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variation ranging from 3.12 to 49.95 %. Of these QTLs, 56 
were contributed by Zang 1817. Some stable QTLs con-
tributed by Zang 1817 were also detected in more than four 
environments, such as QPh-3A1, QPh-4B1 and QPh-4D for 
plant height, QSl-7A1 for spike length, QEp-4B2 for ears per 
plant, QGws-4D for grain weight per spike, and QTgw-4D 
for thousand grain weight. Several QTL-rich Regions were 
also identified, especially on the homoeologous group 4. 
The TaANT gene involved in floral organ development was 
mapped on chromosome 4A between Xksm71 and Xcfd6 
with 0.8 cM interval, and co-segregated with the QTLs con-
trolling floret number per spikelet, explaining 4.96–11.84 % 
of the phenotypic variation. The current study broadens our 
understanding of the genetic characterization of Tibetan 
semi-wild wheat, which will enlarge the genetic diversity of 
yield-related traits in modern wheat breeding program.

Introduction

Wheat is one of the most important food crops in the world, 
and wheat production will increasingly play a major role 
in world flood security for up to 8.9 billion people by 2030 
(Brown 1994). However, wheat breeding faces the problem 
of yield plateaus, caused by narrow genetic basis of paren-
tal materials. The genetic diversity of cultivated common 
wheat is thought to be smaller than that of wild relatives 
due to founder effect that occurred during crop domestica-
tion (Ladizinsky 1985). Exploitation and utilization of the 
favorable alleles of wild relatives that were lost or weak-
ened in cultivated wheat might be able to overcome the 
yield plateaus. And wild relatives or ancestors of wheat 
have been proven to be a valuable resource of beneficial 
alleles, and can be employed as a potential source for min-
ing desirable alleles used in wheat breeding (e.g., Sheng 
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et al. 2012; Xie et al. 2012). Wild relatives have also been 
used successfully in tomato and rice breeding (Tanksley 
et al. 1996; Bernacchi et al. 1998; Moncada et al. 2001).

Tibetan semi-wild wheat is a kind of primitive hexaploid 
wheat that originated in the Tibet region of China, and is a 
close relative of wild progenitor of common wheat. How-
ever, the potential of Tibetan wheat in wheat yield improve-
ment has not been well explored. Tibetan semi-wild shows 
spike disarticulation at maturity, whereas harbors many 
advantages, such as the tolerance abiotic stresses, tolerance 
to nutrition deficiency, which can be used in common wheat 
breeding (Sun et  al. 1998). Recently, Wang (2010) con-
ducted genetic analysis on eight agronomic traits using the 
recombinant inbred lines derived from the Tibetan semi-wild 
wheat Chayazheda29 and common wheat Yanzhan No.1, and 
the results revealed that these traits in the progeny popula-
tions showed transgressive segregation. Our previous study 
has also shown that the wide variation in grain number per 
spike (GNS) observed among F2 population is retained in the 
recombinant inbred lines even when the parental values were 
not significantly different (data not shown). These results 
suggested that genetic loci (QTLs) affecting the agronomic 
traits are segregating, and that both Tibetan semi-wild wheat 
and common wheat contributed alleles for increased yield 
production. However, more efforts are needed to explore and 
identify favorable alleles from Tibetan wheat, which can be 
used in wheat yield improvement.

In the last two decades, using various segregating popu-
lations, QTLs controlling wheat yield and yield-related 
traits have been mapped and identified, such as plant 
height, spike length, spike number, the grain number of 
spike, floret number per spike, thousand grain weight (Li 
et al. 2007; Liao et al. 2008; Gaynor 2010; Sun et al. 2010; 
Ramya et  al. 2010; Carter et  al. 2011; Wang et  al. 2011; 
Deng et  al. 2011; Heidari et  al. 2011; Cui et  al. 2012, 
2014). Some of these QTLs account for a large portion of 
the phenotypic variance and could be used for wheat yield 
improvement through molecular marker-assisted selec-
tion (MAS). MAS has been proved to be an important 
tool to accelerate the breeding program, and a prerequisite 
for MAS is the availability of molecular markers that are 
closely linked to the traits of interest (Hayes et  al. 1993; 
Wang et  al. 1994). However, few studies were conducted 
on detection of favorable yield-related QTLs from Tibetan 
semi-wild wheat.

After QTL mapping, the genes associated with some 
major QTLs were cloned by fine mapping, and gene-spe-
cific functional markers were developed and can be used 
for traits improvement. However, as a polyploidy species 
with a huge genome, it is difficult to identify individual 
yield-contributing genes in wheat through QTL mapping. 
Whereas gene-specific functional molecular marker, which 
is a new type of marker based on the association between 

sequence polymorphism and function of gene can be used 
directly in MAS, such as TaVP1 involved in pre-harvest-
ing sprouting resistance of wheat (Yang et al. 2007). ANT 
gene is a member of AP2 gene family, ANT gene family 
from Arabidopsis has been proved to be associated with 
floral development, and ANT gene from wheat has been 
also related to ovule primordial at the floral organ devel-
opment stage (Mizumoto et al. 2009). Polymorphic analy-
sis and mapping of TaANT will be helpful for developing 
functional marker of this gene and using it in MAS of grain 
number per spike.

To better understand the genetic characterization of 
Tibetan semi-wild wheat for wheat improvement, a RIL 
population derived from common wheat ND3331 and 
Tibetan semi-wild wheat Zang 1817 was constructed and 
used to map QTLs controlling the yield components. The 
current study will provide valuable information for using 
Tibetan semi-wild wheat as a beneficial resource in future 
wheat molecular breeding.

Materials and methods

Materials and phenotyping

A population consisting of 217 (F2:9) recombinant inbred 
lines derived from a hybrid between the common wheat 
line ND3331 and Tibetan semi-wild wheat accession Zang 
1817 through single seed descent method was used in 
this study. The RIL population along with the two paren-
tal lines was phenotyped in Beijing from 2008 to 2011, in 
Shanxi from 2009 to 2011 and in Shandong from 2009 to 
2010. The 9  year–location environments were designated 
as Beijing-2008 (E1), Beijing-2009 (E2), Shandong-2009 
(E3), Shanxi-2009 (E4), Beijing-2010 (E5), Shan-
dong-2010 (E6), Shanxi-2010 (E7), Beijing-2011 (E8), 
and Shanxi-2011 (E9), respectively. A randomized com-
plete block design with three replications was employed for 
phenotyping in the field experiment. A spacing of 30  cm 
between rows and 6  cm between plants was maintained 
within a 2 m long row in single plot. The management of 
the field experiments was in accordance with local standard 
practices.

At maturity, ten randomly selected plants per genotype 
from each replication were used for phenotypic characteri-
zation, and the average value of the three replications was 
used for further analysis. Plant height (PH), spike length 
(SL) of the main spike and ears per plant (EP) were meas-
ured before harvesting, and the main spikes were bagged 
at the same time to measure the fertile spikelet number 
(FSN) and sterile spikelet number (SSN) (spikelet with one 
or more grains is considered to be fertile, on the contrary, 
spikelet with no grain is considered to be sterile), grain 
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weight per spike (GWS) and grain number per spike (GNS) 
after harvesting. Thousand grain weight (TGW) was meas-
ured after the seeds were totally dried. Floret number per 
spikelet (FNS) was calculated using the following formula: 
GNS/(FSN + SSN), indicating the mean of floret number 
per spikelet.

Construction of genetic linkage map and QTL analysis

A total of 2,500 markers were used to detect polymor-
phisms between the two parental lines, including micros-
atellite markers (Röder et  al. 1998; Pestsova et  al. 2000), 
EST-SSR marker DuPw (Eujayl et  al. 2001). Xpsp mark-
ers were developed by University of Cambridge and Xcau 
markers developed by China Agricultural University. 
The 10  μL PCR reaction contained 1×  buffer, 1.5  mM 
of MgCl2, 0.2 mM of dNTPs, 20 ng of primers, 20 ng of 
genomic DNA and 1  unit of Taq polymerase. Amplifica-
tion was conducted on Biometra DNA Thermal Cycler with 
5 min at 94 °C initially, then 40 cycles of 45 s at 94 °C, 45 s 
at 50–70 °C for different primer pairs, and 90 s at 72 °C, 
and finally, 10 min at 72 °C for a final extension. The prod-
ucts were separated on 8 % polyacrylamide gels and visu-
alized with silver staining. All marker data were scored 
by visual inspection and ambiguous bands were scored as 
missing genotype. The polymorphic markers were used for 
genotyping of the RIL population.

The genetic linkage map was constructed using Map-
maker/Exp version 3.0 (Lincoln et  al. 1992) according to 
the protocol of the software. The threshold for log-like-
lihood (LOD) scores was set at 3.0 and genetic distances 
were calculated with the Kosambi function. Linkage groups 
were assigned to chromosomes and adjusted by compar-
ing with published maps available on GrainGenes (http://
wheat.pw.usda.gov/) and Triticarte (http://www.triticarte.
com.au/) web sites and with a wheat consensus map (Som-
ers et al. 2004).

Basic statistical analysis of the phenotypic data was per-
formed by the software SPSS 13.0. Skewness and kurtosis 
were estimated from the phenotypic distribution of entry 
means to determine departure from normality. The ANOVA 
general linear model (GLM) analysis was performed to 
determine the significances of differences between parents 
and between nine environments. Broad-sense heritability 
was calculated using software QGA Station version 1.0 (htt
p://ibi.zju.edu.cn/software/qga/) by the formula h2  =  Vg/
(Vg +  (Vge)/e +  Ve/re), in which the respective variance 
components are attributed to genotypic, genotype environ-
ment and experimental error effects, r is the number of 
replicates per environment, and e is the number of environ-
ments for a given trait. Phenotypic correlations were cal-
culated for all combinations of traits on the basis of RIL 
means for each environment. QTL analysis was carried out 

by composite interval mapping (CIM) method using Win-
dows QTL Cartographer 2.5 (Zeng 1993, 1994). Forward 
and backward regression was used to select cofactors for 
CIM with a threshold of P < 0.05. The parameters were as 
follows: background markers with 10, CIM model with 6, 
window size with 5  cM and permutation with default. A 
QTL was declared when the logarithm of the odds (LOD) 
score was greater than 2.5 in the overall mean dataset.

Mapping of the TaANT gene involved in floral organ 
development

Based on the cDNA sequence of TaANT (GB: AB458518), 
the genomic sequence of TaANT was obtained by align-
ing the cDNA to the genomic sequence of wheat variety 
Chinese spring released recently (http://www.cerealsdb.
uk.net). Nine gene-specific primers were designed accord-
ing to the DNA sequence and used for polymorphic analy-
sis of genomic sequence between ND3331 and Zang 1817, 
and the polymorphic primer pair TaANT8 was used as a 
genetic marker to map the TaANT gene on wheat genome 
(in formation of gene-specific primers are shown in Sup-
plemental Table 1).

Results

Phenotypic variation of different traits

Averaged phenotypic variation for the nine traits of all the 
nine environments is presented in Table 1 (The phenotypic 
variation for the nine traits in each environment is pre-
sented in Supplemental Table 2, and the results of correla-
tion analysis between the traits are shown in Supplemental 
Table 3). As shown in Table 1, five of the nine traits showed 
significant differences between the two parents ND3331 
and Zang 1817, except for FSN, SSN, GNS and FNS. 
Among those five traits, PH of Zang 1817 was much higher 
than that of ND3331, EP of Zang 1817 was more than that 
of ND3331, SL of ND3331 was much longer than that of 
Zang 1817, and TGW and GWS of ND3331 were much 
higher than those of Zang 1817 (Table  1). Further analy-
sis showed that all the nine traits segregated significantly 
and showed normal distribution in the RIL population. 
Transgressive segregation in the two parental lines was also 
observed (Table 1). For example, the maximum TGW for 
RIL No. 7 reached 47 g, which was 17.5 % higher than the 
higher parental line ND3331 (data not shown).

Different traits had quite different estimated heritabil-
ity in this study (Table  1). The highest heritability was 
observed for PH, which could reach to 0.88, followed by 
SL (0.81), while SSN and EP had the lowest heritability 
(0.47 and 0.42, respectively), suggesting that these two 

http://wheat.pw.usda.gov/
http://wheat.pw.usda.gov/
http://www.triticarte.com.au/
http://www.triticarte.com.au/
http://ibi.zju.edu.cn/software/qga/
http://ibi.zju.edu.cn/software/qga/
http://www.cerealsdb.uk.net
http://www.cerealsdb.uk.net
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traits were sensitive to environment. The average heritabil-
ity of FSN, TGW, GNS, GWS, and FNS was 0.68, 0.67, 
0.57, 0.56, and 0.48, respectively.

Genetic linkage map construction

Out of the 2,500 markers analyzed, 335 markers showed 
polymorphism between the parents, and finally 274 co-
dominant SSR and 41 EST-SSR were mapped on the 
genetic linkage map, distributing across all the 21 chromo-
somes, and spanning 2994.5 cM with the average spacing 
of 9.4 cM, and the total length of genetic distance for A, B 
and D genomes was 1,207.1, 854.4 and 933, respectively. 
The number of loci per linkage group ranged from 3 to 27 
(Supplemental Table 4).

Chromosome regions associated with QTLs 
for yield‑related traits

A total of 148 QTLs with LOD >2.5 were detected for 
the nine traits across the nine location–year environments,  
distributed on 19 chromosomes except for 1A and 2D 
(Table  2; Fig.  1). The number of QTLs on each chromo-
some ranged from 21 (4B) to 2 (7D). Some QTLs were 
consistently detected on the same marker across the nine 
location–year environments, such as QPh-4D, QTgw-4D, 
QSl-7A1, etc. As expected, QTLs contributed by the Tibetan 
semi-wild wheat Zang 1817 have been detected for all nine 
traits, such as QPh-3A1, QEp-4B2 and QGws-4D, etc.

Plant height (PH)

A total of 15 QTLs were detected for plant height and 
mapped on chromosomes 1B, 2A, 2B, 3A, 4A, 4B, 4D, 5B,  
5D,  7B, and 7D (Table  2; Fig.  1). Among these QTLs, 
QPh-4D located between Xbarc1118 and Xbarc105 on 
chromosome 4D was detected in all the nine environments, 
explained 26.82–49.95  % of the phenotypic variation, 
and the positive alleles were contributed by Zang 1817. 

QPh-3A1 in the interval of Xksm28-Xwmc428 on chromo-
some 3A was detected in five environments (E2, E3, E4, 
E6 and E7). It accounted for 5.44–7.18  % of the pheno-
typic variation. Another two QTLs located in the interval of 
Xcau603-Xbarc1174b (QPh-4B1) and Xgwm513-Xksm154 
(QPh-4B3) on chromosome 4B were detected in four and 
two environments (E2, E4, E6, E9 and E3, E6), respec-
tively. And the phenotypic variation they explained was 
from 3.12 to 6.51 %, respectively. Furthermore, the positive 
alleles of all the four QTLs mentioned above were contrib-
uted by Zang 1817. Meanwhile, we also identified QTLs 
for PH that was contributed by the ND3331, such as Qph-
5D in the interval of Xbarc44-Xcfd8 on chromosome 5D 
and Qph-2B between Xksm74 and Xwmc344 on 2B.

Spike length (SL)

A total of 15 QTLs distributed on 12 chromosomes, includ-
ing 1D, 2B, 3A, 3D, 4A, 4B, 4D, 5A, 5B, 5D, 6A, and 7A, 
for SL were detected in this study (Table 2; Fig. 1). Three 
major QTLs were detected for the trait. Of them, QSl-7A1 
flanked by the markers Xcfd2049 and Xcfd2028 on chro-
mosome 7A with the additive effect ranged from 0.52 to 
0.64 were detected in four environments (E1, E2, E6 and 
E7) and the explained phenotypic variation ranging from 
7.5 to 10.84  %. Another QTL (QSl-5A1) on chromosome 
5A, mapped in interval of Xbarc261-Xbarc151, explained 
the phenotypic variation ranged from 9.29 to 26.95 %. The 
positive alleles of the above two QTLs were contributed 
from Zang 1817. A stable QTL (QSl-7A2) from ND3331 on 
chromosome 7A located in interval of Xpk39-Xbarc1167 
was detected in two environments (responsible for pheno-
typic variation of 5.03  % in E6 and 13.85  % in E7), and 
additive effects were 0.38 and 0.55, respectively.

Ears per plant (EP)

Fourteen QTLs, including three major QTLs for EP, were 
detected on 10 chromosomes, including 1B, 2B, 3A, 

Table 1   Average variation 
and heritability of yield-related 
traits in the parental lines and 
RIL population across all 
environments

* and ** indicate significant 
differences between Zang 1817 
and ND 3331 at P = 0.05 and 
0.01, respectively

Trait Parents Population

ND3331 Zang1817 Max Min Aver Kurt Skew h2

PH (cM) 68.9 ± 7.9** 96.7 ± 8.6 99.1 28.7 70.5 0.2 −0.9 0.88

SL (cM) 13.2 ± 0.7** 11.2 ± 1.3 16.1 2.0 9.5 −0.8 −0.2 0.81

EP 8.1 ± 1.3* 11.9 ± 3.3 14.6 3.9 8.9 −0.2 0.2 0.42

FSN 19.5 ± 2.4 19.9 ± 3.7 23.5 14.0 18.4 0.1 −0.2 0.68

SSN 1.2 ± 0.5 1.3 ± 0.5 1.8 0.1 0.8 −0.1 0.6 0.47

GNS 65.2 ± 5.9 59.6 ± 6.5 85.5 44.1 64.2 −0.3 0.0 0.57

TGW (g) 40.6 ± 4.3** 26.7 ± 3.5 41.2 17.2 29.7 0.2 0.1 0.67

GWS (g) 2.4 ± 0.5** 1.4 ± 0.3 3.0 1.1 1.9 1.2 0.5 0.56

FNS 3.2 ± 0.3 3.0 ± 0.3 6.1 2.4 3.9 0.4 0.2 0.48
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4B, 5A, 5B, 5D, 6B, 7A, and 7B (Table 2; Fig. 1). QEp-
4B1 located on chromosome 4B is flanked by Xgwm513 
and Xksm154 and was detected in E1, E3 and E4, which 
explained from 5.18 to 16.53 % of the total phenotypic var-
iation with additive effect ranged from 0.63 to 1.27. QEp-
4B2 in the interval of Xbarc20-Xcau603 was identified on 
the same chromosome in four environments (E3, E4, E6 
and E9), with explained phenotypic variation being from 
9.91 to 24.98  %. The favorable alleles of the two QTLs 
were both contributed by Zang 1817. Another major QTL 
(QEp-5B1), with the positive allele being from ND3331, 
was mapped in the interval of Xcau129-Xgwm604 on chro-
mosome 5B both in E5 and E9, explained 11.82–17.89 % 
of the phenotypic variation, respectively.

Fertile spikelet number (FSN)

Thirteen QTLs for FSN, mapped on chromosomes 1D, 2A, 
2B, 4A, 4B, 6D, 7A and 7D, and nine of them had the posi-
tive alleles from Zang 1817 (Table  2; Fig.  1). One major 
QTL (QFsn-2A1) was consistently mapped in the interval 
of Xgwm515-Xgwm473 on chromosome 2A in E1, E2 and 
E8, and explained the phenotypic variation ranged from 
7.64 to 8.51 %. QFsn-2A2 in a close proximity to QFsn-
2A1 was identified in the interval of Xgwm473-Xbarc220 
both in E5 and E7, explained 6.57–7.56  % of the pheno-
typic variation, respectively. Another two QTLs on chromo-
some 7A, QFsn-7A1 in the interval of Xwmc488-Xcau483 
and QFsn-7A2 in the interval of Xbarc1182a-Xbarc29, 
were detected in E2 and E3, respectively, and explained the 
phenotypic variation of 7.62–6.2 %. It was worthy to note 
that the markers Xcau483 and Xbarc1182a were closely 
linked to each other (with a genetic distance of 0.3  cM), 
and presence of the two QTLs increased FSN and the posi-
tive allele were from Zang 1817.

Sterile spikelet number (SSN)

A total of 24 QTLs for SSN were detected on chromosomes 
1B, 1D, 2A, 2B, 3D, 4A, 4B, 4D, 5A, 6A, 6B, 7A, and 7B 
in different environments (Table 2; Fig. 1). A major QTL 
(QSsn-3D2) was mapped between Xgdm8 and Xgdm72 on 
chromosome 3D in E2 and E4, The locus accounted for 
11.63 and 7.68 % of the phenotypic variation, respectively. 
Another major QTL (QSsn-3D1) with explained pheno-
typic variation of 10.52 % was also detected in the vicin-
ity of Xgdm8 in E1. Two additional QTLs were mapped 
on chromosome 4B, QSsn-4B2 mapped in the interval of 
Xksm154-Xwmc349 was detected in E2 and E6 with the 
explained phenotype variation between 7 and 5.25  %, 
respectively. QSsn-4B3 mapped in the interval of Xbarc20-
Xcau603 was detected in E3, E6 and E9 that explained 
8.3–12.52 % of the phenotypic variation. Two QTLs were 

mapped close to Xbarc72 on chromosome 7B: QSsn-7B1 
detected in E1, E6 and E8, explained 4.26–5.83 % of the 
phenotypic variation, and QSsn-7B2 detected in E2 and E4, 
explained 7.05–9.49 % of the phenotypic variation, respec-
tively. All the positive alleles of these QTL were derived 
from Zang 1817.

Grain number per spike (GNS)

Thirteen QTLs on chromosomes 2B, 4A, 4B, 4D, 5A, 
5D, 6B, 6D, 7A, and 7B for GNS were identified in this 
study (Table  2; Fig.  1). A QTL (QGns-2B1) in the inter-
val of Xcfd283-Xgwm501 on chromosome 2B was detected 
in three environments (E1, E5 and E7), and another QTL, 
QGns-2B2 close to QGns-2B1 in the interval of Xgwm501-
Xcau68 was detected in E6. The genetic distance between 
the two QTLs and Xgwm501 was 7.4 and 0  cM, respec-
tively. The additive effect of the two QTLs ranged from 2.0 
to 2.99, and explained from 4.56 to 6.91 % of the pheno-
typic variation. Another two QTLs, QGns-4A and QGns-
4B, were located in the interval of Xcau577-Xcwem34 on 
chromosome 4A and Xbarc20-Xcau603 on 4B, respec-
tively. QGns-4A could be detected both in E2 and E3, and 
additive effect was 2.45–2.32, respectively. It explained 
3.95–3.76  % of the phenotypic variation. QGns-4B was 
detected in five environments (E2, E3, E6, E8 and E9), 
and with the explained phenotypic variation being from 
6.33 to 14.25 %. All of those QTLs for this trait were from 
ND3331.

Grain weight per spike (GWS)

A total of 19 QTLs for GWS were identified on chromo-
somes 2B, 3A, 3B, 4A, 4B, 4D, 5A, 5B, 5D, 6B, 6D, and 
7B (Table 2; Fig. 1). One major QTL (QGws-4D) mapped 
in the interval of Xbarc105-Xbarc217 on chromosome 4D 
was detected in five environments (E2, E3, E6, E7 and 
E8), and explained from 4.40 to 6.16 % of total phenotypic 
variation. Zang 1817 contributed positive allele for three 
QTLs (QGws-4D, QGws-5B1 and QGws-5B2). The posi-
tive alleles of three other QTLs (QGws-4B1, QGws-4B2 
and QGws-4B3), which were mapped on chromosome 4B, 
explained 5.9–13.77  % of the phenotypic variation were 
contributed by ND3331.

Thousand grain weight (TGW)

For TGW, 15 QTLs distributed on 11 chromosomes were 
identified, including 3A, 3B, 3D, 4A, 4B, 4D, 5A, 5B, 5D, 
6A, and 7B (Table  2; Fig.  1). A major QTL (QTgw-4D), 
located in the interval of Xbarc1118-Xbarc105 on chromo-
some 4D in seven environments (E2, E3, E4, E6, E7, E8 
and E9), could explain up to 25.08  % of the phenotypic 
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variation. Another major QTL (QTgw-5B) in the interval of 
Xcau129-Xgwm604 on chromosome 5B was detected in E3 
and E6, with additive effect being 1.16–2.28, respectively, 
and it explained 13.78–18.58  % of the total phenotypic 
variation, respectively. The two positive QTLs were derived 
from Zang 1817. Two major positive QTLs contributed by 
ND3331 were identified, including QTgw-3A1 in the inter-
val of Xgwm480-Xcfd2183 on chromosome 3A identified in 
E2, E3 and E4, and QTgw-5A1 in the interval Xbarc351-
Xgwm186 on chromosome 5A detected in six environments 
(E1, E2, E4, E5, E7, and E9). The two QTLs explained the 
phenotypic variation ranging from 6.93 to 10.67  % and 
from 4.97 to 14.25 %, respectively.

Floret number per spikelet (FNS)

In this study, we identified 20 QTLs for FNS located on 
chromosomes 1B, 2A, 2B, 3A, 4A, 4B, 5B, 5D, 6B, and 
7B (Table 2; Fig. 1). Five major QTLs (QFns-4A1, QFns-
4A2, QFns-4A3, QFns-4A4 and QFns-4A5) were mapped 
in the vicinity of the gene-specific marker ANT in eight 
of the nine environments (Table  2; Fig.  1), with additive 
effect ranging from 0.07 to 0.71 and explained from 4.96 
to 11.84  % of the total phenotypic variation. However, 
the positive QTL alleles were all from ND3331. Another 
QTL (QFns-4B1) was mapped in the interval of Xksm154-
Xwmc349 on chromosome 4B in E2, E3 and E6, with 
the explained phenotypic variation ranging from 4.48 to 
7.73 %. Among the 20 QTLs identified for FNS, the posi-
tive alleles of 5 QTLs (QFns-1B1, QFns-1B2, QFns-1B3, 
QTgw-5B and QTgw-5D) were contributed by Zang 1817.

Mapping of TaANT gene involved in floral organ 
development

To map the TaANT locus in wheat genome, 9 gene-spe-
cific primer pairs covered the whole genomic sequence 
of TaANT were designed and used to analyze the poly-
morphism between ND3331 and Zang 1817 (Supplemen-
tal Table 1). The PCR product of the primer pair TaANT8 
in the seventh intron showed polymorphism between the 
two parents. Further sequencing of the polymorphic PCR 
products showed that there are an insertion of eight nucleo-
tides in the genomic sequence of TaANT in ND3331 and 
an deletion of two nucleotides in Zang 1817 (data not 
shown). TaANT was mapped in the interval of Xksm71-
Xcfd6 on chromosome 4A. It was worthy to note that five 
major QTLs (QFns-4A1, QFns-4A2, QFns-4A3 ,QFns-4A4 
and QFns-4A5) controlling FNS were mapped close to the 
gene-specific marker ANT in eight environments (Table 2; 
Fig.  1), with additive effect ranging from 0.07 to 0.71 
and explaining from 4.96 to 11.84  % of total phenotypic 
variation.

Discussion

Tibetan semi‑wild wheat can be used as valuable gene 
resource

Wild relatives of plants with extensive genetic diversity 
have the potential in QTL mapping, and the continued sam-
pling of wild germplasms would result in new QTL/gene 
discovery (Tanksley and McCouch 1997). Wild relatives 
have been used successfully in breeding new crop cultivars 
mainly as sources of biotic and abiotic stress resistance or 
tolerance; however, not enough attention was paid to their 
use in yield improvement programs, since yield of them 
showed no advantages as compared to cultivated plants.

Tibetan semi-wild wheat originates from the Tibetan 
region of China, and is distinctly related to the cultivated 
hexaploid wheat. Our previous study showed that the aver-
age genetic distance between Tibetan semi-wild wheat 
and common wheat was larger than that between common 
wheat genotypes, and Tibetan semi-wild wheat can be used 
to broaden the genetic basis of common wheat in breeding 
programs (Sun et al. 1998).

The accession Zang 1817 of Tibetan semi-wild wheat 
used in this study performed poorly in the yield and yield-
related traits as compared to the common wheat line 
ND3331; however, significant transgressive segregation 
was observed for all the traits analyzed. For example, SSN 
for ND3331 and Zang 1817 was 0.9 and 0.4 in E1, respec-
tively, while SSN in the RIL population could reach to 3.5 
in E1, similar results were also observed for other traits 
(Table 1). This suggested that the Tibetan semi-wild wheat 
Zang 1817 could be used to explore the favorable QTLs/
genes which could be used to improve these traits in wheat 
breeding.

In this study, the RIL population derived from com-
mon wheat line ND3331 and Tibetan semi-wild wheat 
accession Zang 1817 was used to construct genetic link-
age map and to map QTLs controlling yield-related traits. 
As expected, a total of 56 QTLs contributed positively by 
Zang 1817 have been detected for the nine traits, represent-
ing about 37.7 % of the total 148 QTLs detected (Table 2). 
QPh-4D for instance, detected in all the nine environments, 
explained about 26.82–49.95  % of the phenotypic varia-
tion of plant height. QTgw-4D, a QTL for thousand grain 
weight which was detected in seven environments, could 
explain up to 25.08  % of the phenotypic variation. QEp-
4B2 in the interval of Xbarc20-Xcau603 which accounts for 
EP was identified on the same chromosome in four envi-
ronments. And superior alleles of the two QTLs came from 
Zang 1817. These results suggested that Tibetan semi-wild 
wheat can be used as valuable gene resource in breeding 
wheat with high-yield potential. Thus, it was difficult to 
know if the detected QTL was a major QTL with larger 
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Fig. 1   QTLs for the yield-related traits of the RIL population. Map 
distances (cM) are indicated on the left of each chromrosome, and 
marker names are on the right. The LOD peak of each QTL is indi-

cated by an arrowhead and the length of the bars indicates the QTL 
confidence interval with LOD values of more than 2.5
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Fig. 1   continued
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Fig. 1   continued
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effect or several genes with smaller effects were contained. 
It was also difficult to dissect QTL into Mendelian factors. 
As a follow-up to this study, we have produced an AB-QTL 
population that represents a great opportunity to test the 
veracity of the putative QTLs of agronomically interesting 
alleles remaining in the wild species and fine mapping of 
the detected QTLs.

QTLs for yield‑related traits detected in this study were 
mapped in the same interval previously

For comparison of our data and those of previous stud-
ies, we focused on the correspondences of loci that were 
based on the sharing of common markers with similar 
genetic positions on the linkage map (Table 2). Totally, 16 
QTLs were found to be consistent between our data and 
other previous studies, and most of them were contributed 
by ND3331, except for QFsn-7A1, QFns-1B1 and QFns-
5D (Table  2). Two QTLs (QTgw-4B1 and QTgw-4B2, 
explained 4.75–9.4 and 4.41–4.86 % of the phenotypic vari-
ation, respectively) for TGW were detected near the marker 
Xcau603 on chromosome 4B, which may be the same locus 
for the trait. Wang et al. (2011) also found a QTL for TGW 
in the same region. In our study, a major QTL (QTgw-
4D, explained 4.59–25.08  % of the phenotypic variation) 
located in the interval of Xbarc1118-Xbarc105 on chromo-
some 4D was detected in seven environments. The high fre-
quency of the QTL in this region suggested that this chro-
mosome interval was important for TGW QTLs for GNS 

which were detected on 12 chromosomes, such as 1A, 1D, 
2B, 2D, 4A, 4B, 5A, 5B, 5D, 6B, 7A, and 7D, previously 
(Hai et  al. 2008; Marza et  al. 2006; Cuthbert et  al. 2008; 
Wang et al. 2009; McIntyre et al. 2010). In this study, two 
QTLs (QGns-2B1 and QGns-2B2, explained 4.56–6.91 and 
5.29–5.44 % of the phenotypic variation) were mapped on 
chromosome 2B in four environments. Hai et  al. (2008) 
also reported two QTLs (QGne.nfcri-2B.1 and QGne.nfcri-
2B.2) for GNS on the same chromosome. We also found 
that QGns-4B, explained 6.33–14.25  % of the pheno-
typic variation, linked with Xbarc20 on chromosome 4B 
was consistent with QTL mapping results of Marza et  al. 
(2006) and Wang et al. (2011). FNS shows positive correla-
tion with GNS, suggesting that FNS is important for yield. 
Wang et al. (2011) detected a stable QTL for FNS on chro-
mosome 4A in an F2:3 population. In this study, we iden-
tified a QTL near the gene-specific marker, ANT, across 
seven environments, which may coincide with previous 
reports by Wang et al. (2011). Therefore, we postulated that 
TaANT gene could be a candidate gene for QTL control-
ling FNS. These QTLs that could be detected both in our 
and other studies may exist truly, and they could be used in 
MAS directly.

On the other hand, most of the QTLs contributed by 
Zang 1817 were novel QTLs that have not been reported 
by other studies. It was probably because that few previous 
studies were focused on QTL mapping using Tibetan semi-
wild wheat as one of the parents, and Tibetan semi-wild 
wheat may have some specific alleles in these loci. And 

Fig. 1   continued
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these novel QTLs from Zang 1817 that could be detected in 
more than three environments, such as QSl-7A1, QEp-4B2, 
QGws-4D and QTgw-4D, may be used in improvement 
of relevant traits utilizing Zang 1817 as a superior gene 
resource in future wheat molecular breeding.

QTL‑rich regions and pleiotropic effects

The existence of QTL-rich regions in wheat genome has 
been reported in previous studies (Quarrie et  al. 2005; 
Marza et al. 2006; Huang et al. 2006; Kumar et al. 2007), 
whereas few were focused on yield-related traits. In this 
study, we found that QTLs controlling yield-related traits 
were also not randomly distributed on chromosome, and 
some QTLs were identified and concentrated in certain 
regions on chromosomes 4A, 4B and 4D (Fig. 1, Supple-
mental Table  5). For example, stable QTLs controlling 
five yield-related traits, such as SL, SSN, GWE, FNS and 
GNS, were detected in the interval of Xwmc491-Xwmc96 
on chromosome 4A. In particular, the positive alleles for 
the QTLs underling both FNS and GNS in this region 
were contributed by the female parent ND3331. Moreover, 
these two traits showed significant positive correlation, the 
co-localization of the QTLs controlling these traits may 
suggest that they could be controlled by the same genes. 
We also found that QTLs controlling all of the nine traits 
analyzed could be detected in the interval of Xbarc20-
Xbarc1174b on chromosome 4B. It is interesting that all 
the positive alleles of QTLs for FSN, FNS and GNS in this 
region were contributed by ND3331, suggesting that there 
may be the same QTL (s)/gene (s) responsible for all the 
three traits or FSN and FNS only and ultimately these two 
could lead to increased GNS. There is also a QTL cluster 
for PH, SL, GNS, SSN, GWS, and FNS located between 
Xbarc340 and Xksm154 which was mapped on chromo-
some 4B. Another QTL-rich region detected on 4B is adja-
cent to the marker Xcau603, in which stable QTLs for the 
three related traits TGW, GNS and GWS were detected. 
All the positive alleles for these QTLs were controlled by 
ND3331 in these two regions mentioned above. It seems 
that QTLs for correlated traits tend to cluster together on 
chromosome. Another stable QTL cluster was detected for 
TGW and GWS, which is between Xbarc105 and Xbarc217 
on 4D, and the positive alleles were from Zang 1817, the 
existence of QTL-rich region for yield-related traits in the 
homoeologous group 4 suggested that these chromosomes 
may have experienced artificial selection during the past 
breeding practices.

Functional marker and marker‑assisted selection

QTL mapping would play a vital role in molecular marker-
assisted breeding. The using of gene-specific markers 

or functional markers is proven to be more efficient. The 
co-linearity of genomic sequence and the conservation of 
homologue genes in different cereal crops, such as rice, 
maize, wheat, sorghum and Brachypodium, could facili-
tate the cloning and functional characterization of impor-
tant genes of wheat (Peng et al. 1999), and can be used to 
develop paralogous gene-specific marker in wheat. In this 
study, the strategy was used to develop TaANT gene-spe-
cific marker and TaANT was mapped on chromosome 4A 
where the QTLs controlling FNS, SL, SSN, GWP and GNS 
have been identified.

ANT gene is a member of AP2 gene family, and involved 
in the formation of flower. Mutation of ANT gene in Arabi-
dopsis leads to male sterility, while overexpression enlarges 
the reproductive organs of Arabidopsis, including flower, 
legume and seed (Krizek 1999; Mizukami and Fischer 
2000). TaANT gene has also been reported to take part in 
the development of floral organ, and may play a decisive 
role in grain number per spike of wheat (Mizumoto et al. 
2009). In this study, TaANT was mapped in the interval of 
Xksm71-Xcfd6 on chromosome 4A, and the genetic dis-
tance between TaANT and the two makers was 0.1 and 
0.7 cM, respectively. Furthermore, QTLs controlling FNS, 
FSN, GNS and GWS were also identified in the same 
region.
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