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Abstract

Background:Ecological environments shape plant architecture and alter the growing season, which provides the
basis for wheat genetic improvement. Therefore, understanding the genetic basis of grain yield and yield-related
traits in specific ecological environments is important.

Results:A structured panel of 96 elite wheat cultivars grown in the High-yield zone of Henan province in
China was genotyped using an Illumina iSelect 90 K SNP assay. Selection pressure derived from ecological
environments of mountain front and plain region provided the initial impetus for population divergence. This
determined the dominant traits in two subpopulations(spike number and spike percentage were dominance
in subpopulation 2:1; thousand-kernel weight, grain filling rate (GFR), maturity date (MD), and fertility period
(FP) were dominance in subpopulation 2:2), which was also consistent with their inheritance from the donor
parents. Genome wide association studies identified 107 significant SNPs for 12 yield-related traits and 10
regions were pleiotropic to multiple traits. Especially, GY was co-located with MD/FP, GFR and HD atQTL-
ple5A, QTL-ple7A.1and QTL-ple7B.1region. Further selective sweep analysis revealled that regions under
selection were around QTLs for these traits. Especially, grain yield (GY) is positively correlated with MD/FP and
they were co-located at theVRN-1Alocus. Besides, a selective sweep signal was detected atVRN-1Blocus
which was only significance to MD/FP.

Conclusions:The results indicated that extensive differential in allele frequency driven by ecological selection
has shaped plant architecture and growing season during yield improvement. The QTLs for yield and yield
components detected in this study probably be selectively applied in molecular breeding.
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Background
Wheat, maize, and rice are the three most important
food crops in the world. With the ongoing increase in
the global population, climate change, and reduced avail-
ability of arable land, gains in yield of ~ 2% annually and
a cumulative increase of 50% in ~ 20 years are required
to meet the predicted global demand.

The northwest to centre-east region of Henan prov-
ince in China, located south of the Yellow and Huai river
valleys, is the largest wheat-producing and high-yield
area in China. The region contributes one-quarter of the
total annual wheat production in China, thus attaining
high yields is the core objective of wheat production in
the region. The main wheat-growing area is located in
the northern subtropical zone, which experiences four
distinct seasons, and a transitional zone between the sec-
ond and third terraces of China. As a consequence, these
complex ecological environments enable wheat cultivars
with various growing seasons (semi-winter and weak-
spring) and plant architecture types to be grown in the
region.

In the early twenty-first century, wheat yield in Henan
province increased rapidly and remarkable progress was
achieved in improving grain yield compared with pro-
duction in the preceding period (Zhou et al. 2007). A
number of cultivars that attain high and stable yields
and show adaptability are recommended for cultivation
in Henan and are accepted as founder parents. For ex-
ample, Yumai 2, Zhou 8425B, and Yanshi 4 have been
repeatedly utilized as donor parents in different zones to
various degrees. Yumai 2 is a weak-winter cultivar with a
weak-spring habit, which exhibits strong tillering ability
and cold resistance but lower grain weight (Zheng et al.
2011; Gao et al. 2017). Yanshi 4 is a spring wheat culti-
var derived from Funo and Mara that produces large
spikes and is early maturing, but its tillering ability is
weak. The 1B/1R translocation line Zhou 8425B is a
high-yielding, strongly disease-resistant wheat cultivar
with large spikes and dwarf habit (Gao et al. 2015; Zhao
et al. 2008; Li et al. 2006; Wang et al. 2017). Numerous
progeny bred from these cultivars inherited desirable
characters and were approved for commercial release.
Yumai 25, Yumai 41, and Yumai 49 were selected from
the cross between 394A and Yumai 2, and inherited the
early maturity of Yumai 2. Zhoumai 9 (Yumai 21), which
was bred by double-crossing Yumai 2 and Yanshi 4, ex-
hibits high grain weight and semi-dwarfism but shows
later maturity, and thus is suitable for planting in central
Henan with early sowing. Further pyramiding of Zhou
8425B resulted in a series of Zhoumai-family wheat cul-
tivars (e.g., Zhoumai 13, Zhoumai 16, and Zhoumai 22).
In addition, a number of cultivars imported from other
regions (e.g., Shaanxi) have been used as parents to
shorten the fertility period, introduce disease resistance,

improve grain end-use quality, and have contributed to
an increase in genetic diversity.

Population genetics based on molecular markers and
phenotype analysis are widely used to detect chromo-
somal regions important in species evolution, to identify
genetic variation associated with traits beneficial for hu-
man health, growth characteristics of animals, and gen-
omic regions that contribute to important traits [1–6].
One approach is to conduct a genome-wide association
study of a genetically diverse panel of natural accessions
for quantitative trait locus (QTL) discovery by linkage of
genotypes with phenotypes to determine the underlying
genetic basis of desirable traits. In particular, it has en-
abled substantial progress in dissection of pleiotropic
QTLs to understand the underlying genetic basis of
complex traits [7–10]. An alternative approach is select-
ive sweep analysis, which screens the differentiation in
allele frequencies between subpopulations. A selective
sweep is the result of a remarkable reduction in variation
among nucleotide sequences neighboring mutations
beneficial for fitness during domestication or adaptation
[11, 12]. The method has been widely applied in plant
population genetics to identify signals associated with
fruit quality improvement [12], flowering-time diver-
gence among different ecotypes [13], and overwintering
habits [14].

Understanding the genetic basis of phenotypic vari-
ation among wheat cultivars and discovering the genetic
footprint of environmental adaptation in different re-
gions of Henan, and integration of this information in
future cultivar development programs, is of considerable
importance for continued improvement in wheat yields.
To attain this goal, we assembled a panel of elite breed-
ing cultivars representative of the most genetic diversity
among modern wheat cultivars grown in the main
wheat-producing zone of Henan province for phenotype
evaluation. Population genetic analysis was conducted to
assess population structure and identify the genomic re-
gions that affect the plant architecture or growing season
along with environmental adaptation.

Results
Population structure and phenotype between
populations
A total of 81,088 SNP markers were used for assessment
of population structure. All cultivars were assessed from
K = 2 to K = 4 (Fig.1a, Table S1). AtK = 2, wheat culti-
vars in subpopulation 2:1 were derived from the donor
parents Yumai 2, Yanshi 4, and Shaanxi, and were
mostly selected in the northwest to central region of
Henan, whereas subpopulation 2:2 exclusively comprised
cultivars with the pedigree of Yumai 2, Zhou 8425B, and
Yanshi 4 harboring the rye 1RS chromosome arm and
were selected in the central region of the southeastern
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plains (Fig.2). At K = 3, cultivars in subgroup 2:1 were re-
solved into two subpopulations: subpopulation 3:1 (Sp1)
and subpopulation 3:3 (Sp3). The cultivars in subgroup 3:
1 were predominantly derived from Yumai 2, Yanshi 4,
and Neixiang 82C6, and consisted of lines harboring the
normal wheat 1BS chromosome arm, whereas cultivars in
subgroup 3:3 comprised mixed donor parents included
Yumai 2, Yanshi 4, and cultivars in other regions (such as
Shaanxi) and harbored 1B/1R chromosome translocations.
At K = 4, cultivars in subgroup 2 (K = 2) were divided into
an additional two subpopulations: subpopulation 4:2 (Sp2)
and subpopulation 4:4 (Sp4). The majority of cultivars in
Sp4 were second-generation derivatives (Zhoumai 13 and
Zhoumai 16) of Yanshi 4 bred by pyramiding the donor
parents with Zhou 8425B, whereas cultivars in Sp2 were

derived from donor parents in Henan other than Zhou
8425B and Yanshi 4. In addition, cultivars grouped in Sp1
and Sp3 were suitable for growth in northwest-central
Henan, whereas cultivars in Sp2 and Sp4 were suitable for
cultivation in central-east Henan. The plot of the mean
likelihood L(K) and variance perK value indicated that
K = 4 was the most likely number of subgroups among the
96 cultivars (Fig.1b).

Assignment to the four subpopulations superimposed
on the results of the PCA analysis was similar to the
STRUCTURE results. In the PCA analysis, PC1 separated
Sp1 (cultivars harboring the 1BS chromosome arm) from
other cultivars with no discrimination of the other three
subpopulations (Fig.1c). The PC2 separated Sp2 and Sp3,
and Sp4 was distinguished by PC3 (Fig. S1a).

(a)

(b) (c) (d)
Fig. 1 Population structure of association mapping panel of wheat accessions from Henan province based on the iSelect 90 K SNP genotyping.a
Membership coefficient (Q-value) where each horizontal line represents ranged wheat cultivars (X-axis) and the accessions were partitioned into
four subpopulations. Y axis represented the percentage of shared alleles between paired lines.b The plot of the scaled mean logarithm of the
probability of data likelihood [LnP (D)] (Y-axis) and delta K (� K) with K (X-axis) allowed ranging from 2 to 10.c Plot of the first two principal
components illustrated four subpopulations which assigned in STRUCTURE result.d Neighbor-joining phylogenetic tree of 96 wheat cultivars.
Colors of branches in the tree indicate matching the population inferior by Sp1 to Sp4
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To investigate phylogenetic relationships among the
cultivars, a phylogenetic tree was constructed based on
the genotyping data for the 96 cultivars. Cultivars
grouped in Sp1 and Sp3 showed a congruent relation-
ship with the results of STRUCTURE and PCA with few
exceptions (Fig.1d). The cultivars grouped in Sp2 were
divided into two clusters: one cluster diverged from the
other three subpopulations and the second cluster was
linked to Sp3 accompanied by the Sp4 cluster.

Number of variable sites, nucleotide diversity (� ), and
average number of nucleotide differences were highest
in Sp3 (35,722, 0.13862, and 11,230.98265, respectively),
followed by Sp1 (31,897, 0.12774, and 10,348.97462) and
Sp2 (27,206, 0.11351, and 9196.18937), and were lowest
in Sp4 (27,684, 0.10994, and 8906.97984) (Table S3).

The mean LD estimates ranged fromr2 = 0.82 (0–0.5
Mb) to r2 = 0.12 (436–436.5 Mb) (Fig. S1b). The LD score
rapidly decayed from 0 to 10 Mb and showed an approxi-
mate inflection point of r2 > 0.6. The LD decay showed a
moderate decrease within 10–60 Mb with r2 ranging from
0.6 to 0.4. The fitted regression intersected the threshold
at approximately 30 Mb with average LD decay atr2 = 0.5.

Phenotypic trait evaluation and correlation
The phenotype in the two environments was signifi-
cantly correlated (p < 0.01) and the kernel density distri-
bution of phenotype BLUP values showed that all traits
exhibited a continuous distribution (Fig.3a). Broad-

sense heritability on the tested 12 traits ranged from
0.53 (TN) to 0.98 (MD and FP). For seven traits (HD,
MD, GFP, FP, SN, TKW, and GFR),H2 was greater than
0.9, whereasH2 for GY, KPS, TN, PH, and SP was 0.684,
0.656, 0.531, 0.531, and 0.473, respectively (Table1).

Pearson correlation analysis was conducted to examine
pairwise correlations among the 12 traits (Fig.3b). Of
these traits, GY was positively correlated with MD, FP,
PH, and KPS (r = 0.21, 0.21, 0.21, and 0.30, respectively),
but negatively correlated with SP and SN (r = � 0.25 and
� 0.25, respectively). In addition, GY showed a weak
positive correlation with TKW and GFR (0.19 for both
but not significant). A strong negative correlation was
observed between TKW and KPS (r = � 0.37). In
addition, a negative correlation was observed between
SN with TKW (r = � 0.44) and KPS (r = � 0.34).

For period-related traits, MD and FP were positively
correlated with TKW (r = 0.25), negatively correlated
with SN (r = � 0.29), and not significantly correlated with
KPS. In addition, both traits showed a positive correl-
ation with HD (r = 0.50) but no significant correlation
with GFP. On the other hand, HD showed a strong
negative correlation with GFP (r = � 0.81).

Phenotypic trait dominance among subpopulations
The phenotypic dominance among subpopulations at
K = 2 andK = 4 was assessed, and was more strongly ob-
served atK = 2 (Fig.4a) than underK = 4 (Fig.4b).

Fig. 2 The map of China. The main wheat production areas in Henan are marked in yellow box. The orange area is the Northwest plain of
Henan; Blue aera is centre-east plain of Henan; grey is the intermediate region. The Gradient black arrow is the southeast monsoon in summer;
Gradient red arrow is northwest monsoon in winter
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