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significantly associated with all nine traits, and a mixed lin-
ear model revealed 18 SNPs associated with all traits. Both 
models detected 13 significant markers distributed on six of 
the seven A. tauschii chromosomes (all but 5D). Searches 
of public databases revealed several candidate/flanking 
genes related to P-deficiency tolerance. These genes were 
grouped in five categories by the types of proteins they 
encoded: defense response proteins, enzymes, promot-
ers and transcription factors, storage proteins, or proteins 
triggered by P deficiency. The identified SNPs and genes 
contain essential information for cloning genes related to 
P-deficiency tolerance in A. tauschii and wheat, and they 
provide a foundation for breeding P-deficiency tolerant 
wheat cultivars.

Abbreviations
AM	� Association mapping
AP	� Applied phosphorus
BLAST	� Basic local alignment search tool
CV	� Coefficient of variation
DH	� Double haploid
DNA	� Deoxyribose nucleic acid
GLM	� General linear model

Abstract 
Key message  Using GWAS, 13 significant SNPs dis‑
tributed on six of the seven Aegilops tauschii chromo‑
somes (all but 5D) were identified, and several candi‑
date P-deficiency-responsive genes were proposed from 
searches of public databases.
Abstract  Aegilops tauschii, the wheat (Triticum aestivum) 
D-genome progenitor, possesses numerous genes for stress 
resistance, including genes for tolerance of phosphorus (P) 
deficiency. Investigation of the genetic architecture of A. 
tauschii will help in developing P-deficiency-tolerant varie-
ties of wheat. We evaluated nine traits in a population of 
380 A. tauschii specimens under conditions with and with-
out P application, and we performed genome-wide associa-
tion studies for these traits using single nucleotide poly-
morphism (SNP) chips containing 7185 markers. Using 
a general linear model, we identified 119 SNPs that were 
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GWAS	� Genome wide association study
IWGSC	� International Wheat Genome Sequencing 

Consortium
LD	� Linkage disequilibrium
MAF	� Minor allele frequency
MCMC	� Markov Chain Monte Carlo
MLM	� Mixed linear model
MTAs	� Marker trait associations
NAP	� No-applied phosphorus
NCBI	� National Center for Biotechnology Information
P	� Phosphorus
PDTI	� Phosphorus deficiency tolerance index
PTs	� Phosphate transporters
QTL	� Quantitative trait loci R/S, root to shoot ratio
RDM	� Root diameter
RDW	� Root dry weight
RF	� Root forks
RIL	� Recombinant inbred line
RL	� Root length
RSA	� Root surface area
RT	� Root tips
SDW	� Shoot dry weight
SNP	� Single nucleotide polymorphism
TDW	� Total dry weight

Introduction

Phosphorus (P) is an important macronutrient for crop 
production; P is necessary for plant growth and meta-
bolic processes including nucleic acid synthesis, glyco-
lysis, photosynthesis, respiration, carbohydrate metabo-
lism, and redox reactions (Marschner 1995). The total 
amount of P in soils is generally adequate to support 
plant growth, but P is largely unavailable for uptake by 
plants because it readily complexes with metal cations 
(e.g., aluminum and iron in acid soils and calcium and 
magnesium in alkaline soils), which leads to a deficiency 
of available P in soils (Holford 1997). P deficiency is a 
major limitation for plant growth worldwide (Lynch 
2007; Vance et  al. 2003). Fertilizers are commonly 
applied to alleviate this deficiency; however, fertiliza-
tion is not a comprehensive solution because of limited 
bioavailability, potential environmental problems such as 
eutrophication, and the exhaustion of resources of phos-
phate rock (Vance et al. 2003; Yang et al. 2010). An alter-
native solution that is effective and more sustainable is 
the production of P-deficiency-tolerant cultivars (Fageria 
et al. 2008; Su et al. 2006).

Wheat (Triticum aestivum) is a staple food for much 
of the global population. Wheat yield has been severely 
restricted by P deficiency in arable areas in China and 
worldwide (Dai et  al. 2010; Zhang et  al. 2005), and 

development of low-P-tolerant wheat is critical. Wild 
genotypes represent a potential source of novel genes and 
promoters, and thus are an important resource for wheat 
improvement. There is significant genetic variation for 
low-P tolerance among wild relatives of wheat (Farooq 
2009). Aegilops tauschii, the diploid progenitor of the D 
genome of hexaploid wheat, can be used to improve wheat 
resistance to P deficiency. The usefulness of A. tauschii 
arises from the close relationship between its genome 
and the D genome because of the recent origin of hexa-
ploid wheat (Padulosi et al. 1996). The A. tauschii genome 
exhibits great genetic diversity, with numerous genes for 
stress resistance that can provide a valuable resource in 
crop breeding (Schneider et  al. 2008). A. tauschii genes 
can be incorporated into the wheat genome through wide 
hybridization, specifically via bridge crosses (tetraploid 
wheat ×  A. tauschii) that lead to generation of synthetic 
hexaploids upon colchicine treatment or by spontaneous 
induction (Mujeeb-Kazi et al. 1996; Schneider et al. 2008). 
Therefore, understanding the genetic basis of tolerance to 
P deficiency in A. tauschii can contribute to the breeding of 
tolerant wheat.

Most of the traits related to low P tolerance are quanti-
tative, which makes it difficult to identify the genetic dif-
ferences that underlie the phenotype of interest. Linkage 
analysis is currently the most common approach for detect-
ing quantitative trait loci (QTL) that correspond to complex 
traits in plants. Classical linkage mapping using bi-parental 
crosses is limited to revealing information about two alleles 
at a given locus or a few loci segregating in a population 
(Navakode et al. 2014). In addition, the genetic resolution 
of detected QTLs is poor (10–30 cM) where limited num-
bers of recombination events occur during the development 
of the mapping population (Flint-Garcia et  al. 2003; Hol-
land 2007). Furthermore, linkage analysis can sample only 
a small fraction of possible alleles in the parental popula-
tion, and it is costly and time-consuming to develop map-
ping populations.

Alternatively, association mapping (AM) or linkage 
disequilibrium (LD) mapping, relies on existing natural 
populations or designed populations of plants to overcome 
the constraints inherent to linkage mapping (Pasam et  al. 
2012). AM has emerged as a powerful tool for resolving 
complex variation in traits and for identifying different loci 
or novel and superior alleles in natural populations (Zhu 
et  al. 2008). LD mapping was first introduced in genetic 
mapping studies in humans (Hästbacka et al. 1992; Lander 
and Schork 1994) but has subsequently been considered for 
plant research. LD mapping identifies ancestral recombina-
tion events and takes into account all major alleles present 
in the population to identify significant marker–phenotype 
associations. It is possible to identify significantly associ-
ated genomic regions using a suite of mapped markers by 
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exploiting non-random associations of alleles at nearby loci 
(Mackay and Powell 2007). Successful mapping depends 
on the quality of phenotypic data, population size, and the 
degree of LD in a population (Flint-Garcia et  al. 2005). 
Generally, the power of association studies depends on the 
degree of LD between genotyped markers and functional 
polymorphisms. The decay of LD varies across species, 
among intraspecific populations, and among loci within 
a given genome (Caldwell et  al. 2006; Gupta et  al. 2005; 
Tenaillon et al. 2001).

Genome-wide association, which exploits marker poly-
morphisms across all chromosomes, is one of the strate-
gies on which LD mapping is based (Hirschhorn and Daly 
2005). Genome-wide association studies (GWAS) have 
become increasingly popular and powerful in human and 
animal genetics, and the emergence of high-throughput, 
cost-effective genotyping platforms has made AM an 
attractive approach for QTL mapping in plants (Atwell 
et al. 2010). GWAS based on analyses of candidate genes 
have examined flowering-time genes in barley (Stracke 
et  al. 2009), Dwarf8 and the phytoene synthase locus in 
maize (Palaisa et  al. 2003; Thornsberry et  al. 2001), the 
rhg-1 gene in soybean (Li et al. 2009), the Psy1-A1 locus 
in wheat (Singh et  al. 2009), and many candidate genes 
in Arabidopsis (Ehrenreich et al. 2009; Zhao et al. 2007), 
In wheat, different association panels have been used in 
AM studies to identify loci that control agronomic traits 
(Bordes et al. 2013; Breseghello and Sorrells 2006; Crossa 
et al. 2007; Neumann et al. 2011) and quality traits (Bordes 
et al. 2011; Ravel et al. 2009).

Hence, few GWAS of P-deficiency-tolerant traits have 
used Aegilops tauschii. We aimed to investigate marker–
trait associations for P-deficiency tolerance based on a 
whole-genome AM approach using single nucleotide pol-
ymorphism (SNP) markers in a core collection of 380 A. 
tauschii accessions of diverse origin. Additional objectives 
were to identify SNP markers that are highly associated 
with P-deficiency-tolerant traits, and to scan candidate gene 
responses to phosphorus deficiency. These identified genes 
and SNPs will provide important information for cloning 
P-deficiency-tolerance-related genes in A. tauschii.

Materials and methods

Plant materials and phenotypic evaluation

The natural population used for the association analyses 
included 380 Aegilops tauschii accessions collected by 
the Triticeae Research Institute of Sichuan Agricultural 
University (SAU). The A. tauschii were grown in a phy-
totron in Wenjiang, Sichuan Province, China, from Sep-
tember 2012 to March 2013. Hydroponic experiments 

with two phosphorus conditions, applied phosphorus 
(AP) and no-applied phosphorus (NAP), were performed 
using a completely randomized design with four replica-
tions per treatment. The AP and NAP treatments contained 
Hoagland’s nutrient solution (Hoagland and Arnon 1950) 
modified to optimize growth of A. tauschii, with and with-
out NH4H2PO4 (1  mmol/L), respectively. The modified 
Hoagland’s nutrient solution consisted of Ca(NO3)2·4H2O 
(4 mmol/L), KNO3 (6 mmol/L), MgSO4·7H2O (2 mmol/L), 
H3BO3 (46  µmol/L), Na·Fe·EDTA (100  µmol/L), 
MnCl2 (9.146  µmol/L), ZnSO4 (0.76  µmol/L), CuSO4 
(0.32 µmol/L), and (NH4)6Mo7O24 (0.0161 µmol/L).

Seeds were transplanted in the phytotron 8 days after ger-
mination; after 26 days, plants were evaluated using a Win-
Rhizo Pro 2008a image analysis system (Régent Instr. Inc., 
Quebec, Canada) to obtain the following characteristics: root 
length (RL), root diameter (RDM), root surface area (RSA), 
root tips (RT), and root forks (RF). The plants were then 
separated into shoots and roots, stored in paper bags, heated 
at 105 °C for 30 min to kill living cells, and dried at 75 °C 
until constant mass to obtain root dry weight (RDW), shoot 
dry weight (SDW) and total dry weight (TDW). Root to shoot 
ratio (R/S), phosphorus deficiency tolerance index (PDTI) and 
S-value are also used as indicators of tolerance to P deficiency 
(Table  1). RSA, RT, and RF values covered a broad range, 
so we log-transformed these values for analysis. Descriptive 
analyses, analysis of variance, and correlation analyses were 
performed for each trait using SPSS for Windows, Version 
20.0 (IBM Corp., 2011). The estimate of heritability (H) is 
defined by the formula H = VG/(VG + VE), where VG and 
VE represent estimates of genetic and environmental variance, 
respectively (Smith et al. 1998).

10K Infinium iSelect SNP array and SNP genotyping

Construction of the Aegilops tauschii 10  K SNP array has 
been reported in detail (Luo et al. 2013). A total of 7185 pol-
ymorphic SNP markers in the array were uniquely mapped 
on the A. tauschii genetic map and on the physical map of 
the A. tauschii genome built from bacterial artificial chromo-
some clones (Luo et al. 2013). SNPs were assayed according 
to the manufacturer’s protocol (Illumina, San Diego, CA) at 
the Genome Center, University of California, Davis. Normal-
ized Cy3 and Cy5 fluorescence for each DNA sample was 
graphed with the GenomeStudio program (Illumina), result-
ing in genotype clustering for each SNP marker. Details for 
SNP genotyping of 380 A. tauschii accessions are provided 
in our previous study (Wang et al. 2013).

Population structure

The Bayesian inference program Structure  2.3.3 (Falush 
et  al. 2007; Pritchard et  al. 2000) was used to assess 
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population structure with the 7185 polymorphic SNP mark-
ers (Luo et al. 2013) mapped on the A. tauschii genetic map. 
The linkage ancestry and correlated allele frequency mod-
els were used. A total of 100 burn-in iterations followed 
by 100 Markov Chain Monte Carlo (MCMC) iterations for 
K = 1–10 clusters were used to identify the optimal range 
of K. For each K, five independent runs were produced. The 
optimal value of K was determined using the delta-K method 
(Evanno et al. 2005). Here, K = 4 was used, and the whole 
panel was divided into Subp1, Subp2, Subp3, and Subp4 
based on our previous research (Wang et al. 2013).

Association analysis

Marker-trait associations (MTAs) were calculated in Tassel 
2.1 using a general linear model (GLM) and mixed linear 
model (MLM). The models included a GLM with Q-matrix 
and an MLM with Q-matrix and kinship (K)-matrix as cor-
rection for population structure, and 6905 SNP markers 
with MAF >0.05. Bonferroni-corrected thresholds at α = 1 
were used as the cutoffs (Yang et al. 2014). When the num-
ber of markers was 6905 SNPs, at α = 1, the Bonferroni-
corrected thresholds for the p values were 145  ×  10−6, 
with corresponding −log p values of 3.839. Significant 
markers are shown with a Manhattan plot drawn in the R 
Language and Environment for Statistical Computing (R 
version 3.0.3; http://www.r-project.org/). Important p value 
distributions (observed p values against cumulative p val-
ues, negative log10 scale) are shown with a quantile–quan-
tile plot drawn in R. To find candidate/flanking genes or 
trait-related proteins, we blasted the National Center for 
Biotechnology Information (NCBI) database (http://www.
ncbi.nlm.nih.gov/) using the IWGSC BLAST results, and 
then we did a direct BLASTx search of the NCBI database 
(Table S1).

Results

Phenotypic evaluation

Significant phenotypic variation was observed for all nine 
traits (see Fig. S1, Additional file 2). The means of all traits 
were significantly different between the AP and NAP treat-
ments. The mean values of RT, RF and R/S were lower 
under AP than under NAP conditions. RL, RDW, SDW, 
RDM, RSA, and TDW were lower under NAP conditions 
(Table 2). The coefficient of variation (CV) ranged from 5 
to 36  % under AP condition and from 13 to 41  % under 
NAP condition (Table 2). Differences between AP and NAP 
were significant for all traits except for RDM and R/S, indi-
cating that the tested traits were significantly affected by 
P supply. Heritability ranged from 55.0 to 81.8 % for AP 
conditions and from 68.5 to 90.5  % for NAP conditions. 
Heritability of all traits was generally higher under NAP 
(Table 2).

Marker‑trait association analysis

The Bonferroni-corrected threshold (–log p > 3.839, α = 1) 
was used as a cutoff to identify MTAs. A total of 119 and 
18 significant markers were detected by GLM and MLM, 
respectively. Of these, 13 were detected by both models 
(Table 3; Fig. S2). The significant SNPs detected by both 
models were distributed on six of seven chromosomes (all 
but 5D) (Table S1; see Additional file 1).

Under AP conditions, five significant markers were 
detected by GLM for traits R/S and TDW, and the MLM 
detected two significant markers for each of two traits. 
The r2 values provide an estimate of phenotypic varia-
tion explained by the markers, which ranged from 4.32 to 
5.34 % (Table 3). The GLM detected 10, 1, 32, 4, 4, and 7 

Table 1   The tested traits used in the study

Abbreviated name Full name Description Unit

RL Root length The average root length of four plants cm

RDW Root dry weight The average root dry weight of four plants g

SDW Shoot dry weight The average shoot dry weight of four plants g

RDM Root diameter The average root diameter of four plants mm

RSA Root surface area The average root surface of four plants cm2

RT Root tips The average number of root tips of four plants count

RF Root forks The average number of root forks of four plants count

TDW Total dry weight The total weight of RDW and SDW g

R/S Root to shoot ratio The ratio of root dry weight to shoot dry weight \

PDTI Phosphorus deficiency  
tolerance index

The ratio of traits under no-applied phosphorus condition to  
traits under applied phosphorus

\

S value S value An indicator to measure tolerant ability of phosphorus deficiency \

http://www.r-project.org/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
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significant markers for RDW, RF, RL, RSA, RT, and SDW, 
respectively; no significant markers were detected for these 
traits by MLM (Table 3).

Under NAP conditions, one significant marker for SDW 
and two for TDW were detected by GLM only. Significant 
markers for R/S, RDM, RL, and RSA were detected by 
both models (Table 3). No significant markers for RT, RF, 
or RDW were detected by either GLM or MLM under NAP 
conditions.

The PDTI and S-value are used as indicators of tolerance 
to P deficiency. Twelve SNPs significantly associated with 
the two indicators were revealed by GLM, and 10 were 
revealed by MLM; a relatively large amount of phenotypic 
variation (from 5.01 to 5.82 %) in PDTI was explained by 
the markers (Table 3).

We performed a BLAST search of the International Wheat 
Genome Sequencing Consortium (IWGSC, http://www.wheat-
genome.org/) using the SNP sequences. The chromosomal 
locations were different from the best hits in the IWGSC. 
For example, the SNP marker GDRF1KQ02FTOCX_181 
was located on 1D in a genetic map constructed by Luo 
et  al. (2013), but we found it located on 4AS according to 
the IWGSC BLAST results. Similarly, GBUVHFX01B-
GL2Y_284, GBF1XID01ECUNB_109, BG607326ATwsnp2, 
GBUVHFX02HETOV_295, GA8KES401CAC7D_237, and 

GDRF1KQ02IR7MF_260 were located on 1D, 3D, 3D, 
3D, 6D, and 6D, respectively, in the genetic map; however, 
IWGSC BLAST identified their locations as 4AL, 3B, 3B, 3B, 
6BS, and 6AS, respectively.

Putative candidate genes associated with significant loci

The putative/flanking genes associated with significant loci 
are listed in Table S1. Noteworthily, we identified a few 
candidate phosphorus-deficiency-response genes, each of 
which was associated with different traits. Fox example, 
candidate gene TaAP2-B was associated with traits RDM-
PDIT and R/S-PDTI. We also found a candidate vernaliza-
tion-requirement gene, VRN2, suggesting that vernalization 
may be related to P-deficiency tolerance.

The identified candidate genes could be roughly 
divided into five groups according to the types of proteins 
they encoded. The first group consisted of genes includ-
ing putative alliin lyase and Pm3. The second group of 
candidate genes included PMM-D1, Acc-1, LR34, and 
cytochrome P450. Genes in the third group included WM4, 
WM5A, WM5B, TaAP2-B, TaAP2-D, and m7. The fourth 
group only included Glo-2 and Glu-Dty. The last group 
consisted of ASY1, Tamyb10-D1, pdil7-2, Rht-A, Wknox1b, 
and H2A.

Table 2   Phenotypic variation 
in Aegilops tauschii traits under 
applied phosphorus (AP) and 
no-applied phosphorus (NAP) 
conditions

R/S root-to-shoot ratio, RDM root diameter, RDW root dry weight, RF root forks, RL root length, RSA root 
surface area, RT root tips, RV root volume, SDW shoot dry weight, TDW total dry weight
a  * and **: significant at p < 0.05 and 0.01, respectively; ns: not significant
b  Broad-sense heritability of the tested traits
c  Traits RSA, RT and RF were translated into logarithmic transformation

Trait Unit Condition Mean ± SD CV (%) F valuea hB
b (%)

RL cm AP 16.8 ± 4.8 29 413.59** 61.8

NAP 10.4 ± 3.8 37 74.0

RDW g AP 0.029 ± 0.010 34 145.00** 80.1

NAP 0.018 ± 0.006 35 90.0

SDW g AP 0.07 ± 0.02 32 171.61** 79.6

NAP 0.04 ± 0.01 32 86.8

RDM mm AP 0.9 ± 0.3 30 1.28ns 55.0

NAP 0.8 ± 0.3 35 68.5

RSAc cm2 AP 1.7 ± 0.5 27 18.46** 75.3

NAP 1.6 ± 0.4 24 83.8

RTc count AP 2.5 ± 0.4 17 13.93** 65.9

NAP 2.5 ± 0.6 23 75.6

RFc count AP 3.1 ± 0.4 13 5.64* 73.3

NAP 3.1 ± 0.5 16 79.7

TDW g AP 0.10 ± 0.03 27 176.98** 81.8

NAP 0.05 ± 0.02 31 90.5

R/S / AP 0.4 ± 0.1 36 0.06ns 72.5

NAP 0.5 ± 0.2 41 84.1

http://www.wheatgenome.org/
http://www.wheatgenome.org/
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Discussion

Loci controlling P‑deficiency‑tolerant traits

Here, we reported the outcome of a whole-genome AM 
approach for identifying genomic regions that condition 
responses to AP and NAP in Aegilops tauschii by using 
7185 SNP markers genotyped in a core collection of 380 
natural A. tauschii accessions. Linkage mapping can also 
detect QTL using different segregating populations tested 
in different environments. Although there are few reports 
about QTL related to P-tolerant traits in A. tauschii, numer-
ous QTL related to such traits were detected in wheat by 
linkage mapping. Comparing these QTL to our results will 
help us to identify loci that control P-deficiency tolerance.

Su et  al. (2006) identified 39 QTL related to shoot dry 
weight, tiller number, shoot P uptake, and shoot P-utilization-
efficiency traits under P-deficient and P-sufficient conditions; 
those loci were distributed on 21 chromosomal regions. In 
addition, Xgwm271.2 and Xgwm121 were closely linked 
with vernalization requirement genes (VRN-A1 on chromo-
some 5A and VRN-D1 on chromosome 5D). We identified a 

candidate gene, VRN2, at significant locus contig02393_383, 
which was located on 4D (76 cM) and was associated with 
trait R/S-PDTI. This indicates that vernalization-requirement 
genes probably affect P-deficiency tolerance in wheat. These 
findings suggest the importance of exploring the relationship 
between P-deficiency tolerance and vernalization require-
ment genes. Cao et al. (Cao et al. 2001) identified QTLs for 
P-use efficiency using an F7 recombinant inbred line (RIL) 
population; they found that a region between Xfba354 and 
Xfba69 on chromosome 7A was important and that 5A and 
2D were vital for controlling P-use efficiency. We identified 
three significant loci related to trait R/S-NAP on chromosome 
2D, indicating that 2D may be an important chromosome for 
P-deficiency tolerance in wheat. Li et  al. (2007) identified 
30 QTL distributed on 14 chromosomes and related to root 
responses to P deficiency; among these, three loci on chromo-
some 7D were related to traits RDW and RL. By comparison, 
in our study, significant loci were identified on chromosome 
7D that were related to traits RDM-PDIT. Su et  al. (2009) 
identified 36 QTL for P-use efficiency distributed on 14 chro-
mosomes and related to shoot dry weight, biomass yield, 
grain characteristics, P uptake, and P-utilization efficiency. 

Table 3   Genome-wide association study of Aegilops tauschii traits

AP applied phosphorus conditions, NAP no-applied phosphorus conditions, GLM general linear model, MLM mixed linear model
a  The total number of significantly associated SNPs detected by GLM and MLM at the threshold of –log 10(p) = 3.84
b  R2 value showing the percentage of phenotypic variation explained
c  The number of significant SNPs detected by both models

Trait GLM MLM No. sharedc

No. siga Average 
−log(P)

Range  
−log(P)

Average 
R2 (%)b

Range R2 
(%)b

No. siga Average 
−log(P)

Range  
−log(P)

Average 
R2 (%)b

Range R2 
(%)b

AP R/S 5 4.17 3.87–4.59 4.60 4.22–5.11 2 4.29 4.29–4.29 5.23 5.23–5.23 2

RDW 10 4.97 3.87–5.75 5.34 4.04–6.33

RF 1 4.49 5.24

RL 32 4.61 3.88–7.31 4.57 3.76–7.49

RSA 4 4.23 4.01–4.53 4.92 4.53–5.35

RT 4 4.08 3.91–4.37 4.71 4.51–4.97

SDW 7 4.14 3.97–4.51 4.32 4.11–4.77

TDW 5 4.18 4.06–4.21 4.45 4.31–4.49 2 3.90 3.85–3.95 4.63 4.56–4.70

NAP R/S 8 4.22 3.84–5.18 4.86 4.39–6.11 2 4.12 4.09–4.15 5.02 4.97–5.06 1

RDM 4 4.22 4.00–4.35 4.80 4.52–4.96 1 3.96 4.77 1

RL 24 4.55 3.88–6.05 4.96 4.14–6.75 1 3.89 4.62 1

SDW 1 4.22 4.47

TDW 2 3.97 3.91–4.02 4.18 4.12–4.25

PDTI R/S 2 5.10 4.52–5.69 5.82 5.09–6.54 2 4.20 4.09–4.31 5.01 4.86–5.16 2

RDM 4 4.83 3.91–5.48 5.46 4.31–6.26 6 4.44 3.85–5.17 5.38 4.54–6.41 4

RF 2 4.20 4.17–4.22 5.28 5.16–5.39 1 3.86 5.09 1

RSA 3 4.58 4.58–4.58 5.33 5.33–5.33

S value 1 4.81 5.66 1 4.65 6.07 1

Total 119 18 13
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Among these, chromosomes 2D, 6D, and 7D were detected 
as controlling biomass yield; we were unable to achieve the 
same results.

Significantly associated loci distributed on all seven chro-
mosomes were detected by GLM and MLM, and some traits 
were associated with multiple chromosomes (Table S1). For 
example, RDM–PDTI was associated with SNPs on 1D and 
7D. Massman et  al. (2011) suggested that significant SNP 
markers separated by less than 5 cM could be considered part 
of one QTL. Markers GDRF1KQ02FTOCX_181, GA8KES4 
02GIF8J_42, and GBUVHFX01BGL2Y_284 (chromosome 
1D) were separated by less than 1 cM and could be consid-
ered a QTL related to RDM–PDTI. Similarly, GA8KES4 
01CAC7D_237 and GDRF1KQ02IR7MF_260 were related 
to R/S–AP and also can be considered as a QTL (Table S1).

Until the map of the wheat genome is completed, the 
loci identified here as being associated with P-tolerance 
traits cannot be directly compared with QTL reported by 
other researchers. In addition, because the genome of A. 
tauschii is very close but not identical to the D-genome of 
wheat, only approximate chromosomal locations that con-
trol P-deficiency-tolerant traits can be inferred.

In diploid A. tauschii, the marker GDRF1KQ02FTOCX_181 
was located on chromosome 1D, but it was on chromosome 
4AS in hexaploid wheat. Similarly, marker GBUVHFX01 
BGL2Y_284 was on 1D in A. tauschii but on 4AL in wheat; 
GA8KES401CAC7D_237 was on 6D in A. tauschii but on 
6BS in wheat; and GDRF1KQ02IR7MF_260 was on 6D in A. 
tauschii but on 6AS in wheat. In view of the present techni-
cal conditions, mistakes in allocation might have been made by 
one group or the other.

Putative candidate/flanking gene analysis

In response to deficiency of available P in the rhizosphere, 
plants have developed specialized morphological, physi-
ological, and biochemical adaptations to modify the rhizo-
sphere and increase the ability of their root systems to uti-
lize inorganic P (Pi) (Hinsinger et  al. 2009; Vance et  al. 
2003). The genes controlling P uptake or utilization are 
usually responsive to P deficiency. At the molecular level, 
P is acquired by plant roots through phosphate transport-
ers (PTs) in the cell membranes of epidermal cells and root 
hairs. Pi is loaded into the apoplastic space of the xylem and 
transported to shoots, and the process is also mediated by 
PTs (Marschner 1995). A number of PT genes have been 
well characterized, and putative high-affinity PTs have been 
identified, including nine genes (AtPht1;1–AtPht1;9) in 
Arabidopsis and 13 genes (OsPT1–OsPT13) in rice (Mis-
son et  al. 2004; Paszkowski et  al. 2002). These Pht1 fam-
ily members are generally induced by low-P stress and 
are involved in mediating P acquisition under P deficiency 
(Ai et al. 2009; Vance et al. 2003). In rice, Wissuwa et al. 

(Wissuwa and Ae 2001; Wissuwa et  al. 1998) identified a 
major QTL (Pup1) for P-deficiency tolerance in the tradi-
tional aus-type rice variety Kasalath. Gamuyao et al. (2012) 
found a Pup1-specific protein kinase gene and named it 
phosphorus-starvation tolerance 1 (PSTOL1). Subsequent 
research showed that PSTOL1 enhances early root growth, 
thereby enabling plants to acquire more P and other nutri-
ents. Only a few PT members have been characterized in 
wheat; these include TaPht2;1, TaPht1;4, and TaPht2 (Guo 
et  al. 2013, 2014; Liu et  al. 2013). Because of the very 
large (40-fold larger than rice), highly repetitive hexaploid 
genome of wheat, and the complex and quantitative nature 
of P-related traits, there are few reports on putative genes 
controlling P-deficiency tolerance in wheat or A. tauschii.

We identified a few putative candidate genes associated 
with phenotypic traits under P-deficient conditions and 
divided these genes into five groups based on the types of 
proteins they encoded. Group 1 encoded defense-response 
proteins under P-deficient conditions. These proteins are 
very important under P stress, as demonstrated by previous 
studies (Cantu et al. 2013; Li et al. 2008). Group 2 encoded 
various enzymes, suggesting that numerous biochemi-
cal pathways were activated under P deficiency. These 
enzymes might regulate P content and accelerate reuse of 
P in plants. Group 3 encoded transcription factors and pro-
moters and might facilitate synthesis of response proteins 
under P stress. Group 4 encoded storage proteins and thus 
are likely to be necessary in A. tauschii for P uptake under 
P-deficient conditions. This would enable absorption of P 
from nutrient stores, in accordance with previous reports 
on soybean, in which storage proteins were regulated in 
response to P stress (Tang et al. 2001). Group 5 candidate 
genes controlled diverse metabolic functions in shoot apical 
meristems and tissue proteins, including asynapsis, proan-
thocyanidin synthesis in testa, and disulfide bond formation 
and isomerization during protein folding. These genes are 
probably triggered by P deficiency and play a crucial role 
in P-deficiency tolerance in A. tauschii. These new find-
ings reflect the complexity of P-deficiency-tolerance mech-
anisms and the large numbers of genes involved in these 
mechanisms. These data provide a basis for dissecting the 
genetic mechanism of P-deficiency tolerance in A. tauschii 
and further in wheat.

Conclusion

We performed genome-wide association studies for 
phosphorus-deficiency-tolerance traits in a population 
containing 380 Aegilops tauschii accessions using 7185 
polymorphic SNP markers. Twenty-seven significant 
markers were detected by both GLM and MLM. At sig-
nificant loci and flanking regions, we identified candidate 
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genes for response to phosphorus-deficiency, includ-
ing defense response proteins, enzymes, promoters and 
transcription factors, storage proteins, and proteins that 
might be triggered by phosphorus deficiency. The identi-
fied SNPs and genes offer information for cloning genes 
related to phosphorus-deficiency tolerance in A. tauschii 
and wheat and provide a foundation for breeding phos-
phorus-deficiency-tolerance wheat cultivars.
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