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Abstract

Heading date (HD) and flowering date (FD) are critical for yield potential and stability, so
understanding their genetic foundation is of great significance in wheat breeding. Three
related recombinant inbred line populations with a common female parent were developed
to identify quantitative trait loci (QTL) for HD and FD in four environments. In total, 25
putative additive QTL and 20 pairwise epistatic effect QTL were detected in four environ-
ments. The additive QTL were distributed across 17 wheat chromosomes. Of these, QHd-
1A, QHd-1D, QHd-2B, QHd-3B, QHd-4A, QHd-4B and QHd-6D were major and stable
QTL for HD. QFd-1A, QFd-2B, QFd-4A and QFd-4B were major and stable QTL for FD.
In addition, an epistatic interaction test showed that epistasis played important roles in con-
trolling wheat HD and FD. Genetic relationships between HD/FD and five yield-related traits
(YRTs) were characterized and ten QTL clusters (C1–C10) simultaneously controlling YRTs
and HD/FD were identified. The present work laid a genetic foundation for improving yield
potential in wheat molecular breeding programmes.

Introduction

Flowering date (FD) and heading date (HD) are important traits to determine adaptation to
various eco-geographical regions for cereal crops, including wheat, and are critical for yield
potential and stability (Snape et al., 2001; Mühleisen et al., 2013). Appropriate HD and FD
will ensure wheat cultivars attain the desired yield level in wheat breeding programmes.
Therefore, understanding the genetic basis of HD and FD is important for wheat breeding pro-
grammes in developing new cultivars with the adaptive capacity to various environments
(Beniston et al., 2007).

Flowering date and heading date are controlled by multiple genes and influenced by envir-
onmental conditions such as temperature and daylength. They are determined in wheat by
three gene groups: vernalization (Vrn), photoperiod (Ppd), and earliness per se (Eps) genes
(Worland, 1996, 1998; Kato and Yamagata, 1998). Differences in Vrn determine spring and
winter wheat habits, Ppd plays a major role in determining flowering time and sensitivity to
photoperiodism, and Eps influences flowering time independently from photoperiodism.
Four Vrn genes, namely Vrn-A1 on chromosome 5A, Vrn-B1 on 5B, Vrn-D1 on 5D, and
Vrn-B4 on 7B, have been identified (Galiba et al., 1995; Nelson et al., 1995; Dubcovsky
et al., 1998; Iwaki et al., 2002; Tóth et al., 2003), cloned and characterized (Yan et al., 2003,
2004, 2006; Kippes et al., 2015). Photoperiod is primarily determined by the three homoeolo-
gous loci, Ppd-A1, Ppd-B1, and Ppd-D1, which are located on the short arms of chromosomes
2A, 2B, and 2D, respectively, and they play an important role in determining HD in response
to daylength, with dominant alleles controlling early heading (Law, et al., 1978; Scarth and
Law, 1983). Earliness per se is controlled by several quantitative trait loci (QTL; Cockram
et al., 2007).

Thanks to the development of molecular marker technology, an increasing number of genetic
maps and QTL are now readily available, which are useful tools in molecular breeding pro-
grammes. Quantitative trait loci mapping in wheat has provided powerful tools for elucidating
the genetic basis of important agronomic traits including yield and its components, such as
plant height, grain weight and grain number (Huang et al., 2006; Maphosa et al., 2013; Cui
et al., 2014). Several QTL for HD and FD have been identified in different wheat mapping popu-
lations (Xu et al., 2005; Kuchel et al., 2006; Baga et al., 2009; Le et al., 2012). Xu et al. (2005)
detected a major QTL for HD on chromosome 2DS using a recombinant inbred line (RIL)
population, which explained 40.5% of the phenotypic variance across 3 years. Kuchel et al.
(2006) identified seven QTL for HD on different chromosomes in a doubled haploid (DH)
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population. Baga et al. (2009) identified 11 genomic regions asso-
ciated with floral transition, length of vegetative growth and FD
in a winter wheat DH population. Le et al. (2012) detected 40
potentially different regions influencing HD and FD using a 227
accession wheat core collection. In addition, Hanocq et al. (2007)
identified meta-QTL controlling HD on 4A and 4B according to
the results of previous studies. Griffiths et al. (2009) identified 19
meta-QTL for HD using four DH populations.

Until now, most QTL studies have considered additive and
dominance effects, but epistatic interactions between two or
more loci are commonly ignored. Epistasis is important for
understanding the genetic basis of complex traits and the role
of epistasis in the genetic architecture of quantitative traits is con-
troversial. Mackay (2014) showed that epistasis was common, and
that additivity can be an emergent property of underlying genetic
interaction networks. Numerous regions with epistatic effects
have been detected recently (Roncallo et al., 2012; Yadava et al.,
2012; Xu et al., 2013; Jiang et al., 2017). Most of the previous
QTL studies for HD and FD mainly focused on additive effects
and limited information has been available on the role of epistasis
in controlling HD and FD.

In the current study, QTL analysis for HD and FD in multiple
environments was conducted using three related RIL populations.
The objectives of the current study were to detect QTL with additive
and epistatic effects for HD and FD in different environments, and
to reveal the genetic relationships between HD/FD and the five
yield-related traits. In addition, QTL clusters for HD/FD and
yield-related traits (YRTs) were identified. The current study lays
a genetic foundation for wheat molecular breeding programmes.

Materials and methods

Experimental materials and evaluation

Three F9 RIL populations derived from crosses between four com-
mon Chinese wheat varieties, namely, Weimai 8 × Luohan 2
(WL), Weimai 8 × Yannong 19 (WY) and Weimai 8 × Jimai 20
(WJ) comprising 179, 172 and 175 lines, respectively, were
used. Weimai 8 was released by the Weifang Municipal
Academy of Agricultural Sciences, Shandong, in 2003. Luohan 2
was released by the Crop Research Institute, Luoyang Municipal
Academy of Agricultural Sciences, Henan, in 2001. Yannong 19
was a strong gluten, high-quality wheat variety, which was
released by the Yantai Municipal Academy of Agricultural
Sciences, Shandong, in 2001. Jimai 20 was released by the Crop
Research Institute, Shandong Academy of Agricultural Sciences
in 2003. All of the materials were created and conserved by
Tai’an Subcentre of the National Wheat Improvement Centre.

The three related RIL populations together with their parents
were evaluated in four environments in Shandong province,
China: Tai’an in 2008/09 (E1, 36°11′ N, 117°04′ E, 126 m a.s.l.),
Tai’an in 2009/10 (E2), Zao’zhuang in 2009/10 (E3, 34°48′ N,
117°18′ E, 70 m a.s.l.) and Ji’ning in 2009/10 (E4, 35°24′ N,
116°34′ E, 41 m a.s.l.). The four environments have been detailed
in previous reports (Cui et al., 2014). The WL-RILs and parental
lines were evaluated only in E2 and E4. Limited by the large work-
load involved in conducting phenotype identification, the RILs
and the four parental lines were planted in a single replication
at each environment. Normal agricultural practices were applied
for irrigation, disease and weed control, etc.

Heading date was recorded as the number of days from sowing
to 50% of ears fully emerging in a plot, corresponding to the

growth stage (GS) 55 in Zadoks et al. (1974). Flowering date
was recorded as the number of days from sowing to 50% of flow-
ering ears fully emerging in a plot, corresponding to GS61 in
Zadoks et al. (1974). Moreover, YRTs including grain length
(GL), grain width (GW), thousand-grain weight (TGW), grain
number per ear (GNPE), ear number per plant (ENPP), grain
weight per plant (GWPP) and grain weight per ear (GWPE)
were evaluated. Detailed information about the YRTs is given in
Cui et al. (2013, 2014).

An integrative genetic map

An integrative genetic map was constructed using the WL, WY
and WJ populations (Cui et al., 2014). The map consisted of
1127 loci distributed across all 21 wheat chromosomes and cov-
ered 2976.75 cM with an average distance of 2.64 cM between
adjacent loci. It included 576 diversity arrays technology marker
loci, 496 of which were common to at least two maps.

Data analysis and quantitative trait loci mapping

Basic statistical analysis of phenotypic data in the three RIL popu-
lations was performed using the SPSS13.0 software (SPSS, Chicago,
IL, USA; http://en.wikipedia.org/wiki/SPSS). Heritability (H2) was
calculated according to Cui et al. (2014):

H2 = 1 − M2/M1

whereM1 andM2 indicate the variance of genotype and genotype ×
environment, respectively. Due to the number of replications (r = 1),
it was impossible to estimate genotype × environment interaction
variance in the present study. The mean variance for residual
error was represented as M2. The Pearson correlations of HD/FD
among the four/two environments in the three mapping populations
were calculated, with the aim of evaluating the effect of genotype on
phenotypic variation. To evaluate the effects of HD/FD on YRTs,
Pearson correlations were calculated between HD/FD and YRTs.

The directly investigated phenotypic values were used for QTL
analysis. Inclusive composite interval mapping, performed with
IciMapping 4.1 (http://www.isbreeding.net/), was used to detect
putative additive QTL and epistatic additive QTL. The phenotypic
values of the RILs in E1, E2, E3, E4 and P (where the four envir-
onments were pooled together) were used for individual environ-
ment QTL mapping in each mapping population. The walking
speed chosen for all QTL was 1.0 cM, and significance was
declared at P⩽ 0.001 The threshold LOD scores were calculated
using 1000 permutations with a type 1 error of 0.05. The param-
eter set was identical with that in Cui et al. (2014), thus ensuring
the comparability of the QTL for HD/FD with these for YRTs.

Quantitative trait loci nomenclature

All of the QTL were designated as follows: An italicized letter ‘Q’
denotes ‘QTL’; the letters following the ‘Q’ and preceding the
dash represent the abbreviation of the corresponding trait; the letters
and numbers following the dash represent the wheat chromosome
on which the corresponding QTL were distributed. When two or
more QTL associated with the same trait with overlapping confi-
dence intervals were detected in different environments, they were
considered to be congruent QTL. An italicized letter ‘e’ was prefixed
to distinguish epistatic QTL with no additive effect. A major QTL
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was defined as a QTL with an LOD value of >3.0 and a phenotypic
variance contribution of >10% (the average of all the environments),
a stable QTL as a QTL that showed significance in at least three of
the five environments (E1, E2, E3, E4 and P) and a major and stable
QTL with the characteristics of both major QTL and stable QTL. A
QTL cluster was defined as three or more QTL for YRTs and HD/
FD sharing confidence intervals. The QTL confidence intervals were
calculated according to Lander and Botstein (1989), using 1-LOD as
the support intervals as 95%.

Results

Phenotypic performance of the three recombinant inbred lines

The phenotypic performance for HD and FD in the three popula-
tions and the four parental lines in the four environments are
shown in Table 1 and the Supplementary material (Table S1, avail-
able at https://www.cambridge.org/core/journals/journal-of-agricul-
tural-science). Differences existed among the four environments,
indicating that environmental factors had some effects on HD
and FD. The absolute values of skewness and kurtosis for HD
and FD were less than 1.0 in most cases. All traits showed continu-
ous variation in each population, indicating that they were typical
quantitative traits controlled by a few minor genes and that the
data were suitable for QTL analysis (Table 1, Fig. 1). The correlation
coefficients of HD and FD among environments (Table 2) were all
significant (P⩽ 0.01) across environments. These results indicated
that genetic effects were major factors in determining HD and FD.

The correlation coefficients between HD/FD and the five YRTs
are listed in Table 3. Thousand-grain weight was correlated nega-
tively with HD and FD only in the WL population. Grain number
per ear was correlated positively with HD in all three RIL popula-
tions, but a significant (P⩽ 0.05) positive correlation was only
seen with FD in the WY population. Genetic relationships
between HD/FD and GWPE were genetic background-dependent.
Ear number per plant was significantly negatively correlated with
HD and FD only in the WY population at P⩽ 0.01 and P⩽ 0.05,
respectively. GWPP was significantly (P⩽ 0.05) positively corre-
lated with HD only in the WJ population.

Putative additive quantitative trait loci for heading date and
flowering date

A total of 25 putative additive QTL associated with HD and FD
were detected (Table 4; Figure 2). These QTL were distributed
across 17 wheat chromosomes. Of these, nine QTL were mapped
to the A genome, 11 QTL were mapped to the B genome, and five
QTL were mapped to the D genome. These QTL individually
explained 4.25–32.51% of the phenotypic variance with LOD
values ranging from 2.51 to 18.11 (Table 4).

Fifteen QTL were identified for HD, of which 12 were major
QTL (except for QHd-3A QHd-6A and QHd-6B) and ten were
stable QTL (except for QHd-1B, QHd-2A, QHd-2D, QHd-5A and
QHd-5B). In addition, there were seven major and stable QTL dis-
tributed on chromosomes 1A, 1D, 2B, 3B, 4A, 4B and 6D with the
phenotypic variance (the average of all the environments) of 12.45,
11.33, 10.31, 13.78, 16.77, 11.83 and 13.02%, respectively (Table 4).

Ten QTL for FD were detected, of which seven were major
QTL (except for QFd-2D, QFd-5B and QFd-6B) and seven were
stable QTL (except for QFd-3A, QFd-4D and QFd-7B). In add-
ition, there were four major and stable QTL distributed on chro-
mosomes 1A, 2B, 4A and 4B with the phenotypic variance (the Ta
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average of all the environments) of 11.21, 13.83, 17.81 and
17.99%, respectively (Table 4).

Estimated epistatic effects for heading date and flowering date

A total of 20 pairwise epistatic QTL associated with HD and FD
were detected (Table 5). These QTL individually explained 10.42–
30.27% of the phenotypic variance with LOD values ranging from
5.01–7.48 (Table 5). The current finding demonstrated that epis-
tasis plays important roles in controlling wheat HD and FD.

Sixteen pairwise epistatic QTL were identified for HD
(Table 5), six of which (eQHd-1A.1/eQHd-7B.2, eQHd-2A/
eQHd-6A, eQHd-2A/eQHd-7B.1, eQHd-4B/eQHd-7B.2, eQHd-
5B/eQHd-1D, eQHd-5B/eQHd-1A.1) had no additive effects but
influence the trait only through epistatic interactions. Four pair-
wise epistatic interactions were identified for FD, distributed on
chromosomes 1D-7B, 3B-7D, 5A-5A and 6B-7B (Table 5). Of
the four pairwise epistatic QTL, all except for QFd-6B/eQFd-7B
had no additive effects but influence the trait only through
epistatic interactions.

Fig. 1. Phenotypic distribution of heading date (HD) and flowering date (FD) in progeny derived from WL, WY and WJ. The abscissa shows the mean values of HD/FD
and the ordinate indicates the frequency of distribution. Letters below the graph indicate the mapping populations, and letters on the right indicate the corre-
sponding traits. WL, WY and WJ represent the population derived from crosses between Weimai 8 × Luohan 2, Weimai 8 × Yannong 19, and Weimai 8 × Jimai 20,
respectively. P1, P2, P3 and P4 represent Weimai 8, Luohan2, Yannong 19, and Jimai 20, respectively. The parents of each mapping population were marked
by vertical arrows according to the corresponding phenotypic performance. Mean, mean value; S.D., standard deviation; N, sample size.

Table 2. Phenotypic correlation coefficients of heading date (HD) and flowering date (FD) among environments

HD FD

Environmenta WLb WJb WYb WLb WJb WYb

E1 & E2 – 0.64** 0.57** – 0.60** 0.60**

E1 & E3 – 0.54** 0.28** – 0.50** 0.32**

E1 & E4 – 0.67** 0.61** – 0.53** 0.44**

E2 & E3 – 0.64** 0.53** – 0.69** 0.47**

E2 & E4 0.63** 0.75** 0.66** 0.63** 0.72** 0.64**

E3 & E4 – 0.65** 0.59** – 0.58** 0.55**

– No available data.
aE1, 2008/09 in Tai’an; E2, 2009/10 in Tai’an; E3, 2009/10 in Zaozhuang; E4, 2009/10 in Jining.
bWL, WY and WJ represent the population derived from crosses between Weimai 8 × Luohan 2, Weimai 8 × Yannong 19, and Weimai 8 × Jimai 20, respectively.
**Significant phenotypic correlations among environments in correlation analysis at P⩽ 0.01.
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Quantitative trait loci on chromosome 2A (eQHd-2A) showed
epistatic interaction with three genomic regions, viz QHd-5B,
eQHd-6A and eQHd-7B.1, of which QHd-5B displayed additive
effects. Quantitative trait loci on chromosome 5B (eQHd-5B)
showed epistatic interaction with four genomic regions, viz
QHd-6B, eQHd-1D, eQHd-1A.1 and QHd-2B, of which QHd-6B
and QHd-2B displayed additive effects.

Quantitative trait loci clusters for heading date, flowering date
and yield-related traits

The QTL mapping for the six YRTs (TGW, GL, GW, GNPE,
ENPP and GWPP) was conducted by Cui et al. (2014). After a
comparison of the position, ten QTL clusters simultaneously
affecting YRTs and HD/FD were identified (Fig. 2, Table 6).

The major and stable QTL for HD (QHd-2B) and FD
(QFd-2B) in C3, was co-localized with four QTL for YRTs
(QTkw-2B.1, QKl-2B.1, QKw-2B.1 and QKnps-2B.2) with the
favourable alleles from Weimai 8 that increased TGW, GL and
GW, and reduced GNPE. Another major and stable QTL for
HD (QHd-4A) and FD (QFd-4A) in C7 was co-localized with
five QTL for YRTs (QSnpp-4A.1, QKwpp-4A.2, QKnps-4A,
QKl-4A.1 and QTkw-4A.1) (Table 6), with the favourable alleles
from Weimai 8 increasing ENPP, GWPP, SNPS and GL, and
reducing TGW.

A major QTL for FD in C5 (QFd-3A) was co-localized with
four QTL for YRTs (QKw-3A, QTkw-3A, QKnps-3A.1 and
QKwpp-3A.3) and one stable QTL for HD (QHd-3A) (Table 6)
and with the favourable alleles from Weimai 8 that increased
GNPE, and reduced GW, TGW and GWPP. A major and stable
QTL for FD (QFd-4B) in C8, was co-localized with two QTL
for YRTs (QKnps-4B and QSnpp-4B) and one major QTL for
HD (QHd-4B), with the favourable alleles from Weimai 8 that
increased GNPE and reduced ENPP (Table 6).

Discussion

The expression of a stable QTL is less affected by the environment
than that of an unstable one, which is thus of great value in
molecular breeding programmes. In the present study, a stable
QTL was verified in at least three of the five environments. A
total of 25 putative additive QTL for HD and FD were identified
in the current study. Of these, 47 and 40% were major and stable
QTL for HD and FD, respectively, and these QTL should be paid
more attention in future studies.

Comparison of additive quantitative trait loci detected in the
present study with that in previous reports

Quantitative trait loci analysis for HD and FD has been per-
formed in many previous studies. To infer whether there were
common interacting QTL or regions across genetic back-
grounds, the results of the current study were compared with
those of previous studies on wheat. It is known that genetic pos-
ition is relative rather than an absolute value. Therefore, it is
hard to determine whether any two QTL detected in different
mapping population were the same or not, based solely on
the corresponding genetic position. Therefore, common
markers or consensus integrative genetic maps are essential
for conducting this comparative analysis. The high-density
microsatellite consensus map reported by Somers et al. (2004)
was used as a reference to perform this comparative analysis
and the common chromosomal regions associated with HD/
FD are presented in Table 7.

Previous studies have shown that groups 2 and 5 contain the
major genes controlling Ppd series and Vrn series, respectively
(Keim et al., 1973; Law et al., 1978, 1976). Ppd-D1 was mapped
to 41.1 cM on chromosome 2D with Xgwm484 and Xwmc453
as flanking markers on chromosome 2D (Hanocq et al., 2007);
in the current study, QHd-2D was located on the region
wPt-4144–Xcfd53, which was about 9 cM from Xwmc484, so
QHd-2D might be the effect of Ppd-D1 (Table 7). Hanocq et al.
(2007) detected the MQTL for HD and FD in the interval
between 38.5 and 46.8 cM on chromosome 2B, which appeared
to correspond highly to Ppd-B1. QFd-2B was detected at similar
region herein. In the present study, QHd-2A was located on the
long arm of chromosome 2A, and it should be different from
Ppd-A1 which was located on the short arm of chromosome 2A
(Griffiths et al., 2009). Many loci influencing HD were located
on chromosome 5B (Tóth et al., 2003; Hanocq et al., 2007;
Griffiths et al., 2009; Le et al., 2012). Vrn-B1 was mapped to
113.4 cM on chromosome 5B with Xwmc326 and Xwmc75 as
flanking markers (Hanocq et al., 2007); in the current study, a
major QTL QHd-5B explaining approximately 14.4% of the
phenotypic variance was located 103 cM on chromosome 5B
with wPt-1973 and Xcwm65 as flanking markers; thus, it is specu-
lated that QHd-5B should equate to Vrn-B1. Alternatively, they
are HD effects linked to Vrn-B1. Tóth et al. (2003) located a
FD QTL linked to the SSR locus Xwmc73 which was about
3 cM near the centromere, in the present study, a stable QTL
QFd-5B was also located near the centromere of 5B, so they

Table 3. Phenotypic correlation coefficients between heading date (HD), flowering date (FD) and yield-related traits in the three recombinant inbred lines (RIL)
populations among the four/two environments

Traits

WLa WYa WJa

HD FD HD FD HD FD

TGW −0.26** −0.29** −0.02 NS 0.04 NS −0.09 NS −0.03 NS

GNPE 0.24** 0.13 NS 0.16* 0.17* 0.38** −0.06 NS

GWPE −0.01 NS −0.15* 0.12 NS 0.18* 0.22** −0.06 NS

ENPP −0.01 NS −0.05 NS −0.20** −0.17* −0.12 NS 0.02 NS

GWPP −0.03 NS −0.13 NS 0.01 NS 0.07 NS 0.17* −0.02 NS

TGW, Thousand-grain weight; GNPE, Grain number per ear; GWPE, grain weight per ear; ENPP, Ear number per plant; GWPP, Grain weight per plant.
aWL, WY and WJ represent the population derived from crosses between Weimai 8 × Luohan 2, Weimai 8 × Yannong 19, and Weimai 8 × Jimai 20, respectively.
**, *, and NS: significant phenotypic correlations in correlation analysis at P⩽ 0.01, P⩽ 0.05 and not significant, respectively.
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Table 4. Quantitative trait loci (QTL) with additive effects for heading date (HD) and flowering date (FD) in the three recombinant inbred lines (RIL) populations

Trait QTL Populationa Env.b Position Flanking markers LOD score Add.c PVE (%)

HD(d) QHd-1A WL E2/E4/P 31.2–75.2 Xbarc176.1–wPt-3698 2.6/4.5/6.9 0.5/1.1/0.8 8.6/13.3/15.4

QHd-1B WY E3 8.0 wPt-665375–wPt-1403 3.7 0.5 11.1

QHd-1D WY/WL (E1/E2)/(E2/P) 29.0–85.0 Xcfe78.1–Xme2em1.2 (6.2/3.4)/ (2.5/4.6) (− 0.7/–0.3)/ (0.4/0.6) (13.2/8.8/(10.2/13.2)

QHd-2A WJ/WY E4/E3 50.0–65.5 wPt-669755–Xcfe87.3 2.7/6.3 −0.7/–0.6 14.6/12.3

QHd-2B WJ/WL (E1/E2)/P 10.6–77.6 Xwmc617.1–wPt-0694 (7.1/2.8)/6.4 (1.0/0.4)/0.5 (13.9/6.6)/10.5

QHd-2D WY E2/E4 50–65.0 wPt-4144–Xcfd53 6.0/2.7 −0.5/–0.7 17.9/8.7

QHd-3A WL/WJ E4/(E3/E4) 2.0–60.3 Xgpw2266–Xbarc1113 4.4/(3.4/4.0) 0.7/(0.3/0.5) 8.8/(5.0/6.8)

QHd-3B WJ/WY E1/(E3/E4/P) 75.2–100 wPt-66673–wPt-6047 4.2/(4.9/4.0/8.2) 0.8/(0.6/0.7/1.1) 13.0/(12.3/9.7/20.1)

QHd-4A WJ/WY/WL (E1/E3/E4)/E1/P 104.0–156.5 Xapr1.8.1–wPt-4680 (5.4/14.2/4.6)/9.3/3.9 (− 0.8/–0.9/–0.7)/–0.9/–0.4 (14.4/32.5/11.0)/18.6/7.3

QHd-4B WJ/WY (E3/P)/(E3/P) 58.3–107.3 Xgwm66.40–wPt-6209 (5.3/2.8)/(3.4/2.9) (0.5/0.5)/(0.8/1.9) (10.0/7.9)/(9.1/20.2)

QHd-5A WY P 88.5 Xcfa2163.1–wPt-3563 4.6 2.9 29.3

QHd-5B WL E2/P 103.0 wPt-1973–Xcwm65 3.9/6.3 −0.5/–0.6 14.9/14.0

QHd-6A WY/WL/WJ (E1/E4/P)/P/E2 1.0–40.0 Xcfd266.2–wPt-731054 (3.1/3.7/3.9)/4.4/3.1 0.5/0.6/0.6/0.6/0.4 5.8/9.2/7.6/8.1/9.0

QHd-6B WL/WY (E4/P)/E2 15.0–87.0 wPt-5234–wPt-0171 (2.8/4.8)/5.0 (− 0.6/–0.5)/–0.4 (5.9/6.4)/11.4

QHd-6D WJ/WY (E2/E4)/E4 28.0–64.0 Xissr844.1–wPt-730539 (5.5/6.1)/4.2 (− 0.5/–0.8)/–0.7 (13.4/16.7)/8.9

FD(d) QFd-1A WY/WJ (E1/E2/E4)/E2 44–120.0 Xcwm109.1–Xbarc119 (2.5/4.8/2.9)/7.8 (0.3/0.4/0.4)/0.3 (5.3/10.8/16.5)/12.3

QFd-2B WJ/WL (E4/P)/P 3.6–50.0 wPt-0419–Xgwm388 (3.4/2.8)/2.9 (− 0.3/–1.2)/–0.3 (6.6/24.6)/10.2

QFd-2D WY/WJ (E1/E4)/E4 52.0–102.3 wPt-4144–wPt-664805 (6.3/3.3)/2.5 (0.5/0.3)/0.3 (11.1/7.6)/4.5

QFd-3A WJ/WY E4/E2 58.5 wPt-1888–Xbarc1040 7.2/5.7 −0.4/–0.5 13.3/12.3

QFd-4A WY/WJ/WL E1/(E2/E3/P)/E2 105.0–156 Xapr1.8.1–wPt-4680 18.1/(3.7/8.2/4.5) /2.9 −0.8/( − 0.2/–0.6/–1.3) /–0.4 32.0/(5.9/18.5/24.0)/8.7

QFd-4B WJ/WY (E1/E2/E3)/P 58.3–134.3 wPt-5559–wPt-730435 (3.2/8.3/8.4)/5.0 (0.4/0.4/0.6)/1.4 (8.1/21.0/16.4)/26.5

QFd-4D WY P/E4 65.0 Xwmc720–wPt-0431 4.8/5.2 −0.5/–0.4 11.2/16.2

QFd-5B WY/WJ/WL (E3/E2)/E2/ E2 58–103.0 wPt-730009–Xcwm65 (3.9/5.7)/2.6/3.5 (− 0.3/–0.3)/0.2/–0.4 (6.4/10.9/4.3/11.6)

QFd-6B WY/WL (E2/E3)/(E2/E4/P) 0.0–48.0 wPt-4706–wPt-0357 (4.0/3.6)/(3.9/2.9/3.2) (− 0.3/–0.4)/(− 0.4/–0.3/–0.3) (9.1/7.6)/(10.0/6.7/9.6)

QFd-7B WY/WL E3/E4 36.0 wPt-7934–wPt-2273 3.6/9.1 −0.4/–0.5 7.7/18.6

LOD, a log-of odds; PVE, Phenotypic variation explanation.
A major QTL was defined as a QTL with an LOD value of >3.0 and a phenotypic variance contribution of >10% (the average of all the environments), a stable QTL as a QTL that showed significance in at least three of the five environments (E1, E2, E3, E4
and P) and a major and stable QTL with the characteristics of both major QTL and stable QTL.
aWL, WY and WJ represent the population derived from crosses between Weimai 8 × Luohan 2, Weimai 8 × Yannong 19, and Weimai 8 × Jimai 20, respectively.
bE1, E2, E3 and E4 represent the environments of 2008/09 in Taian, 2009/10 in Taian, 2009/10 in Zaozhuang and 2009/10 in Jining, respectively. P: the four environments pooled together.
cAdd: Additive effect; Positive values indicate that the common parent Weimai 8 alleles increase the HD/FD. Negative values indicate that the common parent Weimai 8 alleles reduce HD/FD.
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might be the same QTL. QHd-5A was previously mapped to an
interval between 72.6 and 80.3 cM by Hanocq et al. (2007); in
the present study, it was mapped 88.5 cM on chromosome 5A,
with Xcfa2163.1 and wPt-3563 as flanking markers, and it was dif-
ferent from Vrn-A1 which was located 106.5 cM on chromosome
5A (Hanocq et al., 2007) (Table 7).

Besides the already described genomic regions on homologous
groups 2 and 5, regions on other chromosomes were compared.
QHd-3A was previously mapped between 42–61 cM with
Xwmc505 and Xwmc264 as flanking markers (Griffiths et al.,

2009; Zanke et al., 2014); in the present study, it was mapped
to the Xgpw2266–Xbarc1113 interval (between 2.0 and 60.3 cM
on chromosome 3A). Griffiths et al. (2009) mapped a HD QTL
to the wPt883–Xgwm165 interval on chromosome 4D, which
was approximately 10 cM distal from the confidence interval of
QFd-4D reported herein. Griffiths et al. (2009) and Wang et al.
(2016) mapped a HD QTL and a candidate Eps gene, both linked
with Xbarc62, which was 117 cM on chromosome 1D. In the pre-
sent study, QHd-1D was mapped between 29 and 85 cM on
chromosome 1D, so it was a different QTL from the two above.

Fig. 2. The quantitative trait loci (QTL) conferring heading date (HD) and flowering date (FD) detected in four environments. Red rectangles indicate QTL associated
with HD; Green rectangles indicate QTL associated with FD. Yellow fragments on the chromosomes indicate centromeres and purple fragments on the
chromosomes indicate QTL clusters.
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Table 5. Quantitative trait loci (QTL) with estimated epistatic effects for heading date (HD) and flowering date (FD) in the three recombinant inbred lines (RIL) populations

Trait QTLa Populationb Env.c Position Flanking-Markers QTLa Position Flanking-markers LOD PVE (%) A by Ad

HD eQHd-1A.1 WL E4 89.6 wPt-731282–Xwmc120 eQHd-7B.2 105.0 wPt-4300–Xcfe254.2 5.2 15.7 1.4

QHd-1A WJ E4 56.2 wPt-671790–wPt-664586 eQHd-5A 21.6 Xwmc524–Xbarc40 5.5 12.0 0.6

QHd-1D WJ E3 17.8 Xbarc229.1–Glu-d1 eQHd-3D 65.0 BE637905.2–wPt-671701 5.4 22.7 −0.7

eQHd-2A WY E1 94.5 Xswes185–Xwmc177 QHd-5B 104.0 wPt-1348–wPt-9116 5.1 13.5 1.3

eQHd-2A WY E1 94.5 Xswes185–Xwmc177 eQHd-6A 72.4 wPt-8124–Xwmc580.3 5.0 12.3 1.1

eQHd-2A WY E1 94.5 Xswes185–Xwmc177 eQHd-7B.1 65.3 wPt-666615–Xwmc517.2 5.5 13.3 −1.2

QHd-3A WY E2 44.8 wPt-7341–wPt-671711 eQHd-5D 20.0 Xcfd266.2–wPt-0886 6.4 30.3 0.5

QHd-3A WJ E1 56.3 wPt-671711–wPt-1888 eQHd-5A.1 46.6 wPt-4249–Xcwm216 5.7 20.3 −0.9

QHd-3B WY E4 125.1 wPt-3107–Xbarc344 eQHd-7A 55.0 wPt-4748–wPt-0008 7.5 19.1 −1.0

eQHd-4B WL E2 160.0 Xcfd54–Xgdm93 eQHd-7B.2 105.0 wPt-4300–Xcfe254.2 5.3 15.2 −0.6

eQHd-5A.2 WJ E4 21.6 Xwmc524–Xbarc40 QHd-6B 15.0 wPt-5234–Xswes131.2 6.3 18.9 0.8

eQHd-5B WL E2 25.0 Xme1em8.1–Xbarc110 QHd-6B 85.0 wPt-667798–wPt-669607 5.6 23.8 0.6

eQHd-5B WL E2 25.0 Xme1em8.1–Xbarc110 eQHd-1D 95.0 Xgpw7082.2–Xme2em1.2 5.7 26.4 −0.6

eQHd-5B WL E2 25.0 Xme1em8.1–Xbarc110 eQHd-1A.1 94.6 wPt-731282–Xwmc120 5.3 26.6 −0.6

eQHd-5B WL E2 25.0 Xme1em8.1–Xbarc110 QHd-2B 25.0 wPt-9736–wPt-8004 5.3 26.1 −0.6

QHd-6B WY E2 20.0 Xcwm109.2–wPt-8183 eQHd-7B 120.3 wPt-0194–wPt-5343 5.2 17.6 0.4

FD eQFd-1D WL E4 35.0 wPt-666832–wPt-668040 eQFd-7B 85.0 Xwmc488.2–wPt-0504 5.4 10.4 0.4

eQFd-3B WY E2 55.1 wPt-4209–wPt-6239 eQFd-7D 145.0 Xbarc5–Xgwm44 5.0 24.9 0.5

eQFd-5A.1 WJ E1 21.6 Xwmc524–Xbarc40 eQFd-5A.2 81.6 wPt-0605–Xmag694 5.3 13.1 −0.4

QFd-6B WJ E4 45.0 PPO29.2–Xswes180.1 eQFd-7B 92.5 wPt-4814–wPt-4600 5.0 13.6 0.5

LOD, a log-of odds; PVE, Phenotypic variation explanation.
aThe underlined QTL had additive effects in addition to epistatic effect; an italicized letter ‘e’ was prefixed to distinguish epistatic QTL with no additive effect.
bWL, WY and WJ represent the population derived from crosses between Weimai 8 × Luohan 2, Weimai 8 × Yannong 19, and Weimai 8 × Jimai 20, respectively.
cE1, E2, E3 and E4 represent the environments of 2008/09 in Taian, 2009/10 in Taian, 2009/10 in Zaozhuang and 2009/10 in Jining, respectively.
dEpistatic effects, a positive value indicates that the parental two-locus genotypes have a positive effect and that the recombinants have a negative effect.
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Two major and stable QTL, QHd4A and QFd4A, were not
reported in previous studies. This early heading and flowering
QTL accounted for as high as 32.51 and 32.02% of the phenotypic
variation, respectively. It should be of great value in breeding
early-ripening cultivars to adapt to special cropping systems. For
example, in areas where wheat-maize or wheat-soybean are popular
double-cropping systems, early maturity is one of the top breeding
objectives. The unfortunate reality is that the large confidence inter-
vals of both QHd4A and QFd4A have hampered their direct use in
wheat molecular breeding programmes. Further fine mapping and
map-based cloning of these QTL will solve this problem.

Epistatic effects

Characterization of epistatic effects is important for understand-
ing gene function and interaction (Boone et al., 2007; Phillips

2008; Mackay, 2014). Epistatic effects can be clearly defined and
verified when a combination of two mutations yield an unex-
pected phenotype that cannot be explained by the independent
effect of each mutation. For complex traits, it is useful to analyse
the variation in a mapping population established for QTL stud-
ies, by applying epistatic QTL models.

In the current study, 16 and four epistatic interactions were
identified for HD and FD, respectively. These QTL explained
phenotypic variance from 10.42 to 30.27%. This finding indicated
that epistasis plays an important role in controlling wheat HD and
FD. The study of Ma et al. (2007) implied that many loci in epis-
tasis may not have significant additive effects for the trait alone
but may affect their expression by epistatic interaction with the
other loci. In the current study, six loci for HD and three for
FD did not have significant additive effects for the trait alone
but affect their expression by epistatic interaction with the other

Table 6. The quantitative trait loci (QTL) clusters simultaneously affecting heading date (HD)/flowering date (FD) and yield-related traits (YRTs)

Cluster Chromosome Position Intervals
No.
QTL Traits (additive effect, number of environments)a

C1 1A 31.2–75.2 Xbarc176.1– wPt-3698 5 HD(−, 5), FD(+, 3), TGW(−, 1), GL(−, 2), GNPE(−, 2)

C2 2A 50.0–65.5 wPt-669755–Xcfe87.3 3 HD(+, 2), TGW(−, 2), GW(+, 1)

C3 2B 3.0–77.0 wPt-0419–wPt-0694 6 HD(+, 3), FD(−, 3), TGW(+, 3), GL(+, 3), GW(+, 2), GNPE(−, 3)

C4 2D 45–102.5 wPt-4144–wPt-664805 7 HD(−, 2), FD(−, 2), TGW(−, 3), ENPP(+, 4), GWPE(−, 4), GL(+, 3), GW
(−, 2)

C5 3A 2.0–60.3 Xgpw2266–Xbarc1113 6 HD(+, 3), FD(−, 2), GW(−, 3), TGW(−, 3), GNPE(+, 4), GWPP(–,1)

C6 3B 70.0–105.5 wPt-666738–wPt-6047 3 HD(+, 4), TGW(+, 3), GL(−, 3)

C7 4A 100.0–160.0 Xapr1.8.1–wPt-4680 7 HD(−, 4), FD(−, 4), ENPP(+, 3), GWPP(+, 3), GNPE(+, 3), GL(+, 2),
TGW(−, 1)

C8 4B 50.0–135 Xgwm66.40–wPt-730435 4 HD(+, 2), FD(+, 4), ENPP(−, 2), GNPE(+, 4)

C9 6A 1.0–50.0 Xcfd266.2–wPt-731054 6 HD(−, 4), ENPP(−, 2), GNPE(−, 3), TGW(+, 3), GL(+, 2), GW(−, 1)

C10 6B 0.0–87.0 wPt-4706–wPt-0171 7 HD(−, 3), FD(−, 4), GNPE(−, 2), GW(+, 4), GL(+, 2), GL(−, 3),
TGW(+, 2)

TGW, Thousand-grain weight; GNPE, Grain number per ear; GWPE, grain weight per ear; ENPP, Ear number per plant; GWPP, Grain weight per plant; GL, grain length; GW, grain width; HD,
heading date; FD, flowering date.
A major QTL was defined as a QTL with an LOD value of >3.0 and a phenotypic variance contribution of >10% (the average of all the environments), a stable QTL as a QTL that showed
significance in at least three of the five environments (E1, E2, E3, E4 and P) and a major and stable QTL with the characteristics of both major QTL and stable QTL.
aThe trait name in bold type indicates that major QTLs were detected for the corresponding traits; the traits name in underline type indicates that stable QTLs were detected for the
corresponding traits.

Table 7. Common chromosomal regions associated with heading date (HD)/flowering date (FD) in the present and previous studies

The present study Previous studies

QTL
Flanking markers (Position in

the present study) QTL/Genes
Flanking markers (Position on Somers’s map:

Somers et al., 2004) References

QHd-2D wPt-4144–Xcfd53 (50–65) Ppd-D1 Xgwm484–Xwmc453 (41.1) Hanocq et al. (2007)

QFd-2B wPt-0419–Xgwm388（3.6–50） Ppd-B1 Xwmc597–Xgwm148 (38.5–46.8) Hanocq et al. (2007)

QHd-5B wPt-1973–Xcwm65 (103) Vrn-B1 Xwmc326–Xwmc75 (113.4) Hanocq et al. (2007)

QFd-5B wPt-730009–Xcwm65 (close to the centromere) QFd Xwmc73 (close to the centromere) Tóth et al. (2003)

QHd-5A Xcfa2163.1–wPt-3563 (88.5) QHd Xgwm639–Xgwm617 (72.6–80.3) Hanocq et al. (2007)

QHd-3A Xgpw2266–Xbarc1113 (2.0–60.3) QHd Xwmc505–Xwmc527 (42–53) Griffiths et al. (2009)

QHd Xwmc264 (61) Zanke et al. (2014)

QFd-4D Xwmc720–wPt-0431 (27) QHd wPt8836–Xgwm165 (38) Griffiths et al. (2009)

QTL, quantitative trait loci.
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loci. This finding implied that wheat molecular breeding pro-
grammes should investigate loci with epistasis only in addition
to loci with additivity.

Co-localized quantitative trait loci of heading date/flowering
date and yield-related traits

The location of multiple QTL in the same region affecting differ-
ent traits could be attributed to the presence of a single locus with
pleiotropic effects on several traits. It is useful in improving the
efficiency of breeding for multiple elite traits to identify the
co-localized QTL conferring multiple traits. Bogard et al. (2011)
found the co-location of QTL for FD with grain yield, grain pro-
tein concentration and leaf senescence on chromosomes 2D and
7D in wheat. Huang et al. (2003) detected four QTL for yield,
HD and tiller number/m2 approximated to the SSR marker
Xgwm493 on chromosome 3B, and the QTL cluster on 3B
(including HD, TGW and GL) in the current study was in a simi-
lar region to that of Huang et al. (2003). Mason et al. (2013)
found the co-location of QTL for yield components and HD
near the marker Xgwm484 on chromosomes 2D. In the current
study, the QTL cluster on 2D (including HD, FD, TGW, ENPP,
GWPE, GL and GW) was in the wPt-4144–wPt-664805 interval,
which was approximately 9 cM from Xgwm484 as reported above.

Conclusions

A total of 25 putative additive QTL and 20 epistatic additive QTL
were detected in four environments, of which seven major and
stable QTL for HD and four major and stable QTL for FD were
found. An epistatic interaction test showed that epistasis plays
an important role in controlling wheat HD and FD. In addition,
ten QTL clusters (C1-C10) simultaneously controlling YRTs and
HD/FD were identified. The current study laid a genetic founda-
tion for improving yield potential in wheat molecular breeding
programmes.
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