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Abstract Responsiveness to abscisic acid (ABA) during

vegetative growth plays an important role in regulating

adaptive responses to various environmental conditions,

including activation of a number of ABA-responsive genes.

However, the relationship between gene expression and

responsiveness to ABA at the seedling stage has not been

well studied in wheat. In the present study, quantitative

trait locus (QTL) analysis for ABA responsiveness at the

seedling stage was performed using recombinant inbred

lines derived from a cross between common wheat culti-

vars showing different ABA responsiveness. Five QTLs

were found to be significant, located on chromosomes 1B,

2A, 3A, 6D and 7B. The QTL with the greatest effect was

located on chromosome 6D and explained 11.12% of the

variance in ABA responsiveness. The other QTLs each

accounted for approximately 5–8% of the phenotypic

variation. Expression analyses of three ABA-responsive

Cor/Lea genes, Wdhn13, Wrab15 and Wrab17, showed that

allelic differences in QTLs on chromosomes 2A, 6D and

7B influenced expression of these genes in seedlings trea-

ted with ABA. The 3A QTL appeared to be involved in the

regulatory system of Wdhn13 and Wrab15, but not

Wrab17. The effects of the 2A and 6D QTLs on gene

expression were relatively large. The combination of

alleles at the QTLs resulted in an additive or synergistic

effect on Cor/Lea expression. These results indicate that

the QTLs influencing ABA responsiveness are associated

with ABA-regulated gene expression and suggest that the

QTL on chromosome 6D with the largest effect acts as a

key regulator of ABA responses including seedling growth

arrest and gene expression during the vegetative stage.

Introduction

Abscisic acid (ABA), a phytohormone, regulates many

important aspects of plant growth and development

including seed maturation and dormancy, stress tolerance

and water use (Leung and Giraudat 1998; Finkelstein et al.

2002). A greater understanding of the mechanisms of

ABA-regulated gene expression has been achieved through

genetic and molecular studies in Arabidopsis thaliana

(Hirayama and Shinozaki 2007). The ABA-insensitive (abi)

mutants of Arabidopsis are the most extensively charac-

terized ABA response mutants (reviewed by Finkelstein

et al. 2002). These mutations confer reduced seed dor-

mancy and decreased sensitivity to exogenous ABA for

inhibition of germination. ABI1 and ABI2 encode protein

phosphatase 2C, whereas ABI3, ABI4 and ABI5 encode

transcription factors. ABI3 and ABI5 function as interme-

diates in ABA signaling to regulate seed maturation and
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germination, as well as expression of genes that increase

desiccation tolerance during embryo dehydration at a later

maturational stage (Lopez-Molina et al. 2001, 2002; Carles

et al. 2002). During vegetative growth, ABA also mediates

adaptive responses to various environmental conditions

such as drought, salt and cold (Leung and Giraudat 1998;

Finkelstein et al. 2002). Endogenous ABA concentration is

increased on exposure to water deficit, and this increased

ABA level is considered to be an essential mediator of the

plant’s response to dehydration (Leung and Giraudat

1998). ABA-mediated signal transduction pathways, acting

under abiotic stresses, are organized by various compo-

nents including enzymes of ABA biosynthesis, protein

kinases and phosphatases, and transcription factors regu-

lating a number of Cor (cold-responsive)/Lea (late-

embryogenesis abundant) genes (Thomashow 1999; Xiong

et al. 2002; Yamaguchi-Shinozaki and Shinozaki 2006).

In wheat embryos, ABA is known as a key regulator of

seed dormancy (Walker-Shimons 1987). Seed dormancy is

an important agronomical trait because crop species such

as wheat, barley, rice and sorghum exhibit low dormancy

during grain development, leading to a susceptibility to

pre-harvest sprouting. Many previous quantitative trait

locus (QTL) analyses of seed dormancy and pre-harvest

sprouting in common wheat have found major QTLs on

homoeologous group 3 and 4 chromosomes (Imtiaz et al.

2008; Kulwal et al. 2005; Osa et al. 2003; Mori et al. 2005;

Kato et al. 2001; Mares et al. 2005; Torada et al. 2008;

Ogbonnaya et al. 2008). Moreover, studies using aneuploid

lines of common wheat showed that chromosomes 2D and

4A carry genes for embryonic sensitivity to ABA and

dormancy (Noda et al. 2002). In diploid wheat, several

ABA signaling genes were isolated and mapped on chro-

mosomes 3Am and 5Am to compare the map positions with

those of QTLs for seed dormancy (Nakamura et al. 2007).

ABA responsiveness during the vegetative stage has

also been studied in common wheat. A major locus reg-

ulating ABA accumulation in dehydrated leaves was

mapped on the long arm of chromosome 5A using a

mapping population from the cross between ‘Chinese

Spring’ (CS) (low ABA accumulation) and ‘SQ1’ (high

ABA accumulation) (Quarrie et al. 1994). This population

was also used in QTL analysis for grain yield under

various environmental conditions (Quarrie et al. 2005).

ABA responsiveness of seedlings was compared between

the freeze-tolerant cultivar ‘Mironovskaya 808’ (M808)

and CS, which is sensitive to freezing (Kobayashi et al.

2006). M808 showed a higher ABA responsiveness and

accumulated more ABA-responsive Cor/Lea transcripts

after exogenous ABA treatment than CS (Kobayashi et al.

2006). Mutant analyses using two common wheat lines

showed a higher induction level of ABA-responsive genes

in the ABA-treated seedlings of both ABA-less-sensitive

and ABA-hypersensitive mutants than in their parental

lines (Kobayashi et al. 2006, 2008a). These two mutants

also showed a significantly higher freezing tolerance than

their parental lines, at least in seedlings without cold

acclimation, the process whereby plants increase their

freezing tolerance (Kobayashi et al. 2006, 2008a). These

results make it possible to assume that enhanced levels

of ABA-induced gene expression or unknown ABA-

dependent pathways are involved in the determination of

the level of freezing tolerance.

Although a number of studies such as QTL analyses and

isolation of ABA-responsive genes at the seed stage have

been reported, information on the relationship between

seedling responsiveness to ABA and expression of ABA-

responsive genes during vegetative growth is still limited in

wheat and related species. ABA response, including gene

expression at the vegetative stage, is considered to influ-

ence the development of environmental stress tolerance. In

this study, we detected QTLs associated with ABA

responsiveness during seedling growth using a mapping

population of recombinant inbred lines (RILs) from a cross

between M808 and CS and studied expression profiles of

the ABA-responsive Cor/Lea genes in RILs carrying each

QTL. These analyses showed that the QTLs influenced

both seedling growth inhibition and gene expression in the

presence of ABA and therefore seemed to be key regulators

of the ABA response in seedlings of common wheat.

Materials and methods

Plant materials

The mapping population of 210 RILs was established at

the F7 generation by the single-seed descent method from

an F2 family derived from the common wheat (Triticum

aestivum L.) cultivars M808 and CS. M808 was bred in

Mironovska Institute, Ukraine. It is reported to be one of

the hardiest wheat cultivars tested (Veisz and Sutka 1990;

Ohno et al. 2001; Kobayashi et al. 2004a; Kume et al.

2005), and its seedlings are more responsive to exogenous

ABA than those of CS (Kobayashi et al. 2006).

Bioassay for ABA responsiveness during seedling

growth

For seed germination, seeds from each line were imbibed

under tap water for 5 h and kept overnight at 4�C. Imbibed

seeds were placed in glass Petri dishes (90 mm in diameter

and 20 mm in depth) containing filter papers (82 mm

diameter) wetted with distilled water and incubated for

24 h at 20�C in the dark. Ten synchronously germinated

seeds were further treated with distilled water or 20 lM
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ABA solution under the same conditions as for germina-

tion. After 3 days, the lengths of the shoots and primary

roots were recorded. The whole experiment was repeated

three times for statistical analysis.

SSR amplification and detection of polymorphisms

To amplify the PCR fragment of SSR markers, total DNA

was extracted from the parents and RILs using standard

procedures. A total of 102 wmc, 154 gwm, 23 gdm, 203

barc, 45 cfd, 3 cfa, 39 hbg, 16 hbe and 3 hbd (http://wheat.

pw.usda.gov/GG2/index.shtml; http://nics.naro.affrc.go.jp/

team/dna_marker/) primer pairs were tested for the detec-

tion of polymorphisms between CS and M808. The PCR

amplification procedure was performed according to pre-

vious reports (Gupta et al. 2002; Röder et al. 1998;

Pestsova et al. 2000; Song et al. 2005; Guyomarc’h et al.

2002; Torada et al. 2006). The amplification and poly-

morphism of the PCR products were analyzed with a high-

efficiency genome scanning (HEGS) system (Nihon Eido,

Tokyo, Japan) according to Hori et al. (2003).

Genetic mapping and QTL analysis

Polymorphic SSRs of the parents were genotyped and used

for map construction. Genetic mapping was performed

using MAPMAKER/EXP version 3.0b (Lander et al.

1987). The threshold for log-likelihood (LOD) scores was

set at 3.0, and the genetic distances were calculated with

the Kosambi function (Kosambi 1944). A total of 37 wmc,

83 gwm, 9 gdm, 124 barc, 21 cfd, 1 cfa, 29 hbg, 6 hbe and

3 hbd loci were used to assign chromosomes as anchor

markers. Chromosomal assignment was generally con-

ducted based on other reference maps (Gupta et al. 2002;

Röder et al. 1998; Pestsova et al. 2000; Somers et al. 2004;

Song et al. 2005; Guyomarc’h et al. 2002; Torada et al.

2006).

QTL analysis was carried out by composite interval

mapping using Windows QTL Cartographer version 2.5

(Wang et al. 2007) with the forward and backward method.

An LOD score threshold of 2.5 was determined by com-

puting 1,000 permutations. The percentage of phenotypic

variation explained by a QTL for a trait and the additive

effect were also estimated using the software.

Gene expression analysis

To analyze the gene expression pattern of three Cor/Lea

genes [Wdhn13 (accession number AB076807), Wrab15

(AB115913) and Wrab17 (AF255053)], 7-day-old seed-

lings of the 62 RILs and parental lines grown in a green-

house under controlled temperature (23�C) and natural

lighting conditions were sprayed with a solution containing

20 lM ABA and 0.1% (w/v) Tween 20. Total RNA was

extracted from the seedling leaves and roots using Sepasol-

RNA I (Nacalai Tesque, Kyoto, Japan). First-strand cDNA

was synthesized from 1 lg of the DNaseI-treated RNA

sample in a 20 lL reaction solution with oligo-dT primers

using ReverTra Ace-a- (Toyobo, Osaka, Japan). The

accumulation of Wdhn13, Wrab15 and Wrab17 transcripts

was detected by reverse transcription (RT)-PCR amplifi-

cation as previously reported (Kobayashi et al. 2006,

2008a). The transcript accumulation of each gene was also

detected by real-time PCR amplification. Real-time PCR

was carried out using Mx3000P (Stratagene Products

Division, Agilent Technologies, Tokyo, Japan) with Bril-

liant II SYBR Green QPCR Master Mix (Stratagene)

according to the manufacturer’s recommendations.

A diluted series of pCR2.1-TOPO vectors (Invitrogen, CA,

USA) containing fragments of the Cor/Lea or actin (Act)

genes was used to generate the standard curve. The tran-

scripts were amplified with the following gene-specific

primer sets: 50-AGAACCAGTGTCAGATTTCCCT-30 and

50-ATTCTGCAAAGTAGCGGGTC-30 for Wdhn13, 50-GG

GATTCTTTCTTCGCGTCT-30 and 50-AGCCTCGGCCTT

GAGTATGT-30 for Wrab15, 50-CGAGACGGGGCAGAC

CATTC-30 and 50-CCATCCCGAGCGTGTTCATG-30 for

Wrab17, and 50-GCCGTGCTTTCCCTCTATG-30 and 50-G
CTTCTCCTTGATGTCCCTTA-30 for Act. The values for

the Cor/Lea genes were normalized using Act as an internal

control. The data were analyzed by Student’s t test.

Results

ABA responsiveness in parental lines and RILs

at the seedling stage

ABA responsiveness of CS and M808 was evaluated based

on inhibition of seedling growth by 20 lM exogenous

ABA. ABA greatly reduced shoot and root length in both

cultivars (Fig. 1). The magnitude of inhibition estimated by

the relative root growth rate (% growth in the presence of

ABA relative to growth in the absence of ABA) was sig-

nificantly greater in M808 (14.4%) than in CS (36.7%),

while the degree of inhibition of shoot growth was also

greater in M808 (21.1%) than in CS (25.2%), but the dif-

ference was not significant statistically (Fig. 1a). This

result indicated that M808 is more responsive to exogenous

ABA than CS at the seedling stage, in agreement with a

previous result (Kobayashi et al. 2006). Since a significant

difference in the relative root growth was observed

between the cultivars M808 and CS (P \ 0.01), a bioassay

for ABA responsiveness was performed using 210 lines of

the M808 9 CS RIL population by measuring the relative

root growth. The RILs showed a continuous distribution of
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trait values, from 13.9 to 56.6%, which is in agreement

with the distribution expected for a polygenic and quanti-

tatively inherited trait, and the average value of RILs was

28.0%. Among the RILs, 30 lines were less responsive to

ABA than CS, and 2 lines were more responsive than

M808.

Mapping and QTL analysis

A total of 558 SSR primer sets were tested for polymor-

phism between CS and M808, and 301 sets (51.2%)

showed polymorphism for one or two alleles. The genetic

map was constructed by the segregation of 313 loci using

the 210 RILs. The total map length was 2,945.4 cM with an

average spacing of 9.4 cM between markers.

Each QTL for ABA responsiveness was detected based

on the data of relative root growth and the genetic map of

the RILs (Fig. S1 in ESM). Five QTLs found on chromo-

somes 1B, 2A, 3A, 6D and 7B showed significant LOD

scores [2.5 (P \ 0.05) (Figs. 2, S1). A relatively major

QTL with an LOD score of 6.6 was located on chromo-

some 6D and contributed 11.12% of the variation in the

trait (Table 1). The SSR markers Xwmc753 and Xcfd76

flanked this QTL at a 5.4 cM interval (Fig. 2). Other QTLs

on chromosomes 1B, 2A, 3A and 7B explained 5.84, 5.13,

8.19 and 7.25% of the phenotypic variation, respectively

(Table 1). Two QTLs on chromosomes 1B and 2A closely

flanked the SSR markers Xgwm273–Xbarc240 and

Xbarc208–Xgwm558, respectively, within 2-cM intervals,

whereas the others on chromosomes 3A and 7B, respec-

tively, flanked the markers Xhbg420–Xhbg227 and

Xgwm333–Xbarc278 by intervals of [13cM (Fig. 2). The

mean values for relative root growth of RILs carrying the

M808 or CS allele at each QTL showed that RIL groups

carrying the M808 allele at the 2A, 3A, 6D or 7B QTL and

the group carrying the CS-type 1B QTL were more

responsive to exogenous ABA than their opposite RIL

groups (Table 2), indicating that M808 alleles at QTLs on

chromosomes 2A, 3A, 6D and 7B, and the CS allele at the

1B QTL, contributed to higher ABA responsiveness at the

seedling stage.

Expression profiles of ABA-responsive genes

in M808 and CS

Exogenous ABA responsiveness for expression of Cor/Lea

genes (Wdhn13, Wrab17, Wrab18 and Wrab19) and their

transcription factor genes (Wdreb2, Wlip19 and Wabi5)

was compared between CS and M808 in our previous

studies (Kobayashi et al. 2004a, 2006, 2008b, c; Egawa

et al. 2006). These results showed that exogenous ABA

treatment enhanced expression of these genes, and the

transcripts were more abundantly accumulated in M808

than in CS. Especially, Wdhn13 and Wrab17 showed an

apparent cultivar difference in the expression levels

between CS and M808 (Kobayashi et al. 2004a, 2006). In

the present study, the expression profile of another Cor/Lea

gene, Wrab15 (Kobayashi et al. 2004a, 2006, 2008a), was

analyzed by real-time RT-PCR using ABA-treated seed-

lings of CS and M808. Wrab15 expression was increased

by exogenous treatment with ABA, and the transcripts

accumulated to reach a maximum within 2 h in M808,

while the peak of transcript accumulation was observed

after 5 h in CS (Fig. 3a). Although the expression level of

Wrab15 at peak was almost equal in CS and M808, the

transcript level was kept higher in M808 than in CS after

the temporal increase (during 10–24 h) (Fig. 3a). This

result showed that the expression profile of Wrab15

appeared to coincident with the higher ABA responsive-

ness of M808 shown by the bioassay (Fig. 1), and there

was a clear cultivar difference for the expression of

Wrab15 as well as those of Wdhn13 and Wrab17 (Fig. 3a).
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Fig. 2 Linkage maps and

QTL-likelihood curves of LOD

scores showing the locations of

QTLs for ABA responsiveness

of seedlings on chromosomes

1B, 2A, 3A, 6D and 7B. Genetic

distances are shown in

centimorgans on the right of the

chromosome. The 2.5 LOD

score threshold is indicated by a

dashed line

Table 1 Summary of QTLs for ABA responsiveness detected in the RILs

Chromosome Marker interval Lengtha LOD score R2 (%) Additive effect

1B Xgwm273–Xbarc240 1.7 3.95 5.84 -1.90

2A Xbarc208–Xgwm558 0.8 3.46 5.13 1.78

3A Xhbg420–Xhbg227 13.9 4.16 8.19 2.24

6D Xwmc753–Xcfd76 5.4 6.60 11.12 2.60

7B Xgwm333–Xbarc278 14.8 4.88 7.25 2.09

a Length is the distance (cM) of the interval in which the QTL is located
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Effects of QTLs on expression of ABA-responsive

genes in seedlings

Comparison of the transcript levels of the ABA-responsive

genes Wdreb2, Wlip19, Wabi5, Wdhn13, Wrab15, Wrab17

and Wrab18 among RILs was studied by RT-PCR using

ABA-treated seedling leaves and roots. Thirteen RILs,

which were classified into five genotype classes by allele

type at SSR markers flanking the QTLs (Table 3), were

used for the expression analysis to study the effects of each

Table 2 Differences in the

mean value for relative root

growth between RIL groups

carrying M808 and CS alleles at

QTLs

Student’s t test was used to test

the statistical significance

(*P \ 0.05, **P \ 0.01) of the

genotypes of each QTL

QTL Genotype Number of RILs Mean value

(mean ± standard deviation, %)

1B M808 58 30.36 ± 9.18**

CS 58 26.35 ± 6

2A M808 66 26.24 ± 6.66**

CS 61 31.35 ± 8.38

3A M808 43 26.62 ± 7.35*

CS 53 30.79 ± 8.48

6D M808 49 25.67 ± 6.42**

CS 55 31.88 ± 8.72

7B M808 60 26.33 ± 6.62*

CS 66 29.25 ± 8.27
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Fig. 3 Expression analyses of

Wdhn13, Wrab15 and Wrab17
in RILs treated with exogenous

ABA. a Time course of Wrab15
transcript accumulation after

ABA treatment in two wheat

cultivars, CS and M808,

revealed by real-time RT-PCR.

b Comparison of transcript

accumulation levels after ABA

treatment among 13 RILs

grouped into five genotype

classes. Numbers above the

electropherograms indicate the

RIL line numbers. The result

was revealed by RT-PCR with

the actin gene (Act) used as a

control. Accumulation of

Wdhn13 (c), Wrab15 (d) and

Wrab17 (e) transcripts in the 13

RILs was quantified as mean
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was used to test for statistical

significance (*P \ 0.05)

compared with the control lines,
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634 Theor Appl Genet (2010) 121:629–641

123



QTL on gene expression. The mean values of relative root

growth showed that ABA responsiveness was higher in the

genotype classes of 2A and 6D QTL than in the other

classes (Table 3). No obvious differences were observed in

the gene expression levels among the RILs under non-

treatment condition (data not shown).

At 2 h after ABA treatment, Wdhn13, Wrab15 and

Wrab17 showed relatively clear line differences in their

expression levels in leaves (Fig. 3b), while other genes did

not (data not shown). Since these three genes clearly

showed ABA-responsive expression in the CS and M808

(Kobayashi et al. 2006 and in Fig. 3a of this study) and

differences among the genotype classes (Fig. 3b), their

transcript levels were also evaluated by real-time RT-PCR

analysis (Fig. 3c–e). In leaves, expression levels of these

three genes were significantly higher in the RILs carrying

the M808 allele at the QTLs on chromosomes 2A (#5, 8

and 198) and 6D (#53, 136 and 190) than in the others

(Fig. 3c–e). On the other hand, no obvious differences in

gene expression levels were observed between the control

lines carrying the CS alleles at all five QTLs (RIL#199 and

200) and the RILs carrying the M808 allele at the 1B QTL

(#3, 172 and 194). In RILs carrying the M808 allele at the

7B QTL (#11 and 179), Wrab15 and Wrab17 showed

significantly higher expression levels as compared to the

control lines (Fig. 3d, e). The Wdhn13 transcript also

accumulated more abundantly in the RILs carrying the

M808-type 7B QTL than in the control lines (Fig. 3c).

Expression analysis using the ABA-treated roots also

showed the differences in the expression levels of three

genes among the RILs as well in the leaves, but the dif-

ferences were not significant statistically (data not shown).

These expression profiles showed correlations with the

mean values of ABA responsiveness in each genotype class

(Table 3). There were no data regarding the effect of the

QTL on chromosome 3A, because no lines of the 3A QTL-

genotype class were in the RIL population.

A total of 62 lines (the 13 original lines plus 49 new

lines) were used for further expression analysis to estimate

the effect of the 3A QTL in addition to those of the 2A, 6D

and 7B QTLs, and moreover to evaluate whether there was

an additive or synergistic effect of the QTLs on gene

expression. The effects of each QTL were evaluated by the

mean expression values in small RIL groups, which include

13–23 RILs sorted by allele types at marker loci defining

the QTLs. The transcript level of Wrab15 was significantly

higher in the group carrying the M808 allele than in the

opposite group carrying the CS allele at the 3A QTL

(Fig. 5b), while Wdhn13 also showed higher transcript

level in the group with the M808 alleles, but that difference

was not significant statistically (Fig. 4b). No obvious dif-

ference was observed in the mean value of Wrab17

expression between the groups with the M808 and CS

alleles (Fig. 6b). This result suggested that allelic differ-

ences at the 3A QTL affected ABA-induced expression of

Wdhn13 and Wrab15. Regarding the other QTLs, the three

Cor/Lea genes showed relatively higher expression levels

in the RIL groups carrying the M808 allele than in each of

the opposite groups carrying the CS allele (Figs. 4, 5, 6),

and especially the differences in Wdhn13 and Wrab15

expression were significant with respect to the 2A and 6D

QTLs (Figs. 4a, c, 5a, c). These results corresponded to the

expression profiles in each genotype class (Fig. 3c–e).

The gene expression levels appeared to fluctuate with

combinations of the QTL alleles and, taken altogether,

M808 alleles increased the accumulation levels of three

Cor/Lea transcripts after ABA treatment (Figs. 4, 5, 6).

A considerable alteration of expression levels was observed

in several lines with or without M808 alleles at the QTLs.

For instance, transcripts of the Cor/Lea genes were more

abundantly accumulated in the genotype classes carrying

combinations of M808 alleles at the 1B, 2A, 3A and 6D

QTLs and 1B, 2A, 3A and 7B QTLs than in the other

classes; however, transcript levels obviously decreased

when even one of the M808 alleles at the 2A, 3A, 6D or 7B

QTLs became a CS allele (Figs. 4, 5, 6). Allele changes at

the four loci exerted large influences on Wdhn13 expres-

sion (Fig. 4), while Wrab15 expression in some genotype

classes was clearly affected by allele changes at the 3A and

7B QTLs (Fig. 5). The most drastic alteration was observed

in Wrab17 expression, which showed a sixfold or greater

difference between some RILs with the M808 versus the

CS allele at the 7B QTL (Fig. 6d). The alterations were

specifically observed in some lines with or without the

Table 3 Mean values for the

relative root growth of each

genotype class

Genotype at QTL region RILs Mean value

(mean ± standard deviation, %)
1B 2A 3A 6D 7B

CS CS CS CS CS #30, 131, 199, 200 33.61 ± 8.06

M808 CS CS CS CS #3, 133, 138, 172, 194 43.85 ± 11.6

CS M808 CS CS CS #5, 8, 198 26.14 ± 6.96

CS CS M808 CS CS No lines No data

CS CS CS M808 CS #53, 136, 190 29.43 ± 3.01

CS CS CS CS M808 #11, 179 32.77 ± 2.85
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M808-type 7B QTL of the genotype classes carrying the

M808-type 1B, 2A and 3A QTLs (62.7 vs. 7.3 of the

expression value; indicated with white triangles in Fig. 6d)

and the genotype classes carrying the M808-type 2A and

3A QTLs (8.5 vs. 1.3; indicated with black triangles in

Fig. 6d). These results suggested that allele combinations

at QTLs might cause additive or synergistic effects on

ABA-regulated Cor/Lea expression.

Discussion

To identify the major loci for ABA responsiveness at the

seedling stage, the QTL analysis was performed based on

the magnitude of ABA-induced root growth arrest by the

bioassay, in which the degree of growth inhibition by

exogenous ABA was greater in root than in shoot and

greater in M808 than CS (Fig. 1a). From the composite

interval mapping, five QTLs for ABA responsiveness were

found to be significant; these QTLs were mapped to

chromosomes 1B, 2A, 3A, 6D and 7B (Figs. 2, S1;

Table 1). M808 alleles at the 2A, 3A, 6D and 7B QTLs and

the CS allele at the 1B QTL contributed to higher ABA

responsiveness (Table 2).

Expression profiles of three Cor/Lea genes (Wdhn13,

Wrab15 and Wrab17) were studied using ABA-treated

seedlings of RILs. The results showed apparent line dif-

ferences in the ABA responsiveness of gene expression

among RILs, and transcripts of these genes were also

abundantly accumulated in genotype classes carrying an

M808 allele at one of the QTLs on chromosomes 2A, 6D or

7B (Fig. 3c–e). Moreover, the mean expression levels were

greater in RIL groups with M808 alleles than in the oppo-

site groups with CS alleles at these QTLs (Figs. 4, 5, 6).

The allelic difference at the 3A QTL also affected

expression levels of Wdhn13 and Wrab15 (Figs. 4b, 5b).

Expression profiles showed that, regarding the 2A, 3A, 6D

and 7B QTLs, the M808 alleles increased the expression

levels of some Cor/Lea genes (Figs. 3, 4, 5, 6). These

results suggest a possibility that QTLs on chromosomes

2A, 3A, 6D and 7B are involved in regulation of both root

growth arrest and Cor/Lea expression in ABA-treated
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Fig. 4 Expression of Wdhn13
in RILs after exogenous ABA

treatment. The expression levels

evaluated by real-time PCR

were compared between the

small RIL groups carrying

M808 (gray bars in chart) or CS

(white bars in chart) alleles at

the QTLs on chromosomes 2A

(a), 3A (b), 6D (c) and 7B (d),

and the mean expression values

of each group were compared.

The alleles at the QTLs in each

RIL are visualized as gray
(M808) and white (CS) boxes
below the chart of the

expression level for each RIL
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seedlings, but the contribution levels on these ABA

responses were different among the QTLs. The 2A and 6D

QTLs had a significantly larger effect on gene expression

(Figs. 3c–e, 4, 5, 6), suggesting that these two QTLs are

essential for ABA-regulated Cor/Lea expression. More-

over, a gene located at the 6D QTL may be a key regulator

of ABA response during the seedling stage, because the 6D

QTL demonstrated the largest contribution to phenotypic

variation of the five QTLs (Table 1). In contrast, allelic

difference at the 1B QTL did not affect the accumulation of

Wdhn13, Wrab15 and Wrab17 transcripts (Fig. 3c–e). This

QTL may regulate the expression of other ABA-responsive

genes involved in seedling growth and associated with root

growth inhibition by ABA.

Our previous transgenic and transient expression studies

showed that four transcription factors, WCBF2, WDREB2,

WLIP19 and WABI5, are involved in the positive regula-

tion of expression of several Cor/Lea genes (Takumi et al.

2008; Kobayashi et al. 2008b, c, d). Wdhn13 expression

was under the control of these four transcription factors,

while Wrab17 was regulated by WCBF2, WDREB2 and

WLIP19, but not by WABI5 (Takumi et al. 2008;

Kobayashi et al. 2008b, c, d). WDREB2, WLIP19 and

WABI5 are considered to act in ABA signaling pathways

(Kobayashi et al. 2008b, c, d). In the present expression

study using RILs, the alteration of Wdhn13, Wrab15 and

Wrab17 expression levels suggests that candidate genes for

the QTLs are upstream factors, including transcription

factors, in ABA signaling pathways, because the three

Cor/Lea genes are downstream genes in the ABA signaling

pathway of common wheat. However, the transcription

factor genes Wdreb2, Wlip19 and Wabi5 are located on

homoeologous groups 1 and 5 chromosomes (Egawa et al.

2006; Kobayashi et al. 2008b, c) and showed no obvious

differences in expression levels among RILs (data not

shown). Therefore, genes located at the QTLs on chro-

mosomes 2A, 3A, 6D and 7B seem to encode other factors

involved in the regulation of Cor/Lea expression. In Ara-

bidopsis, proteins that affect ABA responses include RNA

binding proteins (RBPs) involved in RNA processing,

including that of double-strand RNA, coinciding with the

observations of micro or small RNAs (reviewed by
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Fig. 5 Expression of Wrab15
in RILs after exogenous ABA

treatment. The expression levels

evaluated by real-time PCR

were compared between the

small RIL groups carrying

M808 (gray bars in chart) or CS

(white bars in chart) alleles at

the QTLs on chromosomes 2A

(a), 3A (b), 6D (c) and 7B (d),

and the mean expression values

of each group were compared.

The alleles at the QTLs in each

RIL are visualized as gray
(M808) and white (CS) boxes
below the chart of the

expression level for each RIL
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Himmelbach et al. 2003; Kuhn and Schroeder 2003;

Sunkar et al. 2007; Hirayama and Shinozaki 2007;

Lorkovic 2009). In addition to the RBPs involved in RNA

metabolism, factors for protein modification such as pro-

tein phosphatase, protein kinase and RING-finger ubiquitin

E3 ligase are also involved in ABA regulation of protein

processing (Himmelbach et al. 2003; Hirayama and

Shinozaki 2007; Santner and Estelle 2009). Thus, it is

possible that candidate genes at the QTLs encode factors

controlling RNA and protein metabolism and regulating

transcription factors, including WDREB2, WLIP19 and

WABI5, in the ABA signaling pathways of common wheat.

Since the 2A and 6D QTLs had large effects on the

expression of Wdhn13, Wrab15 and Wrab17 (Figs. 3c–e, 4,

5, 6), these two loci may be implicated in the regulation of

multiple transcription factors such as WDREB2, WLIP19

and WABI5 in the presence of ABA, resulting in activation

of downstream genes including the Cor/Lea genes. Allelic

differences at the 7B QTL also affected the expression

levels of Wdhn13, Wrab15 and Wrab17 (Figs. 3c–e, 4, 5,

6). Association of the 7B QTL with the control of

WDREB2, WLIP19 and WABI5 is therefore suggested;

however, the association appeared to be small, because the

effect of this locus was relatively minor compared with

those of the 2A and 6D QTLs (Figs. 3c–e, 4, 5, 6). The 3A

QTL appears to be involved in the regulation of Wdhn13

and Wrab15, but not in that of Wrab17 (Figs. 4b, 5b, 6b),

the expression of which is not under control of WABI5

(Kobayashi et al. 2008c). Therefore, 3A QTL may be

associated with WABI5-mediated regulation of gene
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Fig. 6 Expression of Wrab17 in RILs after exogenous ABA treat-

ment. The expression levels evaluated by real-time PCR were

compared between the small RIL groups carrying M808 (gray bars
in chart) or CS (white bars in chart) alleles at the QTLs on

chromosomes 2A (a), 3A (b), 6D (c) and 7B (d), and the mean

expression values of each group were compared. The alleles at the

QTLs in each RIL are visualized as gray (M808) and white (CS)

boxes below the chart of the expression level for each RIL. Triangles
indicate the RILs with and without the M808 allele at the 7B QTL of

the genotype classes carrying the M808-type 1B, 2A and 3A QTLs

(white triangles), and the genotype classes carrying the M808-type

2A and 3A QTLs (black triangles)
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expression, including that of Wdhn13 and Wrab15. The

association of the QTLs with regulation of transcription

factors at the posttranscriptional or posttranslational levels

should be clarified in future studies.

Combinations of the QTL alleles influenced accumula-

tion levels of Wdhn13, Wrab15 and Wrab17 transcripts

(Figs. 4, 5, 6). The alterations as a whole represented an

increase of expression levels caused by additive effects of

M808 alleles. A considerable increase of Wrab17 expres-

sion was induced by the addition of the M808 allele at the

7B QTL (Fig. 6d). Although 7B QTL had a relatively

minor effect on Wrab17 expression (Fig. 3e), the allele

combination of 7B QTL with other loci such as 2A and 3A

QTLs in some lines might cause a synergistic effect in the

activation of Wrab17 (Fig. 6d). These observations suggest

that the QTLs act cooperatively in the activation of ABA-

regulated Cor/Lea expression, and that this cooperation

may bring about synergistic effects in the activation of

gene expression. The data from expression analyses sug-

gest interactions among the QTLs; however, no significant

epistatic interactions among the loci were detected from

multiple interval mapping analyses (data not shown). These

results suggest that gene expression and seedling growth

inhibition under ABA-treated condition are controlled by

additive effects and by cooperation among the QTLs,

leading to a synergistic effect.

Previous QTL analyses for seed dormancy and pre-

harvest sprouting in wheat detected a large number of

QTLs on all 21 chromosomes of hexaploid wheat.

Comparison between the QTL maps showed that each

locus for ABA responsiveness in the present study

appeared to overlap with at least one locus for seed

dormancy or pre-harvest sprouting (Figs. 7, S2, S3, S4,

S5). The largest QTL on chromosome 6D was in the

vicinity of the pre-harvest sprouting locus QPhs.cnl-6D.1

(Fig. 7; Munkvold et al. 2009). The closest marker

flanking the peak of QPhs.cnl-6D.1 was the SSR marker

Xcfd37 that was involved in the 6D QTL region in the

present study (Fig. 7). QPhs.cnl-6D.1 was detected as a

significant locus for pre-harvest sprouting; however, no

QTLs for seed dormancy were detected around

QPhs.cnl-6D.1 (Munkvold et al. 2009). These results

suggest that this chromosomal region may be associated

with seedling-specific ABA responsiveness, but there

is no direct evidence for a relationship between

QPhs.cnl-6D.1 and ABA sensitivity in seeds. The 3A

QTL was related to QTLs for seed dormancy, including

the minor locus QPhs.ocs-3A.2 and two QTLs on chro-

mosome 3Am in diploid wheat (Fig. S4; Osa et al. 2003;

Nakamura et al. 2007). The two minor QTLs on chro-

mosome 3Am were co-localized with the ABA signaling

genes TmABI8 and TmABF (Nakamura et al. 2007).

Therefore, these genomic regions on chromosome 3A in

diploid and hexaploid wheat may influence ABA

responsiveness during both the seed and seedling stages.

The other QTLs on chromosomes 1B, 2A and 7B were

also located around the QTL regions for pre-harvest

sprouting (Figs. S2, S3, S5) (Zanetti et al. 2000). How-

ever, these overlapping loci were relatively minor QTLs

for seed dormancy. These findings suggest that the five

QTLs function predominantly in the vegetative stage,

and that the ABA responsiveness in seedlings is con-

trolled by a genetic mechanism distinct from that at the

seed stage.
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ABA contributes to tolerance of abiotic stresses such as

drought, salt and cold (Leung and Giraudat 1998; Finkelstein

et al. 2002; Xiong et al. 2002). Mutant analyses of common

wheat showed that ABA responsiveness is not associated

with cold acclimation, though ABA is involved in determi-

nation of the basal level of freezing tolerance (Kobayashi

et al. 2006, 2008a). Two major loci for winter hardiness,

Fr-1 (frost resistance 1) and Fr-2, were identified on

homoeologous group 5 chromosomes in wheat and barley

(Cattivelli et al. 2002; Galiba et al. 2009). However, the Fr

genes are presumed to be involved in ABA-independent

regulatory systems (Kobayashi et al. 2004b; Kobayashi and

Takumi 2007). QTL analyses to identify genomic regions for

low temperature tolerance other than the Fr loci found a

major locus on the short arm of chromosome 6A (Börner

et al. 2002) and minor loci on chromosomes 1D, 2A, 2B, 6D

and 7B (Båga et al. 2007). Among these loci, a QTL peak on

chromosome 6D was detected at the locus of the SSR marker

Xcfd76 by single marker analysis (Båga et al. 2007). This

was the closest marker flanking the QTL for ABA respon-

siveness (Figs. 2, 7), while other QTLs on chromosomes 2A

and 7B did not overlap with the loci for ABA responsiveness

(Figs. S3, S5). The overlap of the genomic region around the

6D QTL suggests a relationship between ABA responsive-

ness and freezing tolerance.

In this study, we used root tissue for the QTL analysis and

shoot tissue for the gene expression study. However, we

believe that most of the detected QTLs are involved in the

ABA responsiveness of both shoot and root, because

expression of the three Cor/Lea genes in the seedling leaves

was affected by the allelic differences at the QTLs on

chromosomes 2A, 3A, 6D and 7B (Figs. 3, 4, 5, 6). The

difference in the responsiveness to ABA between shoot and

root shown in Fig. 1a may result from the effects of some

minor factors that function in a tissue-specific manner. To

improve the correlation between the growth inhibition and

transcript assays, we aim to carry out QTL and gene

expression studies using the same tissue in our future work,

to reveal the detailed mechanism of ABA responsiveness in

wheat growth. Moreover, expression data from the RILs was

not clear because the genetic background was not uniform

except for the QTL region in each RIL. Therefore, near-

isogenic lines for each QTL should be produced and used in

further analyses, including expression studies, to reveal the

roles of each QTL.
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