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Abstract  Molecular marker technology has provided a novel and efficient tool for 
improving qualities in bread wheat. This chapter summarizes progress in gene cloning, 
gene specific marker (functional marker) development and validation, establishment of 
high-throughput platform in genotyping, as well as integration of molecular marker 
technology with conventional quality testing and traditional breeding since 2000. 
Comparative genomic approach was used to discover more than 20 loci controlling 
important quality traits, and to develop and validate around 66 gene-specific markers 
for quality traits such as high- and low-molecular-weight glutenin subunits, color asso-
ciated traits including polyphenol oxidase (PPO) and yellow pigment, as well as starch 
parameters. Now the availability of reference wheat genome sequence and on-going 
efforts to sequence diverse wheat cultivars would offer new opportunities to identify 
loci responsible for various quality traits through improved genome-wide association 
study (GWAS) and analytical approaches. Development of high-throughput genotyp-
ing platform such as SNP arrays, genotyping-by-sequencing (GBS) and Kompetitive 
Allele-specific PCR (KASP) have been well-established and will accelerate molecular 
breeding progress for quality improvement. New cultivars carrying excellent bread-
making quality and outstanding agronomic performance such as Zhongmai 1062 and 
Jimai 23 were developed. Future strategies in using molecular markers in the context 
of gene-editing to fine tune allelic effects are also discussed.
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1  �Methodology for Molecular Marker Development 
and Validation

The research area spanning wheat glutenins during the last 30 years is a classic 
example of evolution in diagnostic platforms used in wheat end-use quality improve-
ment. The advances in molecular genetics and biochemistry have provided the basis 
for understanding the genetics, structure and composition of glutenins in wheat. The 
genes controlling HMW-GS are mapped to Glu-1 loci on the long arms of homoeol-
ogous group 1 chromosomes named as Glu-A1, Glu-B1 and Glu-D1 (Payne 1987). 
SDS-PAGE was considered to be the simplest and commonly used technique to 
identify HMW-GS and LMW-GS alleles. Advances in molecular biology have over-
come the low-resolution limitations of protein-based identification of HMW glute-
nin allele by application of specific PCR markers.

Development of these markers is based on DNA polymorphisms among the glu-
tenin subunit genes and once available they can be considered as perfect or func-
tional markers for HMW-GS alleles. The major advantages are high-throughput 
capability and genotyping at the vegetative stages (Liu et al. 2008). A total of 12 
allele-specific markers at Glu-1 loci have been reported, however only eight of them 
are frequently used in breeding (Table 1). Allele-specific PCR (AS-PCR) markers 
are available for the three most common x-type subunits at the Glu-A1 locus i.e. 
1Ax2∗, 1Ax1 and 1Ax Null (Liu et al. 2008; Ma et al. 2003) (Table 1). At Glu-B1, 
allele-specific markers are available for x-type subunits Bx7, Bx14, and Bx17 (Xu 
et al. 2008), Bx6 (Schwarz et al. 2004), Bx7OE (Butow et al. 2003; Ragupathy et al. 
2008), and y-type subunits By8, By16 and By18 (Lei et al. 2006). At Glu-D1, mark-
ers are available to identify 1Dx2, 1Dx5, 1Dy10 and 1Dy12 (Liu et al. 2008). Out of 
six Glu-1 genes, the gene Glu-A1y is usually not expressed in bread or durum wheat. 
Roy et  al. (2018) introduced 1Ay gene in two Australian bread wheat cultivars, 
Livingston and Bonnie Rock, and three sister lines were developed. The introduc-
tion of 1Ay gene increased glutenin/gliadin ratio without affecting the relative 
amount of subunits, and increased gluten contents by 10%.

However, there is limited expertise in the world to diagnose LMW-GS alleles in 
bread and durum wheat. SDS-PAGE, 2-DE, MALDI-TOF-MS and PCR based 
markers were developed to detect the Glu-3 allelic variation. Liu et al. (2010) com-
pared the four techniques to assess their suitability for use in breeding programs. 
They indicated that PCR-based markers are the simplest, most accurate, lowest cost 
technique and therefore recommended them for the identification of Glu-A3 and 
Glu-B3 alleles in breeding programs. Seventeen allele-specific markers for Glu-A3 
and Glu-B3 loci have been reported and used (Table 1), and multiplex PCR proto-
cols have been developed to reduce costs of screening in practical breeding pro-
grams (Wang et al. 2010). Application of functional markers for identification of 
LMW-GS in various types of wheat germplasm has also been reported (Jin et al. 
2011). Recently, the allelic differentiation of Glu-3 loci was further differentiated 
using haplotype analysis and some more diagnostic markers were developed to 
identify Glu-B3c and Glu-B3d alleles (Ibba et al. 2017) (Table 1).
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A combination of different techniques was required to identify certain alleles of 
LMW-GS and these combinations are especially useful when characterizing new 
alleles. As more alleles are reported at Glu-A3 and Glu-B3 in bread wheat, more 
molecular markers will be needed to distinguish them in breeding germplasm. Liu 
et  al. (2010) recommended a standard set of 30 cultivars to represent all known 
LMW-GS allelic variants for future studies. Among them, Chinese Spring, Opata 
85, Seri 82 and Pavon 76 were recommended as a core set for use in SDS-PAGE 
gels. Use of the standard cultivar set was recommended to promote and facilitate 
information sharing on LMW-GS in order to ultimately enhance the global quality 
improvement efficiency in wheat.

Functional markers are developed from the polymorphisms within the coding 
sequences of functional genes which could be either single nucleotide polymor-
phisms (SNPs) or InDels. Fine mapping followed by map-based cloning is the most 
effective strategy to isolate the functional genes in plants (Yan et al. 2004). However, 
due to a large genome size, it had been very difficult to clone genes by map-based 
cloning in bread wheat. Alternatively, a significantly large number of genes, espe-
cially several genes related to wheat quality, have been cloned in wheat using com-
parative genomics approach. There is very high gene collinearity (synteny) among 
the grass genomes of maize, barley, rice, and Brachypodium which could facilitate 
gene discovery in wheat (El Baidouri et  al. 2017; Valluru et  al. 2014). A classic 
example is the cDNA sequence of maize Psy1 gene (GenBank accession U32636) 
in that all wheat ESTs sharing high similarity with the reference gene were blasted 
and subjected to contig assembly (He et al. 2008). The wheat Psy1 gene was cloned 
with PCR amplification, and a functional marker YP7A for discrimination of two 
alleles at Psy-A1 locus was developed and validated using 217 Chinese cultivars and 
240 F2:6 lines from the cross of PH82–2/Neixiang 188. However, the recent reports 
of genome sequences of wheat and its immediate progenitors could facilitate the 
unprecedented discovery of functional genes and development of functional mark-
ers for use in wheat breeding (Rasheed et al. 2018).

Liu et al. (2012) documented 97 functional markers for detecting 93 alleles at 30 
loci in bread wheat. This number has increased during the past 5 years due to rapid 
advancements in wheat genomics. Currently, there are 157 functional markers doc-
umented for more than 100 loci underpinning adaptability, grain yield, disease 
resistance, end-use quality and tolerance to abiotic stresses. Out of all these func-
tional markers, almost 66 are related to end-use quality in wheat (Table 1).

2  �Overview of Functional Markers Related to End-Use 
Quality in Wheat

While next generation sequencing (NGS) and SNP arrays are excellent choices for 
gene discovery and mapping, and for identifying linked markers for important traits. 
Such trait-associated markers, in addition to functional markers, are ideal for gene 
tagging and gene introgression in breeding. Functional markers for wheat end-use 
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quality have been described along with tester germplasm for identification of alleles. 
Apart from gene-specific markers for Glu-1 and Glu-3 loci, there are several other 
newly identified genes underpinning bread-making quality in wheat (Table  1). 
Recently, a highly expressed bread-making gene (wbm) was identified in the tran-
scriptome of developing wheat seed (Furtado et  al. 2015). RNA-seq analysis 
revealed that the S-rich wbm gene was highly expressed consistently in all cultivars 
with good bread-making quality. Guzmán et  al. (2016) later identified 8 of 56 
CIMMYT cultivars carrying the wbm gene and concluded that the allele has a sig-
nificant effect on overall gluten quality, gluten strength, gluten extensibility and 
bread-making quality. However, the effects were smaller than those associated with 
the Glu-B1 and Glu-D1 loci. Similarly, the wheat avenin-like protein (ALP) is 
important constituent of gluten and has shown positive effects on dough properties. 
Chen et al. (2016) isolated wheat ALP genes and developed a functional marker to 
identity active and silenced b-type ALP-7A gene, where the active type had signifi-
cant effect on bread-making quality.

Polyphenol oxidase (PPO) activity responsible for brown discoloration of the 
wheat products especially Asian noodles, is an undesirable character. Several mark-
ers have been developed to identify PPO alleles on chromosomes 2A and 2D (He 
et al. 2007; Sun et al. 2005). The practical usage of these markers in wheat breeding 
for identification of genotypes with lower PPO activity is scientifically valid (Liang 
et al. 2010). Nevertheless, PPO gene located on chromosome 2B had limited poly-
morphism in Chinese wheat to develop a functional marker. Lipoxygenase activity 
is also a major determinant of color and processing quality of wheat products (Geng 
et al. 2012). A lipoxygenase (LOX) gene has been mapped to chromosome 4BS 
(TaLox-B1) and two allele-specific markers LOX16 and LOX18 amplify 489- and 
791- bp PCR fragments in cultivars with higher and lower LOX activities, respec-
tively (Geng et al. 2012). The gene, TaLox-B1, was sequenced and a SNP was iden-
tified in the third exon which helped in development of two markers for identifying 
alleles TaLox-B1a and TaLox-B1b. Zhang et  al.(2015) reported two new loci for 
TaLox on chromosome 4BS and are designated as TaLox-B2 and TaLox-B3. They 
also developed a functional marker, Lox-B23, to distinguish TaLox-B2a, TaLox-B2b 
and TaLox-B3 alleles in bread wheat.

The color of wheat derived products is due to the yellow pigment content (YPC). 
Regional preference for color does exist, like bright white color is preferred for 
Chinese white salted noodles, whereas yellow alkaline noodles with bright yellow 
color are widely preferred in southeastern Asia and Japan (Parker et  al. 1998). 
Carotenoids are responsible for yellow pigment (He et al. 2008) while phytoene syn-
thase (PSY) and zeta-carotene desaturase (ZDS) are important enzymes in the bio-
synthetic pathway for carotenoid synthesis in wheat (Dong et al. 2012; Zhang et al. 
2011). PSY genes are present on chromosomes 7AL, 7BL and 7DL and several 
allele-specific markers for PSY genes have been developed (He et al. 2008; He et al. 
2009, Wang et al. 2009). The reverse genetics approaches using RNAi decreased the 
Psy1 transcripts level by 54–76% and YPC was reduced by 26–35%. This indicated 
that PSY1 is the most important regulatory enzyme in carotenoid biosynthesis and a 
series of candidate genes involved in secondary metabolic pathways and core meta-
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bolic processes responded to Psy1 down-regulation (Zhai et  al. 2016). Similarly, 
markers for ZDS genes on chromosomes 2A and 2D can discriminate allelic differ-
ence in wheat (Dong et al. 2012; Zhang et al. 2011). More recently, a novel QTL for 
peroxidase (POD) activity was mapped and was annotated to be TaPod-A1 gene 
determining flour color (Wei et al. 2015). Two functional markers were developed for 
two alleles amplifying 291- and 766-bp fragments in cultivars with lower and higher 
POD activities, respectively. Nigro et  al. (2017) identified six candidate genes 
involved in the biosythesis of hydroxycinnamic acid in wheat.

Starch fractions account for almost 70% of the dry matter in wheat grain and 
greatly affect end-use quality especially Asian noodles. Waxy proteins are the prod-
ucts of granule bound starch synthase (GBSS I) genes on chromosomes 7A, 4A and 
7D of wheat. Nakamura et al. (Nakamura et al. 2002) developed functional markers 
for waxy- and wild-type alleles and validated the alleles in a set of 30 lines using a 
single PCR reaction. Later, a high-throughput KASP marker is also developed for 
Wx-B1 locus and further development of KASP markers for other Wx loci is in 
progress. A waxy mutant line carrying Wx-D1d allele has been identified and char-
acterized at molecular level (Yi et al. 2017) and a KASP marker was developed for 
Wx-D1d allele which was tracked in backcross derived populations.

The tolerance to pre-harvest sprouting (PHS) is an important breeding objective 
in many countries, however the work on gene discovery is very limited since reliable 
phenotyping is a time-consuming activity. Liu et  al. (2013) cloned a major QTL 
related to PHS and designed the KASP marker for Phs1 allele. Another major gene, 
Viviparous 1 as a regulator of late embryo development have shown significant effect 
on sprouting tolerance, was cloned and functional markers were developed for three 
different alleles (Yang et al. 2007). Chang et al. (2011) identified six alleles at Vp-1A 
locus, however no allelic variation was found at Vp-1D locus. Similarly, functional 
markers are also available for seed dormancy genes, TaSdr-B1 and TaSdr-A1 (Zhang 
et al. 2017) genes, which are major factors in tolerance to PHS. Red-grained wheat 
varieties are generally more tolerant to PHS as compared to white-grained varieties. 
The red pigment of grain coat is synthesized through the flavonoid biosynthesis path-
way, in which the dihydroflavonol-4-reductase gene (DFR) is one of the gene 
involved in anthocyanin synthesis. Bi et al. (2014) cloned homeologous genes TaDFR 
in Chinese wheat, and no allelic variation was found at TaDFR-A1 and TaDFR-D1 
genes on chromosomes 3A and 3D. However, two alleles were identified at TaDFR-B1 
locus characterized by 8-bp InDel. A CAPS marker was developed to differentiate 
red and white grain Chinese cultivars with distinct PHS resistance. Similarly, major 
grain color gene Tamyb10 (transcription factor for R-1 gene) on chromosomes 3A, 
3B and 3D have been cloned and functional markers are available to identify the 
allelic variations (Himi et al. 2011). Wang et al. (2016) further developed a new STS 
marker to characterize Tamyb10-D gene in Chinese wheat cultivars differing in 
response to PHS. They concluded that wheat cultivars with 1629-bp fragment for 
Tamyb10-D were tolerant to PHS as compared to cultivras amplifying 1178- bp frag-
ment. Rasheed et  al. (2016) converted several of these markers including TaSdr, 
TaVp1-B1 and TaMFT-A1 genes into high-throughput KASP assays. All these func-
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tional markers for bread-making and processing quality provide a powerful toolkit to 
complement the phenotypic selection of wheat germplasm with desirable end-use 
quality features during breeding (Torada et al. 2016).

3  �High-Throughput Genotyping for Wheat End-Use Quality

Almost all functional markers in wheat were gel-based markers, thus hinder the 
large-scale germplasm screening. Therefore, it is challenging to develop a high-
throughput platform to use single markers in wheat breeding programs. Rasheed 
et al. (2017) highlighted six factors in developing such platforms; these included (i) 
number of data points that can be generated in a short time period, (ii) ease of use, 
(iii) data quality (sensitivity, reliability, reproducibility, and accuracy), (iv) flexibil-
ity (genotyping few samples with many SNPs or many samples with few SNPs), (v) 
assay development requirements, and (vi) genotyping cost per sample or data point. 
Sufficient recent reports indicate that LGC’s KASP is an well-received global 
benchmark technology for such genotyping requirements in terms of both cost-
effectiveness and high throughput (Semagn et al. 2014).

At a first step, several groups worked on converting gel-based functional markers 
to high-throughput KASP markers (http://www.cerealsdb.uk.net/cerealgenomics/
CerealsDB/kasp_download.php?URL=). The numbers were increased to 72 after 
validation in a bread wheat diversity panel (Rasheed et al. 2016). This effort has 
continued in our group and we currently have more than 150 KASP markers for 
almost 100 functional genes (Rasheed et al. unpublished data). Currently, most gene 
mapping studies (both QTL and GWAS) use SNP arrays or NGS; the markers linked 
to QTL are SNPs and can be easily converted to KASP assays for further diagnosis 
or QTL introgression in breeding. Similarly, diagnostic KASP assay development is 
preferred due to the wide acceptance and usefulness of this technology during func-
tional gene discovery. Several QTL linked to quality traits and SNPs in functional 
genes have been converted to KASP markers; examples include Glu-1, Glu-3, Pin-
D1 and Ppo-A1 (Rasheed et al. 2016) . The functional genes for which KASP mark-
ers are available are listed in Table 1.

KASP provides the throughput required in breeding programs for gene tagging 
and gene introgression without compromising of flexibility. However, higher cost is 
still an issue because KASP mastermix is a commercial proprietary from LGC and 
there are no other competitors. Due to this limitation, several groups tried to develop 
other open source uni-plex SNP genotyping techniques like semi-thermal asymmet-
ric reverse PCR (STARP) (Long et  al. 2017) and Amplifluor-like (Jatayev et  al. 
2017) which can be used with any commercial mastermix, significantly reducing 
the per-data-point cost. More recently, other commercial alternatives of KASP 
assays were introduced, including PACE® mastermix from 3CR Biosciences 
(www.3crbio.com) and rhAmp from Integrated DNA Technologies® (https://www.
idtdna.com/pages/products/qpcr-and-pcr/genotyping/rhamp-snp-genotyping). 
However, their acceptance in wheat breeding programs is yet to be seen.
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4  �QTL and GWAS for End-Use Quality in Wheat Using SNP 
Arrays

QTL mapping and GWAS have been exponentially increased in all major crops 
including wheat due to the introduction of high-throughput and cost-effective geno-
typing platforms (Rasheed et  al. 2017). Due to the co-dominant nature and high 
abundance, SNPs are the ideal markers for QTL and GWAS studies. SNP arrays 
have become a cost-effective and high-throughput means for genotyping and cur-
rently several SNP arrays are available for wheat. A 90 K SNP array was developed 
and almost 3380 wheat accessions were characterized (Wang et al. 2014) and have 
been extensively used in QTL and GWAS experiments (Table 2). To overcome the 
several limitations in 90 K, Winfield et al. (2016) developed an 820 K Affymetrix 
Axiom SNP array from resequencing exomes of 43 bread wheat and wild species 
accessions representing the primary, secondary and tertiary gene pools. The 820 K 
SNP array was used to characterize 475 bread wheat and wheat relative accessions. 
A subset of SNPs from the 820 K array were then used to design a breeder-oriented 
Axiom 35 K SNP (Allen et al. 2017), which is effective in characterizing SNPs in 
wild relatives of wheat in a cost-effective manner (King et  al. 2017). Recently, 
Rimbert et  al. (2018) used whole-genome resequencing data from eight wheat 
accessions and discovered more than three million genome-wide SNPs from genic 
and intergenic regions that were mined for single-copy loci to design a 280 K SNP 
array. A 660  K SNP array developed at the Chinese Academy of Agricultural 
Sciences (CAAS) is currently in extensive use and have succeeded in identifying 
QTL for bread-making quality and kernel number (Jin et al. 2016) and constructing 
a high-density linkage map of Agropyron cristatum (Zhou et al. 2018). However, the 
features of this SNP array and criteria for selection of SNP markers were not 
revealed. More recently, we developed Wheat 50 K (Triticum TraitBreed array) and 
15 K SNP arrays based on the most qualified SNPs selected from the Wheat 35 K, 
90 K, and 660 K SNP chips. Around 135 and 150 functional markers, and 700 and 
1000 SNPs tightly linked with known QTL are also included in the 50 K and 15 K 
SNP arrays, respectively. The new Wheat 50 K and 15 K SNP arrays are a signifi-
cant step towards more uniform coverage of SNPs on all chromosomes, less fre-
quency of redundant markers and cost-effective as compared to existing SNP arrays.

The above-mentioned arrays are useful tools for gene mapping. A brief summary 
of QTL and GWAS experiment for wheat end-use quality are presented in Table 2. 
Although genetic architecture of end-use quality in wheat has been reported using 
gene mapping strategies, the wide array of QTL identified have been rarely used in 
wheat breeding. Jin et  al. (2016) identified QTL for processing quality in a 
recombinant inbred line (RIL) population from the Gaocheng 8901/Zhoumai 16 
cross using Wheat 90 K and 660 K SNP arrays. Composite interval mapping identi-
fied 119 additive QTL on 20 chromosomes except 4D; among them, 15 accounted 
for more than 10% of the phenotypic variation across two or three environments. 
Twelve QTL for Mixograph parameters, 17 for RVA parameters and 55 for Mixolab 
parameters were new. Eleven QTL clusters were identified. Zhai et al. (2016) identi-
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Table 2  A brief description of QTL mapping, genome-wide association studies and genomic 
selection in wheat for end-use quality

Study Trait Panel/population Marker

QTL or 
selection 
accuracy Reference

QTL 
mapping

End-use quality 
and mixograph

WCB414/SS RILs DArT 19 QTL Echeverry-
Solarte et al. 
2015

Milling and 
baking quality

Several 
populations

DArT 75 QTL Cabrera et al. 
2015

Mixograph and 
Mixolab

Gaocheng 8901/
Zhoumai 16 RILs

90 K and 
660 K SNP 
array

119 QTL Jin et al. 2016

Arabinoxylan 
contents

PH82–2/Neixiang 
188 RILs

SSRs/STS 15 QTL Yang et al. 
2016

Processing 
quality

Ning7840/Clark RILs 41 QTL Li et al. 2017

Flour color Gaocheng 8901/
Zhoumai 16 RILs

90 K SNP 
array

46 QTL Zhai et al. 
2016

Processing 
quality

RAC875/Kukri DArT Maphosa et al. 
2013

Dough rheology Drysdale/Gladius RILs 5 QTL Maphosa et al. 
2015

Flour quality Two RILs DArT and 
SSRs

20 and 34 
QTL

Deng et al. 
2015

Dough rheology HI977/HD2329 
RILs

SSRs 16 QTL Prashant et al. 
2015

GWAS GPC and 
sedimentation 
volume

192 bread wheat 
lines

90 K SNP 
array

30 QTL Liu et al. 
2017a

Flour related 
traits

469 bread wheat 
lines

90 K SNP 
array

105 QTL Jernigan et al. 
2017

Flour color traits 166 bread wheat 
lines

90 K SNP 
array

32 QTL Zhai et al. 
2018

Flour color traits 205 bread wheat 
cultivars

90 K SNP 
array

94 QTL Jiang et al. 
2018

Vitamins B1 and 
B2

166 bread wheat 
lines

90 K SNP 
array

24 QTL Li et al. 2018

Strach granule 
size

166 bread wheat 
lines

90 K SNP 
array

48 QTL Li et al. 2017

Dough rheology 
and Alveograph

120 elite lines DArT 20 QTL Tadesse et al. 
2015

Genomic 
selection

Bread-making 
quality

5520 advanced 
lines

GBS 0.32 to 0.62 Battenfield 
et al. 2016

Bread-making 
quality

6095 advanced 
lines

GBS 0.52–0.93 Lado et al. 
2018

(continued)
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fied 56 QTL for flour color-related traits and PPO activity from the same popula-
tion. A GWAS experiment in 469 soft winter wheat cultivars identified 105 
significant marker-trait associations for flour yield, lactic acid solvent retention 
capacity, flour SDS sedimentation and flour swelling volume using 90 K SNP array 
(Jernigan et  al. 2017). QTL clusters were detected for grain quality on chromo-
somes 1B, 6B and 7B in a doubled haploid population CO940610/‘Platte’ (Dao 
et al. 2016). Maphosa et al. (2014) identified QTL for several bread-making quality 
traits including flour water absorption, protein content and dough rheology in a 
cross between Drysdale and Gladius. Genomic regions containing photoperiod sen-
sitivity loci affected grain protein content while the Ha (puroindoline) locus on 
chromosome 5D was associated with loaf quality traits. Other QTL (on chromo-
somes 2B, 3B and 5A) were novel and not associated with any known quality or 
phenology genes. The new loci identified using GWAS approach need to be further 
validated in bi-parental populations before using in marker-assisted selection.

Arabinoxylans (AX) are major polymers of wheat grain cell walls and affect the 
end-use properties and nutritional quality. Yang et al.(2016) identified two pairs of 
epistatic QTL for AX in the RILs derived from the cross PH 82–2/Neixiang 188. 
Additionally, a QTL on chromosome 1B likely to be the 1B.1R translocation showed 
stable effects on AX contents across seasons. In addition, several GWAS studies 
have been conducted in Chinese wheats to underpinning the genetic basis of end-
use quality (Marcotuli et al. 2015). More than 50 SNP markers were associated with 
grain protein contents and SDS sedimentation volume in 192 bread wheat lines 
from China genotyped with 90 K SNP array (Liu et al. 2017a). Similarly, 205 elite 
wheat cultivars genotyped with 90 K SNP array were used to identify 28, 30, 24 and 
12 marker-traits associations for L∗, a∗, b∗ traits and PPO activity. They found that 
a SNP within the Pina-D1 was associated with all the color-related traits in wheat. 
Two GWAS experiments in 166 wheat cultivars and elite lines from China identified 
the marker-trait associations for starch granule size distribution (Li et al. 2017) and 
vitamins B1 and B2 using 90 K SNP array (Li et al. 2018).

Table 2  (continued)

Study Trait Panel/population Marker

QTL or 
selection 
accuracy Reference

Bread-making 
quality

Two bi-patental 
soft winter wheat 
populations

DArT and 
SSRs

0.42–0.66 Heffner et al. 
2011

Bread-making 
quality

840 winter wheats DArTseq 0.38–0.63 Michel et al. 
2018

End-use quality 398 wheat lines 90 K SNP 
array

0 to 0.69 Hayes et al. 
2017

Grain yield and 
quality

170 cultivars and 
mapping 
population

90 K SNP 
array

0.-0.8 Haile et al. 
2018

End-use quality 635 winter wheat 
lines

15 K 
illumina 
array

0.50–0.79 Kristensen 
et al. 2018
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Another significant quality limiting factor is the black point reaction in wheat. 
Black point is characterized by discoloration at the embryo end of kernels and 
downgrade end-use quality of the grain by discoloration. It is a serious problem in 
China, USA, Australia, Canada and Siberia. There is a huge knowledge gap on the 
actual cause of black point in wheat and the genetic basis of tolerance to black point 
reaction. Liu et al. (2016) identified 9 QTL for black point resistance in wheat using 
a RIL population derived from Linmai 2/Zhong 892 cross. Similarly, a GWAS for 
black point resistance was conducted in 166 diverse wheat cultivars mainly from 
China and 25 loci associated with black point resistance were identified (Liu et al. 
2017b). These two studies provide novel insight into genetic architecture of black 
point resistance in wheat and the tightly linked SNP markers can be used in QTL 
and GWAS for black point resistance could be used for marker-assisted selection.

Although there are increasing numbers of reports to unravel the genetic architec-
ture of wheat end-use quality using gene mapping approaches, the downstream 
translation of marker development to be used in wheat breeding is extremely slow.

5  �Development of Wheat Cultivars With Desirable End-Use 
Quality

Development of the high-yield cultivars has always been the top priority worldwide, 
however quality has become an increasingly important objective over the years even 
in China and India. Gene-specific markers for quality traits as listed in Table 1, have 
been extensively used globally, including CIMMYT and CAAS, particularly for 
characterizing crossing parents and confirming the presence of targeted genes for 
advanced lines. Actually, improvement of quality and disease resistance such as for 
rusts and powdery mildew are the best examples of application of molecular mark-
ers in developing cultivars.

Improvement of dough strength and color related traits are major breeding objec-
tives in China. Gene-specific markers and quality testing have been fully integrated 
into our breeding programs. Our strategies include (a) selection of crossing parents 
based on quality testing as well as genotype data from molecular markers, (b) limited 
backcross or single cross approach depending on the agronomic performance of both 
parents, (c) large population size such as 500–600 plants in BC1(backcross 1), (d) 
selection of plants based on agronomic performance and molecular marker testing as 
well as quality testing including SDS sedimentation value or Mixograph data in seg-
regating populations, and (e) yield and adaptation testing as well as quality evalua-
tion and confirmation of presence of targeted genes by molecular markers. Seven 
quality cultivars such as Zhongmai 996, Zhongmai 998, Zhongmai 1062, Jimai 23, 
Zhongmai 29, and Zhongmai 578, have been released in various provinces of China 
by this approach. The molecular markers used included these for PPO, PSY1, Glu-1 
and Glu-3 genes (He et al. 2014). Our experiences indicate that molecular markers 
can significantly improve breeding efficiency since only 5% of our crosses is targeted 
by molecular marker-assisted selection (MAS). Improvement of dough strength and 
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color is relatively easy to achieve, however improvement of dough extensibility is 
more challenging, thus at least one crossing parent must confer outstanding extensi-
bility. The other 95% of crosses are still managed by conventional breeding since no 
gene-specific marker is available for targeted traits such as yield and adaptation.

6  �Role of Gene Editing for Quality Improvement

The recent advances in molecular genetics have made it possible to edit specific 
genes based on site-specific nucleases. This offers exciting potential to precisely edit 
targeted important genes with greater speed and accuracy. The extensive studies 
involving clustered regulatory interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) have been tested in several commercial crops 
(Lozano-Juste and Cutler 2014). The CRISPR/Cas9 is robust, affordable and easy to 
use and shown to be useful across a range of plant species (Jiang et  al. 2013). 
Although, reports on the use of CRISPR/Cas9 are limited, it is expected that large-
scale germplasm-characterization efforts in conjunction with CRISPR-based 
genome-editing technologies will herald a new era whereby crop plants can be pre-
cisely modified without necessarily use of physical seed samples that contain impor-
tant traits. Towards wheat quality improvement, Sánchez-León et al. (2018) reported 
a successful modification of a gene related to end-use quality. They demonstrated 
that CRISPR/Cas9 modified the coeliac disease causing α-gliadin gene array and 
obtained non-transgenic, low–gluten wheat lines. Previously, traditional mutagenesis 
was failed to achieve low–gluten wheat due to the complexity of the Gli–2 locus and 
the high copy number of the α–gliadin genes. However, CRISPR/Cas9 efficiently 
and precisely targeted the conserved regions of the α–gliadin genes in bread and 
durum wheat, leading to high–frequency mutagenesis in most gene copies. Although, 
both CRISPR/Cas9 and RNAi are highly effective for obtaining wheat lines lacking 
coeliac disease epitopes, the CRISPR/Cas9 has the advantages of inducing stable and 
heritable mutations that do not involve the expression of a transgene, and also pro-
vide a phenotype that is independent of environmental conditions. It is expected the 
CRISPR/Cas9 and its various new variants would be an exceptional robust tool to 
precisely manipulate the functional genes underpinning wheat bread-making quality.

7  �Genomic Selection for Quality Improvement

As mentioned above, past selection processes in wheat breeding relied on pheno-
typic traits that historically led to a non-steady rate of genetic gain in breeding. 
Genomic selection (also referred to genomic prediction) or genome-wide selection 
(GS) has emerged as a strategy extensively used in animal breeding to steadily 
achieve genetic gain. It has also shown significant outcomes in crop breeding 
(Bernardo 2016) in both pure line breeding and hybrid breeding (Crossa et al. 2017). 
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In GS, a test population representing the genetic diversity of a large breeding popu-
lation is thoroughly genotyped and phenotyped to predict phenotypic performance 
based on genomically estimated breeding values (GEBVs). The large breeding pop-
ulation is then genotyped and the GEBVs are used to predict the phenotypes of lines 
in the population. According to Hickey et  al. (2017), GS directly addresses four 
factors that affect the rate of genetic gain: (i) the speed of GS should be faster than 
phenotypic selection and breeders can recycle genotypes more quickly, (ii) selection 
intensity is greater than phenotypic selection and more individuals can be selected 
based on GEBVs, (iii) GEBVs are more accurate than estimated breeding values 
based on phenotype and pedigree alone, and (iv) GS can more efficiently integrate 
wide crossing and pre-breeding.

GS has emerged as a valuable tool for improving complex traits controlled by 
QTL with small effects. Various simulation models for predicting selection accu-
racy depend largely on marker density, marker type, size of training populations, 
and trait heritability. Due to its promise, GS has been practiced extensively in wheat 
breeding. GS has not only been applied to bread wheat cultivars to predict grain 
yield (Belamkar et al. 2018), disease resistance (Juliana et al. 2017), and end-use 
quality (Hayes et al. 2017), but also in wheat genetic resources to predict breeding 
value. GS has great potential for improving bread-making and end-use quality 
because most of the quality testing is laborious, time-consuming, costly, need large 
amount of seed and destructive in nature. Michel et al. (2018) tested more than 400 
wheat accessions for protein content, dough viscoelastic and mixing properties 
related to baking quality, and predicted genomic selection accuracy between 
r = 0.39–0.47 for these traits. They postulated that GS can be applied 2–3 years 
earlier than direct phenotypic selection, and the estimated selection response was 
nearly twice as high in comparison with indirect selection by protein content for 
baking quality related traits. This considerable advantage of genomic selection 
could accordingly support breeders in their selection decisions and aid in efficiently 
combining superior baking quality with grain yield in newly developed wheat 
cultivars.

Previously, Heffner et al. (2011) conducted first genomic selection experiment in 
two soft winter wheat bi-parental populations. The prediction accuracy was greater 
than MAS for all the traits and the average ratio of GS accuracy to phenotypic selec-
tion accuracy was 0.66, 0.54, and 0.42 for training population sizes of 96, 48, and 
24, respectively. These results provide further empirical evidence that GS could 
produce greater genetic gain per unit time and cost than both phenotypic selection 
and conventional MAS in plant breeding with use of year-round nurseries and inex-
pensive, high-throughput genotyping technology. Hayes et al. (2017) derived NIR 
and NMR predictions for 19 end-use quality traits in 398 wheat accessions and 
predicted selection accuracy in 2420 wheat accessions. The accuracy ranged from 0 
to 0.47 before the addition of the NIR/NMR data, while after these data were added, 
it ranged from 0 to 0.69. Genomic predictions were reasonably robust across loca-
tions and years for most traits. Using NIR and NMR predictions of quality traits 
overcomes a major barrier for the application of genomic selection for grain end-use 
quality traits in wheat breeding.
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The genomic selection prediction models were tested in CIMMYT bread wheat 
breeding program for end-use quality phenotypes. Battenfield et al. (2016) charac-
terized 5520 breeding lines for basic quality parameters including flour yield, pro-
tein content, SDS-sedimentation and Mixograph and Alveograph performance. The 
prediction accuracy ranged from 0.32 (grain hardness) to 0.62 (mixing time). 
Similarly, two bread wheat populations, 1465 spring wheat lines from Uruguay and 
6095 lines from CIMMYT, were used to predict the quality performance of proge-
nies from single crosses. Overall, GS appeared to be a promising tool to facilitate 
the early generation selection for end-use quality in wheat and higher rates of 
genetic gain could be possible in bread wheat. Compared with QTL mapping and 
GWAS, GS has more promise in harnessing genetic gains from genetic resources 
for quantitative traits and is seen as a more reliable and useful approach (Bernardo 
2016). However, the key challenges in successful practice of GS depend on cost-
effectiveness and less biased approaches for genotyping, software for handling, 
quality control and joint analysis of genotypic, phenotypic and environment data, 
and a streamlined work flow for using GS within the overall breeding pipeline.

8  �Conclusion and Future Prospects

Wheat end-use quality traits are difficult to breed because their phenotypic evalua-
tion is costly, time-consuming and labor intensive. Furthermore, phenotyping for 
quality traits is only possible in the late breeding cycles due to the large amount of 
sample requirement and destructive nature of phenotyping assays. Therefore, these 
traits are ideal targets for marker-assisted selection or genome-wide selection. A 
major fraction of genes responsible for bread-making quality is known and their 
functional markers are available. Such genes could be easily deployed in breeding 
programs through MAS. Recently, a major barrier was overcome in practicing MAS 
by developing high-throughput KASP markers for several important wheat end-use 
quality traits and it is now possible to screen thousands of wheat accessions for 
major genes in a day. The successful use of CRISPR/Cas9 to desirably edit the func-
tional genes indicated that future strategies can be designed in using molecular 
marker in the context of gene-editing to fine tune allelic effects of genes on major 
quality traits.

References

Allen AM, Winfield MO, Burridge AJ, Downie RC, Benbow HR, Barker GLA, et  al. (2017) 
Characterization of a wheat breeders’ array suitable for high-throughput SNP genotyping of 
global accessions of hexaploid bread wheat (Triticum aestivum). Plant Biotechnology Journal 
15: 390–401.

Battenfield SD, Guzmán C, Gaynor RC, Singh RP, Peña RJ, Dreisigacker S, et al. (2016) Genomic 
Selection for Processing and End-Use Quality Traits in the CIMMYT Spring Bread Wheat 
Breeding Program. Plant Genome 9: 0005.

Z. He et al.



341

Belamkar V, Guttieri MJ, Hussain W, Jarquín D, El-Basyoni I, Poland J, et al. (2018) Genomic 
selection in preliminary yield trials in a winter wheat breeding program. G3: Genes, Genomes, 
Genetics 8: 2735–2747.

Bernardo R (2016) Bandwagons I, too, have known. Theoretical and Applied Genetics 129: 
2323–2332.

Bi HH, Sun YW, Xiao YG and Xia LQ (2014) Characterization of DFR allelic variations and their 
associations with pre-harvest sprouting resistance in a set of red-grained Chinese wheat germ-
plasm. Euphytica 195: 197–207.

Butow BJ, Ma WJ, Gale KR, Cornish GB, Rampling L, Larroque O, et al. (2003) Molecular dis-
crimination of Bx7 alleles demonstrates that a highly expressed high-molecular-weight glute-
nin allele has a major impact on wheat flour dough strength. Theoretical and Applied Genetics 
107: 1524–1532.

Cabrera A, Guttieri M, Smith N, Souza E, Sturbaum A, Hua D, et  al. (2015) Identification of 
milling and baking quality QTL in multiple soft wheat mapping populations. Theoretical and 
Applied Genetics 128: 2227–2242.

Chang C, Zhang HP, Zhao QX, Feng JM, Si HQ, Lu J et  al. (2011) Rich allelic variations of 
Viviparous-1A and their associations with seed dormancy/pre-harvest sprouting of common 
wheat. Euphytica 179: 343–353.

Chen F, Beecher B and Morris C (2010) Physical mapping and a new variant of Puroindoline b-2 
genes in wheat. Theoretical and Applied Genetics 120: 745–751.

Chen F, Zhang FY, Xia XC, Dong ZD and Cui DQ (2012) Distribution of puroindoline alleles in 
bread wheat cultivars of the Yellow and Huai valley of China and discovery of a novel puroin-
doline a allele without PINA protein. Molecular Breeding 29, 371–378.

Chen XY, Cao XY, Zhang YJ, Islam S, Zhang JJ, Yang RC, et al. (2016) Genetic characterization 
of cysteine-rich type-b avenin-like protein coding genes in common wheat. Science Reports 
6: 30692.

Crossa J, Pérez-Rodríguez P, Cuevas J, Montesinos-López O, Jarquín D, de los Campos G, et al. 
(2017) Genomic selection in plant breeding: Methods, models, and perspectives. Trends in 
Plant Science 22: 961–975.

Dao HQ, Byrne PF, Reid SD and Haley SD (2016) Validation of quantitative trait loci for grain 
quality-related traits in a winter wheat mapping population. Euphytica 213: 5.

Deng Z, Tian J, Chen F, Li W, Zheng F, Chen J, et al (2015) Genetic dissection on wheat flour 
quality traits in two related populations. Euphytica 203: 221–235.

Dong CH, Ma ZY, Xia XC, Zhang LP and He ZH (2012) Allelic variation at the TaZds-A1 locus 
on wheat chromosome 2A and development of a functional marker in common wheat. Journal 
of Integrative Agriculture 11: 1067–1074.

Echeverry-Solarte M, Kumar A, Kianian S, Mantovani EE, McClean PE, Deckard EL, et al. (2015) 
Genome-Wide mapping of spike-related and agronomic traits in a common wheat population 
derived from a supernumerary spikelet parent and an elite parent. The Plant Genome 8: 0089.

El Baidouri M, Murat F, Veyssiere M, Molinier M, Flores R, Burlot L, Alaet al. (2017) Reconciling 
the evolutionary origin of bread wheat (Triticum aestivum). New Phytologist 213: 1477–1486.

Furtado A, Bundock PC, Banks PM, Fox G, Yin X and Henry RJ (2015) A novel highly differen-
tially expressed gene in wheat endosperm associated with bread quality. Science Reports 5: 
10446.

Geng H, Xia X, Zhang L, Qu Y and He Z (2012) Development of functional markers for a lipoxy-
genase gene TaLox-B1 on chromosome 4BS in common wheat. Crop Science 52: 568–576.

Giroux MJ and Morris CF (1997) A glycine to serine change in puroindoline b is associated 
with wheat grain hardness and low levels of starch-surface friabilin. Theoretical and Applied 
Genetics 95: 857–864.

Guzmán C, Xiao Y, Crossa J, González-Santoyo H, Huerta J, Singh R et al. (2016) Sources of the 
highly expressed wheat bread making (wbm) gene in CIMMYT spring wheat germplasm and 
its effect on processing and bread-making quality. Euphytica 209: 689–692.

Molecular Marker Development and Application for Improving Qualities in Bread Wheat



342

Haile JK, N’Diaye A, Clarke F, Clarke J, Knox R, Rutkoski J, Bassi FM and Pozniak CJ (2018) 
Genomic selection for grain yield and quality traits in durum wheat. Molecular Breeding 38: 
75.

Hayes BJ, Panozzo J, Walker CK, Choy AL, Kant S, Wong D, et al. (2017) Accelerating wheat 
breeding for end-use quality with multi-trait genomic predictions incorporating near infrared 
and nuclear magnetic resonance-derived phenotypes. Theoretical and Applied Genetics 130: 
2505–2519.

He X, Zhang Y, He Z, Wu Y, Xiao Y, Ma C et al. (2008) Characterization of phytoene synthase 
1 gene (Psy1) located on common wheat chromosome 7A and development of a functional 
marker. Theoretical and Applied Genetics 116: 213–221.

He XY, He ZH, Ma W, Appels R and Xia XC (2009) Allelic variants of phytoene synthase 1 (Psy1) 
genes in Chinese and CIMMYT wheat cultivars and development of functional markers for 
flour colour. Molecular Breeding 23: 553–563.

He XY, He ZH, Zhang LP, Sun DJ, Morris CF, Fuerst EP et al. (2007) Allelic variation of polyphe-
nol oxidase (PPO) genes located on chromosomes 2A and 2D and development of functional 
markers for the PPO genes in common wheat. Theoretical and Applied Genetics 115: 47–58.

He Z, Xia X, Peng S and Adam Lumpkin T (2014) Meeting demands for increased cereal produc-
tion in China. Journal of Cereal Science 59: 235–244.

Heffner EL, Jannink J, Iwata H, Souza E and Sorrells ME (2011) Genomic selection accuracy for 
grain quality traits in biparental wheat populations. Crop Science 51: 2597–2606.

Hickey JM, Chiurugwi T, Mackay I and Powell W (2017) Genomic prediction unifies animal 
and plant breeding programs to form platforms for biological discovery. Nature Genetics 49: 
1297–1298.

Himi E, Maekawa M, Miura H and Noda K (2011) Development of PCR markers for Tamyb10 
related to R-1 red grain color gene in wheat. Theoretical and Applied Genetics 122: 1561–1576.

Ibba MI, Kiszonas AM, Guzmán C and Morris CF (2017) Definition of the low molecular weight 
glutenin subunit gene family members in a set of standard bread wheat (Triticum aestivum L.) 
varieties. Journal of Cereal Science 74: 263–271.

Jatayev S, Kurishbayev A, Zotova L, Khasanova G, Serikbay D, Zhubatkanov A, et  al. (2017) 
Advantages of Amplifluor-like SNP markers over KASP in plant genotyping. BMC Plant 
Biology 17: 254.

Jernigan KL, Morris CF, Zemetra R, Chen J, Garland-Campbell K and Carter AH (2017) Genetic 
analysis of soft white wheat end-use quality traits in a club by common wheat cross. Journal of 
Cereal Science 76: 148–156.

Jiang W, Zhou H, Bi H, Fromm M, Yang B and Weeks DP (2013) Demonstration of CRISPR/
Cas9/sgRNA-mediated targeted gene modification in Arabidopsis, tobacco, sorghum and rice. 
Nucleic Acids Research 41: e188.

Jiang XL, Chen GF, Li XJ, Li G, Ru ZG and Tian JC (2018) Genome-wide association study for 
flour color-related traits and polyphenol oxidase activity in common wheat. Cereal Research 
Communications 46: 1027.

Jin H, Wen W, Liu J, Zhai S, Zhang Y, Yan J, et al. (2016) Genome-wide QTL mapping for wheat 
processing quality parameters in a Gaocheng 8901/Zhoumai 16 recombinant inbred ilne popu-
lation. Frontiers in Plant Science 7: 1032–1032.

Jin H, Yan J, Peña R, Xia X, Morgounov A, Han L, et al. (2011) Molecular detection of high- and 
low-molecular-weight glutenin subunit genes in common wheat cultivars from 20 countries 
using allele-specific markers. Crop and Pasture Science 62: 746–754.

Juliana P, Singh RP, Singh PK, Crossa J, Huerta-Espino J, Lan C, et  al. (2017) Genomic and 
pedigree-based prediction for leaf, stem, and stripe rust resistance in wheat. Theoretical and 
Applied Genetics 130: 1415–1430.

King J, Grewal S, Yang CY, Hubbart S, Scholefield D, Ashling S, et al. (2017) A step change in the 
transfer of interspecific variation into wheat from Amblyopyrum muticum. Plant Biotechnology 
Journal 15: 217–226.

Kristensen PS, Jahoor A, Andersen JR, Cericola F, Orabi J, Janss LL et al. (2018) Genome-wide 
association studies and comparison of models and cross-validation strategies for genomic pre-
diction of quality traits in advanced winter wheat breeding lines. Frontiers in Plant Science 9: 69.

Z. He et al.



343

Lado B, Vázquez D, Quincke M, Silva P, Aguilar I, et al. (2018) Resource allocation optimization 
with multi-trait genomic prediction for bread wheat (Triticum aestivum L.) baking quality. 
Theoretical and Applied Genetics 131: 2719–2731.

Lei ZS, Gale KR, He ZH, Gianibelli C, Larroque O, Xia XC, et al. (2006) Y-type gene specific 
markers for enhanced discrimination of high-molecular weight glutenin alleles at the Glu-B1 
locus in hexaploid wheat. Journal of Cereal Science 43: 94–101.

Li G, He Z, Lillemo M, Sun Q and Xia X (2008) Molecular characterization of allelic variations 
at Pina and Pinb loci in Shandong wheat landraces, historical and current cultivars. Journal of 
Cereal Science 47: 510–517.

Li J, Liu J, Wen WE, Zhang P, Wan Y, Xia X, et al. (2018) Genome-wide association mapping of 
vitamins B1 and B2 in common wheat. Crop Journal 6: 263–270.

Li J, Rasheed A, Guo Q, Dong Y, Liu J, Xia X, Zhang Y and He Z (2017) Genome-wide associa-
tion mapping of starch granule size distribution in common wheat. Journal of Cereal Science 
77: 211–218.

Liang D, Tang J, Pena RJ, Singh R, He X, Shen X, et al. (2010) Characterization of CIMMYT 
bread wheats for high- and low-molecular weight glutenin subunits and other quality-related 
genes with SDS-PAGE, RP-HPLC and molecular markers. Euphytica 172: 235–250.

Liu J, Feng B, Xu Z, Fan X, Jiang F, Jin X, et al. (2017a) A genome-wide association study of 
wheat yield and quality-related traits in southwest China. Molecular Breeding 38: 1–11.

Liu J, He Z, Rasheed A, Wen W, Yan J, Zhang P, et al. (2017b) Genome-wide association map-
ping of black point reaction in common wheat (Triticum aestivum L.). BMC Plant Biology 17: 
220–231.

Liu J, He Z, Wu L, Bai B, Wen W, Xie C et al. (2016) Genome-wide linkage mapping of QTL for 
black point reaction in bread wheat (Triticum aestivum L.). Theoretical and Applied Genetics 
129: 2179–2190.

Liu L, Ikeda TM, Branlard G, Peña RJ, Rogers WJ, Lerner SE, et al. (2010) Comparison of low 
molecular weight glutenin subunits identified by SDS-PAGE, 2-DE, MALDI-TOF-MS and 
PCR in common wheat. BMC Plant Biology 10: 124–124.

Liu S, Chao S and Anderson JA (2008) New DNA markers for high molecular weight glutenin 
subunits in wheat. Theoretical and Applied Genetics 118: 177–183.

Liu S, Sehgal S, Li J, Lin M, Trick H, Yu J, et al. (2013) Cloning and characterization of a critical 
regulator for preharvest sprouting in wheat. Genetics 195: 263–273.

Liu Y, He Z, Appels R and Xia X (2012) Functional markers in wheat: Current status and future 
prospects. Theoretical and Applied Genetics 125: 1–10.

Long YM, Chao WS, Ma GJ, Xu SS and Qi LL (2017) An innovative SNP genotyping method 
adapting to multiple platforms and throughputs Theoretical and Applied Genetics 130: 
597–607.

Lozano-Juste J and Cutler SR (2014) Plant genome engineering in full bloom. Trends in Plant 
Science 19: 284–287.

Ma W, Zhang W and Gale KR (2003) Multiplex-PCR typing of high molecular weight glutenin 
alleles in wheat. Euphytica 134: 51–60.

Maphosa L, Langridge P, Taylor H, Chalmers KJ, Bennett D, Kuchel H and Mather DE (2013) 
Genetic control of processing quality in a bread wheat mapping population grown in water-
limited environments. Journal of Cereal Science 57: 304–311.

Maphosa L, Langridge P, Taylor H, Emebiri LC and Mather DE (2015) Genetic control of grain 
protein, dough rheology traits and loaf traits in a bread wheat population grown in three envi-
ronments. Journal of Cereal Science 64: 147–152.

Maphosa L, Langridge P, Taylor H, Parent B, Emebiri LC, Kuchel H, et al. (2014) Genetic control 
of grain yield and grain physical characteristics in a bread wheat population grown under a 
range of environmental conditions. Theoretical and Applied Genetics 127: 1607–1624.

Marcotuli I, Houston K, Waugh R, Fincher GB, Burton RA, Blanco A et al. (2015) Genome wide 
association mapping for arabinoxylan content in a collection of tetraploid wheats. PLOS ONE 
10: e0132787.

Molecular Marker Development and Application for Improving Qualities in Bread Wheat



344

Michel S, Kummer C, Gallee M, Hellinger J, Ametz C, Akgöl B, et al. (2018) Improving the bak-
ing quality of bread wheat by genomic selection in early generations. Theoretical and Applied 
Genetics 131: 477–493.

Nakamura T, Vrinten P, Saito M and Konda M (2002) Rapid classification of partial waxy wheats 
using PCR-based markers. Genome 45: 1150–1156.

Nigro D, Laddomada B, Mita G, Blanco E, Colasuonno P, Simeone R, et  al. (2017) Genome-
wide association mapping of phenolic acids in tetraploid wheats. Journal of Cereal Science 
75: 25–34.

Parker GD, Chalmers KJ, Rathjen AJ and Langridge P (1998) Mapping loci associated with flour 
colour in wheat (Triticum aestivum L.). Theoretical and Applied Genetics 97: 238–245.

Payne PI (1987) Genetics of wheat storage proteins and the effect of allelic variation of bread-
making quality. Annual Review of Plant Physiology 38: 141–153.

Prashant R, Mani E, Rai R, Gupta RK, Tiwari R, Dholakia B, et al. (2015) Genotype× environment 
interactions and QTL clusters underlying dough rheology traits in Triticum aestivum L. Journal 
of Cereal Science 64: 82–91.

Ragupathy R, Naeem HA, Reimer E, Lukow OM, Sapirstein HD and Cloutier S (2008) 
Evolutionary origin of the segmental duplication encompassing the wheat GLU-B1 locus 
encoding the overexpressed Bx7 (Bx7OE) high molecular weight glutenin subunit Theoretical 
and Applied Genetics 116: 283–296.

Rasheed A, Hao Y, Xia X, Khan A, Xu Y, Varshney RK et al. (2017) Crop breeding chips and 
genotyping platforms: Progress, challenges, and Perspectives. Molecular Plant 10: 1047–1064.

Rasheed A, Mujeeb-Kazi A, Ogbonnaya FC, He Z and Rajaram S (2018) Wheat genetic resources 
in the post-genomics era: Promise and challenges. Annals of Botany 121: 603–616.

Rasheed A, Wen W, Gao F, Zhai S, Jin H, Liu J, et al. (2016) Development and validation of KASP 
assays for genes underpinning key economic traits in bread wheat. Theoretical and Applied 
Genetics 129: 1843–1860.

Rimbert H, Darrier B, Navarro J, Kitt J, Choulet F, Leveugle M, et al. (2018) High throughput SNP 
discovery and genotyping in hexaploid wheat. PLOS ONE 13: e0186329.

Roy N, Islam S, Ma J, Lu M, Torok K, Tomoskozi S, et al. (2018) Expressed Ay HMW glutenin 
subunit in Australian wheat cultivars indicates a positive effect on wheat quality. Journal of 
Cereal Science 79: 494–500.

Sánchez-León S, Gil-Humanes J, Ozuna CV, Giménez MJ, Sousa C, Voytas DF et al. (2018) Low-
gluten, nontransgenic wheat engineered with CRISPR/Cas9. Plant Biotechnology Journal 16: 
902–910.

Schwarz G, Felsenstein FG and Wenzel G (2004) Development and validation of a PCR-based 
marker assay for negative selection of the HMW glutenin allele Glu-B1-1d (Bx-6) in wheat. 
Theoretical and Applied Genetics 109: 1064–1069.

Semagn K, Babu R, Hearne S and Olsen M (2014) Single nucleotide polymorphism genotyping 
using Kompetitive Allele Specific PCR (KASP): Overview of the technology and its applica-
tion in crop improvement. Molecular Breeding 33: 1–14.

Sun DJ, He ZH, Xia XC, Zhang LP, Morris CF, Appels R, et al. (2005) A novel STS marker for 
polyphenol oxidase activity in bread wheat. Molecular Breeding 16: 209–218.

Tadesse W, Ogbonnaya FC, Jighly A, Sanchez-Garcia M, Sohail Q, Rajaram S et  al. (2015) 
Genome-wide association mapping of yield and grain quality traits in winter wheat genotypes. 
PLOS ONE 10: e0141339.

Torada A, Koike M, Ogawa T, Takenouchi Y, Tadamura K, Wu J, et al. (2016) A causal gene for 
seed dormancy on wheat chromosome 4A encodes a MAP Kinase Kinase. Current Biology 
26: 782–787.

Valluru R, Reynolds MP and Salse J (2014) Genetic and molecular bases of yield-associated traits: 
a translational biology approach between rice and wheat. Theoretical and Applied Genetics 
127: 1463–1489.

Wang J, He X, He Z, Wang H and Xia X (2009) Cloning and phylogenetic analysis of phytoene 
synthase 1 (Psy1) genes in common wheat and related species. Hereditas 146: 208–256.

Z. He et al.



345

Wang L, Li G, Peña RJ, Xia X and He Z (2010) Development of STS markers and establishment of 
multiplex PCR for Glu-A3 alleles in common wheat (Triticum aestivum L.). Journal of Cereal 
Science 51: 305–312.

Wang S, Wong D, Forrest K, Allen A, Chao S, Huang BE, et al. (2014) Characterization of poly-
ploid wheat genomic diversity using a high-density 90,000 single nucleotide polymorphism 
array. Plant Biotechnology Journal 12: 787–796.

Wang Y, Wang XL, Meng JY, Zhang YJ, He ZH and Yang Y (2016) Characterization of Tamyb10 
allelic variants and development of STS marker for pre-harvest sprouting resistance in Chinese 
bread wheat. Molecular Breeding 36: 148.

Wei J, Geng H, Zhang Y, Liu J, Wen W, Zhang Y, et al. (2015) Mapping quantitative trait loci for 
peroxidase activity and developing gene-specific markers for TaPod-A1 on wheat chromosome 
3AL. Theoretical and Applied Genetics 128: 2067–2076.

Winfield M, Allen A, Burridge A, Barker G, Benbow H, Wilkinson P, et al. (2016) High-density 
SNP genotyping array for hexaploid wheat and its secondary and tertiary gene pool. Plant 
Biotechnology Journal 14: 1195–1206.

Xu Q, Xu J, Liu CL, Chang C, Wang CP, You MS, et al. (2008) PCR-based markers for identifica-
tion of HMW-GS at Glu-B1x loci in common wheat. Journal of Cereal Science 47: 394–398.

Yan L, Helguera M, Kato K, Fukuyama S, Sherman J and Dubcovsky J (2004) Allelic varia-
tion at the VRN-1 promoter region in polyploid wheat. Theoretical and Applied Genetics 109: 
1677–1686.

Yang L, Zhao D, Yan J, Zhang Y, Xia X, Tian Y, et al. (2016) QTL mapping of grain arabinox-
ylan contents in common wheat using a recombinant inbred line population. Euphytica 208: 
205–214.

Yang Y, Zhao X, Xia L, Chen X, Xia X, Yu Z, et  al. (2007) Development and validation of a 
Viviparous-1 STS marker for pre-harvest sprouting tolerance in Chinese wheats. Theoretical 
and Applied Genetics 115: 971–980.

Yi X, Jiang Z, Hu W, Zhao Y, Bie T, Gao D, et al. (2017) Development of a Kompetitive Allele-
Specific PCR marker for selection of the mutated Wx-D1d allele in wheat breeding. Plant 
Breeding 136: 460–466.

Zhai S, He Z, Wen W, Jin H, Liu J, Zhang Y, et al. (2016) Genome-wide linkage mapping of flour 
color-related traits and polyphenol oxidase activity in common wheat. Theoretical and Applied 
Genetics 129:377–394.

Zhai S, Liu J, Xu D, Wen W, Yan J, Zhang P, et al. (2018) A Genome-wide association study 
reveals a rich genetic architecture of flour color-related traits in bread wheat. Front Plant Sci 
1136–1148.

Zhang C, Dong C, He X, Zhang L, Xia X and He Z (2011) Allelic variants at the TaZds-D1 locus 
on wheat chromosome 2DL and their association with yellow pigment content. Crop Science 
151: 1580–1590.

Zhang F, Chen F, Wu P, Zhang N and Cui D (2015) Molecular characterization of lipoxygenase 
genes on chromosome 4BS in Chinese bread wheat (Triticum aestivum L.). Theoretical and 
Applied Genetics 128: 1467–1479.

Zhang Y, Miao X, Xia X and He Z (2014) Cloning of seed dormancy genes (TaSdr) associated with 
tolerance to pre-harvest sprouting in common wheat and development of a functional marker. 
Theoretical and Applied Genetics 127: 855–866.

Zhang Y, Xia X and He Z (2017) The seed dormancy allele TaSdr-A1a associated with pre-harvest 
sprouting tolerance is mainly present in chinese wheat landraces. Theoretical and Applied 
Genetics 130: 81–89.

Zhou S, Zhang J, Che Y, Liu W, Lu Y, Yang X, et al. (2018) Construction of Agropyron Gaertn. 
genetic linkage maps using a wheat 660K SNP array reveals a homoeologous relationship with 
the wheat genome. Plant Biotechnology Journal 16: 818–827.

Molecular Marker Development and Application for Improving Qualities in Bread Wheat


	Molecular Marker Development and Application for Improving Qualities in Bread Wheat
	1 Methodology for Molecular Marker Development and Validation
	2 Overview of Functional Markers Related to End-Use Quality in Wheat
	3 High-Throughput Genotyping for Wheat End-Use Quality
	4 QTL and GWAS for End-Use Quality in Wheat Using SNP Arrays
	5 Development of Wheat Cultivars With Desirable End-Use Quality
	6 Role of Gene Editing for Quality Improvement
	7 Genomic Selection for Quality Improvement
	8 Conclusion and Future Prospects
	References




