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Abstract
For discovering the quantitative trait loci (QTLs) contributing to early seedling growth and drought tolerance during germination, conditional and unconditional analyses of 12 traits of wheat seedlings: coleoptile length, seedling height, longest root
length, root number, seedling fresh weight, stem and leaves fresh weight, root fresh weight, seedling dry weight, stem and
leaves dry weight, root dry weight, root to shoot fresh weight ratio, root-to-shoot dry weight ratio, were conducted under
two water conditions using two F8:9 recombinant inbred line (RIL) populations. The results of unconditional analysis are as
follows: 88 QTLs accounting for 3.33–77.01% of the phenotypic variations were detected on chromosomes 1A, 1B, 1D, 2A,
2B, 2D, 3A, 3B, 4A, 4B, 4D, 5A, 5B, 5D, 6A, 6B, 6D, 7A, 7B and 7D. Among these QTLs, 19 were main-effect QTLs with
a contribution rate greater than 10%. The results of the conditional QTL analysis of 12 traits under osmotic stress on normal water conditions were as follows: altogether 22 QTLs concerned with drought tolerance were detected on chromosomes
1B, 2A, 2B, 3B, 4A, 5D, 6A, 6D, 7B, and 7D. Of these QTLs, six were main-effect QTLs. These 22 QTLs were all special
loci directly concerned with drought tolerance and most of them could not be detected by unconditional analysis. The ﬁnding
of these QTLs has an important signiﬁcance for ﬁne-mapping technique, map-based cloning, and molecular marker-assisted
selection of early seedling traits, such as growth and drought tolerance.
[Zhang H., Cui F., Wang L., Li J., Ding A., Zhao C., Bao Y., Yang Q. and Wang H. 2013 Conditional and unconditional QTL mapping of
drought-tolerance-related traits of wheat seedling using two related RIL populations. J. Genet. 92, 213–231]

Introduction
Seed germination and early seedling growth are considered
the most critical stages for wheat establishment, especially
under stress (Blum 1996). The improvement of drought tolerance of wheat seedlings can overcome the inﬂuence of water
in the soil, ensure both the basic seedling number and establishment of the photosynthetic population, and provide a
solid base for obtaining high and stable yield. Therefore, the
drought tolerance during seed germination and early seedling
growth is an important trait that should not be neglected.
Drought tolerance is particularly complex, controlled by
∗ For correspondence. E-mail: hgwang@sdau.edu.cn.

multiple genes, with each gene having only a relatively
small effect. The conventional method for identiﬁcation of
drought tolerance has been the yield obtained under drought
conditions (Sio-Se Mardeh et al. 2006; Atefeh et al. 2011).
This method involves a complex process, the workload
is heavy and the efﬁciency is low. High-molecular-mass
polyethylene glycol (PEG) has been widely used to mimic
osmotic stress in culture solutions (Almansouri et al. 2001),
because this approach avoids much of the environmental noise associated with ﬁeld experiments and induces a
plant response similar to that induced by natural drought,
for example causing a depression in both seed germination
and growth of the root and shoots (Blum et al. 1980; Dhanda
et al. 2004; Mujtaba et al. 2005).
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The quantitative trait loci (QTL) mapping approach
(Collard et al. 2005) has been successfully applied as a tool
for the genetic analysis of numerous important agronomical traits (Sourdille et al. 1996, 2000; Perretant et al. 2000;
Borner et al. 2002; Lohwasser et al. 2005), disease tolerance (Nelson et al. 1997; Anderson et al. 2001; Simón et al.
2004; Faris and Friesen 2005; Schmolke et al. 2005), and abiotic stress tolerance (Galiba et al. 2005; Bálint et al. 2007)
in wheat. Zhu (1995) introduced the new methodology for
conditional genetic analysis considering the developmental
behaviour of traits. Based on this methodology, it is possible to reveal that the gene expression for a complex trait may
be contributed by its different causal genes expression at different levels. Multivariate conditional analysis can estimate
the conditional phenotypic values of a target trait given the
component trait, through two steps. First, conditional variance components of the conditional distribution of target trait
given the component trait are estimated, which is independent of the component trait. Then, the proportion of variance
of conditional target random genetic effects to unconditional
target trait genetic effects is calculated and the contribution
ratio can be used to measure the contribution of the component trait to the target trait (Zhu 1995; Wen and Zhu 2005).
This method has been widely used to identify QTL expressed
at certain stages of the life cycle (Zhu 1995; Yan et al.
1998a, b; Cao et al. 2001; Atchley and Zhu 1997) or analyse contributions of component traits to a complex trait (Guo
et al. 2005; Liu et al. 2008; Cui et al. 2011, 2012). Recently,
this method was proposed for analysing the inﬂuence on
traits of different agronomic measures and discovering special QTL that are preferentially expressed in stress environments, as opposed to unstressed environments. Austin and
Lee (1998) and Jiang et al. (2008) used this method to determine those genes that are only expressed in low nitrogen
stress environments. Until now, there is no report regarding
the conditional analysis method to detect QTLs that are only
expressed in drought-stress conditions.
In this study, we carried out unconditional and conditional
analyses of the traits of wheat seedlings using two related
recombinant inbred line (RIL) populations to dissect the net
QTL expression under two water conditions and examined
the speciﬁc expression of traits in wheat seedlings subjected
to drought stress. Our study sought to understand the mechanism of differential expression of genes affecting the traits
of wheat seedlings under different water conditions and to
provide an insight into the genetic basis of drought tolerance. This approach is very signiﬁcant for genetic studies of
drought tolerance and breeding new varieties of wheat.

Materials and methods
Experimental material

Two F8:9 RIL populations derived from crosses between
three common Chinese wheat varieties, namely, between
Weimai 8 and Luohan 2 (WL); and between Weimai 8 and
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Yannong 19 (WY), comprising 229 (seven lines are missed)
and 302 (11 lines are missed) lines, respectively, were used
in the present study. Weimai 8 is a drought susceptible variety, and it was released by the Weifang Municipal Academy
of Agricultural Sciences, Shandong, China, in 2003; Luohan 2 is a drought resistance variety, and it was released by
the Crop Research Institute, Luoyang Municipal Academy of
Agricultural Sciences, Henan, China, in 2001; Yannong 19 is
a save-water variety, and it was released by the Yantai Municipal Academy of Agricultural Sciences, Shandong, China,
in 2001.
Introduction of the genetic map

Various molecular markers, including genomic simple
sequence repeats (G-SSR), expressed sequence tag-SSR
(EST-SSR), inter-simple sequence repeats (ISSR), sequencetagged sites (STS), sequence-related ampliﬁed polymorphism (SRAP), and randomly ampliﬁed polymorphic DNA
(RAPD), were used to genotype the three parents and their
derived lines. The genetic map deduced from the two populations was constructed in 2010 in our laboratory. The genetic
map established using the WY population consisted of 338
loci distributed in 27 linkage groups with six linkage gaps,
and it covered 3010.70 cM of the whole genome, with an
average distance of 8.45 cM between adjacent loci (Cui
et al. 2011). The genetic map constructed based on the WL
population included 344 loci on the wheat chromosomes and
spanned 2855.5 cM, with an average density of one marker
per 8.30 cM. There were six linkage gaps with linkage distances of 50 cM . The distribution of markers ranged from 45
on chromosome 4A to three on chromosomes 4D and 7D.
Osmotic stress tests

One hundred seeds per RIL and their parents were packed
in gauze, dipped in 3% H2 O2 for 10 min to sterilize, then
washed 2–3 times using pure water, and initiated shoot for
one day (24 h) at 25◦ C. Sixty growth-coincident seeds were
picked and uniformly placed in six beakers (6 cm wide)
spread over two layers of ﬁlter paper, with 10 grains in every
beaker. Subsequently, 5 mL of 10% PEG-6000 solution or
pure water was added to three beakers each. All the beakers
were placed in a plastic box, covered with a thin plastic ﬁlm,
and cultured at 25◦ C in the dark for three days. On the fourth
day, 5 mL of water was added to every beaker with concurrent illumination. On the eighth day, ﬁve growth-coincident
plants were picked out from every beaker to measure coleoptile length (CL), seedling height (SH), longest root length
(RL), root number (RN), seedling fresh weight (SFW), stem
and leaves fresh weight (SLFW), and root fresh weight
(RFW). The seedlings were placed in an oven for 20 min
at 100◦ C, and then dried to constant weight at 80◦ C. The
following parameters were subsequently measured: seedling
dry weight (SDW), stem and leaves dry weight (SLDW),
and root dry weight (RDW). Then, the root to shoot fresh
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weight ratio (RSFWR) and the root to shoot dry weight ratio
(RSDWR) were calculated.

QTL analysis

Statistical analysis of the phenotypic data from the two RIL
populations was carried out using the software SPSS 13.0
(SPSS, Chicago, USA). If both absolute skewness and kurtosis were less than 1.0, the trait was assumed to follow a normal distribution in the RIL population. The estimated broadsense heritability of the corresponding traits was calculated
using the formula h2 = σG2 /(σG2 + σe2 ), where σG2 is the
genetic variance and σe2 is the experimental error. The QTL
screening was conducted using inclusive composite interval
mapping by IciMapping 3.0 based on the stepwise regression of the simultaneous consideration of all marker-related
information (Li et al. 2007; http://www.isbreeding.net/). The
missing phenotype was deleted using the ‘deletion’ command. The walking speed chosen for all the QTLs was
1.0 cM, and the probability in the stepwise regression was
0.001. The threshold logarithms of odds ratio (LOD) scores
were calculated using 1000 permutations, the type 1 error
being 0.05. An LOD score of 2.5 was set as a threshold for
declaring the presence of a QTL. However, we ignored the
QTLs with LOD values <2.5 to render the QTLs reported
herein authentic and reliable. Conditional genetic analysis
was conducted based on the phenotypic mean values of 12
traits, which were obtained by the method described by Zhu
(1995), observed in wheat seedlings grown under osmotic
stress conditioned on each of the corresponding trait in plants
grown under normal water condition by software QGAStation 1.0 (Zhu 1995). Then, the conditional QTL screening was conducted using conditional phenotypic value of 12
traits by IciMapping 3.0 as mentioned above. The assignment of a QTL name was based on the following rules: italicized uppercase ‘Q’ denotes QTL; letters following it before
the ﬁrst period are the abbreviations of the corresponding
trait; the next uppercase letters before the second period indicate the population in which the corresponding QTL was
detected; next, a numeral plus an uppercase letter, ‘A,’ ‘B,’
or ‘D,’ indicate the wheat chromosome on which the corresponding QTL was detected; the last number after the third
period denote different QTLs for the same trait on the same
chromosome.

Results
Analysis of phenotypic data

The ﬁnal 12 traits for the two RIL populations and their parents under the two water conditions are shown in table 1.
The results of analysis of variance (ANOVA) showed that
the variance for treatment effects on CL of three parents was
signiﬁcant at P < 0.01; the variance for treatment effects
on CL showed signiﬁcance at P < 0.05 in WY population,

but nonsigniﬁcant in WL. The other investigated traits were
signiﬁcant at the P < 0.01 level under the two water conditions among the three parents, as also in the two populations
(table 1). In both mapping populations, CL, RL, RN, SFW
and SDW showed a good ﬁt to normal distribution under the
two water conditions. Phenotypic distributions of SH, SFW,
SLFW, RFW, SLDW, RDW, RSFWR and RSDWR showed
inconsistency over population or treatment, either normal or
non-normal, indicating that they were inﬂuenced by the treatment to some extent. Strong transgressing segregations were
observed for each trait under both osmotic stress and normal water conditions, with some lines being bigger than the
bigger parent or smaller than the smaller parent in WY and
WL, respectively, indicating that alleles with positive effects
are distributed among the parents. The estimated broad-sense
heritabilities of the 12 seedling-related traits ranged from
24.52% to 87.66%. Of these, CL had the highest heritability in both populations, next to RN, RSFWR, and RSDWR;
further, SFW, SLFW, and RFW had the lowest heritability, next to SH, RDW, SLDW and SDW. Every trait segregated continuously in WY and WL, indicating that these
traits were all typical quantitative traits controlled by a few
minor genes and that the data were suitable for QTL analysis
(ﬁgure 1).
A preliminary analysis indicated that the 12 traits involved
in the experiments under two different water conditions in the
two populations had a very signiﬁcantly positive correlation
(table 2). Correlation coefﬁcients ranged from 0.485–0.886,
and the consistency was very high in the two populations.
The relativity of CL was the highest, with correlation coefﬁcients of 0.88 and 0.89, respectively, in the WY and WL
populations. Second, the correlation coefﬁcients of SH, RN,
SFW, RFW, RDW, and so on were greater than 6.00 in the
two populations. The correlation coefﬁcients of RL, SLFW,
SDW, SLDW, RSFWR, RSDWR, and so on were smaller.
Larger correlation coefﬁcients indicated a smaller inﬂuence
from osmotic stress. The correlations of all the traits under
two water conditions is most signiﬁcant, so we can remove
the effect derived from traits present under normal water conditions by conditional QTL analysis and examine the speciﬁc
expression of traits in wheat seedlings subjected to drought
stress.
Unconditional QTL mapping of traits in wheat seedlings

Up to 88 QTLs distributed throughout the 20 wheat chromosomes, except for the chromosome 3D, were identiﬁed by
unconditional QTL analysis for 12 traits of wheat seedlings
(table 3). Together, these QTLs explained 3.32–77.01% of
the phenotypic variation in the individual traits. Further, 16
QTLs were detected under both water conditions, only 38
QTLs under normal water condition and only 34 QTLs under
osmotic stress. In WY and WL populations, 48 and 40 QTLs
were detected respectively. The additive effects of 18 and
30 QTLs observed in the WY population respectively came
from Weimai 8 made as female parent and Yannong 19
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C
T
C
T
C
T
C
T
C
T
C
T
C
T
C
T
C
T
C
T
C
T
C
T

Treatb

Stdd

WYc
Min–max

2.82 aA
2.62 aA 0.40 1.65–3.86
3.46 bB
2.54 bA 0.39 1.79–5.59
12.58 aA 10.24aA 1.46 6.24–14.87
10.33 bB
8.35 bB 1.28 4.35–11.32
9.19 aA
7.66 aA 1.98 6.24–14.87
9.35 bB
5.83 bB 1.13 2.91–8.82
4.20 aA
4.71 aA 0.55
3.3–6.1
5.80 bB
4.87 bB 0.49
3.4–5.9
163.14 aA 100.86 aA 19.86 45.54–166.12
116.90 bB 76.35 bB 14.31 41.21–125.73
98.2 aA
64.34 aA 11.42 25.35–86.12
65.18 bB 51.51 bB 8.96 18.65–68.69
64.94 aA 36.48 aA 10.09 11.15–83.32
51.78 bB 24.83 bB 6.79 10.43–75.21
24.36 aA 15.04 aA 3.08 6.30–261
20.06 bB 12.51 bB 2.51 6.43–20.91
15.23 aA 10.03 aA 2.33 3.54–19.80
12.23 bB
8.47 bB 1.67 2.34–13.66
9.13 aA
4.96 aA 1.26 1.64–13.71
7.83 bB
4.04 bB 1.11 1.50–12.51
66.09 aA 56.56 aA 11.7 31.12–89.34
79.42 bB 48.21 bB 10.27 25.77–86.18
59.87 aA 50.78 aA 12.46 10.10–90.29
63.93 bB 47.91 bB 10.22 21.52–89.47

Parents
Yannong19e Luohan2e Meane

3.15 aA
2.74 aA
3.46 bB
3.21 bB
11.27 aA 10.89 aA
8.90 bB
8.58 bB
10.57 aA
8.64 aA
8.02 bB
6.16 bB
3.00 aA
4.60 aA
3.60 bB
5.40 bB
121.58 aA 121.68 aA
68.89 bB 84.05 bB
74.64 aA 79.60 aA
44.21 bB 54.56 bB
46.94 aA 42.08 aA
24.68 bB 29.49 bB
18.54 aA 18.89 aA
14.24 bB 16.94 bB
11.83 aA 12.85 aA
9.41 bB 11.30 bB
6.71 aA
6.04 aA
4.83 bB
5.64 bB
62.89 aA 52.86 aA
55.82 bB 54.05 bB
56.72 aA 47.00 aA
51.33 bB 49.91 bB

Weimai8e
0.35
0.65
−0.07
−0.13
−0.04
0.26
−0.27
−0.44
0.18
0.30
−0.04
0.11
0.35
0.67
0.18
0.28
0.59
0.11
0.27
0.98
0.28
0.73
0.42
0.83

0.17
0.52
0.31
0.08
−0.42
−0.35
−0.08
0.70
0.53
0.72
−0.04
0.11
0.35
1.50
0.48
0.42
1.80
0.02
0.59
2.55
−0.28
1.68
1.09
2.30

2.80 aA
2.83 aA
12.69 aA
11.21 bB
9.31 aA
7.48 bB
5.37 aA
5.57 bB
145.66 aA
110.73 bB
89.53 aA
70.39 bB
56.31 aA
40.34 bB
21.32 aA
18.56 bB
14.14 aA
12.47 bB
7.19 aA
6.09 bB
63.28 aA
57.86 bB
51.11 aA
49.22 bB

Skewness Kurtosis Meane
0.38
0.41
1.18
1.29
1.79
1.29
0.48
0.56
19.90
16.82
12.40
10.95
11.58
8.37
2.54
3.14
1.7
2.15
1.31
1.33
12.18
12.56
8.99
8.92

Std

1.75–3.88
1.74–3.86
9.17–16.57
7.66–14.4
4.47–14.06
3.43–10.97
3.9–6.8
3.8–7.3
93.31–205.41
61.43–164.80
60.21–145.50
30.14–108.31
28.34–127.32
17.13–79.43
15.11–9.56
9.32–27.31
10.14–20.58
6.44–20.81
4.16–10.21
3.66–10.28
33.6–99.90
30.11–94.01
26.17–82.20
22.81–78.57

WL
Min–max

−0.11
0.03
−1.28
−0.33
0.08
0.11
−0.01
0.12
0.94
0.36
0.58
0.00
0.57
0.15
0.06
−0.05
0.27
0.15
−0.19
−0.04
0.12
0.30
0.13
0.24

−0.28
−0.38
0.09
0.11
−0.27
−0.06
0.30
0.24
0.18
0.36
1.14
0.46
4.18
1.22
−0.22
0.35
0.11
1.01
−0.28
−0.05
0.19
0.55
0.33
0.45

Skewness Kurtosis

a Arabic numerals in the ﬁrst parentheses are the estimated broad sense heritability of the corresponding traits and that in the second parentheses are P values for the signiﬁcance of
difference between the parents, of which, the ﬁrst numeral refers to WY, and the second refers to WL.
b C and T present the normal water condition and osmotic stress, respectively.
c WY and WL represent the populations derived from the crosses between Weimai 8 and Yannong 19 and between Weimai 8 and Luohan 2, respectively.
d Std, standard deviation.
e Small letters ‘a’ and ‘b’ means signiﬁcance of difference when P < 0.05, and capital letters ‘A’ and ‘B’ means signiﬁcance of difference when P < 0.01.

CL (cm) (87.66/79.45)
(0.03/0.01)
SH (cm) (37.92/39.86)
(0.85/0.65)
RL (cm) (31.91/34.35)
(0.40/0.80)
RN (67.25/68.10)
(0.01/0.02)
SFW (mg) (34.46/24.52)
(0.84/0.51)
SLFW (mg) (42.57/27.32)
(0.89/0.62)
RFW (mg) (39.49/28.75)
(0.809/0.402)
SDW (mg) (34.14/41.04)
(0.737/0.267)
SLDW (mg) (43.48/36.71)
(0.407/0.317)
RDW (mg) (44.73/52.55)
(0.553/0.203)
RSFWR (%) 50.61/58.38)
(0.734/0.324)
RSDWR (%) (46.48/54.16)
(0.051/0.133)

Trait (h2 %)
(P value)a

Table 1. Phenotypic values for 12 seedling traits of three parents and the two RIL populations under two water conditions.

Hong Zhang et al.

QTL mapping of drought-tolerance-related traits in wheat

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

Figure 1. (contd.)
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Figure 1. Frequency distribution graphs of 12 investigated traits of WY and WL population under two water conditions. Note: CLC,
SHC, RLC, RNC, SFWC, SLFWC, RFWC, SDWC, SLDWC, RDWC, RSFWRC, RSDWRC separately means the coleoptile length (CL),
seedling height (SH), longest root length (RL), root number (RN), seedling fresh weight (SFW), stem and leaves fresh weight (SLFW),
root fresh weight (RFW), seedling dry weight (SDW), stem and leaves dry weight (SLDW), root dry weight (RDW), root to shoot fresh
weight ratio (RSFWR), root to shoot dry weight ratio (RSDWR) under normal water condition, and CLT, SHT, RLT, RNT, SFWT, SLFWT,
RFWT, SDWT, SLDWT, RDWT, RSFWRT, RSDWET separately means that under osmotic stress. The graphs from number 1 to 24 are
trait-distribution of WY population, and from number 25 to 48 are trait distribution of WL population.

made as male parent, and the additive effects of 17 and 23
QTLs observed in the WL population respectively came from
Weimai 8 made as female parent and Luohan 2 made as male
parent.

QTLs concerned with CL

Six QTLs concerned with CL were detected in the WY population. Of these, only one QTL was detected under both
water conditions, three QTLs only under normal water condition, and two QTLs only under osmotic stress. These QTLs
were located on the chromosomes 1A, 2B, 4A, 5D, and
6B and accounted for 5.43–16.53% of the phenotypic variation (table 2). A main-effect QTL between Xgdm99.2 and
Xcfd29 of chromosome 5D with positive additive effects,
derived from Weimai 8, was detected under the two water

conditions, which accounted for 16.53% and 11.76% of the
phenotypic variation, respectively, under normal water condition and osmotic stress. Under osmotic stress, two QTLs
with positive additive effects, from Weimai 8 and Yannong 19, respectively, were detected between Xgdm99.2 and
Xcfd295D of chromosome 5D. The absolute size was only
15 cM.
Five QTLs concerned with CL were detected in the WL
population. Of these, two QTLs were detected under both
water conditions, two QTLs under normal water condition,
and one QTL only under osmotic stress. These QTLs were
located on chromosomes 2B, 3B, 4D and 5B and accounted
for 4.53–12.25% of the phenotypic variation (table 2).
A main effect QTL between Xmag3356 and Xbarc158
of chromosome 3B with positive additive effects, derived
from Weimai 8, was detected under both water conditions,
which accounted for 11.44% and 12.25% of the phenotypic

Table 2. Phenotypic correlations of wheat seedling traits under normal water condition and under osmotic stress in both WJ and WY
populations.
Population
WY
WL

CL

SH

RL

RN

SFW

SLFW

RFW

SDW

SLDW

RDW

RSFWR

RSDWR

0.88**
0.89**

0.74**
0.66**

0.60**
0.56**

0.68**
0.74**

0.71**
0.65**

0.54**
0.59**

0.70**
0.68**

0.43**
0.58**

0.65**
0.49**

0.61**
0.67**

0.70**
0.52**

0.69**
0.55**

**Correlation is signiﬁcant at P < 0.01 level.
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RN

RL

SH

WY

CL

WL

WY

WL

WY

WL

WY

WL

Population

Trait

QCL.WY.1A
QCL.WY.2B
QCL.WY.4A1
QCL.WY.5D.1
QCL.WY.5D.2
QCL.WY.6B
QCL.WL.2B
QCL.WL.3B.1
QCL.WL.3B.2
QCL.WL.4D2
QCL.WL.5B
QSH.WY.1A
QSH.WY.2D.1
QSH.WY.2D.2
QSH.WY.4A2
QSH.WY.4B
QSH.WY.6B
QSH.WY.7A
QSH.WL.6A
QSH.WL.7A.1
QRL.WY.1A
QRL.WY.4A2
QRL.WY.6B
QRL.WL.3B
QRL.WL.4A
QRL.WL.4B
QRL.WL.6A
QRL.WL.6D2
QRL.WL.7B.1
QRL.WL.7B.2
QRN.WY.2D
QRN.WY.3B
QRN.WY.4D
QRN.WL.2B
QRN.WL.3B
QRN.WL.5A
QRN.WL.5B
QRN.WL.6D1
QRN.WL.7B.1
QRN.WL.7B.2

QTL names
28
120
23
223
238
152
176
109
153
9
5
28
20
38
49
14
102
24
54
41
63
52
1
96
18
14
53
12
85
98
119
62
15
223
131
158
112
63
63
74

Position a
BE470813.3–Xwes226.2
Xgwm547–Xcinau119.2
Xwmc420.2–Xcfe89.4
Xgdm99.2–Xcfd266.2
Xcfd266.2–Xcfd29
Xwmc737–Xcwm29.1
Xcfe140–WW7.1
Xwmc236–Xbarc176
Xmag3356–Xbarc158
Ksum195–Xissr844
Xgwm234.3–Xgwm544.2
BE470813.3–Xwes226.2
Xwmc181.1–Xcfd53
Xbarc11–Xcfd168.2
Xwmc161–Xbarc61.1
Xgwm66.2–Xgwm66.1
Xwmc473–Xbarc146
Xissr847–Xgwm60
Xme3em3.3–Xme7em7.2
Xmag828.2–Xme9em2
Xissr845–Glu-a1
Xwmc161–Xbarc61.1
Xswes131.3–Xswes131.4
Xbarc268–Xbarc075
Xksue18.2–Xwmc516
Xgwm495–Xcfd54
Xme3em3.3–Xme7em7.2
Xcfe277.1–Xcfe80
Xwmc475–Xmgw68
Xwmc488.1–Xgwm350.1
Xme3em2.5–Xme3em2.3
Xbarc084–Xbarc344
Xcau17.1–Xcfd71
WW86–Xmag3512
Xbarc101.1–Xcft3417.1
Xmag1681.2–Xmag3794.1
Xgwm540–Xgwm213.2
Xcfe100.2–TSM422
Xgpw5187–Xme4em9.3
Xbarc346.3–WW154

Marker interval b

Table 3. Summary of unconditional QTL for wheat seedling traits under two water conditions.

5.81/6.34
5.47
3.32
3.16
3.64
4.62
2.62
3.02
8.75
2.94/3.70
3.75
5.48/6.17
4.17
3.73
5.52
3.68
4.85
4.44
3.19
55.31
3.01
4.04
3.21/3.02
3.15
2.99
5.14
2.53
6.19
2.65/4.37
3.78
4.13
3.13
8.06
3.52
5.06
3.49
4.55
5.15/4.10
2.57/3.95
4.81

LOD value
16.53/11.76
10.06
6.52
5.43
6.83
9.55
7.07
4.53
11.44
8.86/8.09
6.96
13.59/11.42
10.06
9.30
11.26
9.37
8.77
7.53
8.35
77.01
8.89
11.56
6.23/6.41
6.75
6.55
18.7174
5.39
15.67
5.71/8.70
8.28
12.56
6.72
21.27/5.38
5.71
6.53
8.17
6.01
7.54/7.49
4.60/7.36
7.82

R2 % c
1A
2B
4A
5D
5D
6B
2B
3B
3B
4D
5B
1A
2D
2D
4A
4B
6B
7A
6A
7A
1A
4A
6B
3B
4A
4B
6A
6D
7B
7B
2D
3B
4D
2B
3B
5A
5B
6D
7B
7B

Chromosome d
0.16/0.15
0.14
−0.10
0.11
−0.12
−0.12
0.11
0.12
0.15
−0.11/−0.12
−0.10
0.52/0.43
−0.51
0.41
0.43
0.71
−0.43
−0.40
0.37
4.85
−0.70
0.39
0.48/0.28
−0.36
−0.34
−0.77
0.30
0.55
0.51/0.40
0.51
0.23
−0.1322
−0.27/−0.12
−0.12
−0.12
0.14
0.12
−0.13/−0.15
0.13/0.19
−0.16

Additive e

C/T
T
C
T
T
C
T
C
C/T
C/T
C
C/T
T
T
T
C
C
C
T
C
C
T
C/T
T
T
C
T
T
C/T
C
C
T
C/T
C
C
C
C
C/T
C/T
T

Treat f
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WY

WL
WY

SLFW

RFW
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WY

RSFWR

RSDWR

WY
WL

RDW

WY

WL

WY

SLDW

WL

WL
WY

WY

SFW

SDW

Population

Trait

Table 3 (contd.).

QSFW.WY.2D
QSFW.WY.6B
QSFW.WY.7A
QSFW.WY.7B
QSLFW.WY.7A.1
QSLFW.WY.7A.2
QSLFW.WL.3B
QRFW.WY.1D
QRFW.WY.5A1
QRFW.WL.3B
QSDW.WY.2D
QSDW.WY.4A2
QSDW.WY.7A
QSDW.WY.7B
QSDW.WY.7D
QSDW.WL.2A
QSDW.WL.2A
QSDW.WL.3A
QSLDW.WY.1B2
QSLDW.WY.3B
QSLDW.WY.4A1
QSLDW.WY.6D
QSLDW.WY.7A
QRDW.WY.2D
QRDW.WL.1D
QRDW.WL.2B
QRDW.WL.3A
QRDW.WL.3B.1
QRDW.WL.3B.2
QRDW.WL.4A
QRDW.WL.6D
QRDW.WL.7A
QRSFWR.WY.2D
QRSFWR.WY.3B
QRSFWR.WY.5A1
QRSFWR.WL.3B
QRSFWR.WL.5A
QRSDWR.WY.2D
QRSDWR.WY.5D
QRSDWR.WY.7D

QTL names
112
39
8
146
18
91
121
22
11
96
109
63
18
145
565
57
84
84
19
83
21
82
19
23
0
44
84
77
95
53
50
96
25
88
15
96
80
148
49
37

Position a
Xcwm70.1–Xcwm83
Xcwm109.6–Xissr818
Xmag3023–Xgwm60
ww121–Xwmc517.2
Xissr847–Xgwm60
Xcfe284–ww160.2
Xbarc176–Xbarc101.1
Xwes226.1–Xcfd48.2
Xcwm17.1–Xmag3273
Xbarc268–Xbarc075
Xcwm70.1–Xcwm83
Xwmc161–Xbarc61.1
Xissr847–Xgwm60
ww121–Xwmc517.2
Xcfd4–Xgwm44
Xgwm496–Xbarc015
Xbarc010–Xcfa2263.2
Xwmc415–Xmag4194.1
Xmag972.1–Xmag972.2
Xbarc344–Xcfe3292
Xwmc420.2–Xcfe89.4
Xswes123.9–Xcfe87.2
Xissr847–Xgwm60
Xcfd53–Xcfd168.1
Xme2em1.2–Xcfd83
Xwmc154–Xgdm99
Xwmc415–Xmag4194.1
Xgpw1146–Xmag2916.2
Xbarc102–Xbarc268
Xcfe65.2–Xwmc730
Xcfe100.2–TSM422
Xbarc049–Xgwm273
Xcfd168.1–Xbarc11
Xbarc344– Xcfe3292
Xcwm17.1–Xmag3273
Xbarc268–Xbarc075
Xmag694–Xbarc319
Xgwm210–Xgdm35
Xbarc28.2–Xcwm36
Xmag2934.1–mag2934.2

Marker interval b
3.81
2.71
3.41/4.45
2.99
6.31/4.78
2.76
2.56
3.54
2.55
2.63/3.81
4.71
4.22
2.76/2.54
3.08
2.87
3.01
2.57
3.66
2.89
2.51
2.72
4.68
2.56
3.13
2.80
3.82
3.32/3.27
2.51
2.95
2.85
3.56
5.58
3.24
2.95
3.05
2.82/4.62
2.85
2.58
24.15
2.74

LOD value
7.11
4.99
9.93/11.31
6.70
22.53/6.61
13.77
6.52
11.92
13.81
6.22/7.87
9.44
12.25
9.86/8.13
8.27
5.48
6.15
4.76
7.71
6.32
7.93
5.86
14.41
9.35
8.61
3.53
6.65
7.01/7.53
3.33
3.81
4.39
6.88
7.91
7.81
6.29
9.69
4.46/6.85
4.15
8.86
75.55
6.39

R2 % c
2D
6B
7A
7B
7A
7A
3B
1D
5A
3B
2D
4A
7A
7B
7D
2A
2A
3A
1B
3B
4A
6D
7A
2D
1D
2B
3A
3B
3B
4A
6D
7A
2D
3B
5A
3B
5A
2D
5D
7D

Chromosome d

Treat f
T
T
C/T
C
C/T
T
T
C
C
C/T
T
T
C/T
C
T
C
T
C
C
C
C
C
C
C
T
C
C/T
C
T
T
T
C
C
T
C
C/T
T
T
T
C

Additive e
−4.01
3.42
−6.40/−5.21
−4.73
−6.24/−4.60
−5.63
−2.92
−3.70
−4.33
−3.12/−2.51
−0.82
−0.91
−1.01/−0.80
−0.92
−0.63
−0.70
−0.63
−0.71
−0.51
−0.83
−0.52
−1.11
−0.80
−0.52
−0.21
−0.34
−0.44/−0.37
−0.20
−0.26
−0.30
−0.39
−0.45
−7.59
11.80
−9.24
−2.51/−3.39
−2.56
−13.20
68.25
−7.38
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222

reduce the trait values.
a Estimation of the QTL position on the corresponding chromosome.
b Flanking markers of the QTL.
c The percentage of phenotypic variance explained by the additive effects .
d Chromosome on which the QTL was detected.
e Estimates of the additive effect of the QTL. Positive values indicate that Weimai 8 alleles increase the trait values. Negative values indicate that Weimai 8 alleles
f Letters indicated the different treats in which the QTL was detected, respectively. C and T represents the normal water condition and osmotic stress respectively.

C
C/T
T
T
T
T
C
C
−2.22
−1.77/−2.34
2.51
−1.84
−1.77
−3.12
−0.0225
0.0215
3B
3B
4D
5A
6A
6D
6D
7A
5.68
3.63/6.47
7.92
4.29
3.95
11.98
6.1607
5.3616
4.11
2.64/5.11
3.26
3.45
3.17
3.76
2.56
3.72
Xgpw1146–Xmag2916.2
Xbarc268–Xbarc075
Xscss30.2.2–Xwmc74.1
Xmag694–Xbarc319
BE606386–Xswes123
Xcfd76–Xcfe100.2
Xcfe100.2–TSM422
Xbarc049–Xgwm273
QRSDWR.WL.3B
QRSDWR.WL.3B
QRSDWR.WL.4D1
QRSDWR.WL.5A
QRSDWR.WL.6A
QRSDWR .WL.6D1
QRSDWR.WL.6D2
QRSDWR.WL.7A
WL

77
96
33
80
148
27
51
96

LOD value
QTL names
Population
Trait

Table 3 (contd.).

Position a

Marker interval b

R2 % c

Chromosome d

Additive e

Treat f
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variation under normal water condition and osmotic stress,
respectively.
QTLs concerned with SH

Eight QTLs concerned with SH were detected in the WY
population; four QTLs each were detected under normal
water condition and osmotic stress, respectively. These QTLs
were located on chromosomes 1A, 2D, 4A, 4B, 6B, and
7A and accounted for 7.53–13.59% of the phenotypic variation (table 2). Among these QTLs, four QTLs could account
for more than 10% of the phenotypic variation; accordingly, these should be main effect QTLs. A main effect QTL
between BE470813.3 and Xwes226.2 of chromosome 1A
with positive additive effects, derived from Weimai 8 was
detected under the two water conditions, which accounted
for 13.59% and 11.42% of the phenotypic variation under
normal water condition and osmotic stress, respectively. This
location was the same as that of the QTL for CL on chromosome 1A; hence, it should be a location with pleiotropic
effects. Under osmotic stress, two QTLs were detected on
chromosome 2D with positive additive effects, which were
derived from Weimai 8 and Yannong 19 and accounted for
10.06% and 9.30% of the phenotypic variation, respectively.
The absolute size of the two QTLs was 18 cM.
Two QTLs concerned with SH were detected in the WL
population. Of these, a main effect QTL between Xmag828.2
and Xcfa2040, with positive additive effect and derived from
Weimai 8, was detected under normal water condition, which
accounted for 77.01% of the phenotypic variation. A QTL
with positive additive effects from Weimai 8 on chromosome
6A was detected under osmotic stress, which accounted for
8.35% of the phenotypic variation.
QTLs concerned with RL

Two QTLs concerned with RL were detected under normal
water condition and osmotic stress, respectively. These QTLs
were located on chromosomes 1A, 4A, and 6B (table 2). A
QTL with positive additive effects derived from Weimai 8
and located between Xswes131.3 and Xswes131.4 on chromosome 6B, was detected under both the water conditions,
and it accounted for 6.23% and 6.41% of the phenotypic
variation respectively. Under osmotic stress, a main-effect
QTL from Weimai 8, with positive additive effects, was
detected on chromosome 4A. It accounted for 11.56% of the
phenotypic variation.
Nine QTLs concerned with RL were detected in the WL
population: three QTLs were detected under normal water
condition, and six QTLs under osmotic stress. Under normal water conditions, a main-effect QTL with negative additive effects, derived from Yannong 19 and located between
Xgwm495 and Xcfd54 of chromosome 4B, accounted for
18.72% of the phenotypic variation under osmotic stress.
A main-effect QTL with positive additive effects from
Weimai 8, located between Xcfe277.1 and Xcfe80 of
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chromosome 6D, accounted for 15.67% of the phenotypic
variation. Similarly, three QTLs with positive additive effects
from Weimai 8 were detected on chromosome 7B. Of
these QTLs, two QTLs were detected under normal water
conditions and one QTL under osmotic stress.
QTLs concerned with RN

Two QTLs concerned with RN were detected under normal water condition and osmotic stress, respectively, in the
WY population. A main-effect QTL with negative additive
effects from Yannong 19 was detected between Xcau17.1
and Xcfd71 of chromosome 4D. It accounted for 21.28%
and 5.38% of the phenotypic variation under normal water
condition and osmotic stress respectively. In addition, a
main-effect QTL with positive additive effects, derived from
Weimai 8, was detected on chromosome 2D. It accounted for
12.6% of the phenotypic variation.
Nine RN-related QTLs were detected in the WL population. Of these, six QTLs were expressed under normal
water condition, and three under osmotic stress. All the
QTLs accounted for less than 10% of the phenotypic variation; therefore, they were genes with minor effects. A
common QTL was detected on chromosomes 6D and 7B
respectively under two water conditions. The QTL on chromosome 6D between Xcfe100.2 and TSM422 with a negative additive effect accounted for 7.54% and 7.49% of
the phenotypic variations under normal water condition and
osmotic stress, respectively. The QTL on chromosome 7B
between Xcfe100.2 and TSM422 with a positive additive
effect accounted for 4.60% and 7.36% of the variation under
normal water condition and osmotic stress, respectively. In
addition, a QTL with negative additive effect from Luohan 2
was detected under osmotic stress at a location 11 cM away
from the QTL locus on chromosome 7B. It accounted for
7.82% of the phenotypic variation.
QTLs concerned with SFW

Five QTLs concerned with SFW were detected in the
WY population. These QTLs were located on chromosomes 2D, 6B, 7A, and 7B and accounted for 4.99–11.31%
of the phenotypic variation (table 2). Of these, two were
detected under normal water condition, and three under
osmotic stress. A common QTL with additive effect from
Yannong 19 was detected between Xmag3023 and Xgwm60
of chromosome 7A. It accounted for 11.31% and 9.93%
of the phenotypic variation under the two water conditions
respectively. No QTL for SFW was detected in the WL
population.
QTLs concerned with SLFW

Two QTLs related to SLFW were detected in the WY population. One was detected under both the water conditions,
and the other was found only under osmotic stress. These

two QTLs were located on chromosome 7A and were maineffect QTLs with negative additive effect, derived from Yannong 19. They accounted for 13.7–22.53% of the phenotypic
variation.
In the WL population, only one SLFW-related QTL
located on chromosome 3B, with positive additive effect and
derived from Weimai 8, was detected under osmotic stress. It
accounted for 6.52% of the phenotypic variation.

QTLs concerned with RFW

Only two main-effect QTLs concerned with RFW were
detected in the WY population. Of these QTLs, one with negative additive effect from Yannong 19 was located between
Xwes226.1 and Xcfd48.2 of chromosome 1D, accounting
for 11.92% of phenotypic variation. The other with a positive additive effect, from Weimai 8 was located between
Xcwm17.1 and Xmag3273 of chromosome 1D, accounted
for 13.81% of phenotypic variation.
A common QTL with negative additive effect from Luohan 2 was detected under both water conditions in the WL
population. It was located between Xbarc268 and Xbarc075
of chromosome 3B and accounted for 6.22% and 7.87%
of phenotypic variation under the two water conditions
respectively.

QTLs concerned with SDW

Six QTLs concerned with SDW were detected in the WY
population. Of these QTLs, two were detected under normal water condition and four under osmotic stress. These
QTLs were located on chromosomes 2D, 4A, 7A, 7B, and
7D and accounted for 5.48–12.25% of the phenotypic variation (table 2). A common QTL with negative additive effect
derived from Yannong 19 was detected between Xmag847
and Xgwm60 of chromosome 7A under the two water conditions and accounted for 9.86% and 8.13% of the phenotypic
variation, respectively.
Three QTLs with negative additive effect were detected in
the WL population. These QTLs accounted for 4.76–7.71%
of the phenotypic variation. Of these QTLs, two located on
chromosomes 2A and 3A, respectively, were detected under
normal water condition. One QTL located on chromosomes
2A and 3A was detected only under osmotic stress.

QTLs concerned with SLDW

Five QTLs concerned with SLDW were detected only under
normal water condition in the WY population. These QTLs,
located on chromosomes 1B, 3B, 4A, 6D, and 7A, accounted
for 5.86–14.41% of the phenotypic variation (table 2). A
main-effect QTL with positive additive effect, from Weimai
8, accounted for 14.41% of phenotypic variation and was
detected between Xswes123.9 and Xcfe87.2 of chromosome
6D. The additive effects of all other QTLs were derived from
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Yannong 19. No QTL concerned with SLDW was detected
in the WL population.
QTLs concerned with RDW

Only one QTL with positive additive effect, derived from
Weimai 8, was detected under normal water condition in
the WY population. It was located between Xcfd53 and
Xcfd168.1 of chromosome 2D and accounted for 8.61% of
phenotypic variation.
Nine QTLs were detected in the WL population, accounting for 3.32–8.61% of the phenotypic variation. Of these
QTLs, four were detected under normal water condition and
ﬁve under osmotic stress. The additive effect of two QTLs
resulted from Weimai 8, whereas that of seven QTLs was
derived from Luohan 2. A common QTL with negative additive effect, derived from Luohan 2, was detected between
Xwmc415 and Xmag4194.1 of chromosome 3A. It accounted
for 7.01% and 7.53% of the phenotypic variation under two
water conditions. One QTL was detected on each of the following chromosomes: on 2B, 3B and 7A under normal water
condition; and on 2B, 3B, and 7A under osmotic stress.
QTLs concerned with RSFWR

Three QTLs concerned with RSFWR were detected in the
WY population: two were detected under normal water condition, and one under osmotic stress. These QTLs were
located on chromosomes 2D, 5A, and 3B and accounted for
6.29% and 9.69% of phenotypic variation in the two water
conditions, respectively. The additive effect of one QTL
was derived from Yannong 19, and other was derived from
Weimai 8.
Three QTLs concerned with RSFWR were detected in the
WL population. Of these, one was detected under normal
water condition, and two under osmotic stress. These QTLs
were located on chromosomes 3B and 5A and accounted for
4.46% and 6.85% of phenotypic variation in the two conditions, respectively. The additive effect of all QTLs came
from Yannong 19. A QTL located between Xbarc102 and
Xbarc268 of chromosome 3B was detected under the two
water conditions.
QTLs concerned with RSDWR

Three QTLs concerned with RSDWR were detected in
the WY population. One QTL was detected under normal
water condition, and two under osmotic stress. These QTLs
were located on chromosomes 2D, 5D, and 7D. A maineffect QTL with a positive additive effect that was derived
from Weimai 8, located between Xbarc28.2 and Xcwm36 of
chromosome 5D, accounted for 75.55% of the phenotypic
variation.
Nine QTLs concerned with RSDWR were detected in the
WL population. Of these, four were detected under normal
water condition, and ﬁve under osmotic stress. These QTLs,
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located on chromosomes 3B, 4D, 5A, 6A, and 6D, accounted
for 3.63–11.98% of phenotypic variation. The additive effect
of seven QTLs came from Luohan 2, and the additive effect
of two QTLs came from Weimai 8. A QTL with negative
additive effect from Luohan 2, located between Xbarc102
and Xbarc268 of 3B was detected under both the water conditions and accounted for 3.63% and 6.47% of the phenotypic
variation.
QTLs with multiple effects were detected in the two populations

Seven QTLs with multiple effects were detected in WY population (ﬁgure 2). A main-effect QTL with multiple effects
related to both CL and SH was found between BE470813.3
and Xwes226.2 of chromosome 1A. A QTL with positive
additive effect from Weimai 8 was detected simultaneously
under two water conditions for the two traits and accounted
for more than 10% of the phenotypic variation. A QTL with
multiple effects concerned with SFW, SLFW, SDW, SLFW
and SH was detected between Xissr847 and Xgwm60 of chromosome 7A. This QTL accounted for 11.31% and 9.93%
of the phenotypic variation in SFW, 22.53% and 16.61% in
SLFW, and 9.86% and 8.13% in SDW under normal water
condition and osmotic stress, respectively. In addition, this
QTL accounted for 9.36% and 7.53% of the phenotypic variation of SLDW and SH, respectively, under normal water
condition. The additive effect of this QTL was derived from
Yannong 19. A QTL concerned with SLDW and CL was
detected between Xwmc420.2 and Xcfe89.4 of chromosome
4A. This QTL with negative additive effect and derived
from Yannong 19 accounted for 5.86% and 6.52% of the
phenotypic variation of SLDW and CL, respectively.
Seven QTLs with multiple effects were detected in the
WL population (ﬁgure 2). A QTL located between Xbarc268
and Xbarc075 on chromosome 3B was detected for RL,
RFW and RDW under osmotic stress; and for RSFWR and
RSDWR under both water conditions. The additive effect of
this QTL originated from Luohan 2. This QTL should be an
important locus concerned with root growth. A QTL with
the additive effect from Luohan 2 located between Xwmc415
and Xmag4194.1 of chromosome 3A was detected for SDW
under normal water condition and for RDW under the two
water conditions. Under osmotic stress, a QTL concerned
with SH and RL was detected on chromosome 4A. A QTL
with the additive effect from Weimai 8 located on chromosome 6A was detected for SH and RL under osmotic
stress.
Conditional QTL

When 12 seedling trait values surveyed under osmotic stress
was conditioned QTL analysis on those surveyed under normal water condition, altogether 22 conditional QTLs were
detected (table 4). These QTLs were located on chromosomes 1B, 2A, 2D, 4A, 6A and 6D in the WY population; and on chromosomes 2A, 2B, 3B, 5D, 6D, 7B, and
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Figure 2. Locations of QTLs for wheat seedling traits that detected by unconditional QTL analysis. QTLs are indicated on the right side
of each chromosome. QTL intervals were LOD≥2.0 with LOD peak values more than 2.5.

7D in the WL population. Of these QTLs, six were maineffect QTLs, with a contribution rate >10%. Two common
loci were detected in the WL population, one located on
chromosome 2B between ww7.1 and ww86 was detected
simultaneously when the inﬂuence of SFWC (shoot fresh
weight under normal water condition) on SFWCT (shoot
fresh weight under osmotic stress) and that of SDWC on
SDWT were excluded, and the other QTL located on chromosome 3B between Xbarc268 and Xbarc075 was detected
when the inﬂuence of RSFWRC (root to shoot fresh weight
ratio under normal water condition) on RSFWRT (root to
shoot fresh weight ratio under osmotic stress) and that of
RSDWRC (root to shoot dry weight ratio under normal water
condition) on RSDWRT (root to shoot dry weight ratio under
osmotic stress) were excluded. The QTL on chromosome
3B was also detected by unconditional analysis of RSFWRT
and RSDWRT, and it showed reduced and enhanced additive effects, respectively, when the inﬂuence of RSFWRC on
RSFWRT and RSDWRC on RSDWRT were disregarded. In
addition, a QTL between Xcfe277.1 and Xcfe80 of chromosome 6D, accounting for 15.31% of the phenotypic variation,
was detected when the inﬂuence of RLC (root length under
normal water condition) on RLT (root length under osmotic
stress) was excluded; it was also detected by unconditional
analysis of RLT with a similar additive effect.
Moreover, eight conditional QTLs accounting for 6.73–
14.23% of the phenotypic variance in the individual traits
were detected in the WY population. Of these QTLs, the
additive effect of three QTLs was derived from Yannong
19, and ﬁve were derived from Weimai 8. All the QTLs
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were not detected by the unconditional analysis method.
When the inﬂuence of SHC (shoot height under normal water
condition) on SHT (shoot height under osmotic stress) was
excluded, two QTLs were detected on chromosomes 2A and
6D. These two QTLs accounted for 8.77% and 6.84% of the
phenotypic variation, with the additive effect derived from
Yannong 19 and Weimai 8, respectively. When the inﬂuence of RLC on RLT was excluded, two main-effect QTLs
were detected on chromosomes 4D and 6D. These two QTLs
accounted for 14.18% and 11.59% of the phenotypic variation, respectively, with the additive effect being derived
from Weimai 8. When the inﬂuence of SFWC (shoot fresh
weight under normal water condition) on SFWT (shoot fresh
weight under osmotic stress) was excluded, one QTL was
detected on chromosome 6A. When the inﬂuence of RFWC
on RFWT was excluded, two QTLs were detected on chromosomes 2D and 6A, respectively. Of these two, the QTL
located between Xgwm210 and Xgdm35 of chromosome 2D
was a main-effect QTL that accounted for 14.24% of the
phenotypic variation. When the inﬂuence of RSFWRC on
RRFWRT was excluded, a main-effect QTL was detected
between Xgwm11 and Xbarc61.2 on chromosome 1B, which
accounted for 11.72% of the phenotypic variation; further,
the additive effect was derived from Weimai 8.
Totally, 14 conditional QTLs were detected in WL population; of these QTLs, six had the additive effect derived
from Weimai 8, and eight possessed the additive effect
derived from Luohan 2. When the inﬂuence of CLC
(coleoptile length under normal water condition) on CLT
(coleoptile length under osmotic stress) was excluded, four
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Table 4. Summary of conditional QTL for seedling traits of wheat.
Population
WY

WL

a The

Trait T| Trait Ca

QTL name

Location

Marker interval

LOD
value

Contribution
rate (%)

Additive
effect

151
28
41
88
167
152
94
49
211
108
50
104
14
72
11
92
183
66
183
39
96
96

Xcfe87.3–Xbarc071
Xswes123.7–Xissr841.2
Xbarc1047–Xwmc161
Xcfe87.1–Xissr841.1
Xcfe179.3–Xcfe87.1
Xgwm210–Xgdm35
Xcfe179.1–Xgwm169
Xgwm11–Xbarc61.2
WW86–Xmag3512
Xcau6.1–Xwmc236
Xcau18.1–Xcfd13
Xcfe148.1–Xpsp3065.2
Xme10em5.3–Xme1em8.2
Xmag2916.1–Xgwm285.2
Xcfe277.1–Xcfe80
Xcfa2263.2–Xcfa2263.3
WW7.1–WW86
Xgpw2327.2–Xgpw2327.1
WW7.1–WW86
Xcfe277.2–Xcfd49
Xbarc268–Xbarc075
Xbarc268–Xbarc075

4.69
2.85
6.22
4.09
3.05
2.83
2.62
3.57
4.00
4.96
3.58
3.03
3.02
3.00
6.40
3.40
2.55
2.72
2.59
3.40
2.60
3.40

8.77
6.84
14.18
11.59
7.83
14.24
6.74
11.72
10.36
8.68
6.38
4.51
4.38
4.19
15.31
5.39
3.82
6.48
4.06
6.92
5.07
7.65

−0.257
0.2550
0.3537
0.3111
0.0029
−0.0029
−0.0019
0.0571
0.0634
−0.0900
−0.0586
−0.0447
−0.2366
0.2235
0.4469
−0.0031
0.0025
0.0016
0.0005
−0.0003
−0.0258
−0.0219

SHT|SHC

QSHT|SHC.WY.2A
QSHT|SHC.WY.6D
RLT|RLC
QRLT|RLC.WY.4A2
QRLT|RLC.WY.6D
SFWT|SFWC
QSFWT|SFWC.WY.6A
QSFWT|SFWC.WY.2D
QSFWT|SFWC.WY.6A
RSFWRT|RSFWRC QRSFWRT|RSFWRC.WY.1B1
CLT|CLC
QCLT|CLC.WL.2B
QCLT|CLC.WL.3B
QCLT|CLC.WL.5D
QCLT|CLC.WL.7B
QRLT|RLC.WL.2A
RLT|RLC
QRLT|RLC.WL.3B
QRLT|RLC.WL.6D
SFWT|SFWC
QSFWT|SFWC.WL.2A
QSFWT|SFWC.WL.2B
RFWT|RFWC
QRFWT|RFWC.WL.7D
SDWT|SDWC
QSDWT|SDWC.WL.2B
RDWT|RDWC
QRDWT|RDWC.WL.6D
RSFWRT|RSFWRC QRSFWRT|RSFWRC.WL.3B
RSDWRT|RSDWRC QRSDWRT|RSDWRC.WL.3B

trait value observed under osmotic stress was conditioned on that under normal water condition.

conditional QTLs were detected on chromosomes 2B, 3B,
5B and 7B respectively. Of these QTLs, a main-effect
QTL with an additive effect, derived from Weimai 8 and
located between ww86 and Xmag3512 of chromosome 2B,
accounted for 10.36% of the phenotypic variation. When
the inﬂuence of RLC on RLT was excluded, three QTLs
were detected on chromosomes 2A, 3B, and 6D, respectively. When the inﬂuence of SFWC on SFWT was excluded,
another minor-effect QTL was detected on chromosome 2A.
When the inﬂuence of RFWC (root fresh weight under normal water condition) on RFWT (root fresh weight under
osmotic stress) and RDWC (root dry weight under normal
water condition) on RDWT (root dry weight under osmotic
stress) was excluded, a minor-effect QTL was detected on
chromosomes 7D and 6D respectively. The other four QTLs
have been mentioned above; so they are not repeated here.

Discussion
Comparison of the QTL analysis between two related populations

The results of the QTL detection show that genes controlling
some traits are expressed under special genetic background
and environmental conditions. The QTLs detected in different populations had quite a large difference because of the
inﬂuence of all types of factors, such as genetic composition
of the parents, size of the population, interaction between
genotype and environment, style of genetic maps, and so on
(Beavis 1998). With the rapid development of quantitative
genetics, research on QTL effects in more than one genetic

backgrounds, either different or related, is warranted. Kumar
et al. (2007) have used two independent RIL populations
to conduct QTL analysis; however, only a solitary QTL for
spikelets per spike was common between the two populations. Ma et al. (2007) identiﬁed a large number of common
QTLs using RILs and RIL-derived IF2 populations. Buckler
et al. (2009) used a set of 5000 RILs (maize nested association mapping population, NAM), comprising 25 related
individual RIL populations to dissect the QTLs for ﬂowering
time in maize; they identiﬁed numerous minor-effect QTLs
that were shared among families. Cui et al. (2011) conducted
conditional and unconditional QTL analysis for plant height
using two related populations and found 11 pairwise common
QTLs.
In this report, two related RIL populations with a common parent were subjected to unconditional and conditional QTL mapping to identify the QTLs for various traits
in wheat seedlings. The two molecular marker maps had
19 common molecular markers. The QTLs of 12 breeding traits had different distributions on the chromosomes in
the two populations under the two water conditions. By the
unconditional analysis method, a common locus concerned
with CL was detected on chromosome 2B, with the common linkage marker wmc441. By the conditional analysis
method, a common QTL concerned with drought tolerance
was detected on chromosome 2A, with the common linkage
marker Xbarc071. In addition, a QTL for RSFWR on chromosome 3B, a QTL for SH on chromosome 7A, and two
QTLs concerned with drought tolerance on chromosome 6D
were detected in the two populations; however, because there
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was no common marker on these chromosomes, conﬁrming
whether they were common loci was difﬁcult. Although these
two populations had a common parent, because of the variations in the different loci of the two parents, a few common QTLs were detected. Nevertheless, without doubt, a
greater number of QTLs could be detected using two related
populations than by using a single population. The next
work involves using other markers to decrease the interval
in genetic maps, to increase the number of common markers, and to recombine the two related maps to improve the
authenticity of QTL detection.
Comparison of conditional and unconditional QTLs

Drought tolerance of plants is a complex trait represented by
different phenotypic traits in different growth periods; therefore, establishment of screening standards for evaluation is
difﬁcult. QTL analysis of conventional drought tolerance is
generally aimed at analysing expression of phenotypic traits
under osmotic stress (Zhou et al. 2005). Discovering the
genetic relation between these phenotypic traits and drought
tolerance; and ﬁnding the loci concerned with drought
tolerance are extremely difﬁcult. Although some indexes for
drought resistance have been used to detect QTLs related
to drought resistance, the stability of such QTLs is very
low under different conditions. For example, of the 36
genomic regions reported to harbour root trait-related QTLs
(Yue et al. 2006a), only four had positional correspondence
with previously identiﬁed QTLs for root or other drought
tolerance-related traits (Courtois et al. 2009; Yonemaru et al.
2010). Expression of special loci under osmotic stress can
be found by conditional QTL mapping after excluding the
inﬂuence of traits expressed under normal water condition.
When conducting conditional QTL analysis of traits in wheat
seedlings grown under osmotic stress on the corresponding
traits under normal water condition, four results are possible: (i) a QTL detected by the unconditional method can be
identiﬁed with a similar or equal effect indicating that this
QTL is the special locus concerned with only drought tolerance; (ii) a QTL detected by the unconditional method can be
identiﬁed with either a greatly reduced or a greatly enhanced
effect suggesting that this QTL for trait expression is partially but not completely associated with drought tolerance;
(iii) a QTL detected by the unconditional method cannot be
identiﬁed meaning that this QTL is not entirely concerned
with drought tolerance; and (vi) an additional QTL can be
detected by the conditional mapping method, which means
that the expression of the QTL for these traits under osmotic
stress is completely suppressed by the traits expressed under
normal water condition and that these effects could only be
identiﬁed by eliminating the inﬂuence of the traits expressed
under normal water condition. This suggests that the additional QTL has an opposite additive effect on trait expression
under the two water conditions.
Of the 50 unconditional QTLs studied for the 12 traits
of wheat seedlings detected in the two populations, only
228

three QTLs with similar, reduced, and enhanced additive
effects, respectively, were detected by the conditional analysis method, and 47 QTLs were not detected. This result
indicated that most of the QTLs concerned with drought
tolerance were not detected by unconditional QTL analysis
under osmotic stress. Further, 19 new QTLs were detected
by the conditional analysis method, which means that the
expression of these QTLs concerned with drought tolerance
is completely suppressed, and the effects could only be identiﬁed by eliminating the inﬂuence of the traits expressed
under normal water condition. The results described above
show that some unconditional QTLs for the traits of wheat
seedlings grown under osmotic stress were contributed by the
traits of seedlings grown under normal water condition. This
ﬁnding further conﬁrmed the results of the correlation analysis between traits of seedlings grown under normal water
condition and osmotic stress (table 2).
In QTL mapping, the likelihood of detecting a QTL is
dependent on the ratio between the variation caused by the
QTL’s effect and the total variation of the trait as well as
the size of the mapping population (Lander and Botstein
1989). In conditional QTL analysis, the effects on QTLs contributed by a conditional trait are reduced, and the QTLs with
effects lower than a certain threshold become virtually undetectable. Thus, observation of the results described herein is
reasonable, which indicates that the unconditional QTLs for
traits of seedlings grown under osmotic stress was strongly
inﬂuenced by the conditional-trait representation and that
the QTLs directly concerned with drought tolerance were
detected only by conditional QTL analysis after excluding
the inﬂuence of normal-trait representation; therefore, carrying out conditional analysis for stress-tolerance trait such as
drought tolerance is both necessary and viable.
Distribution characteristics of QTLs

In this study, we found that the QTL distribution of traits
on every chromosome of wheat seedlings was uneven. The
chromosome 3B had the most number of QTLs. Altogether
21 QTLs controlling different traits in the seedlings were
detected on chromosome 3B in the two populations; of
these QTLs, 17 were detected by the unconditional analysis method, and four were detected by the conditional analysis method. In addition, 14 QTLs with multiple effects,
which controlled many growth traits at the same time, were
detected by unconditional analysis. Especially, a main-effect
QTL with pleiotropic effects detected between Xissr847 and
Xgwm60 on chromosome 7A was related to the growth traits
of upland seedlings. A QTL with pleiotropic effects, detected
between Xbarc268 and Xbarc075 on chromosome 3B was
related to the growth of many root traits, and this locus was
also detected by conditional analysis of RSFWRT|RSFWRC
and RSDWRT|RSDWRC and should be an important locus
concerned with drought tolerance. In addition, many QTLs
controlling two different traits were detected on many sections of different chromosomes in the two populations. This
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indicated that some of the related traits can be inﬂuenced by
a gene with pleiotropic effects which is consistent with the
study results of Cui et al. (2003).
Comparison of the present study with previous studies

Traits of wheat seedlings have been investigated by
QTL analysis in many other reports (Matsui et al. 1998;
Rebetzke et al. 2001, 2007; Hao et al. 2003; Zhou et al.
2005; Spielmeyer et al. 2007; Li et al. 2007; Landjeva et al.
2010; Alhosein et al. 2012; Liu et al. 2013) however, in most
reported QTL experiments, the number and size of the population were limited. Limited population sizes can lead to
an underestimation of QTL number, overestimation of QTL
effects, and failure to quantify QTL interactions (Vales et al.
2005). Beavis (1998) suggested that as many as 200 individuals might still be too few for reliable QTL detection.
To our knowledge, there has been no report on QTL analysis for traits of wheat seedlings with two related mapping
populations of more than 200 progenies. The present WY
mapping population included 229 F8:9 RILs; and the WL
mapping population included 302 F8:9 RILs, enhancing the
accuracy and precision of QTL detection of traits of the
seedlings and increasing the number of QTLs being detected.
Matsui et al. (1998) have reported that the ﬁnal CL is
controlled by genes on chromosomes 1A, 4A, 4D, 5A,
and 5B, with a major inﬂuence of group 5 chromosomes.
Rebetzke et al. (2007) have detected QTLs for CL on chromosomes 1A, 2B, 2D, 3B, 4A, 4B, 4D, 5A, 5D, 6B and 7A.
In this experiment, 11 QTLs for CL were detected on chromosomes 1A, 2B, 3B, 4A, 4D, 5B, 5D and 6B. Only three
QTLs reported here correspond to that of previous research
based on comparison of information of the corresponding
ﬂanking adjacent markers (table 5).
According to loci information published on GrainGenes
2.0 (http://wheat.pw.usda.gov/GG2/index.shtml), we concluded that QSH.WY.4B were located at a position similar to
that of Rht. A QTL for SH reported by Landjeva et al. (2008)
on chromosome 2D are located in an interval similar to that
of QSH.WY.2D.1, Cui et al. (2011) have mapped the QTLs

for the plant height of wheat at the mature stage. A QTL
on chromosome 1A for plant height has also been detected
for shoot height and CL under two water conditions in this
study, which further conﬁrmed that there was a QTL concerned with plant height on chromosome 1A near the marker
Xwes226.2. This also indicated that the early shoot height
and height of mature plant are related to some extent; thus,
we can carry out early selection for plant height.
Using a doubled haploid population of wheat with 150
lines under two water conditions, Zhou et al. (2005) detected
three QTLs for RN on chromosomes 2B, 7A, and 7B, three
for RL on chromosomes 1D, 2B and 6B, two for RFW on
chromosomes 5B and 7A, two for RDW on chromosomes
2A and 5B, and one QTL for RSDWR on chromosome 5D.
Hamada et al. (2012) detected one QTL for seminal root
length on chromosome 5A. Liu et al. (2013) reported QTLs
for root length on chromosomes 1B, 2D, 3A, 5B, 5D, 7B,
and for root number on chromosomes 2B, 3B, 3D, 5A, 7A
under two different water conditions. Landjeva et al. (2008)
detected a QTL for root length on chromosome 5B under
normal water condition and six QTLs on 1A, 6D, 7D under
osmotic stress. To our knowledge, no QTLs for SFW, SDW,
SLFW, SLDW, and RSFWR under osmotic stress have been
reported so far. We detected nine QTLs for RN on chromosomes 2D, 2B, 3B, 4D, 5A, 5B, 6D and 7B, 10 for RL
on chromosomes 1A, 3B, 4A, 4B, 6A, 6B, 6D and 7B. By
comparing with the previous research results we found that
only two QTLs for RL were oriented on the same chromosome region (table 5) which could be caused by the different
genetic backgrounds and trial designs.
Considering all the traits evaluated for drought tolerance,
Luigi et al. (2002) reported that the most important genomic
regions for drought tolerance were identiﬁed on the homologous linkage groups 6 and 7 in wheat at different stages
of growth ranging from germination to maturity. In addition,
some QTLs found in a conserved region of the homologous
group 7 had a major effect on drought tolerance (Luigi et al.
2002). Nelson et al. (1995) found an RFLP marker related
to abscisic acid response on chromosomes 2A, 2B, and 2D
under drought condition. Components of drought–tolerance

Table 5. Comparison of the QTL location between previous studies and this study.

Chromosome

Marker

QTLs in this study
Related trait (treatment)

1A

BE470813.3

QCL (C/T), QSH (C/T)

1A
2B
2D

Glu-1A
Xgwm547
Xcfd53

3B

Xbarc268

4B
6B

xgwm66
Xwmc473

QRL (C)
QCL (T)
QSH (T), QRSFWR (C),
QRDW (C)
QRL (T), QRFW (C/T),
QRDW (T), QRSFWR (C/T),
QRSDWR (C/T)
QSH (C)
QSH (C)

QTLs detected in previous studies
Related trait (treatment)
Plant height (normal water
condition in ﬁeld trial)
RL (osmotic stress)
CL (three soil temperatures)
SH, root/shoot (control
and osmotic stress)
RN, RL, (under water stress)
Potential quantum efﬁciency of photosystem,
Chlorophyll content (under water stress)
CL (three soil temperatures)
CL (osmotic stress)
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Kumar et al. (2012)
Rebetzke et al. (2007)
Landjeva et al. (2008)
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traits have been mapped to various regions of the group 2
chromosomes (both the short arm and the distal part of the
long arm) (Cattivelli et al. 2002). In this study, altogether 11
conditional QTLs were detected on chromosomes 6A, 6D,
7B, 7D, 2A, 2B, and 2D. Of these QTLs, four were maineffect QTLs; four were detected on the 6D chromosome; two
on the 6A chromosome; one each on chromosomes 7B, 7D,
and 2D; and two each on chromosomes 2A and 2B. The
results were in accordance with those from former studies,
which further validated that the conditional analysis method
was feasible and necessary for the analysis of traits controlling resistance to stresses, such as drought, salty soil, lower
or higher temperatures and so on.
In summary, we detected 88 QTLs concerned with 12 general traits of wheat seedlings and 22 special QTLs concerned
with drought tolerance of the seedlings by conditional and
unconditional QTL analyses. Thus, these QTLs would be
of great value for marker-assisted selection in breeding programmes. The conditional analysis method has been applied
to the genetic research on drought tolerance of wheat for the
ﬁrst time which has a great instructional signiﬁcance for the
genetic study of stress tolerance traits.
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