain yield. Increasing the rate of amino acid
remobilization from senescing vegetative organs to the grain
has led to higher GPC and lower yield, while a delayed senes-
cence and longer photosynthesis period has resulted in higher
grain yield and lower GPC (Benbella & Paulsen 1998a,b). On
the other hand, it has also been suggested that final grain yield
depends on the grain filling capacity rather than on the length
of the photosynthesis period (Borrill et al. 2015). Delaying the
onset of senescence in genotypes with an increased grain filling
capacity should be further explored for improving GPC.
The first gene reported to be involved in increasing GPC was

GPC-B1 (NAM-B1), located on the short arm of chromosome
6B, encoding a NAC (No Apical Meristem [NAM], Arabidopsis
Transcription Activation Factor [ATAF], cup-shaped cotyledon
[CUC]) transcription factor. It was first identified in wild
emmer wheat as a gene for high GPC (Avivi 1977), increasing
nitrogen remobilization and grain filling efficiency and acceler-
ating leaf and whole plant senescence (Uauy et al. 2006a,b). It
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Fig. 2. The relationship between grain yield and grain protein content of

wheat cultivars in Danish national trials, between the years 1995 and 2018.

Each spot represents one cultivar, with the mean of yield and grain protein

content across years and locations. Only cultivars that were in the trials for a

minimum of 3 years are included. The colour scale indicates the first year of

appearance in the Danish national trials for each cultivar. Source: www.

sortinfo.dk.
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was observed that modern wheat cultivars contain a non-
functional mutation in the NAM-B1 gene, which lowers GPC
and the amount of minerals, like iron (Fe) and zinc (Zn), and
also delays senescence (Uauy et al. 2006b). Furthermore, exper-
iments showed that silencing all of the homoeologous GPC-1
genes resulted in delayed senescence and lower GPC, with
reduced Zn and Fe content of the grain (Tabbita et al. 2013;
Avni et al. 2014; Tabbita et al. 2017). The connection between
GPC and grain mineral content has been observed in other
studies, through significant positive correlations between GPC
and grain minerals, especially Fe, Mn and Zn (Bhatta
et al. 2018; Kumar et al. 2018a). Moreover, Kumar
et al. (2018a) identified several marker–trait associations and
epistatic interactions, nine of which showed association with
three traits of high interest in breeding programs: GPC, Fe con-
tent and grain yield. However, there are also reports of GPC-B1
introgression having no significant effect on GPC (Pan
et al. 2020). This strongly suggests that the function of GPC-B1
is dependent on other genetic and/or environmental factors.
The NAC-S gene, corresponding to another NAC transcrip-

tion factor, was found to be positively correlated with GPC and
delayed senescence, without significant negative effects on yield
(Zhao et al. 2015). Overexpression of this gene led to increased
nitrogen content and GPC, without negatively affecting yield.
There are no recent reports on the successful exploitation of
the NAC-S gene in breeding for higher GPC.
Six candidate genes involved in nitrogen metabolism (ala-

nine aminotransferase [AlaAT], NADH-dependent glutamate
synthase [NADH – GOGAT], nitrate reductase [NR], nitrate
transporter 2 [NRT2], glutamine synthetase 2 [GS2] and nitrite
reductase [NIR]) showed significant associations with GPC and
GPD in tetraploid wheat, with no effect on grain yield (Nigro
et al. 2019). These are of particular interest as they represent
perfect candidates to be used in breeding programs without
negative effects on yield. Significant effects of environment,
genotype and environment 9 genotype interaction have been
recorded. The strong effect of the environment translated into
a wide range of GPC values across seven tested environments.
Also, the correlation values of GPC means between some of the
environments, as low as 0.38 and up to 0.83, are consistent
with the strong influence of the environment on the pheno-
typic expression of GPC.
The putative amino acid transporter AAP6 was shown to

function as a GPC regulator in rice (Peng et al. 2014). Identi-
fied through homology cloning in wheat, AAP6 with its
favoured allele located on chromosome 3B, was preferentially
expressed in the early stages of developing grains and was sig-
nificantly correlated with high GPC, leading to the conclusion
that it may also be involved in GPC regulation in wheat (Jin
et al. 2018). The introgression of a high molecular weight glute-
nin subunit (HMW-GS) allele led to an increase in wheat GPC
and even yield, and induced changes in the abundance of other
grain storage proteins (Cao et al. 2021). The increased expres-
sion of the microRNA-resistant alleles of a class III
homeodomain-leucine-zipper transcription factor HOMEOBOX
DOMAIN-2 (HB-2) located on chromosome 1 of subgenomes
A and D, was shown to increase GPC through increasing
amino acid supply during grain development and independent
of the senescence pathway (Dixon et al. 2022). These results
highlight different mechanisms converging on GPC, together
with the possibility of identifying GPC regulators in different

pathways. The near future should also see the identification of
GPC and GPD regulators from other pathways, including phy-
tohormones and sugar metabolism. Additional studies should
further investigate the effects of these genes in different wheat
genotypes and different environments. It would be interesting
to test the simultaneous effects of introgressing not only one,
but two, three or more of these proposed GPC increasing
genes.

LINKAGE VERSUS PLEIOTROPIC EFFECTS

A number of studies have reported QTL for GPC in the same
genomic regions with QTL for other traits of interest. This
raises the question about linkage or pleiotropic effects in these
specific genomic regions. In the case of the GPC-B1 gene, the
introduction of the functional allele in wheat genotypes not
only accelerated senescence, but also increased GPC, pointing
towards pleiotropic effects (Hagenblad et al. 2012; Asplund
et al. 2013; Avni et al. 2014; Chapman et al. 2021). Further-
more, seven GPC QTL were found to co-localize with
nitrogen-related candidate genes. Functional validation using
near-isogenic lines segregating for the two genes GS2 and Fd-
GOGAT (ferredoxin-dependent glutamate synthase) located on
chromosomes 2B and 2A, respectively, supports their involve-
ment in GPC (Nigro et al. 2020). While no pleiotropic effect
on yield was observed, this strongly suggests pleiotropic effects
on GPC and nitorgen metabolism, making these genes candi-
dates of interest for molecular breeding.

On chromosome 6A, two markers had significant association
with both GPC and grain starch content, but with opposite
effects on these two traits (Muqaddasi et al. 2020), suggestive
of potential pleiotropic effects of the genes located in this
region. The QTL for GPC and grain yield on chromosomes 3A
and 7A also had antagonistic effects, again strongly suggesting
pleiotropy (Thorwarth et al. 2019). The mode of action for a
QTL on chromosome 2A could not be clearly established, but
due to the positive effect on both traits, this QTL remains of
high interest (Thorwarth et al. 2019). Pleiotropy was suggested
for a QTL on chromosome 2D, where the same marker showed
significant association with different traits, while linkage was
suggested on 6A, where distinct markers located in the same
region were associated with different traits (Ladejobi
et al. 2019).

OVERLAPPING GPC AND GPD LOCI ON
CHROMOSOMES 3A AND 5A

A total of 41 QTL presented in this review are related to
GPD (Fig. 1). Here, we focus on the genomic regions on
chromosomes 3A (478.6–488.7 Mb) and 5A (681.4–697.7 Mb
and 704.9–708.4 Mb). At least two independent GPD QTL
locate in each of these regions, as reported by different
authors (Fig. 1, Table S1), which overlap with GPC QTL
from other studies. On chromosome 3A, 148 genes are
located in the highlighted region including five million bp
flanking regions. The five million flanking bp of the two
regions on 5A overlap, resulting in a larger hot spot covering
455 genes (Table S1).

The overlapping independent QTL hot spot on chromosome
3A covers a genomic region of approximately ten million bp,
plus a flanking region of five million base pairs on each side,
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resulting in a region of 20 Mb. Lou et al. (2021), Fatiukha
et al. (2020) and Nigro et al. (2019) reported GPC QTL in this
region, while Ruan et al. (2021) and Thorwarth et al. (2019)
reported GPD QTL. Out of the 148 genes located in this region,
85 genes had homoeologous sequences located on B and/or D
in regions where significant independent QTL have been
reported in different studies (Table S1). Forty of these were
located within the reported QTL intervals, while the remaining
45 were located in the flanking regions. These genes represent
good candidates for GPC and GPD. Interestingly, 52 out of the
85 genes had homoeologues located in significant GPC regions
only on chromosome 3D, with 30 of these located within QTL
intervals and 22 genes in the flanking regions. Among the genes
located in this genomic hot spot are: late embryogenesis abun-
dant (LEA)-like proteins and dehydrins, which have been shown
to have an important role in abiotic stresses (Yu et al. 2018).
Also, regulators such as transcription factors MYB and MTB1,
RE1-silencing transcription factor-like, AP2/ERF and B3
domain-containing transcriptional activators, genes involved in
protein metabolism, like E3 ubiquitin protein ligases, threonine
synthase, phytochrome-associated serine/threonine-protein phos-
phatase, EEF1A lysine methyltransferase and aspartic proteinase
NANA. Mitogen-activated protein kinases (MAPK) also locate
here. MAPKs have been shown to regulate plant growth and
development, but also responses to environmental stresses
(Zhan et al. 2017). Germins were also reported to be involved
in plant development processes as well as biotic and abiotic
stresses (Patnaik & Khurana 2001). A number of sequences
were annotated as BRUTUS-like (BTS). BTS genes are involved
in drought stress responses (Selote et al. 2018) and regulate Fe
homeostasis (Matthiadis & Long 2016; Rodr�ıguez-Celma
et al. 2019). IST1-LIKE genes have been shown to be essential
for normal plant growth, repression of spontaneous cell death
and post embryonic lethality in Arabidopsis (Buono
et al. 2016). Another class of candidate genes located here are
the transporters, such as ABC transporters, two-pore potassium
channel and chloride channel protein CLC.

A strong candidate in the chromosome 3A genomic region is
the high affinity nitrate transporter NRT2.5 gene. Its homoeolo-
gous sequences are located in the flanking regions of significant
GPC loci on both 3B and 3D. The NRT2.5 gene was shown to
have nitrate transport activity in Xenopus oocytes (Kotur
et al. 2012), while overexpression of its homoeologous gene on
3B led to a significant increase in post-anthesis nitrogen uptake
and grain yield (Li et al. 2020). The NRT2.5 gene was linked to
a metaQTL for yield (Yang et al. 2021). Another strong candi-
date in this region is glutamate synthase NADH-GOGAT (Qur-
aishi et al. 2011; Yang et al. 2019), which has also been linked
to a metaQTL for yield (Yang et al. 2021), to NUE (Saini
et al. 2021) and was validated as underlying a GPC QTL (Nigro
et al. 2020).

The two regions of interest in the distal region of the long
arm of chromosome 5A, having an overlapping flanking
region, cover over 36 Mb. Based on the available studies, only
16 genes had homoeologous sequences on 5B and/or 5D
located in regions reported as significantly associated with GPC
and GPD, with one gene having a homoeologue only on 5D
and six genes having homoelogues on 5B. Eleven homoeolo-
gous genes were located within significant QTL, while five were
in the flanking regions (Table S1). Thorwarth et al. (2019),
Voss-Fels et al. (2019) and Yang et al. (2020) reported loci

associated with GPC in this genomic hot spot, while Ruan
et al. (2021) and Sandhu et al. (2021) reported loci associated
with GPD. Several sequences in this region correspond to
uncharacterized or hypothetical proteins. However, there are
also transcription regulator sequences (homeobox protein BEL1
homologue, bHLH transcription factors, scarecrow-like protein
6, RAX2, GATA transcription factor 2, CCR4-NOT transcription
complex subunit 1-like sequences), ubiquitin and protein pro-
cessing related sequences (E3 ubiquitin ligase, ARABIDILLO 1)
and transporter sequences (ABC transporters, sugar transport
protein MST1-like, aquaporins). Although located in the over-
lapping flanking region, an interesting candidate here is the
low affinity nitrate transporter NRT1 sequence. This gene may
be a link between nitrogen uptake and transport (Kong et al.
2021), yield (Yang et al. 2021) and potentially GPC, given its
location close to several independent GPC and GPD QTL.
Another potential candidate is the ethylene-insensitive EIN2
gene, which was reported to be involved in ethylene signalling
pathways regulating plant development, senescence and grain
size (Jun et al. 2004; Zhao et al. 2021). The EIN2 gene could be
the link between senescence and GPC. In the same overlapping
flanking region are genes involved in flowering. VRN2-1 and
VRN2-2 genes are repressors of flowering and downregulated
by vernalization (Yan et al. 2004), while FT5-1 and FT5-2 genes
are part of the FT flowering promoter family (Lv et al. 2014).
Bogard et al. (2011) reported that the onset of flowering was a
significant driving factor for leaf senescence during the grain
filling period in a winter wheat population segregating for
flowering time, observing colocalization of QTL for the dura-
tion of post-anthesis leaf senescence with QTL for the time of
anthesis. A more recent study based on spring wheat observed
a clear allelic effect of flowering time genes on biomass, harvest
index and on grain yield (Dreisigacker et al. 2021). The results
of these studies suggest a clear connection between heading
and flowering time, senescence, grain yield and GPC. The distal
region of the long arm of the 5A chromosome could be a hub
intersecting and regulating these processes. It could be specu-
lated that since each of these genes has a well-established dis-
tinct function, linkage and a common epigenetic regulator
seems more likely in this region.

GPC AND GENOMIC SELECTION

Different studies have reported a wide range of GPC heritabil-
ity values, due to heritability being highly dependent and spe-
cific to population and environment. Broad sense heritability
for GPC has been reported to range from 0.07 (Kumar
et al. 2018a) to 0.91 (Nigro et al. 2019), depending on geno-
type, location, and number of field trials, but also the type of
computational analysis conducted. As expected, heritability
values dropped when assessed across environments. For exam-
ple, Nigro et al. (2019) observed heritability values of 0.76–0.91
in specific environments, and 0.6 in a study across seven envi-
ronments. Although the majority of studies reported a strong
and significant effect of the environment, heritability values for
GPC are in general moderate to high, increasing the potential
of tools like genomic prediction and genomic selection. The
prediction accuracy of different studies varies widely, ranging
from negative values indicating a very poor prediction ability,
to very high positive values. Performance depends on the
modelling but also on the composition of the training
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population. Although the accuracy of different studies varies,
most are moderate to high, suggesting good potential for
employing these tools to improve GPC and GPD. Semagn
et al. (2022) reported the highest prediction accuracies for
GPC, ranging between 0.60–0.97; they also reported no signifi-
cant differences in prediction results between conventional and
organic farming (Semagn et al. 2022).
A number of studies have tested genomic predictions for

GPC with very promising results and confirming genomic selec-
tion as a method for improving breeding efforts for this trait
(Kristensen et al. 2018; Rapp et al. 2018; Ladejobi et al. 2019;
Michel et al. 2019; Thorwarth et al. 2019; Muqaddasi
et al. 2020). Sandhu et al. (2021b) evaluated different models for
employing genomic selection in a NAM spring wheat popula-
tion, suggesting that prediction accuracy of both GPC and grain
yield improved by including secondary traits such as spectral
reflectance indices and plant growth stage in multi-trait genomic
selection models. As suggested, the increase in accuracy is prob-
ably due to the fact that the secondary traits included in the
model account for some of the environmental effect, a good cor-
relation with the secondary traits and higher heritability of the
secondary traits included in the model.
Models for GPC prediction have recently been proposed

based on satellite images and a partial least square algorithm
(Tan et al. 2020) or by combining remote sensing imagery and
meteorological data (Xu et al. 2020). Good predictions and
good results were obtained by predicting traits controlled by
multiple small effect loci (Ladejobi et al. 2019). Combining
metabolic and genomic marker data in prediction models using
a population of hybrids led to the conclusion that the best pre-
diction values were achieved using genomic data alone (Thor-
warth et al. 2019).
In cases with a high positive correlation of GPD and protein

content and a high positive correlation of protein yield with
grain yield, selecting for a high GPD would mainly increase the
protein content, while a selection based on protein yield would
mainly improve grain yield. Hence, a combination of the two
indices through modelling balances this selection and allows
for simultaneously selection for high yield and high GPC (Rapp
et al. 2018). Most identified QTL had small effects and were
specific for only one germplasm set, thus limiting the potential
of marker-assisted selection for trait improvement, but
highlighting the complex inheritance of GPC and GPD, as well
as the significant influence of the plant material and environ-
ment. When high and significant genotypic variation is present,
genome-wide prediction is a promising option. Genome-wide
prediction yields acceptable prediction abilities within the sin-
gle datasets, but prediction abilities are usually strongly
reduced when using different panels as training and as predic-
tion set, highlighting the strong influence of the plant material.

PERSPECTIVES

The results from recent years align with previous observations
about the presence of significant loci involved in GPC on all
wheat chromosomes, as indicated by the genomic regions
highlighted in Fig. 1. This figure comprises 364 significant GPC
loci, identified using tetraploid (Marcotuli et al. 2017; Rapp
et al. 2018; Giancaspro et al. 2019; Liu et al. 2019; Nigro
et al. 2019; Fatiukha et al. 2020; Ruan et al. 2021) or hexaploid
(Mahjourimajd et al. 2016; Thorwarth et al. 2018; Juliana

et al. 2019; Thorwarth et al. 2019; Chen et al. 2020; Muqaddasi
et al. 2020; Yang et al. 2020; Lou et al. 2021; Zhang et al. 2021;
Sandhu et al. 2021c) wheat. Genomic regions identified as sig-
nificant by more than one independent study are of particular
interest, suggesting loci with more stable involvement in GPC
and GPD and less affected by environmental factors, especially
when these are based on unrelated genotypes and tested in dif-
ferent environments. Such loci overlap in several genomic
regions (Fig. 1). Two such regions are highlighted in this study,
on chromosomes 3A and 5A, along with potential candidate
genes. Homoeologous sequences locate on the B and D subge-
nomes in regions where significant associations with GPC and
GPD were also reported. Future studies based on hexaploid
wheat will help elucidate the involvement of genetic elements
from the D subgenome, as well as the interplay between the
genetic elements located on the three subgenomes. Especially
in order to identify associations significant and stable across
environments, studies should ideally involve thousands of rep-
licated lines tested in several different environments; however,
due to high cost, this is often difficult to achieve and even
smaller studies can contribute valuable information.

Gene expression studies, as well as studies based on mutants,
could further narrow down the list and contribute towards elu-
cidating the genetic elements involved in GPC and GPD, as
well as their genotype and environment specificity. It cannot be
ruled out that a slightly different combination of genes and/or
alleles control GPC and GPD in wheat lines with different
genetic backgrounds and tested in different environments. In
practice, wheat varieties are developed to perform in specific
climate regions, and performance in a different environment is
often altered, usually negatively. Therefore, the involvement of
environment-specific genetic elements has to be considered.

Significant genetic variation is observed for wheat GPC and
genotypes with high GPC and good yield parameters, stable
across multiple environments, have been described. Different
studies report relatively high heritability for GPC and good per-
formance for genomic prediction models. This indicates that the
genetic resources and genomic tools for GPC improvement are
available. With the increasing accuracy and decreasing price of
the sequencing technologies, genomic selection is becoming an
affordable and preferred tool in breeding. For correlated traits
with lower heritability values, multi-trait multi-location model-
ling is a promising approach, even under strong genotype 9
environment interactions (Sandhu et al. 2021c).

Considering the increasing number of transcriptome studies,
gene co-expression network analysis (Langfelder & Hor-
vath 2007, 2008; Oldham et al. 2012; Lemoine et al. 2021)
could be a tool to highlight known and identify yet unknown
genetic elements and connections involved in determining
GPC and the tightly related traits, such as senescence, NUE and
even flowering time. Transcriptome sequencing and differential
gene expression studies focusing on genes located in genomic
regions highlighted by GWAS have good potential to confirm
and narrow the list of candidate genes. As seen with the NAM-
B1/GPC-B1 gene, a single gene variation can have a significant
effect and be of importance. Moreover, recent studies have
shown the potential of proteomics to further understand and
improve the protein content and protein composition of wheat
grain (Afzal et al. 2021; El Hassouni et al. 2023).

The results of the several studies focusing on GPC and yield
strongly suggest that the genetic background and specific

Plant Biology 25 (2023) 661–670 © 2023 The Authors. Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences,

Royal Botanical Society of the Netherlands.

666

Genetics of wheat grain protein content Paina & Gregersen

 14388677, 2023, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/plb.13550 by N

ew
 A

arhus U
niversity, W

iley O
nline L

ibrary on [10/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



combination of the responsible genetic elements have a great
role in determining positive or negative associations between
these two traits and thus a positive or negative GPD. Studies on
hybrids indicate that the combination of different genetic back-
grounds results in improved yield with a higher and positive
GPD, clearly pointing towards the possibility of identifying
favourable genetic combinations, which will allow the simulta-
neous improvement of both yield and GPC. Hybrids used in
combination with genomic selection, in the context of advances
in wheat genomic tools, seems a promising strategy for the
development of high-yielding wheat varieties with high GPC.
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Table S1. Annotation of sequences co-localizing with signif-
icant GPC/GPD QTL. Sheet ‘3A&5A_sequences_annotation’
presents the genes located in the selected significant regions
on chromosomes 3A and 5A, with their position on the chro-
mosome (as per the IWGSC RefSeq v 1.1 gene annotation
available at https://plants.ensembl.org/Triticum_aestivum)
and corresponding annotation obtained by Blastx search
against the non-redundant protein database from NCBI (que-
ried May 2022). A significant QTL region was defined as the
physical location on the chromosome of a reported QTL
flanked by five million base pairs. The Blastx parameters are
presented for the best hit. For sequences which had an unde-
scribed best hit (hypothetical protein, predicted protein) but
had another significant hit with a specific annotation avail-
able, the latter is presented in the following columns, together
with the Blastx search result parameters. The value “1” in the
Transcript ID column indicates genes with only one available
transcript. The value “2” indicates genes with at least two
transcripts; for these, the Blastx search parameter values are
presented for transcript with id “.2”. Significant QTL and
their position are inserted at the corresponding location on
the chromosomes. Sheets ‘3BD_homoeologous sequences
annot’ and ‘5BD_homoeologous sequences annot’ present the
annotation of sequences located on subgenomes B and D
which are homoeologous or potentially homoeologous to
those located in the regions of selected significant QTL of
chromosomes 3A and 5A, respectively, and which co-localize
with QTL reported on the B and D subgenomes including a
five million base pairs flanking region. Homoeologous
sequences reported by Ensembl are marked in bold. Sequences
located within the five million flanking base pairs are pre-
sented in orange, while sequences located within the region of
the QTL are presented in red. Blue cell colour of the B and D
chromosome field indicates homoeologous sequences which
were found co-localizing with significant QTL on only one of
the subgenomes, B or D.
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