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Abstract

Key message After cloning and mapping of wheat
TaSdr genes, both the functional markers for TaSdr-B1
and TaVp-1B were validated, and the distribution of
allelic variations at 7aSdr-BI locus in the wheat culti-
vars from 19 countries was characterized.

Abstract Seed dormancy is a major factor associ-
ated with pre-harvest sprouting (PHS) in common wheat
(Triticum aestivum L.). Wheat TaSdr genes, orthologs of
OsSdr4 conferring seed dormancy in rice, were cloned by
a comparative genomics approach. They were located on
homoeologous group 2 chromosomes, and designated as
TaSdr-Al, TaSdr-B1 and TaSdr-D1, respectively. Sequence
analysis of TaSdr-BlI revealed a SNP at the position -11
upstream of the initiation codon, with bases A and G in
cultivars with low and high germination indices (GI),
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respectively. A cleaved amplified polymorphism sequence
marker Sdr2B was developed based on the SNP, and sub-
sequently functional analysis of TaSdr-B1 was conducted
by association and linkage mapping. A QTL for GI co-
segregating with Sdr2B explained 6.4, 7.8 and 8.7 % of
the phenotypic variances in a RIL population derived from
Yangxiaomai/Zhongyou 9507 grown in Shijiazhuang,
Beijing and the averaged data from those environments,
respectively. Two sets of Chinese wheat cultivars were
used for association mapping, and results indicated that
TaSdr-B1 was significantly associated with GI. Analysis of
the allelic distribution at the 7aSdr-B1 locus showed that
the frequencies of TaSdr-Bla associated with a lower GI
were high in cultivars from Japan, Australia, Argentina,
and the Middle and Lower Yangtze Valley Winter Wheat
Region and Southwest Winter Wheat Region in China.
This study provides not only a reliable functional marker
for molecular-assisted selection of PHS in wheat breeding
programs, but also gives novel information for a compre-
hensive understanding of seed dormancy.

Introduction

Seed dormancy allows germination to occur in more
favorable seasons, and is therefore regarded as an important
adaptive trait that enables the survival of plants in hostile
environments. In cereal crops, dormancy is a desired trait
because it prevents the early germination of grains (Rikiishi
and Maekawa 2010; Lan et al. 2012). It is believed that pre-
harvest sprouting (PHS) resistance of wheat is predomi-
nantly due to dormancy (Bailey et al. 1999; Flintham 2000;
Li et al. 2004; Gubler et al. 2005; Tan et al. 2006). Early
breakage of seed dormancy has been considered as the
major component of PHS. The lack of harvest dormancy
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in many wheat cultivars led to a serious problem, result-
ing in large economic losses caused by the adverse effects
of pre-harvest sprouted wheat grains on end-product qual-
ity (Groos et al. 2002; Gubler et al. 2005). Improvement
of tolerance to PHS is a major breeding objective in sev-
eral regions in China as well as in many countries such
as Japan, Australia, Canada, and the USA. Therefore, an
understanding of genetic control of seed dormancy and
development of functional markers are very important for
marker-assisted breeding targeting for PHS tolerance in
wheat.

Seed dormancy can be divided into coat-imposed and
embryo-imposed dormancy. The seed coat imposes dor-
mancy and acts as a physical barrier to imbibition and radi-
cle growth. Red grain color controlled by R genes in wheat
is associated with coat-imposed dormancy (Flintham 2000;
Warner et al. 2000; Himi et al. 2002). R genes are located
on the long arms of chromosomes 3A, 3B and 3D, approxi-
mately 30 cM proximal to the Vp-1 loci that also affect dor-
mancy (Groos et al. 2002; Himi and Noda 2005; Yang et al.
2007).

Embryonic dormancy is controlled more finely by the
seed developmental program. Abscisic acid (ABA) plays
a fundamental role in regulating embryonic dormancy.
Many of the genes involved in seed dormancy are known
to be involved in ABA synthesis and ABA signal trans-
duction (Gubler et al. 2005). In Arabidopsis, AfABI3 is
an orthologous gene of ZmVp-1 in maize and OsVp-1 in
rice (Koornneef et al. 1989; McCarty et al. 1991; Hat-
tori et al. 1994). The abundance of the AtABI3 is regu-
lated by AtFUS3, AtLEC1 and AfAIP2 (Parcy et al. 1997;
Kurup et al. 2000). The AtLEC2, AtDOG1, AtHUBI and
KYP/SUVH4 genes are also important for controlling
seed dormancy in Arabidopsis (Stone et al. 2001; Bent-
sink et al. 2006; Liu et al. 2007b; Zheng et al. 2012). In
wheat, the TaVp-1 genes involved in ABA signal trans-
duction are also important seed dormancy-related tran-
scription factors (Nakamura and Toyama 2001; McKib-
bin et al. 2002). Three alleles of TaVp-1B were identified,
designated as TaVp-1Ba, TaVp-1Bb and TaVp-1Bc. Based
on the allelic variation, an STS marker Vp1B3 was devel-
oped. It was significantly associated with PHS tolerance
(Yang et al. 2007). Later, TaVp-1Bd was reported in a
collection of EU winter wheat cultivars and two further
alleles, TaVp-1Be and TaVp-1Bf, were found in Chinese
wheat cultivars (Xia et al. 2008; Chang et al. 2010a,
b). Chang et al. (2011) identified six alleles of TaVp-
1A located on chromosome 3A, designated as TaVp-
IAa to TaVp-1Af. Two orthologous genes TaDOGILI
and HvDOGILI of AtDOGI were cloned. Although the
sequence similarities of TaDOGILI and HvDOGILI
with AtDOGI were low and the tissue-specific expres-
sion pattern of AtDOGI was not conserved in either
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gene, transformation in Arabidopsis clearly indicated that
TaDOGILI and HvDOGILI promoted seed dormancy.
Overexpression of TaDOGILI and HvDOGILI reduced
seed germination percentage by 20 and 30 %, respec-
tively, (Ashikawa et al. 2010).

In addition to the above genes, many QTL associated
with PHS and seed dormancy have been reported in wheat;
they are distributed over all 21 chromosomes (Mohan et al.
2009; Munkvold et al. 2009; Kulwal et al. 2012; Rehman
Arif et al. 2012). Most of them were located on homoe-
ologous group 3 and 4 chromosomes (Mares et al. 2005;
Chen et al. 2008; Rasul et al. 2009; Liu and Bai 2010). A
QTL linked with marker Xwmc349 on chromosome 4B was
significantly associated with seed germination index (GI)
(Rasul et al. 2009). Chen et al. (2008) reported a major
QTL controlling seed dormancy on chromosome 4A, and
it was also confirmed in other studies (Zhang et al. 2008;
Hickey et al. 2009). Osa et al. (2003) found a major QTL
on chromosome 3AS associated with seed dormancy, and
later, another QTL on 3AS was finely mapped (Liu and Bai
2010).

Although many works have been done, knowledge of
the molecular mechanisms underlying seed dormancy is
far from complete, and novel genes controlling seed dor-
mancy to improve PHS tolerance in wheat are urgently
required. However, wheat is a hexaploid plant, having
three homoeologous genomes, A, B, and D, and it is very
difficult to isolate genes by map-based cloning. Compara-
tive genomics provide an excellent approach to identify
and clone genes in common wheat based on information
from rice or other grass-family crops (Sun et al. 2005; He
et al. 2007, 2008, 2009; Yang et al. 2007; Ma et al. 2010),
and functional markers were developed for wheat genes
(Bagge et al. 2007; Liu et al. 2012). Recently, a rice gene
OsSdr4, which contributed substantially to differences in
seed dormancy between japonica and indica cultivars, was
cloned (Sugimoto et al. 2010). The seeds of cultivars with
OsSdr4-n had lower dormancy than those with OsSdr4-k.
OsSdr4 may act as an intermediate seed dormancy-specific
regulator under the control of the regulator OsVp-1. OsSdr4
expression was reduced in an Osvp-I mutant, and the
expression levels of several germination-related genes such
as OsGA20ox-1 (Oikawa et al. 2004), OsPIP (Liu et al.
2007a) and OsEXPB3 (Lee and Kende 2001) were signifi-
cantly higher in the Ossdr4 mutant than in the wild type
(Sugimoto et al. 2010).

However, the functions of orthologous genes of OsSdr4
on seed dormancy in wheat remain to be elucidated. The
objectives of this study were to (1) isolate the ortholo-
gous genes TaSdr in common wheat, (2) develop a func-
tional marker for use in marker-assisted selection for seed
dormancy, and (3) examine the geographic distribution of
allelic variants at the 7aSdr locus in Chinese wheats and
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those from 18 other countries. Cloning of TaSdr genes will
provide an opportunity to characterize the regulatory mech-
anisms and related processes underlying seed dormancy in
wheat.

Materials and methods
Plant materials

Four wheat cultivars with high germination index (GI) and
four with low GI were chosen for cloning 7aSdr genes.
They were Zhongyou 9507 (GI 70.8), Jing 411 (GI 81.5),
Han 6172 (GI 67.0), Heng 7228 (GI 68.4), Yangxiaomai
(GI 7.5), Dagingmang (GI 3.5), Xiaobaiyuhua (GI 4.0) and
Fengchan 3 (GI 3.9). A total of 201 recombinant inbred
lines (RIL) derived from Yangxiaomai/Zhongyou 9507
(Table S1) were used to map TaSdr genes. Yangxiaomai, a
Chinese landrace, had a low GI (7.5), whereas Zhongyou
9507 had a high GI (70.8). A set of Chinese Spring (CS)
nulli-tetrasomic lines was used to determine the chromo-
somal locations of the TaSdr genes. Two sets of Chinese
wheat cultivars (Tables S2 and S3) were used for valida-
tion of the Sdr2B marker and association analysis of the
TaSdr-Bl gene. Set I included 117 cultivars and Set II 84
cultivars. The two sets of wheat cultivars were previous
or current cultivars from different major wheat produc-
tion regions of China, and all had white grain color. Four
hundred and forty-four cultivars from eight Chinese Wheat
Regions (Table S4), covering almost all wheat areas of
China, and 617 cultivars and advanced lines from 18 other
countries (Table S5) were used to investigate allelic varia-
tion at TaSdr-B1 locus.

Field trials and seed dormancy assay
Set I was planted at Beijing and Zhengzhou, Henan prov-

ince, during the 2000-2001 and 2001-2002 cropping sea-
sons. Set II was planted at Anyang, Henan province, in

the 2005-2006 and 2006-2007 cropping seasons. The
Yangxiaomai/Zhongyou 9507 RIL population was grown
in randomized complete blocks with three replicates at Bei-
jing and Shijiazhuang, Hebei province, in the 2011-2012
cropping season.

Seed dormancy measurement was based on GI values
(Walker-Simmons 1988). Spikes were harvested at the
dough-yellow ripping stage, naturally air dried for 2 days,
and hand threshed to avoid damage to the embryos. The
seeds were sterilized with 5 % (V/V) NaClO for 15 min,
and washed three times with sterile water. Fifty seeds
were placed crease down on two layers of filter paper in
each Petri dish; 10 ml of sterile water were added and held
at 20-24 °C. Germinated seeds were counted daily and
removed. Germination index was calculated according to
GI value (Walker-Simmons 1988):

_Ixnp+6xnm+5xnm3+4dxng+...+1xng
B 7 x total grains

GI x 100

where n,, n,... n; were the number of seeds germinated on
the first, second, and the subsequent days until the seventh
day, respectively. Three replications of each sample were
performed.

Cloning and sequence analysis of 7aSdr genes

Common wheat TaSdr genes were cloned by a com-
parative genomics approach. The DNA sequence of rice
OsSdr4 (GenBank accession AB506455) was used in
a BLAST search against the wheat genome database
(http://www.cerealsdb.uk.net). Primers were designed
based on the sequence using the software Premier Primer
V5.0 (http://www.premierbiosoft.com) and synthesized by
Shanghai Sangon Biotech Co., Ltd. (http://www.sangon.
com). All PCR primers used in this study were described
in Table 1.

The primer pair Sdr-1 was used to amplify the full
length 7aSdr genes. The sequences amplified were divided
into three groups corresponding to chromosomes of the

Table 1 Primer sets for cloning

TuSdr genes and STS markers Marker Primer sequences (5'-3") Tm (°C) Amplified target
for testing seed dormancy Sdr-1 F: CACTGGACGCCACTGGAATC 56 Full length TaSdr
developed in this study R: CGTAGGCAATCACCAGTCATTATC
Sdr-2 F: CGTCGGCAGACATCGACTCC 59 A genome-specific
R: GAAGCTCACTAGCTCAGAACACGC
Sdr-3 F: CGTCAGCAGACTTCGACTCGC 57 B genome-specific
R: CAAGAAGCTCACTATCTCAGAACACAA
Sdr-4 F: GCCGCCGACCGCGTGCTA 57 D genome-specific
R: CCACTAAACATGCACCTTAACCTAGTA
Sdr-5 F: CGCCTACGTGTCGGCCC 66 The PCR for CAPS

R: TCCGTGACGACCGCCGGG
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A, B and D genomes. Based on the sequence divergences,
genome-specific primers Sdr-2, Sdr-3 and Sdr-4 were
designed to amplify the A, B and D genome sequences of
TaSdr genes, respectively. Each primer pair was tested on
the CS nulli-tetrasomic lines to determine the chromosomal
locations of the amplified genes.

Genomic DNA was extracted from three kernels using
a method modified from Lagudah et al. (1991). Because of
GC richness (~72 %) in TaSdr gene sequences, GC Buffer
I was used to enhance PCR efficiency. PCR was performed
in volumes of 20 wl, including 10 pnl 2 x GC buffer I,
100 uM of each dNTP, 2 pmol of each primer, 1 U of ExTaq
and 80 ng of template DNA. All reagents were from Takara
Biotechnology Co., Ltd. (http://www.takara.com.cn).
Reaction conditions were 94 °C for 5 min, followed by 35
cycles of 94 °C for 1 min, annealing at 5659 °C for 1 min
(depending on primers), 72 °C for 2 min, and a final exten-
sion of 72 °C for 5 min.

PCR products were separated by electrophoresis on
1 % agarose gels, and targeted bands were recovered
and cloned into the pEASY-T1 simple vector (Beijing
TransGen Biotech Co., Ltd. http://www.transgen.com.cn)
and transformed to DHSa competent E. coli cells by
the heat shock method. Positive clones were sequenced
from both strands by Shanghai Sangon Biotech Co., Ltd.
Sequence analysis and characterization were performed
using the software DNAMAN (http://www.lynnon.com)
and Vector NTI Advance 10 (http://www.invitrogen.com).
PCR and DNA sequencing were repeated two times
to ensure the accuracy of nucleotide sequences. TaSdr
homologs were searched by BLAST, and displayed by an
unrooted phylogenetic tree using MEGA 4 (http://www.m
egasoftware.net).

Development of a functional marker

Based on the two alleles of TaSdr-BI locus that were char-
acterized, a cleaved amplified polymorphism sequence
(CAPS) marker was designed to identify allelic vari-
ants of TaSdr-BI that were validated using Set I and
Set II Chinese wheat cultivars and confirmed with the
Yangxiaomai/Zhongyou 9507 RIL population. PCR was
performed in a total volume of 50 pl, including 25 ul
2 x GC buffer I, 200 uM of each dNTP, 4 pmol of each
primer, 1.5 U of ExTaq and 80 ng of template DNA. Reac-
tion conditions were 94 °C for 5 min, followed by 35
cycles of 94 °C for 1 min, 66 °C for 45 s with a decrease of
0.3 °C per cycle, 72 °C for 1 min, with a final extension of
72 °C for 5 min. The PCR products were purified by Puri-
fication Kit (http://www.tiangen.com), then digested with
Pmlil (http://www.neb-china.com) according to the manu-
facturer’s direction and digested fragments were separated
on 2 % agarose gels.
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Detection of TaVp-1 gene in set I and set II wheat cultivars

The primer sequences of Vp1B3 marker for TaVp-1 gene
were from Yang et al. (2007). PCR was performed in a total
volume of 20 1, including 10 pnl 2 x GC buffer I, 100 pM
of each dNTP, 2 pmol of each primer, 1.0 U of rTaq poly-
merase and 80 ng of template DNA. The reaction condi-
tions were 94 °C for 5 min, followed by 36 cycles of 94 °C
for 1 min, 61 °C for 1 min and 72 °C for 1 min, with a final
extension of 72 °C for 10 min. PCR products were sepa-
rated by electrophoresis in 1.5 % agarose gels stained with
ethidium bromide and visualized using UV light. The geno-
types TaVp-1Ba, TaVp-1Bb and TaVp-1Bc yielded 652, 845
and 569 bp bands, respectively.

Statistical analysis

The analysis of variance (ANOVA) and correlation coeffi-
cients among environments were validated with the Statisti-
cal Analysis System (SAS Institute, V8). ANOVA was per-
formed using PROC GLM and the correlation coefficients
among environments were estimated by PROC CORR.
The differences in GI among genotypes with different PCR
profiles were tested using Duncan's multiple comparison.
The software IciMapping V3.2 (Li et al. 2007, 2008) was
employed for linkage map construction and QTL analysis,
and the genetic distance (centiMorgans cM) was gener-
ated with Kosambi mapping function (Kosambi 1944). The
LOD (logarithm of odds) threshold was set at 3.0 to claim
linkage between markers with an algorithm SERiation and
criterion SARF (sum of adjacent recombination frequen-
cies). QTL detection was conducted using inclusive com-
posite interval mapping (ICIM, Li et al. 2007, 2008), and
a LOD threshold, calculated from 2,000 permutations at a
probability of 0.01, was used for declaring definitive QTL.
The phenotypic variance explained (PVE) by individual
QTL was estimated through stepwise regression at a prob-
ability of 0.001 (Li et al. 2007).

Results
Cloning and characterization of 7TaSdr genes

The BLAST search against the wheat genome database
identified a genomic sequence, contig 360323, exhibiting
77.6 % of sequence identity with OsSdr4 (GenBank acces-
sion AB506455). The primer set Sdr-1 (Table 1), designed
according to the putative sequence, yielded a single
~1.5 Kb fragment. Sequence analysis demonstrated three
similar but different sequences of PCR products, and they
were divided into three groups corresponding to chromo-
somes of the A, B and D genomes. Based on the sequence
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divergences, genome-specific primer pairs Sdr-2, Sdr-3 and
Sdr-4 (Table 1) were designed to amplify the correspond-
ing genes in the A, B and D genomes, respectively. Each
primer pair was tested on the CS nulli-tetrasomic lines to
determine the chromosomal locations of amplified PCR
fragments. For example, amplifications were observed in
all nulli-tetrasomic lines except N2A-T2D, indicating that
TaSdr amplified by the primer pair Sdr-2 was located on
wheat chromosome 2A; this gene was designated as TaSdr-
Al. Likewise, TaSdr-BI and TaSdr-D1 amplified by primer
sets Sdr-3 and Sdr-4, respectively, were located on chromo-
somes 2B and 2D (Fig. S1).

TaSdr-Al contains a 993 bp open reading frame (ORF),
a 254 bp 5’ untranslated region (UTR), and a 266 bp
3’UTR, with 1,513 bp in total. 7aSdr-B1 has a 981 bp ORF,
a 255 bp 5'UTR, and a 267 bp 3'UTR, and is 1,503 bp in
total. TaSdr-D1 contains a 987 bp ORF, a 254 bp 5'UTR,
and a 266 bp 3'UTR, 1,507 bp in total (Fig. S2). The ORF
of TaSdr genes was slightly shorter than that of OsSdr4
which is 1,029 bp. The sequence identity of TaSdr-Al,
TaSdr-Bl and TaSdr-DI was ~96 %, and the similarity of
each sequence to OsSdr4 was ~75 %. The deduced poly-
peptides of TaSdr shared ~68 % sequence identity with
OsSdr4. Like OsSdr4 there was no intron in the ZaSdr
genes. The GC content of TaSdr was ~72.0 %, thus show-
ing GC-rich characteristics. Based on the DNA sequences
and predicated proteins of TaSdr, we concluded that TaSdr
were orthologs of OsSdr4.

Homologous genes of TaSdr

Fifteen TaSdr homologs besides OsSdr were found by
BLAST, including three genes from Brachypodium distach-
yon (XM_003559980, XM_003559981, XM_003576883),
two from maize (NM_001151595, NM_001152143),
one from sorghum (XM_002460891), seven from Arabi-
dopsis (NM_001123893, NM_123444, NM_124417,
NM_123445, NM_114709, NM_125730, BT_012643) and
one from grape (XM_002283317). Phylogenetic analysis
based on these homologous sequences placed them in two
groups. Group 1 contained the homologous genes from
wheat, rice, Brachypodium distachyon, maize and sorghum.
The genes from wheat, B. distachyon and rice showed
high similarity, but the wheat genes were more similar to
B. distachyon than to rice. Maize ZmSdr genes showed
close relationship with sorghum. Most of the Arabidopsis
homologs were in group 2 (Fig. 1).

Allelic variants for TaSdr genes
Sequence analysis showed a SNP at the position 643 in

TaSdr-Al, with G in genotypes with lower GI values and A
in those with higher GI; the two alleles were designated as

TaSdr-Ala (GenBank accession KF021988) and TaSdr-Alb
(GenBank accession KF021989), respectively. The G/A
mutation resulted in amino acid change from Valine to Iso-
leucine. DNA sequencing of the TaSdr-Bl locus revealed
no diversity in the coding sequence (CDS), but a SNP was
found at position —11 in the promoter region, with A in
genotypes with lower GI values and G in those with higher
GI (Fig. 2); the two alleles were designated as TaSdr-Bla
(GenBank accession KF021990) and TaSdr-B1b (GenBank
accession KF021991), respectively. No diversity was found
at TaSdr-D1 locus (GenBank accession KF021992).

Development of a CAPS marker for TaSdr-B1

The SNP at the position -11 of TaSdr-BI produced a
restriction enzyme Pmll recognition site (CACGTG) in low
GI genotypes, but not in high GI genotypes. Based on this
SNP, a cleaved amplified polymorphism sequence (CAPS)
marker, designated as Sdr2B, was developed to discrimi-
nate the two alleles. The chromosome 2B-specific primer
set Sdr-5 was used firstly to amplify an 826 bp fragment
of TaSdr-B1 from all cultivars. Because of a second Pmll
recognition site in the amplified region (Fig. 2) three frag-
ments of 60, 116 and 650 bp were generated in genotype
TaSdr-Bla, whereas two fragments of 60 and 766 bp were
produced in TaSdr-Blb. The specific bands of 650 and
766 bp can be used to distinguish between TaSdr-Bla and
TaSdr-BIb.

Linkage and association mapping of TaSdr-B1

The phenotypic data in the Yangxiaomai/Zhongyou 9507
RIL population showed continuous distributions of GI indi-
cating a typical quantitative inheritance (Fig. 3). Linkage
analysis showed that Sdr2B was closely linked (3.2 cM) to
Xwmc477, an SSR marker located the near centromere of
chromosome 2B (Fig. 4). The mapped location was con-
sistent with the results obtained from CS nulli-tetrasomic
lines. Based on 2,000 permutations at a probability of 0.01,
the LOD scores to declare a significant QTL for GI were
2.13, 2.18 and 2.06, respectively, in the environments Bei-
jing, Shijiazhuang and the averaged data from both envi-
ronments, thus a LOD score of 2.2 was set as the threshold
for declaring significant QTL. A QTL (7aSdr-B1) for GI
co-segregating with Sdr2B, with LOD scores 3.5, 2.9 and
4.0, explained 7.8, 6.4 and 8.7 % of the phenotypic vari-
ances in the Yangxiaomai/Zhongyou 9507 RIL population
in the environments Beijing, Shijiazhuang and the aver-
aged data from both environments, respectively, (Fig. 4).
Two sets of Chinese wheat cultivars used for association
mapping of TaSdr-B1 (Table S2 and S3) were genotyped
by Sdr2B (Fig. S3). Cultivars with the genotype TaSdr-B1b
showed significantly higher GI than TaSdr-Bla genotypes
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Fig. 1 Phylogenetic tree of

TaSdr homologs. Fifteen TaSdr

homologs were obtained by

BLAST. Phylogenetic analysis

based on sequence classified

these homologous genes into % .
two groups. Wheat, Brachypo-

dium distachyon and rice genes

had highly similar sequences

—
0.1

(Table 2) on average, confirming the association of TaSdr-
B1 with GI values.

Combined phenotypic effects of TaSdr-B1 and TaVp-1B

TaVp-1B is also involved in the regulation of seed dor-
mancy. PHS-tolerant cultivars have alleles TaVp-1Bb
or TaVp-1Bc, and susceptible cultivars frequently have
TaVp-1Ba (Yang et al. 2007). The TaVp-1Ba and TaVp-
1Bc are common in wheat cultivars and TaVp-1Bb is a
rare allele. When markers for the TaSdr-B1 and TaVp-1B
genes were used to test Set I and Set II cultivars signifi-
cant associations were identified between genotypes and
phenotypes (Table 2). In set I cultivars, the genotype
TaSdr-B1b/TaVp-1Ba exhibited the highest GI (54.8),
whereas TaSdr-BlalTaVp-1Bc had the lowest GI (15.6).
Among 39 cultivars with genotype TaSdr-B1b/TaVp-1Ba,
20 had GI high than 50, and 11 had GI values of 30-50.
Whereas among 18 cultivars with genotype 7TaSdr-
Blal/TaVp-1Bc, 16 had GI lower than 31, the proportion
of tolerant cultivars was 88.9 %. Similar results were
found in Set II cultivars. Genotype TaSdr-Bl1b/TaVp-
1Ba also exhibited the highest mean GI (45.8), and
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TaSdr-Bla/TaVp-1Bc showed a lower average GI value
(31.9). However, the genotype TaSdr-BI1b/TaVp-1Bb
exhibited the lowest GI value (15.8) in Set II. Therefore,
the combination of two STS markers, Sdr2B and Vp1B3,
could improve the accuracy of marker-assisted breeding
for improving PHS tolerance.

Geographic distribution of TaSdr-B1 alleles

Four hundred and forty-four cultivars from eight Chinese
Wheat Regions (Table S4) and 617 lines from 18 other
countries (Table S5) were used for testing the geographic
distribution of TaSdr-B1 alleles. Among the Chinese culti-
vars, 166 (37.4 %) carried TaSdr-Bla. The proportions of
TaSdr-Bla were higher in the Middle and Lower Yangtze
Valley Winter Wheat Region (III) (48.9 %) and Southwest
Winter Wheat Region (IV) (41.9 %) (Table S6; Fig. 5). The
Xinjiang Winter—Spring Wheat Region (X), where annual
rainfall was only 0-200 mm, had the lowest frequency of
TaSdr-Bla (14.8 %). The frequencies of the TaSdr-Bla
allele in Japanese, Australian and Argentine cultivars were
62.5, 37.1 and 36.4 %, respectively, (Table S7; Fig. 6).
Canadian (33.3 %) and Chilean (20.5 %) cultivars had
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TaSdr-Bla GCCCTTCACTGGACGCCACTGGAATCCACAGTCCTCTCCCTCCAAAGCAGCGCGCCCCGC 60
TaSdr-Blb GCCCTTCACTGGACGCCACTGGAATCCACAGTCCTCTCCCTCCAAAGCAGCGCGCCCCGC 60
Sdr-5 Forward primer
TaSdr-Bla GACTCGCCTCICGCCTACGTGTCGGCCCICGTCCCCGCCCGCTCGCCCACGTACCCCGCGCC 120
TaSdr-BIb GACTCGCCTCCGCCTACGTGTCGGCCCCGTCCCCGCCCGCTCGCCCACGTACCCCGCGCC 120
PmiI recognition site
TaSdr-Bla TCGTTCCCACGTGICCCCTCCCTCTGCGCGCATCCGATTGGCCGCCCACGCCTTCTTAAGC 180
TaSdr-Blb TCGTTCCICACGTGICCCCTCCCTCTGCGCGCATCCGATTGGCCGCCCACGCCTTCTTAAGC 180

TaSdr-Bla CGGCACGGCACCGGGACCCAACGCCGTGCACTCCGTCCACCCCCGTCAGCAGACTTCGAC 240

TaSdr-Blb CGGCACGGCACCGGGACCCAACGCCGTGCACTCCGTCCACCCCCGTCAGCAGACTTCGAC 240
PmiX recognition site  initiation codon

TaSdr-Bla TCGICACGTGICACGCA[ATG]

N N G300
TaSdr-Blb TCGCGCGTGCACGCAATGIGCCATGGTGCAGCCGGCGGACATGGCCGTCAAGGCCAACGAG 300

TaSdr-Bla ATCCTCGCGCGGTTCCGGCCCATCGCGCCCAAGCCCGCCCTGCCGGCGTCGCCGGTGCAG 360
TaSdr-Bl1b ATCCTCGCGCGGTTCCGGCCCATCGCGCCCAAGCCCGCCCTGCCGGCGTCGCCGGTGCAG 360

TaSdr-Bla GCGATCGACGGCGCCGCCGACCGCGTGCTCTGCCACCTGCAGAACAGGCCGTGCCGGGCA 420
TaSdr-Bl1b GCGATCGACGGCGCCGCCGACCGCGTGCTCTGCCACCTGCAGAACAGGCCGTGCCGGGCA 420

TaSdr-Bla AGGAAGCGCGGGCGCCCGAGCGCCGTGCCGGTGTCCGCGCCGGCCGCTGCCGCCAAGAGG 480
TaSdr-B1b AGGAAGCGCGGGCGCCCGAGCGCCGTGCCGGTGTCCGCGCCGGCCGCTGCCGCCAAGAGG 480

TaSdr-Bla AAGAGGGCGGCGTACCCGGTGCCGCTCCGGTGCGCGGCGGCGGCGGCCACCGACGCGGTG 540
TaSdr-Bl1b AAGAGGGCGGCGTACCCGGTGCCGCTCCGGTGCGCGGCGGCGGCGGCCACCGACGCGGTG 540

TaSdr-Bla GTGTCCACCGCGACGAGGGCCTATGTGTCCGTGCCGGGCAGTGCATGCATGCCGTTTGCG 600
TaSdr-B1b GTGTCCACCGCGACGAGGGCCTATGTGTCCGTGCCGGGCAGTGCATGCATGCCGTTTGCG 600

TaSdr-Bla TCCCTCCCGCCGGCGACCGCGAGTACCGGCGGGAATCTGACGATGCTCTCGACGACCATG 660
TaSdr-Blb TCCCTCCCGCCGGCGACCGCGAGTACCGGCGGGAATCTGACGATGCTCTCGACGACCATG 660

TaSdr-Bla GT! iGCGACGACGAAGAGGAGGAGAGGGA! GG 720
TaSdr-Blb GTGGCGGGCGACGACGAAGAGGAGGAGAGGGACGTCCCCGTGGAGCGCGACCTGCTGCGG 720

TaSdr-Bla AAGCTGCTGGAGCCCAAGGTGATCTCGCCGCGGGCGATGCGCCCCGTAGGATCCACCATC 780
TaSdr-B1b AAGCTGCTGGAGCCCAAGGTGATCTCGCCGCGGGCGATGCGCCCCGTAGGATCCACCATC 780

TaSdr-Bla CACGTCGAATCCATCGTCCCCGGCGCCGTCGACGCGACCAGCACCGCCGCCTCGAAGACG 840

TaSdr-B1b CACGTCGAATCCATCGTCCCCGGCGCCGTCGACGCGACCAGCACCGCCGCCTCGAAGACG 840
Sdr-5 Reverse primer

TaSdr-Bla GCGGAGGAGGTGGAGGCGGAGGTGGAGACCGACGCGCTICCCGGCGGTCGTCACGGAICTCG 900

TaSdr-Blb GCGGAGGAGGTGGAGGCGGAGGTGGAGACCGACGCGCTCCCGGCGGTCGTCACGGACTCG 900

TaSdr-Bla AGCAACCGCGTCCGGCTGGTGAACGACGCGTACAAGGAGATGGTGGGCGCGCCCGAGTGC 960
TaSdr-Blb AGCAACCGCGTCCGGCTGGTGAACGACGCGTACAAGGAGATGGTGGGCGCGCCCGAGTGC 960

TaSdr-Bla CTG “TGGTGGTG 1020
TaSdr-Blb CTGTGGCTCGGCGCGGTGGCCGCGTCGAGGAGGATCAGCGGGGAGGTGGCGCTGGTGGTG 1020

TaSdr-Bla GCCGAGCAGGCGACGCTGCCGGAGTCCCCAGGGGGGTTCTCGTGCACGGCGAAGATCGAG 1080
TaSdr-Blb GCCGAGCAGGCGACGCTGCCGGAGTCCCCAGGGGGGTTCTCGTGCACGGCGAAGATCGAG 1080

TaSdr-Bla TGGGAGTGCCGCGGCGGCGAGCGGGCTTCCTTCCATGCAGCGTGCGACGTCAGCCGGCTG 1140
TaSdr-Bl1b TGGGAGTGCCGCGGCGGCGAGCGGGCTTCCTTCCATGCAGCGTGCGACGTCAGCCGGCTG 1140

TaSdr-Bla CAGTGCGAGTACAGGCACTACCTCTTCGCCTGGAGGTTTCGCACCGCCGATGCATCATCG 1200
TaSdr-Bl1b CAGTGCGAGTACAGGCACTACCTCTTCGCCTGGAGGTTTCGCACCGCCGATGCATCATCG 1200

‘Termination codon

TaSdr-Bla TCCGGCAGCAGCCACCGCGCCGGCGGCGACGCA-G ACACTCAAGACCCCAAGCAGCGT 1260

TaSdr-Blb GACACTCAAGACCCCAAGCAGCGT 1260

TaSdr-Bla GCGAAACTAAGTGCATAGGTCATAGATTAAGGTGCATGTTTTGTTACTGTTAAACTACTA 1320
TaSdr-Blb GCGAAACTAAGTGCATAGGTCATAGATTAAGGTGCATGTTTTGTTACTGTTAAACTACTA 1320

TaSdr-Bla GGTTAAGGTGCATGTTTAGTGGTACTGGTAAACCTAGGTGAACTGTTTCCTTTTTTGGGA 1380
TaSdr-Blb GGTTAAGGTGCATGTTTAGTGGTACTGGTAAACCTAGGTGAACTGTTTCCTTTTTTGGGA 1380

TaSdr-Bla AGCCTGCATGGTGCATGCCCGGGTTCTAAAGTACATATGATGTTGACCGGACAATGCAAG 1440
TaSdr-Blb AGCCTGCATGGTGCATGCCCGGGTTCTAAAGTACATATGATGTTGACCGGACAATGCAAG 1440
TaSdr-Bla GGAAAAATATGACGTGTGCTTTAGTCAATTGCACGTCTGCTGTTGTGTTCTGAGATAGTG 1500

TaSdr-Blb GGAAAAATATGACGTGTGCTTTAGTCAATTGCACGTCTGCTGTTGTGTTCTGAGATAGTG 1500

TaSdr-Bla AGC 1503
TaSdr-BI1b AGC 1503

Fig. 2 Alignment of alleles TaSdr-Bla and TaSdr-Blb located on
wheat chromosome 2B. The open reading frame (ORF) is underlined,
the initiation and termination codons are boxed; the SNP is shad-
owed, the forward and reverse primers of Sdr-5 are boxed and bolded;
the Pmll recognition site is boxed and italicized

somewhat lower frequencies of TaSdr-Bla. No TaSdr-
Bla genotype was found among cultivars from Germany,
Romania, Russia, Ukraine and Serbia.

Discussion
Genes involved in seed dormancy

Seed dormancy in wheat is controlled by many genes. Red
grain color controlled by R genes is known to be associ-
ated with the seed dormancy (Flintham 2000; Warner et al.
2000; Himi et al. 2002). The R genes affect water imbibi-
tion, and the red grain coat mostly acts as a physical barrier
to radicle growth. However, most of the genes associated
with seed dormancy are involved in abscisic acid (ABA)
pathways. In Arabidopsis, AtABI3, AtFUS3, AtLECI,
AtAIP2, AtHUBI and KYP/SUVH4 are involved in ABA
synthesis and ABA signal transduction (Parcy et al. 1997,
Stone et al. 2001; Kurup et al. 2000; Liu et al. 2007b; Zheng
et al. 2012). A CYP707A family that catalyzes 8’-hydroxy-
lation of ABA to PA was identified in Arabidopsis (Kushiro
et al. 2004; Saito et al. 2004). The CYP707A2 sequence
was used to identify barley homologs by BLAST search,
and barley HvCYP707A1 was cloned by a comparative
genomics approach. Increased expression of HvCYP707A1
led to a rapid ABA decrease and high germination percent-
age (Chono et al. 2006). TaCYP707A1 was highly similar
to HvCYP707A1, at both the nucleotide and protein levels.
Chromosome localization indicated the 7aCYP707A1 gene
resided on chromosome 6BL in wheat (Zhang et al. 2009).
The Viviparous-1 developmental gene in maize encodes
a transcriptional activator (McCarty et al. 1991; Hattori
et al. 1992); homologs of the maize ZmVpl gene were iso-
lated from rice and wheat (Hattori et al. 1994; Bailey et al.
1999). New alleles of TaVp-1 were reported and STS mark-
ers for PHS tolerance were developed in wheat (Yang et al.
2007; Xia et al. 2008; Chang et al. 2010a, b, 2011). The
TaDOGILI and HvDOGILI genes had similar function
to AtDOG1 (Bentsink et al. 2006; Ashikawa et al. 2010).
OsSdr4, an intermediate regulator of dormancy between
OsVp-1 and OsDOG]I-like genes in the seed maturation
program, was cloned (Sugimoto et al. 2010). Recently, a
detailed functional analysis showed that AtMFT is a nega-
tive regulator of ABA sensitivity during seed germination
in Arabidopsis. The AtMFT expression is directly regu-
lated by ArABI3, AtABI5 and DELLA proteins (Xi et al.
2010). In wheat, TaMFT expression suppressed germina-
tion, opposite to the action of AtMFT. TaMFT was also the
causal gene for the wheat seed dormancy QTL QPhs.ocs-
3A.1 (Nakamura et al. 2011). Liu et al. (2013) cloned and
characterized a gene on the chromosome 3AS for PHS
resistance in white wheat using map-based cloning. This
gene, designated TaPHS1, is a homolog of TaMFT. RNA
interference-mediated knockdown of the gene confirmed
that TaPHS1 positively regulates PHS resistance. In wheat,
genes associated with seed dormancy are still relatively few
in number, and functional markers that could be used for
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¥ OsSdr4. The coding region of OsSdr4 contains clustered
sequence differences corresponding to one 3-bp InDel and
three amino acid substitutions, along with four SNPs, and
three of them resulting in amino acid changes. The clus-
tered sequence changes are resulted from an 18-bp direct
repeat in OsSdr4-n, which could have been created by dou-
ble-strand cleavage and repair in the corresponding region
Sdr2B (TaSdr-BI) — R of OsSdr4-k (Sugimoto et al. 2010). However, there was
% o only a SNP in the promoter region of TaSdr-B1.
Xwmed77 In rice, OsSdr4 expression is positively regulated by
OsVp-1, which in turn positively regulates OsDOGI-like
98 — gvﬁfage genes, suggesting that OsSdr4 acts as an intermediate regu-
- s]:'.l{mg lator of dormancy in the seed maturation program (Sugi-
Xbarclo4 % | | ijjiazhuang o
15 moto et al. 2010). In wheat, an association of TaVp-I and
i‘;wm;zj 2l TaDOGILI genes with seed dormancy was identified pre-
arc.

Fig. 4 Linkage map of functional marker Sdr2B and SSR mark-
ers on wheat chromosome 2B and mapping of 7aSdr-Bl using
Yangxiaomai/Zhongyou 9507 RILs. Sdr2B was 3.2 cM from SSR
marker Xwmc477 located near the centromere. A QTL for GI co-seg-
regating with Sdr2B explained 6.4, 7.8 and 8.7 % of the phenotypic
variance in environments Shijiazhuang, Beijing and the averaged data
from both environments, respectively. The solid black box indicated
the centromere

screening low GI cultivars are also limited. It is therefore
necessary to clone novel genes and develop reliable func-
tional markers for seed dormancy.

@ Springer

viously (Yang et al. 2007; Ashikawa et al. 2010; Chang
et al. 2010a, b, 2011). In the present study, a relationship
of TaSdr-Bl with seed dormancy was also elucidated. It
is very likely that the 7TaVp-1, TaSdr-B1 and TaDOGILI
genes have the similar functions to orthologous genes in
rice.

Relationship between TaSdr-B1 and QTL for PHS
tolerance on chromosome 2B

Chromosomes 2B is of particular importance for PHS tol-
erance as many major QTL for PHS were found on this
chromosome in both white and red wheats (Kulwal et al.
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Table 2 Association between Experiment Genotype Number of accessions Mean GI*  Standard deviation Range

TaSdr-B1 and TaSdr-B1/TaVp-

1B genotypes and germination Set T TaSdr-Bla 37 24.8a 18.9 0.0-64.0

L‘V‘g:;‘t(flﬁi:i‘;es in Chinese TuSdr-B1b 80 383b 312 1.0-100
TaSdr-B1b/TaVp-1Ba 39 54.8a 322 3.5-100.0
TaSdr-Blal/TaVp-1Bb 1 47.5ab - -
TaSdr-B1b/TaVp-1Bb 6 36.4ab 15.3 8.0-50.0
TaSdr-BlalTaVp-1Ba 18 32.8ab 18.3 0.0-64.0
TaSdr-B1b/TaVp-1Bc 35 20.3ab 20.6 1.0-87.0
TaSdr-Bla/TaVp-1Bc 18 15.6b 28.6 0.0-52.0

Set IT TaSdr-Bla 30 28.2a 15.8 3.9-66.7

TaSdr-BIb 54 39.4b 183 6.7-70.8
TaSdr-B1b/TaVp-1Ba 23 45.8a 17.2 6.7-70.8
TaSdr-B1b/TaVp-1Bc 26 38.2ab 17.0 7.0-68.4
TaSdr-BlalTaVp-1Bc 14 31.9b 16.1 3.9-66.7
TaSdr-BlalTaVp-1Ba 16 25.0bc 13.5 4.0-47.3

* Numbers followed by TaSdr-B1b/TaVp-1Bb 5 15.8¢ 8.0 6.9-24.0

different letters are significantly
different at P = 0.05

TaSdr-BlalTaVp-1Bb

0 - _ -

TaSdr-Bla ~ ® TaSdr-Blb ‘

Fig. 5 Geographic distribution of TaSdr-B1 alleles in Chinese Wheat
Regions. The frequencies of TaSdr-Bla were highest in the Mid-
dle and Lower Yangtze River Valley Winter Wheat Region (III) and
Southwest Winter Wheat Region (IV), at 48.9 and 41.9 %, respec-
tively. The frequencies of TaSdr-Bla were also high in the Northern
Winter Wheat Region (I), Yellow and Huai Valleys Winter Region
(II), Northeastern Spring Wheat Region (VI), Northern Spring Wheat
Region (VII) and Northwestern Spring Wheat Region (VIII). The
Xinjiang Winter—Spring Wheat Region (X), where annual rainfall was
only 0-200 mm, had the lowest frequency (14.8 %) of TuSdr-Bla

2004, 2012; Liu et al. 2008; Mohan et al. 2009; Munkvold
et al. 2009; Singh et al. 2010; Somyong 2010; Jaiswal et al.
2012; Lan et al. 2012; Rehman Arif et al. 2012; Lohwasser
et al. 2013; Miao et al. 2013). In the present study, Sdr2B
was spanned by Xwmc477 and Xbarc55 on chromosome
2B, with genetic distances of 3.2 and 11.6 cM, respec-
tively. On the high-density microsatellite consensus map
for bread wheat (Somers et al. 2004), the genetic distance

Australia
Argentina
Mexico

Russia
Serbia

Ukraine

|® Tusdr-Bla  ® TuSdr-Blb|

Fig. 6 Frequencies of TaSdr-BI alleles in cultivars from different
countries. The proportion of TaSdr-Bla declined from Japan (62.5 %)
to Serbia (0 %). Cultivars from Australia, Argentina, Canada and
Chile also had high frequencies of TauSdr-Bla. The TaSdr-Bla allele
was not present in cultivars from Germany, Romania, Russia, Ukraine
and Serbia

of SSR marker Xwmc474 to Xwmc477 is 4.0 cM, thus
Sdr2B and Xwmc474 is likely to be in the same or close
location. In previous studies, several QTL for PHS toler-
ance were reported in or nearby this region. For example,
Munkvold et al. (2009) reported a major QTL QPhs.cnl-
2B.1 on the chromosome 2BS in the marker interval of
Xbarc55-Xwmce474; it was detected in 16 environments
with LOD scores of up to 27.1 and explained 24 % of the
phenotypic variation using the mean PHS score. Another
QTL, near Xbarc328, explain up to 5 % of the variation,
was identified by Kulwal et al. (2012). Liu et al. (2008)
detected two QTL on chromosome 2B using a popula-
tion of 171 RILs. One QTL, QPhs.pseru-2B.2, flanked by
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markers Xbarcl05 and Xbarc334, explained 4.5 % of the
phenotypic variation for PHS resistance. QPhs.pseru-2B.2
was 12-18 cM from marker Xwmc474. Somyong (2010)
reported two QTL for PHS on chromosome 2BS; the first
one was located between Xwmc453¢ and Xbarc55, and the
second was in the interval between Xwmc474 and rCaPK.
Among these QTL, TaSdr-B1 was likely to be in the same
region as that reported by Munkvold et al. (2009) and
Somyong (2010).

There is a large difference in GI between the population
parents, Yangxiaomai (7.5) and Zhongyou 9507 (70.8), but
a minor QTL effect near TaSdr was detected in the present
study. The reason may be attributed to other genes that also
contribute to seed dormancy in the Yangxiaomai/Zhongyou
9507 population, such as R, TaVp-1, TaDOGILI,
TaCYP707A1, and/or TaMFT (TaPHS]I) genes.

Geographic distribution of TaSdr-B1 alleles

In China, PHS is common in the Middle and Lower Yang-
tze Valley Winter Wheat Region (III), Southwest Win-
ter Wheat Region (IV), Yellow and Huai Valleys Winter
Region (II), Northeastern Spring Wheat Region (VI) and
the Northern Winter Wheat Region (I) (Zhang et al. 1989).
Wheat cultivars in other countries such as Japan, Australia,
Canada, USA and Germany, are often damaged by PHS
(Derera et al. 1977).

Various seed traits, including dormancy, have been
selected through crop domestication. In general, wheat
cultivars from areas with more serious PHS have a higher
frequency of the PHS tolerance allele 7TaSdr-Bla, which
can be attributed to a positive selection. The frequencies
of TaSdr-Bla were highest in the Chinese wheat regions
IIT and IV, consistent with the higher incidence of PHS in
those regions. Similarly, higher frequencies of 7TaSdr-Bla
allele were also found in Japanese, Australian and Argen-
tina cultivars. In China, wheat cultivars from region X had
the lowest frequency (14.8 %) of TaSdr-Bla probably due
to the low annual rainfall (0—200 mm) and absence of a
PHS problem in Xinjiang. No TaSdr-Bla was found in Ger-
man, Romanian, Russian and Ukrainian wheat cultivars,
but almost all of those tested in this study were red grained,
and it is likely that R genes conferred seed dormancy in
those cultivars. Combined selections using molecular
markers of R genes and the PHS resistance alleles TaSdr-
Bla and TaVp-1Bc alleles would certainly increase toler-
ance to PHS in red wheat cultivars.
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