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Wheat kernel morphology is a very important trait for wheat yield improvement. This is 
the first report of association analysis of kernel morphology traits in wheat breeding lines. In 
Qinghai, China, the research described here involved genome-wide association analysis in 
breeding lines derived from synthetic hexaploid wheat with a mixed linear model to identify 
the quantitative trait loci (QTLs) related to kernel morphology. The 8033 effective Diversity 
Array Technology (DArT) markers produced a genetic map of 5901.84 cM with an average 
density of 1.36 markers/cM. Population structure analysis classified 507 breeding lines into 
three groups by Bayesian structure analysis using unlinked markers. Linkage disequilibrium 
decay was observed with a map coverage of 2.78 cM. Marker-trait association analysis 
showed that 15 DArT markers for kernel morphology were detected, located on nine chro-
mosomes, and explained 2.6%–4.0% of the phenotypic variation of kernel area (KA), kernel 
width (KW), kernel length (KL) and thousand-kernel weight (TKW). The marker 1139297 
was related to both the KL and KA traits. Only six DArT markers were close to known 
QTLs. The parent SHW-L1 carried eight favored alleles, while other seven favored alleles 
were derived from elite common wheat cultivars. These QTLs, identified in elite breeding 
lines, should help us understand the kernel morphology trait better, and to provide germ-
plasm for breeding new wheat cultivars for Qinghai Province or other regions.
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Introduction

Common wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD) is the staple food for 
about 30% of the world’s population. By 2050, global wheat production needs to have 
increased by a rate of 2% every year to meet demand, which is a huge challenge for wheat 
breeders (Hawkesford et al. 2013). 
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Wheat grain yield is underpinned by two numerical components, i.e. individual kernel 
weight and kernel number per m2. Over the past four decades, improvement of grain yield 
has come from increased number of kernels per m2 or larger kernel sizes, due largely to 
the utilization of Rht genes in wheat breeding (Calderini et al. 2000). Since 1940, thou-
sand-kernel weight (TKW) of Chinese wheat varieties has increased from an average of 
31.5 g in the 1940s to 44.64 g in 2000, with an addition of 2.19 g every ten years over that 
period (Wang et al. 2012). TKW improvement is considered to be an important strategy 
for further improvement of yield potential in the Yellow and Huai Valleys in China and in 
Northwest Mexico (Xiao et al. 2012). High TKW can also improve seed germination rate, 
promote seedling growth and enhance the variety’s ability to withstand natural stresses 
(Zhang et al. 2013). Furthermore, kernel size and shape in wheat significantly affect flour 
yield (Williams et al. 2013). Theoretical models predict that milling yield could be in-
creased by optimizing kernel shape and size, with large spherical kernels being the opti-
mum morphology (Evers et al. 1990). 

TKW is a complex quantitative genetic trait. TKW varies under different natural envi-
ronmental conditions, with different TKW-associated QTLs playing varied roles under 
different ecological conditions. The QTLs associated with TKW are distributed on almost 
all of the 21 different wheat chromosomes. The QTL profile should be determined under 
diverse ecological conditions so as to analyze the genetic regulatory network of this quan-
titative genetic trait more comprehensively. Qinghai Province is characterized by high 
altitude, thin cloud cover, long periods of sunshine, and perennial drought conditions, 
with little rain. Because of these high-stress ecological conditions, the yield of spring 
wheat in Qinghai Province ranges from 1.125 to 1.275 t/ha under normal crop manage-
ment conditions, and the highest yield recorded (1.52 t/ha) was reported in 1978 (Chen 
1993). Isolation of QTLs associated with kernel morphology in this region should help us 
to better understand the TKW trait. 

To increase the genetic variation in common wheat, more and more synthetic hexa-
ploid wheat (SHW) lines are being used in commercial wheat breeding, generating SHW-
derived commercial cultivars since the first documented release of ‘Chuanmai 42’ in 
China, the latter being obtained by crossing a SHW from the International Maize and 
Wheat Improvement Center (CIMMYT) in Mexico with locally-adapted Chinese culti-
vars (Li et al. 2014). When crossed with locally-adapted wheat, some elite SHW-derived 
lines have been shown to yield up to 35% more than the best local checks (Dreccer et al. 
2007; Ginkel and Ogbonnaya 2007; Yang et al. 2009; Ogbonnaya et al. 2013). The aver-
age yield of the SHW-derived cultivars was 13.5% higher than that of the non-synthetic 
cultivars (Tang et al. 2017). Recently, phenotypic and genetic diversity were evaluated, 
and favorable alleles or QTLs of yield-related traits were identified in the SHW varieties 
(lines) (Emebiri et al. 2015; Das et al. 2016; Zhang et al. 2017; Yan et al. 2017). In our 
lab, a synthetic hexaploid wheat SHW-L1 was used to insert alien alleles into common 
wheat. In this manuscript, 507 breeding lines from 17 hybrid combinations, using the 
same parent, SHW-L1, were used to identify the key QTLs of the kernel morphology 
traits in Qinghai Province, to identify the elite alleles from the SHW, and to develop strat-
egies to improve these advanced lines.
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Materials and Methods

Plant material

A total of 507 F10 elite lines were used in this study (Table S1*). The lines were derived 
from 17 hybrid combinations and shared the same parental synthetic hexaploid wheat, 
SHW-L1, which was synthesized from a cross between the Triticum turgidum L. 
(2n = 4x = 28, AABB) line AS2255 with Aegilops tauschii Coss. (2n = 2x = 14, DD) ac-
cession AS60 (Zhang et al. 2004). These lines were developed by a top-cross of SHW-L1 
with common wheat cultivars. Artificial selection was carried out at every generation to 
obtain plants with desirable agronomic traits, according to the selection requirements of 
local commercial cultivars. All the 507 SHW-L1-derived lines exhibited a yield similar to 
or higher than that of local commercial cultivars in Xining, in Qinghai Province.

Phenotyping kernel morphology

These breeding lines were planted in a randomized complete block design with three 
replicates, in 2013 and 2014 in Xining (101°74＇E, 36°56＇N), Qinghai, China. Each 
replicate row was 2 m long, with 20 cm row-to-row distance. Twenty representative 
plants were selected from each replicate for measuring kernel length (KL), kernel width 
(KW), kernel ratio (KL/KW), kernel area (KA) and factor from density (FFD) after the 
plants were harvested. All lengths were measured directly in a high flux Marvin seed ana-
lyzer (GTA Sensorik GmbH, Neubrandenburg, Germany). TKW was determined by 
weighing triplicate batches of 1000 kernels each. Data analyses were performed using 
statistical software SPSS version 17.0 (SPSS, Chicago, IL, USA). 

DNA extraction and DArT genotyping

Leaf tissue for DNA extraction was collected and stored at −80 °C. Genomic DNA was 
extracted using the cetyltrimethylammonium bromide method as outlined by Yan et al. 
(2002) ®_}. A wheat Diversity Array Technology (DArT) sequence array consisting of 
39,188 random sequences (http://www.triticarte.com.au) was used in DArT genotyping. 
Procedures for hybridization of genomic DNA to the DArT-sequence array, image analy-
sis and polymorphism scoring were as described by Akbari et al. (2006). The information 
of DArT markers was obtained from Triticarte Pty. Ltd. (Canberra, Australia; http://www.
triticarte.com.au). The markers were filtered according to the conditions (reproducibility 
>95%, chromosomal location information, minor allele frequency >5%, percentage of 
missing data <10%) for population structure, linkage disequilibrum, and association anal-
ysis. 

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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Population structure, linkage disequilibrum, and association analysis

Population structure analysis was estimated with STRUCTURE v 2.2 software (Pritchard 
et al. 2000), based on the genotyping data. Linkage disequilibrium (LD) among markers 
was measured with TASSEL 3.0 software (Bradbury et al. 2007). The methodology and 
data analysis, concerning population structure and LD, were as described by Neumann et 
al. (2011). Association analysis was calculated with the mixed linear model (MLM) with 
the TASSEL 3.0 software (Bradbury et al. 2007). The MLM took Q-matrix and kinship-
matrix into account to reduce both Type I and Type II errors (Yu et al. 2006). The Q-ma-
trix was derived from STRUCTURE v 2.2 (Pritchard et al. 2000) and the kinship-matrix 
was calculated using TASSEL 3.0 software. Different agronomic traits have different 
significance criteria, considering the deviation of the observed test statistics –log10p val-
ues from the expected test statistics values in the Q-Q plots (Sukumaran et al. 2012). The 
map of each group was drawn using MapChart v.2.2 (http://www.biometris.nl/uk/Soft-
ware/MapChart/).

Results

Phenotypic characters

KL, KW, KL/KW, FFD and TKW were measured to evaluate kernel morphology. The 
maximum values of KL, KW, KL/KW, FFD and TKW were 8.3 mm, 4.0 mm, 3.0, 24.6 
mm2, 0.003028 and 58.8 g, respectively, while the minimum values were 5.8 mm, 2.3 
mm, 1.6, 13.6 mm2, 0.000494 and 28.1 g, respectively (Table 1). The maximum values of 
KW, KA and TKW were almost twice those of the corresponding minimum values  
(Table 1). All skewness and kurtosis values for KL, KW, KA and TKW were less than 1 
(Figure S1, Table 1). The kurtosis value of KL/KA was greater than one, while both the 
skewness and kurtosis values of FFD were greater than one. As a result, KL, KW, KA and 
TKW could be analyzed with marker-trait association (MTA) analysis, while KL/KA and 
FFD could not. The variability of kernel morphology within the lines are shown in Table 
S2. Pearson’s coefficient of correlation was calculated to determine the relationships 
among the agronomic traits (Table S3). The only significant positive correlations existed 
among the four traits KL, KW, KA and TKW. The highest positive correlation (r = 0.850) 

Table 1. The kernel morphology of the breeding lines

Traits Average ± SD Min Max
Coefficient 
of Variation 

CV %

Heritability
H2 Skewness Kurtosis

KL 6.76 ± 0.33 5.8 8.3 4.88 0.92 –0.104 0.556

KW 3.40 ± 0.26 2.3 4.0 7.65 0.68 –0.093 0.250

KL/KW 2.00 ± 0.16 1.6 3.0 8.0 0.89 –0.93 1.640

KA 19.35 ± 1.84 13.6 24.6 9.51 0.62 –0.108 0.603

FFD 0.0018 ± 0.00028 0.000494 0.003028 15.56 0.90 1.461 1.178

TKW 44.03 ± 8.7 28.1 58.8 19.64 0.72 –0.066 0.433
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was observed between KA and TKW, followed by r = 0.826 between KA and KL (Table 
S3). The variables KL/KW and FFD exhibited significant negative correlations with the 
four remaining traits. The highest negative correlation (−0.774) occurred between KW 
and KL/KW (Table S3). 

Marker coverage and polymorphism

A total of 39,188 DArT markers were used to genotype the 507 breeding lines. A total of 
24,872 markers had reproducibility values >95%. Taking into account information such 
as the chromosome location, the minor allele frequency (>5%), and the percentage of 
missing data (<10%), 8033 markers remained for further population structure, LD and 
association analysis (Table S4). These DArT markers, integrated into the framework ge-
netic map, covered a total genetic distance of 5901.84 cM over the entire 21 chromo-
somes, with an average density of 1.36 markers/cM (Table S5). The average density of 
markers for B-genome chromosomes was the highest (2.05 markers/cM), while the low-
est was for D-genome chromosomes (0.61 markers/cM) (Table S5). Polymorphic infor-
mation content (PIC) values ranged from 0.096 to 0.497, with an average of 0.36.

Population structure

396 DArT markers (one marker was chosen every 10 cM) were selected from all chromo-
somes for population structure analysis. When K = 3, the ΔK value was highest (3577.078) 

Figure 1. Population structure of synthetic hexaploids based on DArT markers. a) Plot of the average logarithm 
of the probability of data delta K (ΔK), as second rate of change of the number of assumed subgroups (K), with 
K allowed to range from 2 to 10. B) Membership co-efficient (Q value) where each horizontal line represents 

one wheat line, and partitioned into three sub-populations
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(Fig. 1A). Therefore, a K value of 3 was regarded to be the most suitable number of sub-
populations. The 507 breeding lines were grouped into three subpopulations (Fig. 1B). 
Subpopulation 1 was the largest group and comprised 240 breeding lines, which were 
from 13 combinations (1, 3, 4, 6, 8, 9, 10, 11, 12, 14, 15, 16 and 17). Subpopulation  
2 consisted of 131 breeding lines and was mainly composed of lines from combinations 
5 and 7. Subpopulation 3 included 136 lines and was from combinations 2 and 13. Breed-
ing lines from the same combination were allocated to the same subpopulation. 

LD analysis 

LD was estimated by r2 at P ≤ 0.001 for all pairs of the 8033 DArT markers. At a genome-
wide level, almost 77.6% of all pairs of loci were in significant LD (Table S6). The average 
r2 of genome-wide LD was 0.27. DArT markers, assigned to their map position, were fur-
ther used to estimate inter- and intra-chromosomal LD. About 13,944 (3.48%) inter-chro-
mosomal pairs of loci were in significant LD (r2 ≤ 0.001), with an average r2 of 0.12, while 
29,655 (78.1%) intra-chromosomal pairs of loci were in significant LD with an average r2 
of 0.28. The extent and distribution of LD were graphically displayed by plotting intra-
chromosomal r2 values for loci in significant LD at P ≤ 0.001 against the genetic distance 
in cM, and a second-degree locally weighted polynomial regression-based (LOESS) curve 
was fitted (Fig. 2, red line). The LD critical threshold (r2 = 0.34), estimated from LD dis-
tribution of pairs of intra-chromosomal DArT markers, is indicated by the dashed horizon-
tal line in Fig. 2 (Rasheed et al. 2014). Thus, the map coverage of 2.78 cM was deemed 
appropriate to perform a genome-wide association analysis on the population.

MTAs

MTAs in 507 breeding lines were identified using the mixed linear model (MLM), and a 
total of 15 DArT markers were detected for agronomic traits, and explained 2.6–4.0% of 
the kernel morphology variance (Fig. 3; Fig. S2; Table 2). The number of MTAs for KL, 

Figure 2. Scatterplot of the LD statistic r2 as a function of genetic distance (cM) between pairs of DArT mark-
ers in SHWs. The locally weighted polynomial regression-based (LOESS) (red line) representing decay of r2 
against long genetic distance is illustrated for each genome. The baseline (black line) intersection with the 
LOESS curve was considered as the estimate of the extent of LD (Rasheed et al. 2014). LD critical threshold 

estimated from LD distribution of pairs of unlinked DArT markers is indicated by the solid horizontal line
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Figure 3. DArT consensus linkage map of chromosomes showing marker-traits associations for grain morphol-
ogy in the breeding lines population. MTAs are projected as different color solid bars
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KW, KA and TKW were 3, 8, 1 and 3, respectively. The MTAs were located on nine chro-
mosomes (1B, 1D, 3D, 4B, 5A, 5D, 6A, 6B and 6D). Eight MTAs for KW were identified 
on six of the 21 chromosomes and explained 2.7%–4.0% of the phenotype variation; one 
MTA for KW, located on chromosome 6D (102.8 cM), was highly significant 
(P = 2.72 × 10−5),  and explained 4.0% of the variation. Only one MTA was identified for 
the KA trait. This MTA resided on chromosome 5A, and explained 3.4% of the variation 
in KA. The MTA was also identified in the KL trait, and controlled 3.3% of the KL trait 
variation. The two remaining MTAs for KL were found on chromosomes 1B and 6B, and 
explained 2.6% and 2.8%, respectively of the phenotype variation. The three MTAs for 
TKW explained 3.2%, 2.7% and 3.0% of the phenotypic variation and were localized on 
chromosomes 3D and 6A. 

Compared with the reported MTAs for kernel morphology

The MTAs for KL and KA had no QTLs reported nearby, while all the MTAs for TKW 
had been reported before (Table 2) (Rasheed et al. 2014; Bordes et al. 2014; Börner et al. 
2002). Three MTAs for KW traits were close to known QTLs (Table 2) (Cui et al. 2014, 
2015; Bordes et al. 2014), while the remaining four MTAs had not been reported previ-
ously. For investigating the origin of the elite alleles, the genotype of SHW-L1 was com-
pared with the favored alleles. SHW-L1 carried eight favored alleles including 1139297, 
1724620, 998369, 1665829, 3023348, 1122839, and 1204996 (Table 2). The remaining 
six favored alleles were derived from the elite common wheat cultivars. 

Relationship between kernel phenotype and the number of favored alleles

A linear relationship was observed between the copy number of favored alleles and each 
of the four kernel traits, KL, KW, KA and TKW, where the addition of every favorable 
allele in a variety additively contributed to enhance the phenotypic trait (Fig. 4). The 
linear correlation coefficient for KW (P < 0.05) was the highest. Breeding with fewer al-
leles should reduce the linear correlation coefficients. Some breeding lines carried all the 
favored alleles for KA and TKW, while no breeding lines carried all the favored alleles 
for KL and KW. Most lines carried two favored alleles for KL, while most lines carried 
six of the eight favored alleles for KW. 

Discussion

MTA analysis, to identify the QTLs responsible for agronomic traits, is usually carried 
out on natural populations. In this study, breeding lines with stable agronomic traits suited 
to local conditions were used to identify the QTLs present in this population. In total, 14 
MTAs for KL, KW, KA, and TKW were identified in 507 breeding lines. Previously, 
some QTLs or MTAs for KL, KW, KA, and TKW were identified (Börner et al. 2002; 
Bordes et al. 2014; Rasheed et al. 2014; Cui et al. 2014, 2015; Yan et al. 2017). The MTAs 
for KL and KA had no QTLs reported nearby, while all the MTAs for TKW (1100949, 
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1210312, 1074463) had been reported before (Rasheed et al. 2014; Bordes et al. 2014; 
Börner et al. 2002). Three MTAs (1107696, 1099650, 1076471) for KW traits were close 
to known QTLs (Cui et al. 2014, 2015; Bordes et al. 2014), while the remaining four 
MTAs had not been reported previously.

These QTLs could be used for further improvement of the breeding lines, and for 
breeding new wheat cultivars in this and other regions. These breeding lines, from differ-
ent hybrid combinations, could be regarded as a natural population, but the QTLs could 
not be analyzed in the lines derived from the same combination because the population 
structure was not suitable for association analysis (data not shown). Few QTLs identified 
in our manuscript have been reported before because of the nature of the population and 
the particular experimental conditions. 

The LD is influenced by recombination rate, allele frequency, population structure and 
selection pressure (Flint-Garcia et al. 2003). Rasheed et al. (2014), using 231 SHWs with 
834 DArT markers, revealed that the LD decay distance was 9cM. In another study, of 91 
SHWs with 395 DArT markers, Emebiri et al. (2010) showed that the LD decay distance 
was up to 15 cM. In our study, the LD decay distance was about 2.78 cM for the whole 
genome. This comparison shows that the LD decay distance in the current study was 
short. This indicated that extensive recombination of A, B and D genomes had occurred 
in the top-cross procedure, and that linkage was broken, presumably due to hybridization 
and selection or to the high marker density in our study.

TKW is a complex agronomic trait, determining wheat production, while KL, KW and 
KA are the biological traits, exhibiting positive relationships with TKW, KL, KW and KA 
should be controlled by the genes directly, while TKW should be controlled indirectly. In 
this study, several MTAs were identified, but the MTAs were specific to individual traits, 
except for one MTA, 1139297, which controlled both KL and KA. The MTAs of the bio-
logical traits KL, KW and KA could not be detected in TKW marker-trait associations 
because of the confounding effect. Though the MTAs could not be detected, MTA accu-
mulation in the wheat lines will improve the biological traits KL, KW and KA, and influ-
ence the TKW value eventually. Unfortunately, no breeding lines carried all of the fa-
vored alleles, which suggests that some favored alleles only existed in certain combina-
tions. Meanwhile, these imperfect breeding lines should give us the chance to develop 
improved breeding lines by accumulating more of the favored alleles. The next step 
should be to assemble all the MTAs into a single breeding line, so that new improved 
cultivars can be bred, based on the genotyping of these breeding lines. 
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