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Abstract

Song X., Feng J., Cui Z., Zhang C., Sun D. (2018): Genome-wide association study for anther length in some elite 
bread wheat germplasm. Czech J. Genet. Plant Breed., 54: 109−114.

The anther is a crucial organ for the development of the spike in bread wheat (Triticum aestivum L.). Long anthers 
contain large amounts of pollen grains; thus, they are favourable for cross-pollination and increase resilience 
against adverse environmental conditions. We conducted a genome-wide association study (GWAS) of anther 
length in 305 elite wheat lines evaluated during 2013–2015 in two locations and two growing seasons. The map-
ping panel was genotyped using a high-density Illumina iSelect 90K single nucleotide polymorphism (SNP) array. 
The GWAS used 18763 SNPs and identified 17 markers associated with anther length in wheat. The loci were 
mainly distributed across the chromosomes 3A, 3B and 7B. Further studies are required to determine if these 
are candidate genomic regions of anther length. In addition, anther length had  high heritability, and positive 
correlations between anther length and grain weight per spike were observed. 
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Bread wheat is a major cereal crop for the increas-
ing global population. However, the rate of increase 
in wheat yields has declined over the past 30 years 
in association with the changing temperature and 
precipitation patterns associated with climate change 
(Olesen et al. 2011). Although significant progress 
has been made in enhancing various components of 
wheat yield (Wu et al. 2014), fewer advances in yield 
gain have been achieved. Therefore, it is useful to 
study new strategies, such as the breeding of hybrid 
wheat varieties, to promote global food security 
(Whitford et al. 2013). It is estimated that the in-
crease in grain yield that can be gained from hybrid 
wheat varieties varies from about 5 to 20% (Longin 
et al. 2012). Longin et al. (2013) demonstrated the 
superior traits of hybrid wheat compared with those 
of the parent plants in terms of grain yield. Wheat 
lines that display high levels of pollination are crucial 
for hybrid seed production (Langer et al. 2014). 
The dissection of genetic resources can be useful 
to enhance such traits to produce improved hybrid 
wheat varieties. 

Wheat lines with long anthers are better pollinators 
(Nguyen et al. 2015), which, as mentioned above, 
is crucial in the breeding of hybrid wheat varieties. 
In recent decades, several studies have been con-
ducted to improve the pollination traits of wheat, 
with particular emphasis on the favourable effects 
of anther length (AL). Milohnic and Jost (1970) 
reported that the anther size was positively correlated 
with the number of pollen grains (r = 0.87). Langer 
et al. (2014) also observed a positive correlation 
between AL and pollen mass in wheat (r = 0.60). 
Similarly, Nguyen et al. (2015) reported that AL 
was associated with pollen grain number in wheat-
rye chromosome addition lines (r = 0.93). Based on 
these studies, AL appears to be a key spike trait for 
improving outcrossing in wheat. Thus, it is useful to 
study the genetic basis of AL to guide the breeding 
of superior wheat varieties.

Association mapping, a complementary approach 
to quantitative trait loci (QTL) mapping, offers a 
useful method to effectively dissect the genomic 
regions of complex traits. Compared to traditional 
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QTL mapping, association studies are cost-effective 
and time-saving (Myles et al. 2009). As a result of 
advances in next-generation DNA sequencing, single 
nucleotide polymorphism (SNP) genotyping can be 
performed using a high-throughput method, and SNP 
markers across the genomes have been widely used 
in association mapping (Talas et al. 2012). Recently, 
high-density SNP gene-chips, such as the 9K and 90K 
SNP chips, have provided a superior approach to 
genome-wide association studies (GWASs) in wheat 
(Cormier et al. 2014; Lopes et al. 2015). Moreover, 
several studies also demonstrated that GWAS was 
useful for dissecting various complex traits, such as 
nitrogen use efficiency and yield trait (Cormier et 
al. 2014; Ain et al. 2015; Lopes et al. 2015). Thus, 
the GWAS approach is appropriate to use in studies 
of AL in wheat. To the best of our knowledge, no 
GWASs of AL have been conducted.

In the present study, a 90K Illumina iSelect array was 
used to identify polymorphic SNPs in the genomes 
of 305 bread wheat genotypes. The objectives of the 
study were to (1) analyse the correlations between 
AL and the major spike traits and (2) to identify the 
SNP markers associated with AL using the GWAS.

MATERIAL AND METHODS

Plant materials. A total of 305 genetically diverse 
varieties were used in the GWAS (Table S1 in Elec-
tronic Supplementary Material (ESM). These materi-
als included the core parents and elite cultivars, and 
introduced varieties used by wheat breeding programs 
that have had significantly increased wheat yields in 
China. The field trials were performed at Yangling 
and Anyang during two growing seasons (2013–2015). 
All materials were planted in randomized complete 
blocks with three replications. Each plot contained 
three 2-m long rows, and the rows were separated by 
30 cm. In addition, appropriate field management, 
including weed, disease and pest control, was per-
formed to avoid adverse influences on the yield. The 
two pairs of florets were sampled from the central 
portion of six random spikes per plot and the ALs 
were measured before flowering using Vernier cal-
lipers. Spike length (SL), number of sterile spikelets 
per spike (St), number of spikelets per spike (SPS), 
grain number per spikelet (GNS), and grain number 
per spike (GNPS) were measured, and the means of 
five randomly selected spikes were calculated per 
plot at the late grain-filling stage. Spikelet density per 
spike (Sds) was calculated from the SPS to SL ratio. 

At harvest, the grain weight per spike (GWS) was 
calculated from the average value of the grain weight 
in five randomly selected spikes per plot, and the 
thousand kernel weight (TKW) was measured by 
weighing duplicate samples of 500 kernels per plot.

Genotyping for SNP markers. The 305 bread wheat 
varieties were genotyped using the 90K SNP assay 
according to the manufacturer’s protocol. Genotypes 
were called using the GenomeStudio software program 
(Illumina). Heterozygous loci were treated as missing 
data, and loci with more than 15% missing values were 
discarded from the dataset. Markers with a minor al-
lele frequency less than 0.05 across all samples were 
excluded in subsequent analysis. A consensus genetic 
map of the SNP markers was used to assign the chro-
mosomal position. In total, 18763 informative SNPs 
were retained and used in the GWAS.

Statistical analysis. Best linear unbiased estimates 
(BLUEs) for all measured traits were estimated, as-
suming fixed genotypic effects. The GenStat soft-
ware (Ver. 16, 2013, VSN International) was used 
to calculate the value of BLUEs applying the Mixed 
models REML module and the Linear mixed mod-
els function. Analysis of variance (ANOVA) was 
performed using the PROC MIXED procedure with 
SAS software according to the methods of Zhai et 
al. (2016). The broad-sense heritabilities (h2) of each 
trait were calculated across all environments as

h2 = σg
2/(σg

2 + σ2
ge/e + σε

2/re)

where:
σg

2	 – genotypic variance
σ2

ge	 – genotype by environment interaction variance
σε

2	 – estimates of residual error variances
e, r	 – number of environments and replicates per envi-

ronment, respectively

Pearson’s correlation coefficients were calculated with 
the PROC CORR procedure in the SAS 9.2 software.

Genome-wide association analysis (GWAS). A 
GWAS was conducted in the GAPIT implemented in R 
(Lipka et al. 2012). The population structure repre-
sented by the Q matrix was assessed in the structure 
software with 590 unlinked markers (Pritchard et 
al. 2000). A P-value threshold of 10–4 was used to 
define a marker as statistically significant.

RESULTS

Phenotypic evaluation and analysis of correla-
tions among traits. Based on the BLUE values across 

https://doi.org/10.17221/70/2017-CJGPB
https://www.agriculturejournals.cz/uniqueFiles/241272.xlsx


111

Czech J. Genet. Plant Breed., 54, 2018 (3): 109–114	 Original Paper

https://doi.org/10.17221/70/2017-CJGPB

four environments, the minimum, maximum, mean 
variance parameters, and broad-sense heritability 
of each trait were estimated (Table 1). The TKW 
and SPS ranged from 18.2 to 48.3 g, and 13.5 to 
24.2, with averages of 38.0 g and 18.1 g, respectively, 
and had the highest broad-sense heritability. The 
AL ranged from 2.7 to 6.0 mm, with an average of 
3.8 mm (Figure S1 in ESM), and showed high herit-
ability (0.81), indicating that AL is a stable trait and 
mainly controlled by genetic effects. St showed low 
heritability (0.55), and a low-to-medium heritability 
was observed in GNPS.

Analysis of correlations among traits. Pearson’s 
correlation coefficients were calculated based on the 
averages across all trials (Table 2). The maximum 
positive correlation value (r = 0.64) was observed 

between AL and GWS, followed by that between 
AL and GNPS (r = 0.54). Similarly, GNS and TKW 
showed a moderate correlation with AL (r = 0.51 and 
r = 0.46, respectively). The correlation coefficient 
between AL and SL was low (0.32). The Sds showed 
a negative correlation (r = –0.42) with AL. However, 
St showed no significant correlation with AL. GWS 
was also positively correlated with GNPS and SPS 
(r = 0.80 and r = 0.76, respectively). 

Population structure and marker-trait associa-
tion (MTA) for the anther length. The analysis of 
population structure indicated that the association 
mapping panel had five major subpopulations (K = 5) 
(Figure S2 in ESM) based on the approach of Evanno 
et al. (2005). Overall, 17 markers associated with AL 
were detected at P < 0.0001 using GAPIT; MTAs were 

Table 1. Statistical analysis of phenotypic data and broad-sense heritabilities (h2) for anther length (AL) and other spike 
traits

Traits
Descriptive statistics Variance parameters

min max mean σg
2 σ2

ge σε
2 h2

AL (mm) 2.7 6.0 3.8 2.36 1.58 1.84 0.81
DH (days) 187.1 207.6 195.8 6.24 2.16 2.73 0.89
SL (cm) 6.1 13.4 9.2 4.25 1.33 1.58 0.90
TKW (g) 18.2 48.3 38.0 20.83 4.06 10.76 0.92
St 0.9 4.3 2.5 5.21 12.36 13.21 0.55
SPS 13.5 24.2 18.1 4.17 1.24 1.13 0.91
GNS 2.2 4.2 3.3 1.32 0.86 1.42 0.80
GNPS 20.2 57.1 34.4 1.83 2.67 6.25 0.61
Sds (spikelets/cm) 1.5 2.6 2.0 0.42 0.26 0.67 0.78
GWS (g) 0.7 2.6 1.8 2.53 1.42 1.61 0.84

DH – days to heading; SL – spike length; TKW – thousand kernel weight; St – number of sterile spikelets per spike; SPS – num-
ber of spikelets per spike; GNS – grain number per spikelet; GNPS – grain number per spike; Sds – spikelet density per spike; 
GWS – grain weight per spike

Table 2. Pearson’s correlation coefficient for anther length (AL) and various spike traits in bread wheat germplasm

Variables AL SL TKW St SPS GNS GNPS Sds
SL 0.32**
TKW 0.46** –0.08
St –0.12 –0.15 0.14
SPS 0.18 –0.34** –0.35** –0.15
GNS 0.51** 0.14 0.06 –0.13 0.70*
GNPS 0.54** 0.18 0.14 –0.28 0.85* 0.66**
Sds –0.42* –0.70** –0.24 0.18 0.12** 0.13 0.16*
GWS 0.64** 0.14 0.55** 0.12 0.76** 0.55** 0.80* 0.07

*, **statistically significant at P < 0.05, 0.01, respectively; AL – anther length; SL – spike length; TKW – thousand kernel weight; 
St – number of sterile spikelets per spike; SPS – number of spikelets per spike; GNS – grain number per spikelet; GNPS – grain 
number per spike; Sds – spikelet density per spike; GWS – grain weight per spike
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identified in seven major genomic regions within 
different chromosomes. Table 3 shows the 7 major 
markers that were associated with AL. Among the 
significant MTAs, chromosomes 3A and 3B had the 
highest number of MTAs, followed by 5A. Most of 
the MTAs were distributed on chromosomes 3A, 3B 
and 5A, and they accounted for 19–29% of the vari-
ation in AL. This indicates that the genetic regions 
of 3A, 3B and 5A chromosomes could provide the 
MTAs for AL.

DISCUSSION

The evaluation of anther length. Saito et al. 
(2001) reported that AL was associated with the 
QTLs of cold tolerance in rice. The anther of wheat 
could be sensitive to adverse fluctuations in climate, 
such as late spring coldness that can affect its de-
velopment. However, most bread wheat germplasm 
resources possess relatively small anthers and fewer 
pollen grains compared to rye anthers, and this limits 
their potential as elite pollinators for hybrid wheat 
seed production. Several studies on AL in wheat 
have revealed a positive correlation with the pollen 
grain number (De Vries 1974; Langer et al. 2014). 
In a recent study of wheat-rye chromosome addition 
lines, AL was positively correlated with the number of 
pollen grains per anther (Nguyen et al. 2015). These 
studies indicate that increasing AL could produce 
more pollen grains, which would have favourable 
effects on pollination traits in wheat. Furthermore, 
the heritability of AL was high in this study. The 
AL of Chuanmai 41 was 6.0 mm, which renders this 
variety a useful resource for improving the pollina-
tion traits of bread wheat. However, few studies 
have been carried out on the correlations between 

AL and spike traits in wheat; hence, further studies 
on this topic would be useful. We observed several 
correlations between AL and other spike traits. AL 
showed a significant positive relationship with GWS; 
likewise, GNPS, GNS and TKW showed moderately 
significant correlations with AL. In contrast, a nega-
tive correlation was observed between AL and Sds. 
Our results show that AL could be a suitable trait 
for improving some important agronomic trait such 
as GWS, GNPS, GNS and TKW in wheat.

The AL has been documented as influencing the 
number of extruded anthers (Longin et al. 2012) 
and has a strong effect on the quantity of shed pol-
len (Langer et al. 2014). Several studies indicated 
that cultivars with high anther extrusion were quite 
resistant to the disease Fusarium head blight (FHB) 
(Buerstmayr & Buerstmayr 2015). Furthermore, 
some fully cleistogamous wheat varieties with non-
opening self-pollinating flowers could also contrib-
ute to increased FHB resistance, so it is also very 
interesting to observe correlations between AL and 
FHB in a subsequent study. In a recent study, Bo-
even et al. (2016) reported that the dwarfing allele 
had a negative effect on anther extrusion, thus, this 
suggests that the correlation between AL and plant 
height is promising to investigate.

Marker-trait associations and population struc-
ture. Population structure should be taken into 
account in the GWAS since it could lead to non-
functional false associations. Therefore, we treated 
the population structure as a covariate in the GAPIT 
to reduce the influence of population stratification. 

AL is a key trait for increasing the number of pollen 
grains. Although significant progress in enhancing the 
rate of outcrossing in wheat has been made in recent 
decades (Simons et al. 2006; Nguyen et al. 2015), 

Table 3. Description of main SNP markers associated with the anther length

Trait SNP Chr Position 
(cM) Alleles –log10  

(P-value) Maf Marker R2 All eff

AL

wsnp_BE637864B_Ta_1_1 1B 62 280(A)/20(C) 4.18 0.07 0.19 0.17
wsnp_Ex_c53364_56625806 3A 87 253(G)/48(A) 5.84 0.16 0.21 0.13
Excalibur_c13242_1178 3A 88 264(G)/28(A) 4.64 0.09 0.20 0.16
RAC875_c25375_236 3B 62 222(C)/70(A) 5.18 0.23 0.21 −0.13
Kukri_s116671_78 3B 63 227(A)/76(G) 5.45 0.25 0.21 −0.12
BobWhite_c19155_246 5A 67 205(G)/87(A) 5.22 0.29 0.29 0.12
wsnp_JD_c13673_13606066 7B 136 224(G)/77(A) 4.39 0.25 0.21 −0.12

Anther length (AL), SNP markers, chromosomes (Chr), position, alleles, –log10 (P-value), minor allele frequency (Maf), 
marker R2, allelic effects (All eff) are shown in the table for each significant association
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the role of AL appears to have been ignored in most 
studies. To date, few genes have been identified as 
effective in increasing wheat AL. Dissection of the 
genomic regions affecting the AL in a GWAS offers 
a promising approach. In this study, 17 MTAs were 
observed on chromosomes 1B, 3A, 3B, 5A, and 7B, 
and no MTAs were present on genome D (Figure 1). 
More specifically, these genomic regions were dis-
tributed mainly on chromosomes 3A, 3B and 5A. 
These genomic regions merit further research, but 
due to a lack of data from previous studies, it is 
currently difficult to align and compare the QTLs 
identified by our study. However, we conducted a 
comparative analysis with the rice genome, and these 
SNPs associated with AL were collinear with rice 
chromosome 1 (11.95–28.77 Mb), 1 (3.92–4.07 Mb), 
6 (7.92–26.19 Mb), and 9 (4.07–20.86 Mb), respec-
tively (Table S2 in ESM). Based on these potential 
genomic regions, it would be useful to construct 
near-isogenic lines and mutagenesis to further dis-
sect these loci. In addition, it was observed that the 
wheat-rye chromosome addition lines significantly 
increased AL and pollen grain number (Nguyen et 
al. 2015). Further studies are required to character-
ize the novel genes related to AL in wheat, which 
would increase our understanding of the genetic 
mechanisms and provide elite pollinators for the 
production of hybrid wheat seeds.
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