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Abstract Plant height (PH) in wheat is a complex trait; its

components include spike length (SL) and internode lengths.

To precisely analyze the factors affecting PH, two F8:9

recombinant inbred line (RIL) populations comprising 485

and 229 lines were generated. Crosses were performed

between Weimai 8 and Jimai 20 (WJ) and between Weimai 8

and Yannong 19 (WY). Possible genetic relationships

between PH and PH components (PHC) were evaluated at

the quantitative trait locus (QTL) level. PH and PHC

(including SL and internode lengths from the first to the

fourth counted from the top, abbreviated as FIITL, SITL,

TITL, and FOITL, respectively) were measured in four

environments. Individual and the pooled values from four

trials were used in the present analysis. A QTL for PH was

mapped using data on PH and on PH conditioned by PHC

using IciMapping V2.2. All 21 chromosomes in wheat were

shown to harbor factors affecting PH in two populations, by

both conditional and unconditional QTL mapping methods.

At least 11 pairwise congruent QTL were identified in the

two populations. In total, ten unconditional QTL and five

conditional QTL that could be detected in the conditional

analysis only have been verified in no less than three trials in

WJ and WY. In addition, three QTL on the short arms of

chromosomes 4B, 4D, and 7B were mapped to positions

similar to those of the semi-dwarfing genes Rht-B1, Rht-D1

and Rht13, respectively. Conditional QTL mapping analysis

in WJ and WY proved that, at the QTL level, SL contributed

the least to PH, followed by FIITL; TITL had the strongest

influence on PH, followed by SITL and FOITL. The results

above indicated that the conditional QTL mapping method

can be used to evaluate possible genetic relationships

between PH and PHC, and it can efficiently and precisely

reveal counteracting QTL, which will enhance the under-

standing of the genetic basis of PH in wheat. The combina-

tion of two related populations with a large/moderate

population size made the results authentic and accurate.

Abbreviations

PH Plant height

PHC Plant height components

SL Spike length

FIITL The first internode length from the top

SITL The second internode length from the top

TITL The third internode length from the top

FOITL The fourth internode length from the top

WJ Recombinant inbred line population derived from

the cross between Weimai 8 and Jimai 20

WY Recombinant inbred line population derived from

the cross between Weimai 8 and Yannong 19
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Introduction

Plant height is an important agronomic trait for mor-

phogenesis and grain yield formation in wheat. An

appropriate plant height is a prerequisite for attaining the

desired yield in wheat breeding programs. The intro-

duction of dwarfing traits into plants has achieved tre-

mendous increases in wheat yields during the ‘Green

Revolution’ (Peter 2003). Therefore, it is essential to

elucidate the genetic basis of plant height to further

increase yield.

Classical genetic studies indicated that plant height in

bread wheat was a complex trait controlled by both

Mendelian genes and quantitative genes, and almost all

21 chromosomes harbored factors affecting it (Law et al.

1973; Snape et al. 1977). Most dwarfing genes have now

been well characterized, and closely linked molecular

markers have been developed for marker-assisted selec-

tion in wheat breeding programs (Ellis et al. 2005;

Zhang et al. 2008). Among the dwarfing genes, Rht-B1

and Rht-D1, which have been successfully utilized in

wheat breeding programs worldwide, are located on the

short arms of chromosomes 4B and 4D, respectively

(Börner et al. 2002; Cadalen et al. 1998; Huang et al.

2003). They both originated from natural mutations and

confer gibberellic acid (GA) insensitivity. Rht13 on

chromosome 7BS has been verified to produce a marked

reduction in height and gibberellin sensitivity (Ellis et al.

2005).

With the rapid development of molecular marker

technology in wheat, increasing numbers of QTL studies

have been conducted in an attempt to dissect the genetic

basis of plant height. Most of these studies have focused

on the final plant height without considering its devel-

opmental behavior or the influence of its component

traits (Kato et al. 1999; Keller et al. 1999; Börner et al.

2002; Huang et al. 2003; Sourdille et al. 2003; Huang

et al. 2004; Liu et al. 2005; McCartney et al. 2005;

Huang et al. 2006; Marza et al. 2006; Klahr et al. 2007;

Zhang et al. 2008; Chu et al. 2008; Wang et al. 2009;

Mao et al. 2010). By considering developmental behav-

ior, Wang et al. (2010) and Wu et al. (2010) have

documented dynamic QTL for plant height in wheat after

Zhu (1995) introduced the new methodology for condi-

tional genetic analysis to identify QTL expressed at

certain stages of the life cycle. More recently, a method

for multivariable conditional analysis was proposed for

analyzing the contributions of component traits to a

complex trait and for investigating the genetic relation-

ship between two traits at the QTL level (Wen and Zhu

2005). To our knowledge, few reports of QTL analysis

based on this methodology have been reported (Guo

et al. 2005; Zhao et al. 2006; Liu et al. 2008a). How-

ever, none of them considered plant height and its

components in wheat.

Biologically, plant height in wheat equals spike length

plus all of its internode lengths above the ground. A desirable

plant type is partially determined by combining these com-

ponents. Previous studies have shown that the internode has a

great influence on the lodging resistance of crops. Dunn and

Briggs (1989) and Stanca et al. (1979) indicated that cultivars

with shorter basal internodes were prone to lodging resis-

tance. Pinthus (1973) showed that longer lower internode

length resulted in lodging sensitivity in wheat. A recent

report indicated that the third internode position had an effect

on the bending stress of the barley stem (Tavakoli et al.

2009). In addition, Kato et al. (1999) showed that QTL for

final wheat plant height was not completely consistent with

those for culm length and spike length when they partitioned

the plant height into these two components. These results

indicated that the components at the QTL level had different

effects on plant height. To date, no report has documented a

QTL analysis of the relationships between plant height and

all of its components in wheat. Therefore, characterizing the

genetic relationships between plant height and its compo-

nents at the QTL level will enhance the understanding of

molecular mechanisms regulating plant height. This under-

standing will provide a theoretical basis for breeding pro-

grams designed to increase lodging resistance based on

selecting desirable cultivars, and in turn attaining the desired

yield levels.

Population size has a great effect on the estimation of

QTL number and genetic effect (Beavis 1998; Mackay

2001; Schön et al. 2004; Vales et al. 2005; Zou et al. 2005;

Buckler et al. 2009). The precision and efficiency of QTL

detection will be enhanced by combining more than two

related populations (Kumar et al. 2007; Ma et al. 2007;

Buckler et al. 2009). For the present study, we performed

QTL detection for plant height based on the combination of

two related populations, one of which was a large popu-

lation with up to 485 lines and the other was smaller

comprising 229 lines. Both unconditional mapping meth-

ods and conditional mapping methods for multivariable

conditional analysis were utilized. The objectives of this

study were to: (1) accurately identify all the genetic factors

affecting plant height, (2) specify the genetic relationships

between plant height and its components at the QTL level

and (3) discuss the effect of combining two related popu-

lations of different size on the efficiency and precision of

QTL detection.
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Materials and methods

Experimental populations and their evaluation

Two F8:9 recombinant inbred line (RIL) populations

derived from crosses between three Chinese common

wheat varieties, i.e., between Weimai 8 and Jimai 20

(WJ) and between Weimai 8 and Yannong 19 (WY),

comprising 485 and 229 lines, respectively, were used in

the present study. Weimai 8 is a large-panicle type of

the ideotype model and was released by Weifang

Municipal Academy of Agricultural Sciences, Shandong,

China in 2003; Jimai 20 and Yannong 19, two superior

quality wheat varieties, are multi-panicle types, and they

were released by Crop Research Institute, Shandong

Academy of Agricultural Sciences, China in 2003, and

by Yantai Municipal Academy of Agricultural Sciences,

Shandong, China in 2001, respectively. They are all

semi-dwarfing varieties, but Weimai 8 is slightly taller

than the other two varieties, and Jimai 20 is the shortest

among the three varieties. In addition, the common

parent Weimai 8 is a 1BL/1RS translocation line,

whereas the other two parents have the common 1B

chromosome. The parents together with the RILs were

evaluated in four environments in Shandong province,

China; Tai’an in 2008–2009 (E1), and Tai’an in

2009–2010 (E2), Zaozhuang in 2009–2010 (E3) and

Jining in 2009–2010 (E4). A two-row plot with rows

2 m long and 30.0 cm apart was used, and 50 seeds were

planted in each row. From each plot, five representa-

tional leading tillers in the middle row were selected

before harvest as samples to measure plant height (PH),

the spike length (SL), the first internode length (FIITL)

from the top, the second internode length (SITL) from

the top, the third internode length (TITL) from the top,

and the fourth internode length (FOITL) from the top.

PH was measured from ground level to the tip of the

spike, excluding awns, SL was measured from the base

of the spike to the tip, excluding awns, FIITL was

measured from the base of the spike to the first node

from the top, SITL was measured from the first node to

the second, and so on. All lengths were reported in

centimeters. The average of the results from representa-

tive samples was used in data analysis.

Analysis of molecular and biochemical markers

Various molecular markers, including G-SSR, EST-SSR,

ISSR, STS, SRAP and RAPD, were used to genotype the

three parents and their derived lines. Of these, relevant

information regarding G-SSR markers, including BARC,

CFA, CFD, CFT, GWM, GDM, GPW, WMC and PSP

codes, as well as PCR-based STS markers of the MAG

code, were taken from the GrainGenes Web site (http://

wheat.pw.usda.gov). Relevant information about EST-SSR

markers prefixed CFE, KSUM and CNL were publicly

available (http://wheat.pw.usda.gov/ITMI/EST-SSR/).

EST-SSR markers of SWES and WW codes were devel-

oped and kindly provided by Professor Sishen Li, College

of Agronomy, Shandong Agricultural University, China.

EST-SSR markers with the prefixes CWEM, EDM and

CWM were published in reference articles by Peng and

Lapitan (2005), Mullan et al. (2005) and Gao et al. (2004),

respectively. ISSR markers were developed by the Uni-

versity of British Columbia Biotechnology Laboratory

(UBCBL) (Nagaoka and Ogihara 1997). Relevant infor-

mation about chromosome 1RS-specific markers of rye

were detailed by Zhao et al. (2009), and functional mark-

ers, were detailed by Liu et al. (2008b) and Liang et al.

(2010). The differences of high molecular weight glutenin

subunits (HMW-GS) at Glu-a1, Glu-b1 and Glu-d1

between the parents were detected and used as biochemical

markers.

Each PCR reaction for G-SSR, EST-SSR and PCR-

based STS markers was conducted in a total volume of

25 ll in a TaKaRa PCR thermal cycler or in a Bio-Rad

9600 thermal cycler, following the proportion described by

Röder et al. (1998). Amplifications were performed using a

touchdown PCR protocol detailed by Hao et al. (2008). The

PCR reaction volume and PCR protocol for SRAP and

ISSR markers followed the proportion and procedure

detailed by Li et al. (2007b), and for RAPD markers, by

Suenaga et al. (2005). The types of high molecular weight

glutenin subunits (HMW-GS) were detected by using

sodium dodecyl sulphate polyacrylamide gel electropho-

resis (SDS-PAGE) (Singh and Shepherd 1991). Markers of

BARC, CFA, CFD, GWM, GDM, and WMC codes were

screened against the nullisomic–tetrasomic stocks of Chi-

nese Spring (CSNT) to assign them to chromosomes,

where possible.

Construction of the genetic linkage map

Linkage groups were constructed by MAPMAKER 3.0

(Lander et al. 1987). First, the ‘‘ANCHOR’’ command was

used to locate marker loci on chromosomes based on the

CSNT identification and the public genetic maps in

GrainGenes 2.0 (http://wheat.pw.usda.gov/GG2/index.

shtml). Then, the assignment of the remaining loci to

chromosomes was made using the ‘‘ASSIGN’’ command at

a LOD score of 3.0. Based on the linkage group defined

above, JoinMap, version 3.0 (Biometris, Wageningen, The

Netherlands, http://www.joinmap.nl), was used to construct

the linkage map, and centimorgan units were calculated

using the Kosambi mapping function (Kosambi 1944).

Theor Appl Genet (2011) 122:1517–1536 1519

123

http://wheat.pw.usda.gov
http://wheat.pw.usda.gov
http://wheat.pw.usda.gov/ITMI/EST-SSR/
http://wheat.pw.usda.gov/GG2/index.shtml
http://wheat.pw.usda.gov/GG2/index.shtml
http://www.joinmap.nl


Data analysis and QTL mapping

To estimate variance and covariance components, all six

traits were first analyzed with the MINQUE method pro-

posed by Zhu (Zhu 1992). Based on these components,

genetic correlation coefficients were estimated between PH

and PH components (PHC). Significance levels of the

genetic correlation coefficients were derived by a jackknife

resampling procedure. Phenotypic correlation coefficients

between PH and PHC were calculated from the trait means

for the four environments. Basic statistical analysis was

implemented by the software SPSS13.0 (SPSS, Chicago,

USA). Conditional genetic analysis was conducted based

on the phenotypic values of PH conditioned on each of

PHC, which were obtained by the method described by Zhu

(Zhu 1995). Conditional phenotypic values y(PH|PHC) indi-

cate the value of PH without the influences of PHC.

Both the observed phenotypic values (y(PH)) and the

conditional phenotypic values (y(PH|PHC)) obtained from

each environment of E1, E2, E3 and E4, and the pooled

data collected from the average of the four environments

above (P) were used for QTL mapping analyses. Inclu-

sive composite interval mapping by IciMapping 2.0 was

used based on stepwise regression of simultaneous con-

sideration of all marker information (Li et al. 2007a).

The walking speed for all QTL was 1.0 cM. A LOD

score of 2.5 was set as a threshold for declaring the

presence of a QTL.

Table 1 Phenotypic values for PH of three parents and the two RIL populations in four growing environments and its components in wheat

Traita Environmentb Parent WJc WYc

Weimai 8 Jimai 20 Yannong 19 Mean SD Min. Max. Mean SD Min. Max.

PH (cm) E1 86.67 73.60 81.87 98.31 9.25 66.43 129.20 94.767 10.36 68.07 122.53

E2 77.80 69.30 75.20 90.25 8.67 55.44 118.54 87.41 8.87 64.80 113.00

E3 71.80 62.50 69.30 91.54 7.93 61.60 116.00 89.13 8.97 61.00 119.20

E4 85.30 73.30 84.50 95.50 8.79 63.83 124.33 96.59 10.48 67.70 143.70

SL (cm) E1 10.84 9.02 9.34 10.03 1.29 6.98 15.14 9.80 1.21 7.10 13.39

E2 10.58 9.36 8.60 10.05 1.18 7.10 15.16 9.21 0.97 6.88 12.18

E3 12.00 10.50 10.02 11.45 1.41 8.10 16.40 10.71 1.26 7.70 14.80

E4 10.89 9.41 9.55 10.39 0.87 7.91 13.34 9.89 0.80 7.55 14.65

FIITL (cm) E1 27.70 22.75 27.5 26.21 3.24 12.4 37.13 28.11 3.56 19.67 40.53

E2 25.42 23.64 25.5 29.52 3.28 21.46 41.14 31.39 3.67 22.10 45.34

E3 25.70 23.33 25.27 31.00 3.81 20.87 44.67 31.79 3.68 21.97 42.13

E4 27.70 27.00 26.30 29.07 3.92 8.67 50.67 31.19 3.54 22.00 43.00

SITL (cm) E1 17.40 13.33 16.33 21.16 2.31 12.45 27.98 20.09 2.85 13.57 27.72

E2 14.60 13.68 15.10 20.71 2.54 13.96 30.58 20.69 3.15 14.02 27.12

E3 14.10 12.07 14.40 20.08 2.26 12.93 28.53 19.04 2.80 11.73 25.33

E4 16.80 15.00 17.00 21.37 2.61 13.67 32.67 20.91 3.40 12.00 30.00

TITL (cm) E1 12.93 9.67 10.67 16.29 2.12 8.33 21.95 14.40 2.85 7.85 20.70

E2 11.26 11.46 12.80 15.06 2.16 7.58 20.64 14.22 1.76 8.96 19.44

E3 10.93 9.83 11.77 15.64 2.08 8.57 21.10 14.44 2.43 8.13 20.70

E4 15.70 11.00 13.00 16.52 2.68 8.70 21.67 15.41 2.76 8.00 22.17

FOITL (cm) E1 9.10 8.67 7.33 13.33 2.46 6.22 19.31 10.98 3.03 7.85 20.70

E2 7.50 6.74 6.74 9.41 1.77 4.32 16.14 9.78 1.57 6.38 14.90

E3 7.90 6.37 11.77 10.89 2.27 4.50 18.83 10.57 2.06 6.13 16.33

E4 8.70 6.00 8.70 10.76 1.99 5.17 25.80 10.45 1.95 5.20 18.33

SD standard deviation
a PH plant height; SL, FIITL, SITL, TITL and FOITL indicate the five component traits of PH, i.e., spike length, the first internode length counted

from the top, the second internode length counted from the top, the third internode length counted from the top and the forth internode length

counted from the top, respectively
b E1, E2, E3 and E4 represent the environments of 2008–2009 in Taian, 2009–2010 in Taian, 2009–2010 in Zaozhuang and 2009–2010 in Jining,

respectively
c WJ and WY represent the populations derived from the cross between Weimai 8 and Jimai 20 and between Weimai 8 and Yannong 19,

respectively
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Results

Phenotypic variation of traits and correlations

with plant height

The final PH and PHC for the two RIL populations and the

parents in four environments are shown in Table 1. Among

the four environments, significant differences of PH existed

at the 0.05 level between Weimai 8 and Jimai 20, but did

not exist between Weimai 8 and Yannong 19 (data not

shown). However, the phenotypic variations among the

RIL lines were obvious in both populations. Strong

transgressive segregations were observed for PH in all

environments, with some lines being taller than the taller

parent or shorter than the shorter parent in WJ and WY,

respectively, indicating that alleles with positive effects are

distributed among the parents. PH segregated continuously

and followed a normal distribution in WJ and WY (Fig. 1),

indicating that PH was a typical quantitative trait controlled

by a few minor genes and that the data were suitable for

QTL analysis. The evaluation of the genetic and pheno-

typic correlations between PH and PHC is listed in Table 2

and shows a highly significant positive correlation with all

of PHC except SL in both populations. Higher correlation

coefficients were observed between PH and SITL and

between PH and TITL in WJ, but were observed between

Fig. 1 Phenotypic distribution of wheat plant height in progeny

derived from the WJ and WY. The abscissa shows the mean values of

plant height and the ordinate indicates the frequency of distribution.

Letters above each graph indicate the corresponding population name.

A letter E plus a numeral, or the letter P, below each graph indicates

the trial. The WJ population was derived from the cross between

Weimai 8 and Jimai 20. The WY population was derived from the

cross between Weimai 8 and Yannong 19. E1 2008–2009, Tai’an, E2
2009–2010, Tai’an, E3 2009–2010, Zaozhuang, E4 2009–2010,

Jining, P the average data calculated from the four trials

Table 2 Genetic and phenotypic correlations between plant height and its components and phenotypic and genetic variances of plant height and

plant height conditioned on its components

Traita Correlation Directed and conditioned variances

Genetic Phenotypic VG VP

PH –/– –/– 49.564/70.151 86.890/111.37

SL 0.041/0.029 0.036/0.023 49.519/70.126 84.709/110.95

FIITL 0.641**/0.697** 0.635**/0.675** 26.672/33.145 58.184/69.596

SITL 0.730**/0.781** 0.730**/0.749** 20.252/24.031 55.017/61.750

TITL 0.737**/0.855** 0.715**/0.824** 19.962/15.493 47.336/52.457

FOITL 0.683**/0.844** 0.683**/0.820** 23.889/16.656 48.827/49.392

For each entry, the first figure refers to WJ and the second to WY

–, No available data
a For abbreviations, see Table 1

** Correlation is significant when p \ 0.01 level
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PH and TITL and between PH and FOITL in WY. These

findings indicate a strong stable genetic association

between PH and TITL. A significant positive correlation

between PH and SL was not observed in either WJ or in

WY, indicating a weak genetic association between PH and

SL. In both WJ and WY, conditioning PH on FIITL, SITL,

TITL and FOITL led to a strong reduction of variance,

while PH conditioned on the SL showed variances nearly

as high as the unconditioned PH (Table 2), confirming the

results of genetic and phenotypic correlations between PH

and PHC.

Construction of genetic linkage maps

The genetic map constructed based on the WJ population

included 344 loci on the wheat chromosomes spanned

2,855.5 cM, with an average density of one marker per

8.30 cM. There were six linkage gaps with linkage dis-

tances [50 cM. Marker distribution ranged from 45 on

chromosome 4A to 3 on chromosomes 4D and 7D. The

WY population was used to establish a genetic map con-

sisting of 358 loci distributed in 27 linkage groups with six

linkage gaps, and it covered 3,010.70 cM of the whole

genome with an average distance of 8.41 cM between the

adjacent loci. The number of markers per chromosome

ranged from 40 on chromosome 1B to 3 on chromosome

3D. The two linkage maps contained 69 common loci. The

chromosomal locations and the orders of the markers in the

two maps were generally in agreement with published

reports in GrainGenes 2.0 (http://wheat.pw.usda.gov/GG2/

index.shtml). Positions of the loci common to the two maps

were approximately in accordance. In addition, a 1BL/1RS

translocation event was confirmed by the linkage maps of

chromosome 1B in both WJ and WY. Functional markers

and biochemical markers were accurately mapped to their

corresponding chromosomes. The recommended map dis-

tance for genome-wide QTL scanning is an interval length

less than 10 cM (Doerge 2002). Thus, the maps were

suitable for genome-wide QTL scanning in this study. The

two linkage maps will be reported in another paper.

Conditional and unconditional QTL mapping in the WJ

population

Up to 53 QTL distributed throughout the wheat genome,

except for chromosomes 4B, 5A and 7D, were identified by

both unconditional and conditional QTL analysis methods

(Table 3). Together, these QTL explained 11.31–43.82%

of the phenotypic variation in the individual traits. The

major QTL from Weimai 8 with positive additive effects of

3.73 cm accounted for 14.88% of the phenotypic variance

in E4. It was detected at a similar position as Rht-D1 in

the linkage group 4D, and it was significant in all

environments. Another QTL with a moderate effect of

1.14 cm was detected on chromosome 7B between

Xedm105.2 and Xgwm344, a position similar to Rht13, but

it exhibited significance only in E2 by unconditional

analysis.

In total, 25 QTL with additive effects ranging in abso-

lute size from 0.98 to 3.73 cm of the PH were detected by

the unconditional QTL mapping method (Table 3). Of

these QTL, 15 were detected in only one environment,

three in two environments, four in three environments, two

in four environments, and one in all five trials. Of these

QTL, one was detected on each of the chromosomes 1A,

1D, 2A, 2D, 4D, 6A and 6B, two each on 3B, 4A, 5B and

7B, three each on 2B and 7A and four on 5D.

When PH was conditioned on SL, all of the ten

unconditional QTL in E1, 9 of 13 in E2, 4 of 9 in E3, 3 of 3

in E4 and 3 of 11 in P still showed additive effects nearly

as great as those detected by the unconditional analysis

method (Table 5), indicating a weak genetic association

between these two traits. The QTL mapping for PH con-

ditioned on FIITL detected 2 each of the 10, 13, and 9

unconditional QTL in E1, E2 and E3, respectively, and

they each showed an additive effect similar to that of its

corresponding unconditional QTL. In addition, 3 of 9

unconditional QTL for PH in E3, 2 each of 3 and 11 in E4

and P, respectively, were detected when the influence of

FIITL on PH was excluded, with an enhanced or reduced

additive effect. QTL analysis of PH, excluding the influ-

ence of SITL, detected one QTL each in E1 and E2 with an

additive effect equal to that of the corresponding uncon-

ditional QTL; when the influence of SITL on PH was

excluded, 2, 4, 2, 0 and 1 conditional QTL with reduced or

enhanced additive effect were detected in E1, E2, E3, E4

and P, respectively. Ignoring the influence of TITL on PH,

conditional mapping identified 2 each out of 10 and 9

unconditional QTL in E1 and E3, respectively, 11 of 13 in

E2, 1 of 3 in E4, 3 of 11 in P; however, only one condi-

tional QTL each in E1 and E2, two conditional QTL in P,

showed an additive effect similar to those of the uncondi-

tional QTL. When PH was conditioned on FOITL, 18 of 46

unconditional QTL (including the overlapping QTL

detected in different environments) in five trials could still

be identified, including two each in E1 and E4, six in E2,

three in E3 and five in P. Among them, one conditional

QTL that was detected in E1, five in E2, two in E4 and

three in P, showed a lower or higher value for the additive

effect compared to the corresponding unconditional QTL.

In addition, conditional QTL mapping analysis revealed

numerous additional additive QTL that could not be iden-

tified by unconditional QTL mapping methods (Table 5).

Among the five PHC, only five extra QTL were detected

when PH was conditioned on SL in all five trials; nine

additional QTL were detected when PH was conditioned
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on FOITL, while up to 31 additional QTL were identified

when the influence of TITL was eliminated. Conditional

QTL analysis detected 16 and 22 additional QTL when the

influence of FIITL and SITL was excluded, respectively.

The total numbers of additional QTL above included sev-

eral overlapping QTL that were reproducibly detected in

different environments.

Conditional and unconditional QTL mapping

in the WY population

Unconditional and conditional QTL analysis of PH jointly

identified 58 QTL distributed on all 21 wheat chromo-

somes except 3D and 5B in all five trials (Table 4). These

QTL explained 2.53–22.43% of the phenotypic variance

with the additive effects in absolute size ranging from 1.06

to 7.77 cm. A QTL with the highest additive effect value

was detected on chromosome 5D in a very small interval

(Fig. 2). It is an allele from Weimai 8 with additive effects

of 7.77 cm on height reduction, and it was detected in three

of the five trials by unconditional QTL analysis methods.

The QTL on 4B between Xcau8.1 and Xgwm495, a position

similar to that of Rht-B1, was detected by the conditional

QTL analysis method.

Unconditional QTL mapping analysis of PH detected a

total of 34 putative additive QTL exhibiting from 30.27 to

53.73% of the phenotypic variance in the individual trials,

19 being environment-specific QTL that can be detected in

only one environment, 12 and 3 being partly environment-

independent QTL detected in two and three environments,

respectively. By this method, we were unable to identify

any QTL that can be detected in all five trials, suggesting a

strong influence of environmental effects on the expression

of the PH. Of these QTL, one was found on chromosomes

1B, 2B, 2D, 3B, 6B and 7B, two on 2A, 4A, 4D and 7A,

three on 1D, 5D, 6D, 6A and 7D and five on 1A.

Of 13 QTL detected in unconditional mapping in E1, 7,

9, 2, 2 and 3 were still significant when the influence of SL,

FIITL, SITL, TITL and FOITL on PH was excluded, albeit

4, 4, 0, 2 and 3 of them exhibited reduced or enhanced

additive effects (Table 5). Of the two unconditional QTL

detected in E2, the conditional QTL on 7D showed an

equal additive effect value to the unconditional QTL when

the influence of FOITL on PH was excluded; the same was

seen for the QTL detected on 2A when the influence of SL

on PH was excluded. The effect was reduced to 1.46 cm

when the influence of FIITL on PH was eliminated. The

QTL detected on 7D showed an enhanced effect from

-2.27 to -3.84 cm when PH was conditioned on the

FIITL. Overall, 10, 2, 3, 0, and 1 of the 12 unconditional

QTL detected in E3 could still be identified when PH was

conditioned on its five component traits: SL, FIITL, SITL,

TITL and FOITL, respectively. Of these, three each wereT
a
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Fig. 2 Comparison of congruent QTL detected in both WJ and WY

populations. The unconditional and conditional QTL symbols are

described at the bottom left of this Figure; they were placed on the left

of their corresponding chromosomes to represent a significant QTL.

An uppercase letter E plus a numeral, 1, 2, 3 or 4, or the uppercase

letter P, underneath a QTL symbol indicates that the corresponding

QTL was detected in Tai’an (2008–2009), Tai’an (2009–2010),

Zaozhuang (2009–2010), Jining (2009–2010), and in the average data

calculated from the four trials, respectively. The pair markers that

were each marked by a horizontal arrow on the right of the linkage

map indicate the flanking markers of the corresponding QTL. A QTL

with height-increasing alleles and height-reducing alleles from

Weimai 8 were marked by an upward vertical arrow and by a

downward arrow on the left of QTL symbols, respectively. The two

linkage maps based on WJ and WY populations were marked by ‘WJ-

Ch’ and ‘WY-Ch’, respectively

Table 5 Number of unconditional and conditional QTL detected in different environments

Ena Unconb Condc

PH PH|SL PH|FIITL PH|SITL PH|TITL PH|FOITL

E1 10/13 10 ? 0 ? 0/3 ? 4?4 2 ? 0 ? 6/5 ? 4 ? 4 1 ? 2 ? 1/2 ? 0 ? 6 1 ? 1 ? 6/0 ? 2 ? 8 1 ? 1?2/0 ? 3 ? 4

E2 13/2 9 ? 2 ? 2/1 ? 0?3 2 ? 0 ? 3/0 ? 2 ? 3 1 ? 4 ? 5/0 ? 0 ? 4 1 ? 10 ? 5/0 ? 0 ? 7 1 ? 5?1/1 ? 0 ? 5

E3 9/12 4 ? 0 ? 0/7 ? 3 ? 0 2 ? 3 ? 1/1 ? 1 ? 3 0 ? 2 ? 2/0 ? 3 ? 4 0 ? 2 ? 5/0 ? 0 ? 1 3 ? 0?0/0 ? 1 ? 2

E4 3/11 3 ? 0 ? 0/4 ? 1 ? 0 0 ? 2 ? 2/0 ? 1 ? 2 0 ? 0 ? 8/0 ? 0 ? 3 0 ? 1 ? 6/0 ? 0 ? 4 0 ? 2?2/0 ? 4 ? 8

P 11/14 3 ? 3 ? 3/14 ? 0 ? 3 0 ? 2 ? 4/1 ? 3 ? 2 0 ? 1 ? 6/0 ? 1?4 2 ? 1 ? 9/0 ? 3 ? 2 2 ? 3?4/1 ? 1 ? 3

Total 46/52 29 ? 5 ? 5/

29 ? 8 ? 10

6 ? 7 ? 16/

7 ? 11 ? 14

2 ? 9 ? 22/

2 ? 4 ? 21

4 ? 15 ? 31/

0 ? 5 ? 22

7 ? 11 ? 9/

2 ? 10 ? 22

For each entry, the first figure refers to WJ and the second to WY

The numbers above included several overlapped QTL detected in various environments
a Environment in which each QTL was detected. For abbreviations, see Table 1
b Number of unconditional QTL
c Number of conditional QTL. The first Arabic numerals before the ‘‘?’’ indicate the number of QTL detected in both unconditional and

conditional analyses with equal additive effects (additive effect of conditional QTL ranged less than 10% of that of the corresponding

unconditional QTL); the middle Arabic numerals indicate the number of QTL detected in both unconditional and conditional analyses with

reduced or enhanced additive effects; the third Arabic numerals following a ‘‘?’’ indicate the number of QTL that was detected only in

conditional analysis
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detected from analysis when PH was conditioned on SL

and SITL, one each was detected from analysis when PH

was conditioned on the FIITL and the FOITL, respectively,

and they showed different additive effects compared to

their corresponding unconditional QTL, either reduced or

enhanced. None of the 11 unconditional QTL detected in

E4 were significant when PH was conditioned on SITL or

TITL, but four were unchanged when PH was conditioned

on SL. When PH was conditioned on FIITL and FOITL,

one and four showed obvious different additive effects,

respectively. All 14 unconditional QTL detected in P

showed significant and unchanged additive effect values

when PH was conditioned on SL, but none of them could

be identified with equal additive effects when PH was

conditioned on each of its four internode lengths, with the

exception of PH conditioned on FIITL and FOITL. How-

ever, 3, 1, 3 and 1 of the 14 unconditional QTL detected in

P still showed significant additive effects, either reduced or

enhanced, when PH was conditioned on FIITL, SITL,

TITL and the FOITL, respectively.

The fewest additional conditional QTL were detected

when PH was conditioned on SL, being 4, 3, 0, 0 and 3 in

E1, E2, E3, E4 and P, respectively (Table 5), followed by

PH conditioned on FIITL, being 4, 3, 3, 2 and 2 in E1, E2,

E3, E4 and P, respectively. When PH was conditioned on

SITL, TITL and FOITL, the total number of additional

QTL was similar, being 6, 8 and 4 in E1, 4, 7 and 5 in E2,

4, 1 and 2 in E3, 3, 4 and 8 in E4 and 4, 2 and 3 in P, the

total being 21, 22 and 22, respectively.

Common QTL resolved in both populations

Based on common markers in two genetic maps, compar-

isons of congruent QTL were conducted (Fig. 2). Up to 11

pairwise QTL were common to the two populations, albeit

most of them were detected in different environments by

Fig. 3 Correlations between plant height and its components at the

QTL level. The central vertical black line indicates a stem of wheat,

and the white ellipses within it indicate the nodes. The abbreviations

for the five plant height components are placed at the right of the

stem. The text boxes with the solid borders describe the QTL for PH

contributed by its nearby component trait. For example, 7B(1 1 1/3),
in the solid text box on the left of SL, indicates that a QTL for PH was

detected on chromosome 7B in 3 trials by unconditional QTL

mapping methods, but this QTL was completely contributed by SL in

1 trial and was partially contributed by SL in 1 trial. That is to say, if

an unconditional QTL for PH was completely contributed by its

component trait, the numeral in parentheses before the slash was

marked by bold typeface, but marked by italic typeface if partially

contributed by its component trait. Contents of the text boxes with

dashed borders indicate the conditional QTL for PH with an additive

effect opposite to that for its conditioned trait. For example, 1D(2), in

the dashed text box on the left of SL, indicates a QTL that can be

detected by both unconditional and conditional mapping methods but

in different environments on 1D, and it showed additive effect

opposite to that of SL in 2 trials; 6A(2), in the dashed text box on the

left of SL, indicates a QTL that can only be detected by conditional

mapping methods in 2 trials on chromosome 6A. That is to say, we

distinguished the conditional QTL for PH based on whether it showed

significance by unconditional mapping methods, but in different

environments, by marking letters in italics with underline or in bold
typeface, respectively. The numeral in parentheses indicates the

number of environments in which the QTL for plant height that could

only be detected by conditional QTL analysis. For each text, the left

of the stem refers to WJ and the right refers to WY
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either the unconditional or the conditional method. Of

these, one pairwise each with height-reducing alleles from

the common parents Weimai 8 were mapped to chromo-

somes 3B, 6A and 7B, and one pairwise each with height-

enhancing alleles from Weimai 8 were detected on

chromosome 2A and 6B. The remaining six pairwise

common QTL alleles from Weimai 8 exhibited opposite

additive effects in two different populations, one pairwise

each located on chromosomes 1A, 1D, 2D, 4A, and two

pairwise on 5D. Interestingly, the major QTL detected on

chromosome 5D in the WY population shared a common

flanking marker, Xbarc133, with one in the WJ population;

more than one QTL with either a strong or moderate effect

can be detected near this common marker in almost all

environments by either unconditional or conditional QTL

mapping methods in WJ, indicating an authentic QTL.

Discussion

Relationship between plant height and its components

Conditional QTL mapping analysis provides an efficient

tool to reveal relationships between PH and PHC. For

example, when performing conditional QTL analysis of PH

conditioned on SL (PH|SL), there are four possible results:

(1) a QTL detected by the unconditional method can be

identified with a similar or equal effect, indicating that this

QTL for PH is independent of SL; (2) 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 PH is partially, but not completely,

associated with SL; (3) a QTL detected by the uncondi-

tional method cannot be identified, meaning that this QTL

for PH is entirely contributed by SL; (4) an additional QTL

can be detected by the conditional mapping method, which

means that the expression of the QTL for PH is completely

suppressed by SL, and the effects could only be identified

by eliminating the influence of SL. This suggests that the

additional QTL has an opposite additive effect on PH and

SL.

Of the 46 unconditional QTL for PH in WJ and 52 in

WY, 29 each were independent of SL, while in WJ, only

6 were independent of FIITL, 2 of SITL, 4 of TITL, and

7 of FOITL. In WY, 7 were independent of FIITL, 2 of

SITL, and 2 of FOITL. This indicated that there is weak

genetic association between PH and SL, but strong

association between PH and each of the four internode

lengths (Table 5). This finding confirmed the results of

the correlation analysis and variance analysis between

PH and PHC (Table 2). Of the 25 unconditional QTL for

PH in WJ, 11, 15, 18, 12 and 14 were entirely con-

tributed by SL, FIITL, SITL, TITL and FOITL,

respectively, and 3, 5, 5, 8 and 3 were partially con-

tributed by SL, FIITL, SITL, TITL and FOITL, respec-

tively. In addition, 1, 2, 0, 5 and 5 QTL were either

entirely or partially contributed by SL, FIITL, SITL,

TITL and FOITL in different trials, respectively

(Table 3; Fig. 3). Of the 34 unconditional QTL for PH in

WY, 12, 21, 29, 30 and 23 were entirely due to variation

in SL, FIITL, SITL, TITL and FOITL, respectively, and

6, 3, 2, 0 and 4 were partially due to variation in SL,

FIITL, SITL, TITL and FOITL, respectively. In addition,

1, 4, 3, 4 and 4 QTL were either entirely or partially due

to variation in SL, FIITL, SITL, TITL and FOITL in

different trials, respectively (Table 4; Fig. 3). From

Fig. 3, Tables 3 and 4 together, we concluded that there

were more QTL for PH with opposite additive effects for

TITL than for the other four traits. The largest number

of new QTL was identified by excluding the influence of

TITL on PH in WJ, while the largest number of new

QTL that were consistent among various environments

were detected by conditioning PH on TITL in WY. By

removing the influence of SL on PH, the fewest extra

QTL for PH were revealed in both populations, indi-

cating the fewest QTL for PH with additive effects

opposite to that of SL, followed by FIITL in WY, but by

FOITL in WJ (Fig. 3). Taking the reproducibility of

QTL detection over environments into consideration, the

number of QTL for PH with additive effect opposite to

that of its corresponding component traits arranged in

proper order were TITL, SITL, FIITL, FOITL and SL

in WJ, and TITL equal to FOITL, SITL, FIITL and SL in

WY, respectively (Table 5). In conclusion, these results of

WJ and WY together demonstrate that, at the QTL

level, SL had the least level contribution to PH among

all the five PHC considered, followed by FIITL. TITL had

the strongest influence on PH, followed by SITL and

FOITL.

The results described above demonstrate that some

unconditional QTL for PH were contributed by more than

one component traits, based on whether the QTL could be

identified by conditional analysis (Tables 3, 4). In QTL

mapping, the likelihood of detecting a QTL is dependent

on the ratio between the variance caused by the QTL’s

effect and the total variance of the trait as well as the size

of the mapping population (Lander and Botstein 1989). In

conditional QTL analysis, effects on QTL contributed by a

conditional trait are reduced and the QTL with effects

below a certain threshold become virtually undetectable.

Thus, it is reasonable to obtain the results described, which

indicated that the unconditional QTL for PH was strongly

influenced by the conditional traits, indicating a pleiotropic

QTL. Notably, there was a difference in the conditional

mapping results in different environments. The environ-

ment plays an important role in controlling gene
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expression, especially for quantitative traits, and could

account for the above differences.

Common QTL resolved in both populations

In bread wheat, a variety of complex traits has been sub-

jected to QTL analysis (Keller et al. 1999; Kato et al. 1999;

Börner et al. 2002; Huang et al. 2006; Wang et al. 2009,

2010; Wu et al. 2010). However, in the majority of these

cases, each study involved a single mapping population,

and only unconditional QTL mapping analysis was con-

ducted. Consequently, only a limited number of QTL could

be detected in each study, and the result was not conclu-

sive. With the rapid development of molecular marker

technology, additional research on QTL effects in more

than one different or related genetic backgrounds is war-

ranted. Kumar et al. (2007) have used two independent RIL

populations to conduct QTL analysis, but only a solitary

QTL for spikelets per spike was common between the two

populations. Ma et al. (2007) identified a large number of

common QTL using RILs and RIL-derived IF2 populations.

Buckler et al. (2009) used a set of 5000 RILs (maize

Nested Association Mapping population, NAM), compris-

ing 25 related individual RIL populations, to dissect QTL

for flowering time in maize; they identified numerous

small-effect QTL that were shared among families.

In this report, two related RIL populations were sub-

jected to unconditional and conditional QTL mapping

methods to identify QTL for PH. Up to 11 pairwise con-

gruent QTL were detected in the two populations (Fig. 2).

Because of the limited number of common loci in the two

genetic maps, precise prediction and definition of common

QTL in the two populations were hampered, though posi-

tions of most QTL identified in the two populations are of

high congruency. The results show that QTL from the

common parent in the two related populations can be

detected repeatedly to a certain extent, and the comparable

QTL are authentic.

Comparison of the present study to previous studies

PH in wheat has been subjected to QTL analysis in many

other reports, but in most QTL experiments, population

size has been limited by the cost of marker genotyping and/

or the cost of trait phenotyping. The 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. Buckler et al. (2009) utilized NAM

(Nested Association Mapping population) comprising

5,000 RILs, to dissect QTL for flowering time in maize;

they concluded that, with large enough samples, additive

QTL models could accurately predict the phenotype. False

positive QTL may be caused by parental sharing when the

RIL population is not large enough to permit completely

random mating (Zou et al. 2005). Schön et al. (2004)

exploited a large experimental population, 976 F5 maize

testcross progenies, for QTL detection, and found a large

effect of sample size on power of QTL detection and

accuracy and precision of QTL estimates. To our knowl-

edge, there has been no report on QTL analysis for PH in

wheat with a mapping population of more than 400 prog-

enies. The present WJ mapping population included 485

F8:9 RILs and the WY mapping population included 229

F8:9 RILs, enhancing the accuracy and precision of QTL

detection of PH.

Classical genetic studies indicated that the genetic

control of PH in bread wheat is complex, and most chro-

mosomes harbor factors that can affect it (Law et al. 1973).

Almost all of the 21 chromosomes were found to contribute

to genetic variation for PH in the case of the substitution of

lines of Cappelle-Desprez into Chinese Spring (Snape et al.

1977). This finding has been confirmed by various other

reports of QTL detection for PH in wheat (Kato et al. 1999;

Keller et al. 1999; Börner et al. 2002; Huang et al. 2003;

Sourdille et al. 2003; Huang et al. 2004; Liu et al. 2005;

McCartney et al. 2005; Huang et al. 2006; Marza et al.

2006; Klahr et al. 2007; Zhang et al. 2008; Chu et al. 2008;

Wang et al. 2009; Wang et al. 2010; Mao et al. 2010; Wu

et al. 2010). Therefore, it was not surprising that, in the

present study, many QTL were detected on almost all of

the 21 chromosomes, in two mapping populations by both

unconditional and conditional methods.

To date, numerous major effects on PH have been

identified and 25 semi-dwarfing genes have been named

(Worland et al. 1998; Zhang et al. 2008). The two most

common semi-dwarfing genes, Rht-B1 and Rht-D1, have

been successfully utilized in wheat breeding programs

worldwide and are located on the short arms of chromo-

somes 4B and 4D, respectively. Rht13 on chromosome 7BS

has been well characterized, and it markedly reduces PH

(Ellis et al. 2005). The major QTL detected in WJ on the

short arm of chromosome 4D is located in approximately

the same region as the dwarfing gene Rht-D1, corre-

sponding to the QTL detected by McCartney et al. (2005),

Huang et al. (2006), Zhang et al. (2008), Chu et al. (2008),

Wang et al. (2009), Mao et al. (2010), Wu et al. (2010) and

Wang et al. (2010) (Table 3). Fortunately, it can be

reproducibly identified in the WY population between

interval Xcau17.4 and Xcau17.3, but it only has a moderate

effect (Table 4). Through conditional analysis, we showed

that each component considered, except SL, completely or

partially contributed to this QTL. The QTL detected by the

conditional mapping method in WY on the short arm of

chromosome 4B was detected between Xcau8.1 and
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Xgwm495, a position similar to that of Rht-B1 and con-

sistent with the QTL detected by Sourdille et al. (2003),

Huang et al. (2003), (2006), Zhang et al. (2008), Wu et al.

(2010) and Mao et al. (2010), but this QTL cannot be

reproducibly identified in the WJ population (Table 4).

Conditional analysis indicated that this QTL may have an

opposite effect than that of FOITL in three environments,

of TITL in two environments and of SITL in one envi-

ronment. A moderate QTL on the short arm of chromo-

some 7B was mapped to a position similar to Rht13, but it

can be detected in a single environment in WJ. Conditional

analysis indicated that FIITL and TITL had no effect on

this QTL, while SL and FOITL both contributed to it, and

SITL exhibited a negative effect.

The major QTL detected in WY on chromosome 5D,

between Xgwm190 and Xbarc28.2, has not been reported

elsewhere. It can be reproducibly detected in the WJ

population in the same position, but with reduced additive

effects (Tables 3, 4; Fig. 2). Conditional analysis indicated

that FOITL completely contributed to this QTL, while SL,

SITL and TITL partially contributed to it, and FIITL had

no influence on this QTL. Interestingly, this QTL mapped

between 41.9 and 45.5 cM on chromosome 5D, a very

small interval; therefore, both Xgwm190 and Xbarc28.2

can be simultaneously utilized for marker-assisted selec-

tion (MAS) in wheat breeding programs. A QTL located on

chromosome 2DL had a moderate effect, and was identified

in four of the five trials by the unconditional mapping

method in WJ, but was detected in only one environment

by conditional analysis in WY. It corresponds to the QTL

detected by Marza et al. (2006) and Wang et al. (2009)

(Tables 2, 3; Fig. 2). Notably, this QTL is located at a

similar position to that of the polyphenol oxidase (PPO)

gene. One of this QTL’s flanking markers, STS01, is a

functional PPO gene marker; thus, the correlation between

the PH and PPO deserves further study. Conditional anal-

ysis indicated that SL had no contribution to this QTL, but

SITL and TITL completely contributed to it. The contri-

bution of FIITL and FOITL varied in different

environments.

If a QTL is independent of the environment, the impli-

cation is that its expression is stable regardless of differ-

ences in environment, and it can be of great value for MAS.

In the present study, three QTL on chromosome 7A, two on

7B, and one each on 1A, 2B, 2D, 4D and 5D were iden-

tified by the unconditional mapping method and were

significant in more than three trials. Furthermore, five

additional conditional QTL were verified in up to three

environments. Of these, one was revealed in WJ when PH

was conditioned on SITL in E3, E4 and P and on TITL in

E2, E3 and P. It was located on the long arm of chromo-

some 5B between Xwmc73 and Xgwm355 and corre-

sponded to the QTL identified by Klahr et al. (2007) and

Wang et al. (2010). The QTL on chromosome 7B between

Xcfe223 and Xissr844.2 was detected in WJ in E2, E3 and

P when PH was conditioned on TITL. McCartney et al.

(2005) and Zhang et al. (2008) have detected QTL for PH

in this interval. The QTL on 4B between Xcau8.1 and

Xgwm495, a position similar to that of Rht-B1, was sig-

nificant in WY in E1, E4 and P when PH was conditioned

on FOITL. The remaining two additional conditional QTL

consistent in three trials were both novel QTL that have not

been reported previously. Of these, the QTL on 6D

between Xapr1.2.3 and Xbarc154 was identified in WJ in

E1, E4 and P when the influence of TITL on PH was

excluded; the QTL on 2A between Xpsp3029.2 and

Xwmc181.2 showed significance in E1, E2 and P in WY

when PH was conditioned on SITL. The results described

above indicated that the conditional mapping method can

efficiently and accurately reveal counteracting QTL by

their components.

Above all, the number of QTL detected in WJ and WY

was almost equal, but the QTL detected in WY showed

greater additive effects than those found in WJ. Disre-

garding the difference in genetic background of the two

populations, we came to the conclusion that population size

had little influence on the estimation of QTL number, but

had a great influence on the estimation of QTL effects,

indicating that QTL effects can be overestimated with

small mapping populations.

In summary, the combination of conditional and

unconditional mapping methods applied to two related

populations can precisely dissect factors affecting PH and

evaluate possible genetic relationships between PH and

PHC at the QTL level. In addition, a large population size

can enhance the authenticity and accuracy of the QTL

detection.
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