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Abstract Functional markers (FM) are developed from
sequence polymorphisms present in allelic variants of a
functional gene at a locus. FMs accurately discriminate
alleles of a targeted gene, and are ideal molecular markers
for marker-assisted selection in wheat breeding. In this
paper, we summarize FMs developed and used in common
wheat. To date, more than 30 wheat loci associated with
processing quality, agronomic traits, and disease resistance,
have been cloned, and 97 FMs were developed to identify
93 alleles based on the sequences of those genes. A general
approach is described for isolation of wheat genes and
development of FMs based on in silico cloning and com-
parative genomics. The divergence of DNA sequences of
different alleles that affect gene function is summarized. In
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addition, 14 molecular markers specific for alien genes
introduced from common wheat relatives were also
described. This paper provides updated information on all
FMs and gene-specific STS markers developed so far in
wheat and should facilitate their application in wheat
breeding programs.

Introduction

Functional or gene-specific markers are derived from
polymorphic sites within genes that are directly associated
with phenotypic variations (Andersen and Liibberstedt
2003; Gupta and Rustgi 2004; Bagge et al. 2007). During
the past decades, molecular mapping has identified chro-
mosome regions carrying important genes in wheat using
SSR, RFLP, AFLP, RAPD and DArT markers. However,
these usually neutral genetic markers can be some distance
from the targeted genes, and thus are often population-
specific or parent related, and their predictive value
depends on the degree of linkage between markers and
target locus alleles in specific populations (Bagge et al.
2007). As aresult, relatively few linked markers are used in
breeding. In contrast, FMs developed from functional gene
sequences accurately discriminate alleles at one locus and
represent ideal markers for marker-assisted selection
(MAS) in breeding. FMs have apparent advantages over
random DNA markers, because they are diagnostic of the
desired trait allele (Varshney et al. 2005).

In plant breeding, FMs can be used for validation of
cultivar identity, selection of parental materials to build
segregating population, and subsequent selection of lines
(Liibberstedt et al. 2005). Bagge et al. (2007) described the
development and application of FMs in wheat. Neverthe-
less, many new wheat genes have been cloned during the
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past years, and the corresponding FMs have been devel-
oped and used in wheat breeding. To date, more than 30
loci (genes) have been cloned in common wheat and its
relatives, and 97 FMs for wheat processing quality, agro-
nomic traits and disease resistance genes have been
developed and used to identify 93 alleles (Sup-Tables 1, 2
and 3).

The objectives of this paper were to (1) summarize the
FMs in wheat and gene-specific markers for the genes
introduced from alien species, (2) describe a general
method for isolation of wheat genes and development of
FMs using in silico cloning approach, and (3) discuss a
prospect of potential high-throughput marker technology in
wheat breeding.

Development of FMs for genes from wheat genome

FMs were developed from single nucleotide polymor-
phisms (SNPs) or insertions/deletions (InDels) between
different alleles, requiring the gene sequences of functional
motifs associated with plant phenotypes. Hence isolating
genes and finding functional motifs within genes associated
with plant phenotypes are essential for FM development
(Bagge et al. 2007).

Map-based cloning is an effective method to isolate
genes in plants (Yan et al. 2004b). Using this approach,
around ten wheat genes were cloned during the past decade
(Sup-Tables 2 and 3). However, common wheat has a very
large genome, and the genomic sequences are not yet
assembled as thoroughly as those in rice and maize. It is
therefore very difficult to clone genes by map-based
cloning in common wheat.

Alternatively, comparative genomics provides an effi-
cient approach for isolation of wheat genes. Orthologs
descended from a common ancestor often have conserved
functions and are expected to produce similar phenotypes
across species (Devos 2005). The grass genomes of rice,
maize and Brachypodium have been sequenced and
provided powerful tools for gene discovery in wheat
(Matsumoto et al. 2005; Schnable et al. 2009; Vogel et al.
2010). The technology for in silico cloning is widely
employed for identifying genes of interest in wheat (Gill
and Sanseau 2000; He et al. 2007, 2008, 2009a; Su et al.
2011; Ma et al. 2012). Based on the expressed sequence
tags (EST) database, the putative wheat gene sequences
were obtained by aligning and jointing the orthologous
genes with the same function in grass. The procedures of in
silico cloning gene and functional marker development are
shown in Fig. 1. Based on the cDNA sequence of maize
Psyl gene (GenBank accession U32636), all wheat ESTs
sharing high similarity with the reference gene were blas-
ted and subjected to contig assembly (He et al. 2008). The
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wheat Psyl gene was cloned with PCR amplification, and
an FM YP7A for discrimination of two alleles at Psy-Al
locus was developed and validated using 217 Chinese
wheat cultivars and 240 Fs.¢ lines from the cross of PH82-
2/Neixiang 188.

Functional markers for processing quality traits

The processing quality of wheat-based products is highly
associated with high- and low-molecular-weight glutenin
subunits (HMW-GS and LMW-GS), polyphenol oxidase
(PPO) activity, lipoxynase (LOX) activity, yellow pigment
content (YPC), kernel hardness, and starch properties. In
total, 16 loci with 62 alleles for these traits have been
cloned and 56 FMs have been developed (Sup-Table 1).

Polyphenol oxidase (PPO) activity is a vital factor
causing undesirable brown discoloration of the end-use
products of wheat, particularly Asian noodles. In order to
screen cultivars with low PPO activity, markers were
developed based on allelic variants of PPO genes on
chromosomes 2A and 2D (Sun et al. 2005; He et al. 2007).
The functional markers PPO18 and PPO33 for Ppo-Al
amplify 87 and 481 bp PCR fragments, respectively, in
cultivars with lower PPO activity, whereas PPO16 and
PPO29 discriminate alleles Ppo-DlIa and Ppo-DI1b, asso-
ciated with lower and higher PPO activity, respectively
(Sup-Table 1). These FMs can be efficiently used to
identify wheat lines with lower PPO activity (Xiao et al.
2008; Singh et al. 2009; Liang et al. 2010). Nevertheless, a
functional marker for the PPO gene on chromosome 2B is
currently not available due to lack of polymorphisms at this
locus in Chinese wheats even though the gene has been
sequenced (our unpublished data).

LOX activity also has a major effect on color and pro-
cessing quality of wheat-based products (Geng et al. 2012).
Functional markers LOX16 and LOX18 for Talox-Bl, a
LOX gene located on chromosome 4BS, were developed,
and they amplify 48 and 791 bp PCR fragments in cultivars
with higher and lower LOX activities, respectively (Sup-
Table 1). The two FMs were developed from a SNP in the
third exon of TalLox-Bla and TalLox-Bl1b, and PCR con-
ditions should be optimized prior to use. Yellow pigment
content is closely related to the color of wheat-based
products. A 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 (Kruger et al. 1992; Parker et al. 1998).
Carotenoids are the main component of wheat flour yellow
pigment (Miskelly 1984; Howitt and Pogson 2006; He
et al. 2008). Phytoene synthase (PSY) and { (zeta)-carotene
desaturase (ZDS) are critical enzymes in the biosynthetic
pathway for carotenoid synthesis in wheat (He et al. 2008;
Zhang et al. 2011; Dong et al. 2012). Functional markers
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Fig. 1 The procedure for cloning Psy/ gene in common wheat and development of functional markers

are available for PSY genes on chromosomes 7AL, 7BL
and 7DL (He et al. 2008, 2009a; Wang et al. 2009a), and
for ZDS genes on chromosomes 2A and 2D (Zhang et al.
2011; Dong et al. 2012) (Sup-Table 1), and they accurately
discriminate different alleles in wheat.

HMW-GS and LMW-GS are the most important storage
proteins of wheat. They are encoded by the Glu-1 and Glu-
3 loci, respectively, on wheat homoeologous group 1
chromosomes, and play important roles in determining
dough quality as they confer viscoelasticity and extensi-
bility properties required for mixing and baking perfor-
mance in common wheat (Luo et al. 2001). According to
the nucleotide sequences of cloned genes, functional
markers were developed to identify alleles for HMW-GS
and LMW-GS in wheat cultivars (D’Ovidio and Anderson
1994; Smith et al. 1994; Ma et al. 2003; Schwarz et al.
2004; Lei et al. 2006; Ishikawa and Nakamura 2007; Liu
et al. 2008b; Ragupathy et al. 2008; Wang et al. 2009b,
2010; Sup-Table 1). Markers for Glu-A3 alleles were based
on DNA polymorphisms identified between the LMW
glutenin genes (Zhang et al. 2004), and markers developed
by Wang et al. (2009b, 2010) are much easier to use.

However, no functional markers for the Glu-D3 locus were
developed due to the very small variations among alleles
(Liu et al. 2010), but its impact on dough quality is rela-
tively small in comparison with Glu-A3 and Glu-B3 loci
(Gupta et al. 1989). A total of 7 and 10 FMs were available
for Glu-A3 and Glu-B3 loci, respectively, and multiplex
PCRs were established for these FMs to increase the effi-
ciency of marker selection (Wang et al. 2009b, 2010). The
FMs for HMW-GS can be efficiently used to test wheat
cultivars and lines (Liang et al. 2010; Jin et al. 2011; Ram
et al. 2011).

Kernel hardness, which has a profound effect on milling
and end-use quality, is largely determined by the Pina-DI
and Pinb-D1 genes encoding puroindoline a and puroind-
oline b proteins, respectively. Functional markers were
designed for identifying the genotypes at Pina-DI and
Pinb-D1 loci (Giroux and Morris 1997; Gazza et al. 2005;
Chen et al. 2012). The FM for Pinb-D1b associated with
superior milling and processing qualities is most useful in
wheat breeding (Chen et al. 2012).

The GBSS I (granule-bound starch synthase) gene
product is known as Waxy (Wx) protein, and it is a key
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enzyme for amylose synthesis in the endosperm. Amylose
content in wheat plays a significant role in determining
noodle quality. High noodle-making quality of wheat cul-
tivars without Wx-B1 protein that is controlled by Wx-B1
null allele had low amylose level. The functional markers
were designed for identifying this allele (Saito et al. 2009;
Nakamura et al. 2002). Eight isogenic wheat lines that have
different combinations of presence and absence of three
Wx proteins, Wx-A1l, Wx-B1, and Wx-D1, were produced
in order to elucidate the effect of Wx protein deficiencies
on the apparent amylose content and starch properties
(Yamamori and Quynh 2000). Amylose content and past-
ing properties of starch were determined to be influenced
most by the lack of the Wx-B1 protein, followed by a lack
of Wx-D1, and last by the Wx-Al deficiency, which
indicated the different effects of the three null alleles for
the Wx protein (Yamamori and Quynh 2000). The geno-
types with the null Wx-Al and null Wx-D1 alleles are
rarely present in commercial wheat cultivars, thus the FMs
for them are less useful than those for null Wx-B1 allele.

Functional markers for agronomic traits

To date, 12 loci with 22 alleles for important agronomic
traits, such as plant height, photoperiod response, grain
weight, and tolerance to abiotic stress have been cloned,
and 27 FMs were developed and reportedly used in wheat
breeding programs (Sup-Table 2).

The semi-dwarfing genes Rht-BI1b (Rhtl) and Rht-D1b
(Rht2) widely present in commercial cultivars reduce plant
height, increase harvest index, and improve lodging resis-
tance, and consequently increase grain yield. Functional
markers for the two genes were developed and used for
discrimination of semi-dwarf (Rht-B1b and Rht-D1b) and
wild-type alleles (Rht-Bla and Rht-Dl1a) (Ellis et al. 2002;
Zhang et al. 2006). However, the PCR conditions are very
stringent for the FMs of Rht-BI and Rht-DI, in which
Hotstar Tag DNA polymerase needs to be used for a reli-
able PCR amplification (Ellis et al. 2002). This will limit
the use of these markers in breeding due to high costs
(Bagge and Liibberstedt 2008).

Adaptation of common wheat cultivars to diverse
environmental conditions is greatly influenced by flowering
time, mainly determined by three groups of genes, viz.
photoperiod response genes (Ppd), vernalization genes
(Vrn) and developmental rate genes (Yang et al. 2009). The
dominant alleles (Ppd-Ala, Ppd-Bla and Ppd-DIa), loca-
ted on the short arms of chromosomes 2A, 2B and 2D,
respectively, confer photoperiod insensitivity, whereas the
recessive alleles (Ppd-Alb, Ppd-B1b and Ppd-D1b) confer
photoperiod sensitivity, and Ppd-Dla is the major photo-
period insensitivity allele in common wheat (Beales et al.
2007). Functional markers for Ppd-DI were developed
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(Beales et al. 2007) and used to test the adaptation and
productivity of Chinese wheat cultivars (Yang et al. 2009).
Common wheat is divided into spring and winter types
based on growth habits that are determined by vernaliza-
tion response genes, located on homoeologous group 5
chromosomes, and chromosome 7B. Functional markers
are available (Sup-Table 2) to detect the distribution of
growth habit in cultivars and to determine the relationship
between growth habit and combinations of Vrn alleles,
which directly affect heading date phenotype (Yan et al.
2004a, 2006; Fu et al. 2005; Zhang et al. 2008b; Chu et al.
2011).

Thousand kernel weight (TKW) is an important com-
ponent of grain yield in wheat and is conditioned by po-
lygenes. Sucrose synthase 2 (Sus2), grain width (GW2) and
cell-wall invertase (CWI) genes are associated with TKW
in rice (Huang et al. 1996; Song et al. 2007; Wang et al.
2008). These genes were cloned in common wheat using in
silico cloning approaches, and the corresponding functional
markers were developed and used to test Chinese wheat
cultivars (Jiang et al. 2011; Su et al. 2011; Ma et al. 2012;
Sup-Table 2). Jiang et al. (2011) reported that the Hap-H
and Hap-L haplotypes were significantly associated with
TKW in 89 modern wheat cultivars from Chinese mini-
core collection, and haplotype Hap-H had a significant
positive effect on TKW. Association analysis indicated that
Hap-6A-A haplotype at TaGW2-6A locus not only
increased TKW but also is associated with earlier heading
and maturity (Su et al. 2011; Sup-Table 2). A total of 265
Chinese wheat cultivars were genotyped and association
analysis revealed the Hap-6A-A was significantly associ-
ated with wider grains and higher TKW in two cropping
seasons, and a CAPS marker permitted generation of dif-
ferent Tagl restriction fragments, producing 167 and
218 bp PCR fragments in the cultivars with Hap-6A-A and
Hap-6A-G, respectively (Su et al. 2011; Sup-Table 2). Two
sets of Chinese landraces and two sets of commercial
wheat cultivars were used to validate the association of
functional markers CWI21 (Tacwi-A1b) and CWI22
(Tacwi-Ala) with kernel weight, and their amplified PCR
products are associated with lower and higher TKW,
respectively (Ma et al. 2012). Dehydration-responsive
element binding (DREB) proteins are induced by abiotic
stresses. A DREB gene was induced by low temperature,
drought and ABA treatment. Based on the allelic variations
at Dreb-B1 locus on chromosome 3BL, a functional marker
was designed for improving drought tolerance in wheat
(Wei et al. 2009).

Compared with quality traits, the agronomic traits are
much more easy to be characterized, and can be directly
selected based on their performance in the field, thus the
FMs for agronomic traits are less useful than those for
quality traits in wheat breeding.
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Functional markers for disease resistance genes

During the past decade, six genes for disease resistance
were cloned in wheat (Laroche et al. 2000; Feuillet et al.
2003; Huang et al. 2003; Yahiaoui et al. 2004; Fu et al.
2009; Krattinger et al. 2009). Among them, functional
markers are available for alleles at the Pm3 locus for
reaction to powdery mildew and for the Lr34/Yri8/Pm38
locus for resistance to leaf rust, stripe rust and powdery
mildew (Tommasini et al. 2006; Lagudah et al. 2009, Sup-
Table 3). According to the nucleotide polymorphisms of
coding sequences and adjacent untranslated regions of Pm3
resistance alleles, seven allele-specific molecular markers
were designed, and successfully discriminated allelic
variants at the Pm3 locus (Tommasini et al. 2006). These
markers were used to identify desirable alleles in the US
and European wheat cultivars (Peusha et al. 2008; Chen
et al. 2009; Lillemo et al. 2010; Mohler et al. 2011), but
they are not used in Chinese wheat breeding because all the
seven Pm3 alleles are susceptible to the prevalent Chinese
Blumeria graminis f. sp. tritici races. The Lr34/Yr18/Pm38
locus confers durable partial adult-plant resistance to
multiple diseases, and is used in wheat breeding programs
worldwide. The functional markers for Lr34/Yri8/Pm38
can easily be resolved in standard agarose gels, providing a
simple and efficient tool to detect the presence or absence
of the resistance gene (Lagudah et al. 2009). When 273
CIMMYT wheat lines were tested with Lr34/Yri18/Pm38
markers, a very good association between the marker data
and stripe rust severities were obtained, indicating the
markers are very effective (Wu et al. 2010). However, in a
test of 151 Chinese wheat landraces using the Lr34/Yri8/
Pm38 marker, 82.1% possessed the +Lr34/Yrl8/Pm38
allele, but one-quarter of that group was highly susceptible
to stripe rust in the field (Wu et al. 2010). DNA sequencing
indicated that the allele in these landraces showed the same
sequence as the 4+Lr34/Yr18/Pm38 allele (our unpublished
data). Susceptibility to stripe rust and leaf rust in this group
may be due to the presence of inhibitor genes or absence of
a functional gene that is essential in the biosynthetic
pathway for the expression of Lr34/Yri8/Pm38.

Gene-specific markers for the genes introduced
from alien species

For centuries breeders have made great efforts to introduce
resistance genes from wheat relatives into cultivated wheat
cultivars. Wheat wild relatives are important germplasm
resources to supply new genes to reduce fungicide appli-
cations in wheat production. Molecular markers specific to
the transferred alien chromosomal segments were available
for these genes (Sup-Table 4).

The 1B-1R translocation has been widely used in global
wheat breeding programs. It has positive effects on grain
yield, adaptation, and other agronomic traits although its
resistances to diseases have been overcome in many loca-
tions. However, the 1B-1R translocation has significantly
negative effects on dough qualities for both bread and
Chinese noodles (He et al. 2005). Hence, it is important to
identify the 1B-1R translocation in wheat breeding. Func-
tional markers based on the rye secalin gene on 1RS were
successfully applied in breeding (Froidmont 1998; Chai
et al. 2006; Liu et al. 2008a; Sup-Table 4).

Stripe rust resistance gene Yrl7 from 2NS of Triticum
ventricosum Tausch has been translocated to the short arm
of bread wheat chromosome 2AS (Helguera et al. 2003),
and this chromosomal segment also conferred resistance to
leaf rust (Lr37) and stem rust (Sr38). The Lri9 gene,
originated from decaploid Thinopyrum ponticum, was
transferred into durum wheat, and widely conferring
resistance to leaf rust in wheat (Gennaro et al. 2009). Ae.
tauschii Cosson was the donor of the Lr2] that is a durable
and highly effective leaf rust resistance gene, and it has
been incorporated into wheat cultivar and is available for
breeding (Talbert et al. 1994). The leaf rust resistance gene
Lr47 confers resistance to a wide spectrum of leaf rust
strains. This gene was recently transferred from chromo-
some 7S of Triticum speltoides Tausch to chromosome 7A
of common wheat (Helguera et al. 2000). Leaf rust resis-
tance gene Lr51, located within a segment of Triticum
speltoides Tausch chromosome 1S, was translocated to the
long arm of chromosome 1B of bread wheat, which is
resistant to the current predominant races in USA (Hel-
guera et al. 2005). The gene-specific markers Xucw108 and
Xuhw89 for Gpc-BI and Yr36 originated from chromosome
6BS of Triticum turgidum ssp. dicoccoides. They were
identified and validated in a collection of 117 cultivated
tetraploid and hexaploid wheat germplasm (Distelfeld et al.
2006; Distelfeld and Fahima 2007; Uauy et al. 2006;Brevis
and Dubcovsky 2008).

Application of functional markers in wheat breeding

Currently, FMs are widely used to test wheat cultivars and
breeding lines. PPO18 and PPO33 for Ppo-Al, and PPO16
and PPO29 for Ppo-DI1 were reliable for evaluating the
association between PPO activities and allelic variants
(Sun et al. 2005; He et al. 2007). Three hundred and eleven
Chinese wheat cultivars and advanced lines, 57 Indian
wheat cultivars, and 273 CIMMYT wheat lines were tested
with these FMs (Xiao et al. 2008; Singh et al. 2009; Liang
et al. 2010).

The FM YP7A for Psy-Al associated with grain YP
content could be efficiently used in wheat breeding (He
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et al. 2008). In a test of 217 Chinese winter wheat cultivars
using YP7A, the frequencies of Psy-Ala and Psy-Alb were
62.2 and 37.8%, respectively (Yang et al. 2008). One
hundred CIMMYT durum wheat lines with widely variable
grain yellowness were genotyped with the FMs YP7A,
YP7A-2, YP7B-1 and YP7B-4 (He et al. 2009b). A total of
198 Chinese wheat cultivars and advanced lines were tes-
ted with the FM for TalLox-Bl, and two allelic variants
TaLox-Bla and TaLox-B1b showed highly significant
association with LOX activities (Geng et al. 2012).

FMs for HMW-GS and LMW-GS were accurate and
stable in the characterization of 273 CIMMYT wheat lines
(Liang et al. 2010), 182 Indian wheat cultivars (Ram et al.
2011) and 718 wheat cultivars and advanced lines from 20
countries (Jin et al. 2011). The results were consistent with
those tested by SDS-PAGE, indicating that these markers
can be efficiently used in markers-assisted breeding.

A total of 926 Chinese wheat landraces and improved
cultivars collected from nine wheat zones were character-
ized for their genotypes at the Ppd-DI locus using FMs
(Yang et al. 2009). Two hundred and seventy-eight Chinese
wheat cultivars were tested with FMs for the vernalization
genes Vrn-Al, Vrn-BI, Vrn-DI and Vrn-B3 (Zhang et al.
2008b). In addition, molecular markers were used to detect
the presence of Rht-BI1b and Rht-D1b in 220 wheat geno-
types from autumn-sown wheat regions in China, which
include landmark landraces, leading cultivars and core
parents involved in wheat breeding from the 1950s (Zhang
et al. 2006), indicating that Rht-B1b and Rht-D1b were
successfully used in Chinese wheat production, with fre-
quencies of 24.5 and 45.5%, respectively, in these cultivars.

FMs for disease resistance locus Lr34/Yri18/Pm38 were
used to test CIMMYT and Chinese wheat cultivars (Wu
et al. 2010). FMs for Pm3 locus were employed to identify
different alleles in the US and European wheat cultivars
(Peusha et al. 2008; Chen et al. 2009; Lillemo et al. 2010;
Mohler et al. 2011).

Using the gene-specific markers Xucwl!08 and Xuhw89
for Gpc-B1 and Yr36, conferring high protein content and
stripe rust resistance, respectively, a hard red winter wheat
cultivar Farnum (WA7975) was developed in Pullman, and
a durum wheat cultivar Westmore was also commercially
available to US wheat growers (Distelfeld and Fahima
2007; Brevis and Dubcovsky 2008). In addition, over 20
advanced wheat lines have been developed in China by
FM-assisted selection targeting for HMW-GS, LMW-GS,
PPO and PSY genes.

Knowledge of marker-trait association is a prerequisite
for marker-assisted selection (Gupta et al. 2010). SNPs and
InDels are the most abundant forms of DNA sequence
variation in common wheat and its relatives (Ravel et al.
2006; Varshney et al. 2007). This was confirmed with
cloned genes and amplicons in wheat and rye (Yahiaoui
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et al. 2004; Yan et al. 2006; He et al. 2007, 2008; Varshney
et al. 2007; Krattinger et al. 2009; Su et al. 2011; Ma et al.
2012). SNPs and InDels among different alleles at one
locus resulted in phenotypic variations in wheat (Yahiaoui
et al. 2004; Yan et al. 2006; He et al. 2007, 2008; Fu et al.
2009; Gupta et al. 2009; Krattinger et al. 2009; Su et al.
2011; Ma et al. 2012). FMs can be developed based on the
SNPs and InDels among different alleles at one locus, and
used for marker-assisted selection.

The sequence of TaGW2 (Su et al. 2011) was com-
pletely conserved in the coding region among cultivars, and
two SNPs in the promoter region influenced both grain
width and weight. A functional marker was developed
based on an A—G polymorphism in the promoter region to
distinguish two alleles at TaGW2-6A locus. qRT-PCR
revealed a negative relationship between TaGW2 expres-
sion level and grain width (Su et al. 2011).

Introns can influence gene transcription through alter-
native splicing (Fedorova and Fedorov 2003). Alternative
splicing (AS) of pre-mRNA plays an important role in
transcriptional regulation as a cause of diversity in gene
expression (Wang and Brendel 2006; Reddy 2007). A
typical structure for intron splicing is the consensus
GT-AG structure in wheat. A functional marker PPO18
was developed based on a 191-bp InDel in the first intron
of Ppo-Al (Sun et al. 2005). The expression of the Ppo-
Alb allele was regulated by AS of pre-mRNAs, resulting
from a 191-bp insertion in the first intron and a C/G SNP in
exon II (Sun et al. 2011). Based on cDNA sequencing data,
eight kinds of cDNA fragments from mature mRNA were
found in the Ppo-A1b genotype, and seven spliced isoforms
with premature termination codons resulted in potential
nonsense-mediated mRNA decay. Differences in the
expression of Ppo-Ala and Ppo-Alb were confirmed by
PPO activity assays and whole grain staining, providing
direct evidence for the influence of AS in the coding region
of Ppo-Al on polyphenol oxidase activity in common
wheat grains (Sun et al. 2011).

Segmental duplication of genes can generate new func-
tions and expression patterns. The HMW-GS Bx7°F, causing
overexpression of Bx7 subunit in certain wheat cultivars, has
a 10.3-kb segmental duplication of Bx7 gene and an LTR
retroelement. Markers flanking the LTR retrotransposon
borders and the duplicated region were designed at the left
and right junctions of the retroelement. Bx7°% and Bx7
subunits can be screened by markers developed from the
Bx7°F gene sequence (Ragupathy et al. 2008).

Wheat FMs for the future

Large-scale genome sequencing and associated bioinfor-
matics are becoming widely accepted research tools for



Theor Appl Genet (2012) 125:1-10

accelerating the analysis of wheat genome structure and
function. Second-generation DNA sequences from Chinese
Spring, Ae. tauschii Cosson and T. urartu Tumanian ex
Gandilyan, provide an opportunity to use genomic infor-
mation to clone genes and develop SNP markers in wheat.
Rapid progress is now being achieved in assembling the
DNA sequences from individual chromosome arms of Chi-
nese Spring (http://www.wheatgenome.org/) and this pro-
gress provides a template for defining the FMs for future use.

High-quality wheat genome sequences integrated with
molecular genetic maps provide the basis for identifying
duplicated genes, analyzing promoter regions in detail,
defining SNPs/InDels and aligning the transcriptome with
the genome. These advances will allow gene networks to
be clearly defined and thus allow meaningful FMs to be
developed for complex traits.

Extensive proteomic studies have allowed identification
of many allelic variants at the Glu-3 loci for LMW-GS, and
genomic analyses identified several markers for discrimi-
nating alleles at one locus. These successes have indicated
that it is now essential to establish rapid, convenient and
economical PCR-based assays in wheat breeding. In order to
detect genes simultaneously in a single PCR, multiplex PCR
can be developed, in which several markers in the same
reaction mix are co-amplified under identical conditions.
Two multiplex PCR assays, developed for the identification
of genes/loci w-secalin, Glu-BI-2a, Glu-DI-1d, Glu-A3d,
Glu-B3, Pin-D1b, Ppo-Al, Ppo-D1 and Wx-B1b, provide the
proof-of-concept for the efficient screening of genotypes
(Zhang et al. 2008a). A clear challenge is for multiplexing
markers to have similar annealing temperatures for the dif-
ferent primers and for the expected PCR products to be easily
separated on agarose gels (Ma et al. 2003; Wan et al. 2008).

Although six genes conferring disease resistance have
been cloned in wheat, the FMs are available for only two
genes (Sup-Table 3). If alleles conferring specific resis-
tance are being sought, it is important to know which
alleles are effective and potentially useful to local breeding
programs. A good example is for the leaf rust resistance
genes Lrl0 and Lr21, which confer resistance to a broad
spectrum of Puccinia triticina races, but FMs are not
available for these two genes because the reactions of
alleles to various Puccinia triticina races have not been
well characterized. Currently, FMs are being increasingly
adopted in wheat breeding. Many FMs (Sup-Table 1)
associated with wheat quality genes, in particular, are
available; however, more FMs are needed for important
traits such as disease and stress resistance in order to
strengthen the application of molecular markers in breed-
ing programs. SNPs are the most applicable markers for
high-throughput screening once the genotype—phenotype
associations are determined. The expanded use of these
markers will develop as high-throughput techniques for

MAS based on functional SNP markers and chips are
established. The meaningful interpretation of whole gen-
ome studies to associate SNPs with variation in phenotype
is expected to provide the next generation of FMs for use in
wheat breeding.
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