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conditional analysis, respectively, among which 21 were 
common for both methods. Thirty-four QTL clusters were 
identified. Eighteen conserved QTLs (15.4  % of the 117 
QTLs) between years, but within nutritional treatment were 
found. The three major QTLs on chromosomes 2D, 4B and 
6A were coincident with Rht8, Rht-B1b and TaGW2, respec-
tively. The other two important intervals on chromosomes 
4B and 7A for yield component traits were newly detected 
QTLs that warrant further study. By conditional analysis, 
spikelet number per spike was found to be induced by P fer-
tilization mostly, whereas N fertilization had more effects 
on the expression of the QTLs for nitrogen concentration 
and utilization efficiency traits. QTLs that respond to N and 
P interactions were also detected. The results are helpful for 
understanding the genetic basis of N utilization efficiency 
in wheat under different N and P supplement environments 
and provide evidence for the availability of conditional anal-
ysis in dissecting QTLs induced by environmental factors.

Abbreviations
DM	� Aboveground dry matter
DS	� Drought stress treatment
FSS	� Fertile spikelet number per spike
GNC	� Grain nitrogen concentration
GNUP	� Grain nitrogen uptake
GY	� Grain yield
HI	� Harvest index
KNS	� Kernel number per spike
KWS	� Kernel weight per spike
MAS	� Marker-assisted selection
NHI	� Nitrogen harvest index
NUP	� Nitrogen uptake
NUtEDM	� N utilization efficiency for DM
NUtEGY	� N utilization efficiency for GY
PH	� Plant height

Abstract 
Key message  The present study identified some new 
important genomic regions and demonstrated the 
availability of conditional analysis in dissecting QTLs 
induced by environmental factors.
Abstract  The high input and low use efficiency of nutri-
ent fertilizers require knowledge of the genetic control of 
crop reaction to nutrient supplements. In this study, 14 mor-
phological and 8 physiological traits of a set of 182 wheat 
(Triticum aestivum L.) recombinant inbred lines (Xiaoyan 
54  ×  Jing 411) were investigated in six environments to 
map quantitative trait loci (QTLs). The influence of nitrogen 
(N) and phosphorus (P) fertilization on QTL expression was 
studied by unconditional and conditional analysis. A total 
of 117 and 30 QTLs were detected by unconditional and 
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QTL	� Quantitative trait locus
RIL	� Recombinant inbred line
SCN	� Spikelet compactness
SL	� Spike length
SNC	� Straw nitrogen concentration
SNP	� Spike number per plant
SNUP	� Straw nitrogen uptake
SSS	� Sterile spikelet number per spike
SY	� Straw yield
TKW	� Thousand kernel weight
TSS	� Total spikelet number per spike
WW	� Well-watered treatment

Introduction

Nitrogen (N) is the most important mineral nutrient in crop 
growth and development. Large amounts of N fertiliz-
ers have been used to maximize crop yield in agricultural 
systems. Over the past four decades, the doubling of agri-
cultural food production worldwide has been associated 
with a sevenfold increase in the use of N fertilizers (Hirel 
et al. 2007). The high input of N fertilizers resulted in low 
N use efficiency and caused a series of environmental and 
economical problems (Galloway et  al. 2008; Hirel et  al. 
2007). Breeding new crop plant cultivars with improved 
productivity in low N environments provided an effective 
approach to increase N use efficiency (Rengel and Marsch-
ner 2005).

Wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD) 
is one of the world’s most important cereal crops, which 
contributes approximately 30  % of the total cereal con-
sumption in the world (FAO 2003). Considerable genetic 
variation for N use efficiency and related traits under differ-
ent N levels has been reported in wheat by previous stud-
ies (Clárk 1983; Le Gouis et al. 2000; Wang et al. 2011), 
indicating a high likelihood of improving N use efficiency 
through a genetic approach. Quantitative trait locus (QTL) 
analysis has proved to be an effective approach to dissect a 
complicated quantitative trait into component loci to study 
their relative effects on the trait (Doerge 2002). Nowa-
days, QTL mapping has become a routine procedure for 
the identification of genomic regions harboring the genes 
which control polygenic traits (Saal et  al. 2011). Several 
QTL experiments have been conducted in wheat to study 
N use efficiency under different N levels in hydroponic cul-
ture (An et al. 2006; Guo et al. 2012; Laperche et al. 2006), 
pot trails (Habash et  al. 2007) and field trails (An et  al. 
2006; Fontaine et  al. 2009; Laperche et  al. 2007; Quarrie 
et  al. 2005), or to identify QTLs for phosphorus (P) use 
efficiency in P sufficient and limited conditions (Li et  al. 
2007b; Su et al. 2006, 2009). In one of our previous stud-
ies, we reported QTLs for morphological, nutrient content 

and nutrient utilization efficiency traits grown at the seed-
ling stage in diverse N, P and potassium (K) concentra-
tion combinations under hydroponic culture, and detected 
many important QTL clusters and cooperative uptake and 
utilization QTLs for N, P and K (Guo et  al. 2012); while 
in another study, we identified QTLs for N uptake in field 
trails, and biomass production and N uptake in hydroponic 
culture under high and low N levels (An et al. 2006). How-
ever, studies on QTL analysis concerning nutrient interac-
tion (i.e., N and P) at field trails are still needed to provide 
enough information to facilitate understanding the genetic 
basis of N uptake and utilization efficiency and the genetic 
improvement of wheat at different N or P supplements.

Conditional analysis can remove the variation due to 
component trait(s) and obtain the remaining variation 
(conditional variances) (Wu et  al. 2004). A method that 
could analyze the contribution of each component trait to 
a complex trait, and the conditional effects and the con-
ditional variance components for single developmental 
traits was proposed (Wen and Zhu 2005; Zhu 1995). This 
conditional model was combined with the QTL mapping 
method to effectively identify the influence of one trait on 
another or to study the developmental behavior of quantita-
tive traits at the QTL level (Zhu 1999). To date, by analysis 
of conditional variance components and conditional genetic 
effects, conditional QTL analysis has been used for evalu-
ating extra genetic variation and QTL effects of target traits 
conditioned on their components for grain yield (Guo et al. 
2005; Liu et al. 2008) and panicle characteristics (Ye et al. 
2009) of rice, popping expansion volume of maize (Li et al. 
2008a), plant height of wheat (Cui et al. 2011), yield of cot-
ton (Wu et al. 2004) and oil content of rapeseed (Zhao et al. 
2006). Depending on the phenotype at various development 
stages, the method was also used to reveal the static genetic 
control of traits at different growth stages for plant height 
and tiller number of rice (Jiang et  al. 2008), grain filling 
rate of maize (Liu et  al. 2011), plant height (Wang et  al. 
2010; Wu et al. 2010; Zhang et al. 2011) and grain weight 
(Li et al. 2012) of wheat, and flower and pod numbers of 
soybean (Zhang et al. 2010). But there have been no studies 
dissecting QTLs based on trait values conditioned on dif-
ferent environments to study the influences of environmen-
tal factors on QTL expression.

The objectives of the present study were to map QTLs 
for 14 agronomic and yield traits and 8 N concentration, 
uptake and utilization efficiency traits in a recombinant 
inbred line (RIL) population under field condition across 
six different N or P supplement environments and identify 
molecular markers which may be useful in MAS breed-
ing; to uncover the genetic effects of N or P fertilization by 
unconditional and conditional QTL analysis; and to discuss 
the availability of conditional analysis in dissecting QTLs 
induced by environmental factors.
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Materials and methods

Plant materials

A population of 182 F11 RILs derived from a cross between 
wheat cultivars Xiaoyan 54 and Jing 411 was used in this 
study. Xiaoyan 54 was derived from Xiaoyan 6, a famous 
cultivar and founder parent of wheat that has been widely 
cultivated for the past 25  years in China. Xiaoyan 6 was 
derived from hybridization of wheat and Thinopyrum pon-
ticum (2n = 10x = 70) and was characterized by high yield 
potential, wide environmental adaptability and good bread-
making quality (Li et al. 2008b). Jing 411 was one of the 
main cultivars at the Northern Winter Wheat Region of 
China in the 1990s and had been widely grown on as much 
as 1.87 million ha (Zhuang 2003).

Experimental design

The experiments were conducted at Luancheng Agro-
ecosystem Experimental Station, the Chinese Academy of 
Sciences (37°53′15″N, 114°40′47″E, and elevation 50  m, 
located at the piedmont of the Taihang Mountains in the 
North China Plain) during the 2006–2007 and 2007–2008 
growing seasons. Three treatments were applied: low 
N (LN), low P (LP) and normal fertilized control (CK). 
Hereafter, ‘2006LN’, ‘2006LP’, ‘2006CK’, ‘2007LN’, 
‘2007LP’ and ‘2007CK’ represent the six year × treatment 
trials, respectively.

A split-plot factorial (RIL  ×  treatment) block design 
was employed, with three separate adjacent blocks as the 
main plots for the three treatments and subplots for the 182 
RILs and their parents. In each plot, the RILs and their par-
ents were arranged according to plant height obtained in 
pre-experiments. Two replications were grown in each plot. 
A 1.5 m2 subplot with four 1.5 m-long rows, 0.25 m apart, 
and 30 seeds for each row were used. Seeds were hand 
planted at the beginning of October, and plants were har-
vested in the middle of next June at physiological maturity.

To analyze the soil N and P content, nine samples were 
selected for 0–20  cm depth before sowing using a diago-
nal sampling method for each block of both years. The 
values of soil N and P content were the average of the 
nine samples. The soil nitrate-N content in the 2006LN, 
2006LP, 2006CK, 2007LN, 2007LP and 2007CK environ-
ments was 22.9, 29.5, 29.3, 23.3, 26.5 and 25.5 mg kg−1, 
respectively, which was obtained as described by Wang 
et  al. (2011), while the soil available P was 7.0, 4.5, 6.5, 
7.1, 4.3 and 6.4 mg kg−1, respectively. In the CK and LP 
plots, N was applied as urea at 120 kg N ha−1 before sow-
ing and 60 kg N ha−1 at the stem elongation stage, whereas 
no N fertilizer was supplied to the LN plots. In the CK and 
LN plots, P was supplied as calcium superphosphate at  

65 kg P ha−1 before sowing, with no P for LP plots. The 
fertilizer application rate of 180  kg  N  ha−1 and 65  kg P 
ha−1 was the basic recommendation level in the North 
China Plain (Wang et al. 2011). No K fertilizer was applied 
for all treatments, since soil tests indicated high contents of 
K at this site.

A pre-seeding irrigation supplying 60  mm water and 
three more irrigation (before winter, at the setting stage, 
and at the filling stage) with 100  mm water each was 
applied to all treatments. The rainfall for the 2006–2007 
and 2007–2008 growing seasons were 110 and 170  mm, 
respectively. Plots were kept free from weeds, insects and 
diseases by appropriate measures.

Trait measurement

In each plot, 20–30 plants in the middle of the two inter-
nal rows were sampled to investigate grain yield per plant 
(GY) and aboveground dry matter per plant (DM), with a 
subsample of ten plants to investigate the following traits: 
plant height (PH) and spike number per plant (SNP) were 
determined from the mean of the ten plants; spike length 
(SL), kernel number per spike (KNS), kernel weight per 
spike (KWS), sterile spikelet number per spike (SSS), 
fertile spikelet number per spike (FSS) and total spikelet 
number per spike (TSS) were determined from the mean of 
the main spikes of the ten plants. Thousand kernel weight 
(TKW) was evaluated after harvest by weighing three 
samples of 500 kernels from each plot. Harvest index (HI) 
was calculated as GY/DM, spikelet compactness (SCN) as 
TSS/SL and straw yield (SY) as DM–GY.

The grains and straws were separately milled using 
a cyclone sample mill with 0.5  mm mesh. Grain N con-
centration (GNC) and straw N concentration (SNC) were 
determined using a micro-Kjeldahl method (Kjeltec 2200 
auto distillation unit, FOSS Tecator AB, Sweden).

The following parameters were calculated:

1.	 Grain nitrogen uptake (GNUP) = GY × GNC,
2.	 Straw nitrogen uptake (SNUP) = SY × SNC,
3.	 Nitrogen uptake (NUP) = GNUP + SNUP,
4.	 Nitrogen harvest index (NHI) = GNUP/NUP,
5.	 Nitrogen utilization efficiency for grain yield  

(NUtEGY) = GY/NUP,
6.	 Nitrogen utilization efficiency for aboveground dry 

matter (NUtEDM) = DM/NUP.

Data analysis and QTL mapping

Analysis of variance (ANOVA) of the data was performed 
using SPSS 16.0 software (SPSS Inc, Chicago, USA). 
The broad-sense heritability (hB

2) was calculated using a 
model where the six environments were regarded as six 
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replications and the genotype × environment interaction as 
the error term (Guo et  al. 2012). The linkage map of the 
“Xiaoyan 54  ×  Jing 411” population was used for QTL 
analysis. The map included 555 markers distributed on 21 
wheat chromosomes, comprising 523 simple sequenced 
repeats (SSRs), 18 expressed sequence tag-SSRs (EST-
SSRs) and 14 Glu loci, as described in our previous studies 
(Xu et al. 2012a, b). Conditional analysis was performed to 
study the effects of N or P fertilization on QTL expression. 
The conditional phenotypic values (y(CK|LN) and y(CK|LP)) 
are the net genetic variation of trait values in CK inde-
pendent of that in LN or LP, which were evaluated using 
QGAStation 1.0 (http://ibi.zju.edu.cn/software/qga/). Con-
ditional genetic analysis was conducted using “Conditional 
on Final Stage” for traits in each separate year. Both the 
observed and the conditional phenotypic values were used 
for QTL analysis, and the QTLs identified were defined as 
unconditional QTLs and conditional QTLs, respectively. 
Mixed linear composite interval mapping was done in the 
software QTLNetwork 2.1 to map QTLs (Yang et al. 2008). 
Composite interval analysis was undertaken using forward–
backward stepwise, multiple linear regression with 1  cM 
walking speed, 2D genome scan, a probability into and out 
of the model of 0.05 and window size set at 10 cM. Sig-
nificant thresholds for QTL detection were calculated with 
1,000 permutations and a genome-wide error rate of 0.10 
(suggestive) and 0.05 (significant).

Results

Phenotypic variation and correlations among traits

The results of ANOVA, the heritability (hB
2) values and 

mean phenotypic performance for the investigated traits of 
the RILs and their parents across the six environments are 
shown in Table 1, with the detailed statistics based on sin-
gle environment reported in supplementary Table S1. The 
mean values of two parents showed significant difference 
for 13 of the 22 traits. The phenotypic values for the traits 
exhibited broad and continuous variation among the 182 
RILs and significant transgressive segregation for both the 
parents (Table 1), which might be attributed to the different 
background of the two parents and the polygenic inherit-
ance of the traits. The coefficient of variation (CV) ranged 
from 7.9 to 26.6 % for 20 of the 22 traits, with the other 
two traits NHI (averaged 4.2 %) and SSS (56.6 %) showing 
extreme values (Table 1).

The variance for either genotype or environment 
effects on all the 22 investigated traits was significant 
at the p ≤ 0.001 (Table 1). The LSD test showed that the 
mean values of the investigated traits were significantly 
different in many cases between the six environments 

(Supplementary Table S1). These results indicated that 
both the environments and genetic background were very 
important in explaining the overall phenotypic variation. 
The traits SNP, GY and DM showed significant reduction 
after low P-input across the 2 years (Supplementary Table 
S1), while SNP, KNS, GY, SY and DM were significantly 
decreased after low N-input in the year 2006, but showed 
little decrease in the year 2007. The N concentration traits 
(GNC and SNC) and N uptake traits (GNUP, SNUP and 
NUP) were significantly reduced in low N-input environ-
ments across the 2 years except for SNC in the year 2007, 
but showed complex response after low P-input. Both 
NUtEGY and NUtEDM were significantly improved (20.6–
28.8 %) after low N-input across the 2 years, but showed 
no significant response in low P-input environments. These 
results indicated that low N-input can decrease N concen-
tration and N uptake, and subsequently increase NUtE. The 
low P-input had no significant effect on the above N related 
traits, but decreased SNP, GY and DM (Supplementary 
Table S1).

The hB
2 of the 22 investigated traits ranged from 10.6 % 

(GNUP) to 78.8 % (PH) (Table 1). The 14 agronomic and 
yield traits showed higher hB

2 values (averaged 41.3  %) 
than the 8 N concentration, uptake and utilization effi-
ciency traits (averaged 21.2 %). The hB

2 values of four traits 
PH, SL, SCN and TKW were higher than or almost near 
70.0  %, while another five traits (KNS, KWS, HI, GNC 
and NUtEGY) were more than 40.0 %.

Correlation coefficients among the 22 traits of the 
RILs in each environment are summarized in supple-
mentary Table S2. The correlation coefficients for 818 
out of 1386 trait  ×  environment by trait  ×  environment 
(818/1,386 × 100 % = 59.0 %) were significant. PH, SL 
and SCN were significantly correlated with each other 
across all of the six environments. The yield produc-
tion traits (DM, GY and SY) exhibited much higher cor-
relation coefficients with SNP rather than KNS or TKW 
and showed positive association with the N uptake traits 
(GNUP, SNUP and NUP) in very high correlation coef-
ficients across all of the six environments. TSS was posi-
tively correlated with FSS across six environments with 
high correlation coefficients, while positively correlated 
with SSS in three environments with low correlation coef-
ficients. N concentration traits (GNC and SNC) were nega-
tively correlated with NUtE traits (NUtEGY and NUtEDM).

Unconditional QTL analysis

For the 22 traits studied, a total of 117 QTLs were detected 
(including 187 trait × environments), distributed on 20 of 
the 21 wheat chromosomes except for 7B (Supplemen-
tary Table S3; Fig. 1). Among them, 84 (141 trait × envi-
ronments) were for the 14 agronomic and yield traits and 

http://ibi.zju.edu.cn/software/qga/
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33 (46 trait  ×  environments) for the 8 N concentration, 
uptake and utilization efficiency traits. The QTLs explained 
1.6–35.2 % of the phenotypic variation, respectively (Sup-
plementary Table S3). Thirty-four QTLs (including 104 
trait ×  environments) were found in at least two environ-
ments, with the additive effects consistent across all the 
significant environments for each QTL. Twenty-four QTLs 
(20.5  % of the 117 QTLs) were effective in both years; 
among them 18 (15.4  % of the 117 QTLs, including 27 
pairs of trait × treatments) were within at least one of the 
three nutritional treatments, with 14, 7 and 6 for CK, LN 
and LP treatments, respectively (Supplementary Table S3). 
Four QTLs were conserved across all of the six environ-
ments, and another 14 effective in three to five environ-
ments (Table 2). As to the six environments, 37, 31, 28, 41, 

27 and 23 QTLs were found in 2006CK, 2006LN, 2006LP, 
2007CK, 2007LN and 2007LP, respectively.

For PH, five QTLs were detected, three of which were 
found to be specific for a single environment (Supple-
mentary Table S3; Fig. 1). Two major QTLs (QPh-2D and 
QPh-4B) showed significant effects across all of the six 
environments, and with contributions as high as 20.1 and 
27.4  %, respectively (Table  2). The Xiaoyan 54-derived 
alleles decreased PH at four of the five QTLs except that on 
chromosome 3D.

Nine QTLs were identified for each of SL and SCN. 
Both parents contributed the favorable alleles at the QTLs 
of the two traits. Extensive overlap was observed between 
the QTLs for SL and SCN. In summary, seven common 
QTLs were found for the two traits, but all with opposite 
additive effects, which was consistent with the results of 
correlation analysis. The interval Xcfd53–Xwmc112 on 
chromosome 2D was identical to QPh-2D, and could affect 
SL and SCN across all of the six environments.

For SNP, KNS and TKW, 3, 6 and 13 QTLs were 
detected, respectively. Both parents contributed favora-
ble alleles for the QTLs of the three traits. Seven QTLs of 
TKW showed significant effects in at least two environ-
ments. The major QTL QTkw-4B.1 was effective in four 
environments and explained 8.5–13.9 % of the phenotypic 

Fig. 1   continued

Fig. 1   Locations of QTLs detected in six environments based on 
RILs derived from Xiaoyan 54 × Jing 411 by unconditional and con-
ditional analysis. QTLs are indicated on the left side of each chromo-
some; markers are shown on the right. For QTLs detected in differ-
ent environments, a slash is inserted to distinguish the environments. 
Conditional QTLs are underlined. The codes 6C, 6  N, 6P, 7C, 7  N 
and 7P represent unconditional QTLs detected in 2006CK, 2006LN, 
2006LP, 2007CK, 2007LN and 2007LP environments; 6C|N, 6C|P, 
7C|N and 7C|P represent conditional QTLs based on trait values of 
CK conditioned on LN or LP in the years 2006 and 2007, respectively

◂
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variation. The interval Xbarc1150.1–Xgwm448–Xcfa2043 
on chromosome 2A was detected to affect SNP and KNS 
simultaneously, while three intervals on chromosomes 2B, 
4B and 6A were found for KNS and TKW, but all with 
opposite additive effects.

Five QTLs were detected for KWS, with Jing 411 
contributing the favorable alleles for all of them. The 

major QTL QKws-6A was effective in four environments 
and explained 8.0–18.2  % of the phenotypic variation, 
while another QTL QKws-6B.1 could affect KWS in two 
environments.

Four, six and five QTLs were identified for TSS, 
SSS and FSS, respectively. Both Xiaoyan 54- and Jing 
411-derived alleles contributed to the additive effects of the 

Table 2   Summary of unconditional QTLs detected in at least three environments

a  The abbreviations of traits can refer to Table 1
b  Marker interval means the interval of the F-value peak for QTLs
c  The QTLs were all significant at the 0.001 probability level. The above and below values indicated the additive effects and phenotypic varia-
tions explained by the QTLs. Positive effect, increased effect contributed by Xiaoyan 54; negative effect was contributed by Jing 411

Traitsa QTLs Marker intervalsb 2006CKc 2006LN 2006LP 2007CK 2007LN 2007LP

PH QPh-2D Xcfd53–Xwmc112 −5.038 −4.249 −4.537 −4.763 −4.423 −3.894

18.0 17.1 21.5 23.5 20.9 19.9

QPh-4B Xbarc20–Xbarc90 −6.210 −6.040 −5.620 −5.303 −5.426 −4.238

30.8 26.9 26.3 27.7 30.6 21.9

SL QSl-2D Xcfd53–Xwmc112 −0.613 −0.545 −0.660 −0.637 −0.657 −0.676

28.4 30.4 35.2 31.0 31.6 30.4

QSl-5B.2 Xgwm272–Xswes14 0.354 0.305 0.299

4.6 2.3 3.0

QSl-6D.1 Xcfd80.1–Xcfd37.1–Xgdm14.4 −0.308 −0.303 −0.270

8.3 7.5 5.7

TKW QTkw-3B TC249615–Xgwm376.2 −0.970 −1.010 −0.877

7.8 8.0 5.7

QTkw-4B.1 Xlhq145–Xdupw619 −1.157 −1.237 −1.793 −1.886

13.9 8.5 11.6 13.3

QTkw-4D Xcfd193–Xcfd71 1.343 0.895 1.456

13.2 4.7 7.5

KWS QKws-6A Xcfd80.2–Xbarc1055 −0.056 −0.081 −0.067 −0.064

9.3 18.2 12.2 8.0

TSS QTss-7A Xbarc192–Xbarc253 −0.461 −0.707 −0.550 −0.798 −0.806

7.1 15.5 12.3 20.5 18.0

SSS QSss-2D Xwmc112–Xbarc168 −0.283 −0.386 −0.311 −0.281

10.5 11.4 10.6 8.0

HI QHi-4B Xgwm192.1–Xbarc20 0.012 0.014 0.016

12.2 13.7 16.7

SCN QScn-2D Xcfd53–Xwmc112 0.196 0.195 0.229 0.152 0.181 0.161

26.0 29.9 32.8 22.2 27.4 22.6

QScn-5B.1 Xgwm133.2–Xbarc112–Xwmc73 −0.148 −0.100 −0.121

5.5 7.0 6.2

GNC QGnc-6A Xcfd80.2–Xbarc1055 0.081 0.131 0.084

9.4 15.4 8.9

SNUP QSnup-5A.1 Xgwm328–Xlhq87 0.008 0.006 0.004 0.004

8.2 9.1 7.1 8.9

NUtEGY QNUtEGY-4D Xgdm14.2–Xcfd193–Xcfd71 −0.765 −0.966 −0.989

8.8 9.1 10.7

QNUtEGY-6A Xcfd80.2–Xbarc1055 −0.988 −1.336 −0.787

9.7 12.3 7.2
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three traits. TSS and SSS were co-located on chromosome 
2D, with Jing 411-derived allele having increased TSS in 
2007CK and SSS in four environments. TSS and FSS were 
co-located on chromosome 4B, with Xiaoyan 54-derived 
allele having the two traits increased in two environments, 
respectively. The interval Xgwm276–Xbarc192–Xbarc253 
on chromosome 7A affected all the three traits, with con-
tributions ranging between 7.1 and 20.5 % for TSS across 
five environments.

Four QTLs were identified for each of DM and GY, 
and one for SY. DM and GY were co-located on chromo-
somes 2B, 6A and 6D, while DM and SY were co-located 
on chromosome 5A. Xiaoyan 54-derived alleles had posi-
tive effects on chromosomes 2B and 5A, whereas Jing 
411-derived allele increased the traits on chromosomes 6A 
and 6D.

For HI, a total of ten QTLs were detected, three of which 
were identified in at least two environments. Xiaoyan 54 
and Jing 411 contributed positive alleles to five QTLs each. 
The locus QHi-4B was effective across the three environ-
ments in the year 2006, while QHi-4D.2 and QHi-5B 
showed significant effects in 2007LN and 2007LP.

Nine, four, eight and four QTLs were identified for 
GNC, SNC, NUtEGY and NUtEDM, respectively. The four 
QTLs for SNC were contributed by Xiaoyan 54-derived 
alleles, while both parents contributed the favorable 
alleles for the other three traits. Seven overlap intervals 
for the N concentration and NUtE traits were found on 
chromosomes 3A, 4B, 4D, 5A, 6A and 7A, but all with 
opposite additive effects, showing consistency with 
their negative correlations. The intervals on chromo-
somes 3A, 4D, 5A and 6A were detected in at least two 
environments.

One, four and two QTLs were detected for GNUP, 
SUNP and NUP, respectively. The QTLs for GNUP and 
NUP were all contributed by Jing 411-derived alleles, 
whereas those for SNUP came from Xiaoyan 54-derived 
alleles. The QTL QSnup-5A.1 showed significant effects 
in four environments. The interval Xcfd38–Xbarc1121 on 
chromosome 6D affected all of the three traits.

Only one QTL, QNhi-5A, conferred by Jing 411-derived 
allele, was detected for NHI. It was co-located with 
QHi-5A.2.

Conditional QTL analysis

A total of 30 conditional QTLs were detected in 22 chro-
mosome intervals (Supplementary Table S3; Fig.  1). 
Among them, 21 were also identified in unconditional 
analysis; while 9 were newly detected QTLs. Fifteen QTLs 
were found for either morphological or physiological traits. 
The QTLs explained 4.9–18.6 % of the phenotypic varia-
tion, respectively. Seven QTLs were identified conditioned 

either on LN or LP environments, with six in 1 year and the 
other one in different years.

By comparing the QTL effects of unconditional analysis 
and conditional analysis based on trait values of CK con-
ditioned on that of LN or LP, we can evaluate the effects 
of N or P fertilization on QTL expression of related traits. 
For example, if a conditional QTL conditioned on LN has a 
similar or greatly different effect to its unconditional QTL, 
it demonstrates that the QTL is completely or partially 
contributed by the N supplement. Whereas if an uncondi-
tional QTL is unable to be detected again when conditioned 
on LN, the QTL is considered to be not controlled by N 
supplement.

Conditional analysis detected three, two and three of 
the four, six and five unconditional QTLs for TSS, SSS 
and FSS, respectively (Table  3; Fig.  1). The QTLs QTss-
3A and QSss-1D were detected by unconditional analysis 
in CK and by conditional analysis when conditioned on 
LN or LP with similar contributions, indicating that QTLs 
could express only when both N and P fertilizers were 
introduced. The QTLs QTss-7A, QSss-7D, QFss-2B, QFss-
3A and QFss-4B.2 were identified in CK and when con-
ditioned on LP environments. They may be P-contributed 
QTLs. The QTL QTss-4B was detected in 2006LN and 
2007CK and when conditioned on LN and LP in 2007. In 
the same interval, P fertilization induced the expression of 
QFss-4B.2. Considering the contributions of the QTLs, this 
locus may be induced by P fertilization and partially by N 
fertilization; N and P may have interactive relationship on 
the expression of QTss-4B.

Four, two, two and one of the nine, four, eight and four 
unconditional QTLs for GNC, SNC, NUtEGY and NUt-
EDM were detected by conditional analysis, respectively 
(Table 3; Fig. 1). Additional two, one and one conditional 
QTLs that failed to be found in unconditional analysis were 
identified for GNC, NUtEGY and NUtEDM, respectively. 
The QTLs QGnc-1B, QGnc-3A.2, QGnc-4D.1, QSnc-5A.1, 
QNUtEGY-5A, QNUtEGY-6A and QNUtEDM-5A.2 were 
detected by unconditional analysis in CK and by condi-
tional analysis when conditioned on LN with similar contri-
butions, while QNUtEDM-5A.2 was found only when condi-
tioned on LN. These QTLs may be N fertilization-induced 
QTLs. The QTLs QGnc-3D, QGnc-5A and QSnc-5A.2 
were detected by conditional analysis when conditioned on 
LP, indicating to be P-induced QTLs. The QTL QGnc-6A 
was detected by unconditional analysis in CK and LP envi-
ronments and by conditional analysis when conditioned on 
LN and LP environments. By comparing the contributions 
of the QTLs, we found N induced the expression of the 
QTL, while P facilitated the effects of N.

Furthermore, one new conditional QTL was detected 
for each of PH (N induced), SL (N induced), KNS (P 
induced), TKW (N and P induced) and SY (P induced) 
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Table 3   Conditional QTLs of traits for spike number per spike (TSS, SSS and FSS), nitrogen concentration (GNC and SNC) and utilization 
efficiency (NUtEGY and NUtEDM)

QTLs 2006 2007

CK LN LP CK|LN CK|LP CK LN LP CK|LN CK|LP

QTss-3A 0.514 0.704 0.497

9.3 11.2 9.0

QTss-4B 0.471 0.488 0.411 0.497

7.9 12.5 9.5 11.2

QTss-7A −0.461 −0.707 −0.550 −0.798 −0.806 −0.795

7.1 15.5 12.3 20.5 18.0 18.6

QSss-1D 0.306 0.271 0.287

9.0 8.1 8.2

QSss-7D 0.195 0.197

6.8 8.1

QFss-2B 0.494 0.459

10.7 9.3

QFss-3A −0.429 −0.439

8.5 9.0

QFss-4B.2 0.527 0.488 0.483

8.2 10.1 9.7

QGnc-1B 0.048 0.053

8.6 10.2

QGnc-3A.2 0.061 0.062

7.5 8.2

QGnc-3D 0.047

8.4

QGnc-4D.1 0.115 0.096 0.090

10.7 9.5 6.5

QGnc-5A −0.085

9.9

QGnc-6A 0.081 0.131 0.084 0.121 0.067

9.4 15.4 8.9 14.7 5.8

QSnc-5A.1 0.030 0.032 0.022

11.9 8.9 12.0

QSnc-5A.2 0.028 0.033

7.1 9.4

QNUtEGY-1B −0.820 −0.638

10.7 8.6

QNUtEGY-5A −1.090 −1.066

9.0 8.3

QNUtEGY-6A −0.988 −1.336 −0.787 −1.101

9.7 12.3 7.2 9.0

QNUtEDM-5A.1 1.147

4.9

QNUtEDM-5A.2 −1.462 −1.495

9.7 9.3

QNUtEDM-6A −1.387 −1.717

9.2 12.2
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(Supplementary Table S3; Fig. 1), while one unconditional 
QTL was also identified in conditional analysis for each 
of TKW (N induced), DM (P induced), SNUP (P induced) 
and NHI (P induced) (Supplementary Table S3; Fig. 1).

Important QTL clusters

A total of 34 QTL clusters were identified, among which 6 
were with one trait in at least two environments and 28 were 
related to more than one trait (Table 4; Fig. 1). Five intervals 
harboring various QTLs were of utmost importance.

The interval Xcfd53–Xwmc112 on chromosome 2D 
affected PH, SL and SCN across all the six environ-
ments. The Jing 411-derived allele increased PH and SL, 
but decreased SCN, with relatively high contributions 
(Tables 2 and 4). Besides, the Jing 411-derived allele also 
increased SSS in four environments and TSS in 2007CK, 
and decreased HI in 2006CK. Xbarc20–Xbarc90 on chro-
mosome 4B was another interval which affected PH greatly 
across the six environments, with Xiaoyan 54 conferring 
the favorite allele. The two intervals may be alleles of Rht8 
(Korzun et  al. 1998; Worland et  al. 1998; Worland et  al. 

Table 4   Summary of QTL 
clusters with at least two 
trait × environment

a  Marker interval means the 
interval of the F-value peak for 
QTLs
b  Positive effect, increased 
effect contributed by Xiaoyan 
54; negative effect was 
contributed by Jing 411

Chr Intervalsa No. Traits (additive effectb, number of environments)

1A Xbarc119.1–WCI5 2 KWS (−, 1), SSS (+, 1)

1B Xbarc81–Xgwm153 2 TKW (−, 2)

Xbarc188–NP251 2 TKW (−, 2)

2A Xbarc1150.1–Xgwm448–Xcfa2043 2 SNP (−, 1), KNS (+, 1)

2B Xswes184–Xwmc314–Xcfd238 4 GY (+, 1), DM (+, 1), SCN (−, 1), SL (+, 1)

TC307733–Xbarc200 4 SL (+, 2), SCN (−, 1), NUtEDM (+, 1)

Xbarc160–Xbarc1155–Xxag24.2 4 KNS (+, 1), TKW (−, 2), FSS (+, 1)

2D Xgwm132.1–Xcfd53–Xwmc112–Xbarc168 24 PH (−, 6), SL (−, 6), SCN (+, 6), TSS (−, 1), SSS 
(−, 4), HI (+, 1)

3A Xgwm666.3–Xbarc19–Xwmc50 3 GNC (−, 2), NUtEGY (+, 1)

3B TC249615–Xgwm376.2 3 TKW (−, 3)

4B Xdupw270–Xgwm192.1–Xbarc20 6 GNC (−, 1), NUtEGY (+, 1), SNC (+, 1), HI (+, 3)

Xbarc20–Xbarc90 6 PH (−, 6)

Xbarc90–Xgwm107.1–Xgwm251 2 SNC (+, 1), GNC(−, 1)

Xlhq145–Xdupw619–Xgwm538–Xdupw33 8 TKW (−, 4), FSS (+, 2), TSS (+, 2)

Xdupw278–Xbarc114 2 KNS (+, 1), TKW (−, 1)

4D Xgdm14.2–Xcfd193–Xcfd71 10 GNC (+, 2), NUtEGY (−, 3), TKW (+, 3), HI (−, 
2)

5A Xbarc165–Xbarc360–Xgwm335.2 4 NUtEDM (−, 1), SNC (+, 2), HI (+, 1)

Xgwm328–Xlhq87 7 SNUP (+, 4), DM (+, 1), SCN (+, 1), SY (+, 1)

Xgwm666.1–Xcfa2155 2 HI (−, 1), NHI (−, 1)

Xcfa2149–Xbarc223.1 4 SNC (+, 1), SNUP (+, 1), NUtEGY (−, 1), HI  
(−, 1)

5B Xgwm133.2–Xbarc112–Xwmc73 6 HI (−, 2), SCN (−, 3), SL (+, 1)

Xgwm272–Xswes14–Xcfd7.2 5 SCN (−, 2), SL (+, 3)

Xcfd7.2–Xgwm271 2 TKW (+, 2)

6A Xcfd80.2–Xbarc1055 12 NUtEDM (−, 2), NUtEGY (−, 3), GNC (+, 3) KWS 
(−, 4)

Xbarc107–Xbarc1165–Xcfa21641 4 NUP (−, 1), DM (−, 1), GY (−, 1), SCN (+, 1)

Xcfa2114–Xbarc104 3 KNS (+, 1), HI (+, 1), TKW (−, 1)

6B Xbarc146.3–TC261484 2 KWS (−, 2)

Xwmc388.3–Xdupw167.2 2 KNS (−, 1), KWS (−, 1)

6D Xgwm469–Xcfd213 2 TKW (−, 1), KWS (−, 1)

Xcfd80.1–Xgdm14.4 4 SL (−, 3), SCN (+, 1)

Xcfd76–Xbarc204 3 SL (−, 1), SCN (+, 2)

Xcfd38–Xbarc1121 6 SNUP (+, 1), GNUP (−, 1), NUP (−, 1), SNP (+, 
1), DM (−, 1), GY (−, 1)

7A Xlhq39.1–Xbarc1136.4–Xgdm14.3 2 NUtEGY (−, 1), GNC (+, 1)

Xgwm276–Xbarc192–Xbarc253 7 TSS (−, 5), FSS (−, 1), SSS (−, 1)
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2001) and Rht-B1b (Börner et  al. 1996; Liu et  al. 2012) 
genes, respectively.

The interval Xlhq145–Xdupw619 on chromosome 4B 
showed significant effects for TKW across four environ-
ments and for FSS and TSS in two environments. The Jing 
411-derived allele increased TKW with relatively high con-
tributions, but decreased FSS and TSS.

The interval Xcfd80.2–Xbarc1055 on chromosome 6A 
affected KWS in four environments, with Jing 411 contrib-
uting the favorable allele. Besides, the Xiaoyan 54-derived 
allele in the interval increased GNC in three environments, 
but decreased NUtEDM and NUtEGY in two and three envi-
ronments, respectively.

The interval Xbarc192–Xbarc253 on chromosome 7A 
affects TSS across five environments except 2007LP, SSS 
in 2006LP and FSS in 2007LN simultaneously. The parent 
Jing 411 contributed the favorable allele in the interval.

Discussion

The effects of N and P deficiency on yield production 
and NUtE

By evaluating traits in different environments or treatments, 
we can obtain the influence of target environmental factors 
on QTL expression. Trials at different levels of N or P have 
been conducted to determine whether the expression of a 
QTL is constitutive, and to identify nutrient stress-specific 
and constitutively expressed traits in wheat (An et al. 2006; 
Guo et al. 2012; Laperche et al. 2007; Li et al. 2007b; Su 
et al. 2006, 2009). In the present study to dissect QTLs in 
different N or P supplement environments across 2 years, 
11 QTLs were detected in all of the LN, LP and CK envi-
ronments, among which 4 were identified across the six 
environments, indicating they were not (or not totally) 
influenced by N or P fertilization (Supplementary Table S3; 
Fig. 1). Twenty-eight and 19 QTLs were identified only in 
LN or LP environments, respectively. These may be low 
N- or low P-induced QTLs. For GNC, SNC, NUtEGY and 
NUtEDM, a total of 25 QTLs located in 15 intervals were 
detected, but only 1 (QSnc-4B.1) was identified for SNC 
in low N-input environment (Supplementary Table S3; 
Fig. 1), which indicated the importance of N supplement on 
the QTL expression of the four N concentration and NUtE 
traits.

Zhu (1999) combined the conditional genetic analysis 
approach (Zhu 1995) with QTL mapping to identify the 
influence of one trait on another and to study the devel-
opmental behavior of quantitative traits at the individual 
QTL level. The present study applied this method to dissect 
QTLs based on trait values conditioned on different N or P 
supplement environments to study the genetic contribution 

of N and P fertilization on QTL expression of yield pro-
duction and NUtE related traits. The traits for spikelet num-
ber per spike (eight QTLs), N concentration (eight QTLs) 
and NUtE (five QTLs) occupied 21 of the 30 conditional 
QTLs, indicating strong relationships of the traits with N 
or P fertilization (Table  3 and Supplementary Table S3). 
By comparing the unconditional and conditional QTLs, we 
found that P fertilization induced QTLs for spikelet number 
per spike mostly, whereas N fertilization had more effects 
on the expression of QTLs for N concentration and NUtE 
traits. The reason may be that for given cultivars, N supple-
ment may increase root absorption of N element, resulting 
in increased N concentration, but decreased NUtE due to 
the law of diminishing marginal returns (Wang et al. 2011). 
Furthermore, N and P interactive relationship was detected 
in the expression of QTkw-4B.1, QTss-3A, QTss-4B, QSss-
1D and QGnc-6A (Supplementary Table S3).

Important clusters and QTL comparison

QTL clustering was reported in many previous stud-
ies (Groos et  al. 2003; Guo et  al. 2012; Li et  al. 2007a; 
Marza et al. 2006; Quarrie et al. 2005; Sun et al. 2009; Xu 
et al. 2012a). In the present study, a total of 34 QTL clus-
ters were identified, among which 5 were more important 
(Table 4; Fig. 1).

The intervals Xcfd53–Xwmc112 on chromosome 2D 
and Xbarc20–Xbarc90 on chromosome 4B were identical 
to genes Rht8 (Korzun et  al. 1998; Worland et  al. 1998; 
Worland et al. 2001) and Rht-B1b (Börner et al. 1996; Liu 
et  al. 2012), respectively. In one of our previous studies 
using “Xiaoyan 54 × Jing 411” RIL population, the inter-
vals were identified to affect shoot height and biomass pro-
duction at the seedling stage in both salt stress and control 
treatments (Xu et al. 2012a). In this study, they were also 
detected to have pleiotropic effects for PH, SL, HI and N 
concentration and NUtE traits. The Xiaoyan 54 derived 
alleles decreased PH, but increased biomass production and 
HI at both intervals. One subsequent study to determine 
the transmit patterns of the important genomic regions 
of the founder parent Xiaoyan 6 (the variety from which 
Xiaoyan 54 was derived) to its derivative varieties indi-
cated that the two intervals were strongly selected in wheat 
breeding practice. They were transmitted to the first, sec-
ond and third generations of derivatives at proportions of 
40.0, 37.5 and 45.5 %, and 73.3, 58.3 and 54.5 %, respec-
tively (unpublished data). The proportions were relatively 
high considering their multi-allele nature, and did not show 
a sharp decline following the continuity of generations as 
expected. The results indicated that Xiaoyan 6 alleles at the 
two intervals (the same as Xiaoyan 54 alleles) have positive 
effects for wheat breeding and gave us a reasonable expla-
nation for the formation of the founder parent Xiaoyan 6. 
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Considering that the two intervals were identified at both 
seedling and adult stages, and across various stress and 
normal environments, we can define them as non-environ-
ment-specific or non-stage-specific genes (Liu et al. 2008).

The interval Xcfd80.2–Xbarc1055 on chromosome 6A 
contained QTLs for KWS, GNC, NUtEDM and NUtEGY, 
all detected in at least two environments. This interval was 
identical to the gene TaGW2, which was associated with 
grain weight in bread wheat (Su et  al. 2011). The other 
two intervals, Xlhq145–Xdupw619 on chromosome 4B and 
Xbarc192–Xbarc253 on chromosome 7A showed signifi-
cant effects for yield component traits in various environ-
ments and with high contributions. These non-environment-
specific QTLs may express stably in different environments 
and of great value for MAS breeding in wheat.

Besides, there were many other interesting clusters. For 
example, seven intervals for SL and SCN on chromosomes 
2B (2), 2D, 5B (2) and 6D (2), three intervals for KNS and 
TKW on chromosomes 2B, 4B and 6A, and seven intervals 
for N concentration and NUtE on chromosomes 2D, 4B, 
4D, 5A (2), 6A and 7A, which contained QTLs for both 
traits, but with negative additive effects. The results were in 
correspondence with the negative correlations between the 
related traits.

Conclusion

The present study provided an opportunity for the detection 
of QTLs induced by N and/or P fertilization and those with 
consistent effects across LN, LP and normal fertilization 
environments, and gave a direct and strong evidence for the 
availability of conditional analysis based on traits evaluated 
in different environments to dissect QTLs induced by envi-
ronmental factors. The two major QTLs on chromosomes 
2D and 4B for PH and the one on chromosome 6A for 
KWS, GNC and NUtE traits confirmed their importance 
as described by previous studies, while those for TKW on 
chromosome 4B and TSS on chromosome 7A have not 
already been reported in wheat. These QTL intervals, espe-
cially the newly detected ones, warrant further study to fine 
map, clone and elucidate their functional basis, and their 
positive alleles should be selected actively in wheat breed-
ing. The detection of QTLs that interact with N and/or P 
supplements may provide insights into understanding the 
mechanism of wheat adaptation to nutrient-deficient envi-
ronmental conditions.
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