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Abstract

Background: Wheat breeding over the last 100 years has increased productivity by adapting genotypes to local
conditions, but the genomic changes and selection signals that caused phenotypic change during breeding are
essentially unknown. Studying and understanding human selection of multiple important genes controlling key
phenotypic traits will promote wheat molecular breeding.

Results: A total of 1152 diverse global wheat materials were genotyped based on KASP markers from 47 genes
controlling grain yield, grain quality, adaptation, and stress resistance. Significant phenotypic variations between
landraces and modern cultivars were found in 11 adaptive and yield-related traits. Thirty-six improvement-selective
favorable alleles, including 22 positive prolonged and 14 negative selection alleles, were identified through
comparing frequency spectra. Sus1-7A-Hap-H, Sus1-7B-Hap-T, Sus2-2A-Hap-A, TGW6-Ala, Cwi-4A-Hap-C, vin-Al, PHST-
PHS+ and Lr34+ were subjected to strong selection, and overwhelmingly strong selection had occurred before
improvement selection at Psy-A1b, Psy-Bla or b, Psy-D1a and Cwi-5D-Hap-C. However, Rht-81b, Rht-D1b and 1BL.1RS
were rare or absent in Chinese landraces but present in modern Chinese cultivars and introduced accessions.
Importantly, Lr68+, Fhb1+, Wx-B1b and Yr15+, currently existing at a low frequency, should be regarded as further
major improvement targets in global wheat breeding. Gene flow analysis showed that introduced cultivars
especially from the former USSR and Italy contributed to enriched genetic variation in modern Chinese cultivars.

Conclusions: This work objectively reports human selection on favorable alleles of multiple crucial genes in Asia, Europe,
North America and CIMMYT, and traces the distribution of important genes in global wheat for molecular breeding.
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Background

Bread wheat (Triticum aestivum L.), one of the most
important crops worldwide for human nutrition,
originated 8000-10,000 years ago [1, 2]. With the rapid
development of agriculture over the last 100 years,
breeders have increased grain yield by adapting geno-
types to local conditions [3] and have utilized variation
in many traits [4]. Improved traits cover a wide range,
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such as semi-dwarf statures [5], vernalization and photo-
period responses [6], tolerance to biotic and abiotic
stresses [7], nutritional quality, and yield stability [8].
Chinese wheat production has made significant ad-
vances since 1949. This began with utilization of super-
ior landraces in the early 1950s and direct or indirect
exploitation of introduced varieties. Landraces formed
the basis for wheat improvement programs [9] and were
valuable sources of genetic diversity and adaptation to
local environmental conditions [10]. Landraces were key
genetic resources for modern wheat breeding and pro-
vided the basic genetic materials for variety improve-
ment [4, 11]. Introduced varieties also played major
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roles in improving wheat production and genetic diver-
sity. Introduced cultivars contained 76.3% of the alleles
present in Chinese accessions, and some of these alleles
are correlated with known functional genes controlling
traits such as resistance to leaf rust and stripe rust, and
high grain yield [12]. Therefore, analysis of genetic vari-
ation in wheat on a global scale could allow breeders to
identify further desirable germplasm for breeding.

The detection of past selected loci, as one method of
evaluating genetic change might identify breeding targets
and provide opportunities for improving genomic selec-
tion models [13, 14]. Genomic studies have identified
loci during improvement in soybean [15], cotton [16],
rice [17, 18] and maize [19]. With the application of sin-
gle nucleotide polymorphism (SNP) chips, some selected
regions and haplotype blocks associated with important
agronomic traits were identified in wheat [3, 20-23].
These efforts have an impressive potential impact to
help us understand improvement-selective sweeps in
bread wheat, but with relatively higher cost and
false-positive rate. Crop improvement involves artificial
selection of specific alleles at loci controlling key mor-
phological and phenotypic traits [4]. Therefore, varieties
experienced strong selection at genes identified as tar-
gets of artificial selection [24]. Moreover, functional
genes have not been used to uncover genetic varia-
tions and selection signals during wheat improvement
in a sufficient number of samples. Fortunately, more
than 100 functional markers from cloned genes are
available for agronomic traits in wheat [25], and with
the advance of high-throughput genotyping, many
kompetitive allele specific PCR (KASP) assays for
those genes have been developed and validated [26].
The KASP genotyping technology of LGC Genomics
[26, 27] is a flexible genotyping platform for discrim-
ination of SNP or InDel differences. Therefore, an ex-
cellent opportunity has been created for assessing the
genome-wide effects of functional genes selected dur-
ing wheat breeding.

In this study, a large, diverse collection of 1152 wheat
accessions representing a worldwide geographic distribu-
tion were analyzed using KASP assays from 47 genes
controlling agronomic traits including grain yield, qual-
ity, adaptation, and stress resistance. Genetic diversity
and divergence were estimated on both phenotypic and
genotypic differences between landraces and modern
cultivars in order to detect selection signals during im-
provement. In addition, gene flow and allelic variation in
functional genes were compared to demonstrate the
contributions of introduced accessions to Chinese wheat
breeding. This study provides a robust foundation for
identifying targets of selection and understanding global
distribution of important genes for wheat molecular
breeding.
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Methods

Plant materials and DNA extraction

To ensure wide geographical distribution and a rich repre-
sentative sampling of wheat germplasm we selected a total
of 1152 accessions including 672 introduced cultivars and
480 Chinese varieties (Additional file 1: Table S1). The
latter set included 245 accessions in the mini-core collec-
tion [28] and 235 modern cultivars released over the three
decades from 1980 to 2010. The 672 introduced acces-
sions originated from four international regions covering
21 countries, including North America (153), CIMMYT
(53), Europe (384) and the former USSR (82). Genomic
DNA was isolated from fresh leaves of a single plant in
each accession by the CTAB method [29]. The final
diluted DNA concentration was 40 ng/pL.

Phenotypic assessment and statistical analyses
During the wheat-growing seasons from 2014 to 2016, the
480 Chinese accessions were planted at the Chinese Acad-
emy of Agricultural Sciences (CAAS) Xinxiang Experi-
ment Station in Henan province (113.5°E, 35.2°N). The
planting density was 40 seeds per row in 2m four-row
plots, and the rows were 25 cm apart. Field management
followed local practices. Ten plants from the middle row
of each accession were measured to evaluate eleven traits,
including heading date (HD, days), flowering date (FD,
days), plant height (PH, cm), effective tiller number (ETN,
number), spike length (SL, cm), spikelet number per spike
(SN, number), kernel number per spike (KN, number),
1000-kernel weight (TKW, g), kernel length (KL, mm),
kernel width (KW, mm) and kernel thickness (KT, mm).
Basic statistics and ANOVA using the Tukey test be-
tween populations for each trait at a significance level of
5% (P <0.05) were carried out using PROC MIXED in
SAS v.9.4 (SAS Institute 2010). We used values calculated
by the best linear unbiased predictor (BLUP) method [30]
to represent the mean value of each trait from different
years. The overall mean (X) and standard deviation (o)
were subdivided by the accession value into 10 frequency
classes (X;) ranging from the first (X;<X-20) to the tenth
(X;>X + 20) with 0.50 spacing. The phenotypic diversity of
each trait for different subpopulations was estimated using
the Shannon-weaver index (H) [31].

H=- il PilnP,»

Where P; represents the ratio of the number of the ac-
cessions in the corresponding class to the total based on
phenotypic data.

KASP genotyping of functional genes
Liu et al. [25] summarized available functional markers
based on more than 30 cloned wheat genes controlling
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grain yield, quality, adaptation and stress resistance. Then,
Rasheed et al. [26] converted these conventional functional
markers into KASP assays that were confirmed to be reli-
able, accurate and significantly associated with the relevant
phenotypes in the cultivars and segregating populations. In
this study, the robust 52 KASP assays derived from 47
cloned genes underpinning key agronomic traits were used
for genotyping (Additional file 1: Table S2). Information
for seven assays associated with grain yield were provided
by Dr. Awais Rasheed (unpublished). Coding sequences for
other KASP assays were obtained from the literature and
used to design KASP primers based on diagnostic SNPs
following standard KASP guidelines. The allele-specific
primers carried the standard FAM (5 GAAGGTGAC
CAAGTTCATGCT 3’) and HEX (5° GAAGGTCGG
AGTCAACGGATT 3°) tails on the targeted SNP at the 3’
end. A common primer was designed so that the total
amplification length was less than 120 bp [26].

KASP assays were performed in 384-well formats with
5.0 uL mixtures containing 2.2 uL of 40 ng/pL DNA, 2.5 L.
of 1 X KASP V4.0 2X Master mix (KBS-1016-017), 0.04 uL
Mg?*, 0.056 L of primer mixture, and 0.204 ddH,O. Ultra-
pure water was used as the non-template control (NTC).
PCR was performed with the following profile: hot start at
95 °C for 15 min, followed by ten touchdown cycles (95 °C
for 20 s; touchdown at 65 °C initially and decreasing by 1 °C
per cycle for 25s), followed by 30 additional cycles of
annealing (95°C for 10s; 57°C for 60s). Amplification
products were genotyped on QuantStudio™ 7 Flex (Applied
Biosystems by Life Technologies), and data were visualized
using QuantStudio™ Real-time PCR software v.1.3 (Applied
Biosystems by Life Technologies).

Population structure and phylogenetic analysis

Genotypic data of 47 genes was used to calculate genetic dis-
tance among the 1152 accessions using Nei's distances [32]. A
neighbor-joining tree was constructed in PowerMarker v3.25
[33]. MEGA 5 [34] was used to visualize the phylogenetic tree.
The parameters for genetic diversity were conducted using
PowerMarker v3.25. Principal coordinate analysis (PCA) was
also performed to reveal relationships among different popu-
lations using the R package Adegenet v2.0.1 [35], and the first
two eigenvectors were plotted in two populations.

Analyses of association between KASP markers and traits
Using phenotypic data for 11 traits in three environ-
ments, we detected significant associations between loci
and traits. According to population structure above,
KASP assays from 47 genes of Chinese landraces and
modern Chinese cultivars were respectively used to im-
plement association analyses with one-way ANOVA
using PROC MIXED in SAS v.9.4 (SAS Institute 2010),
and a significant association was declared at a threshold
of P<0.05.
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Estimation of genetic differentiation and selection signals
Divergences, F-statistics (Fst) and genetic distance, are
measures of population differentiation based on genetic
polymorphism data [36]. We also analyzed gene flow be-
tween subpopulations from different countries [37]. Diver-
gence and gene flow were calculated with POPGENE
software [38]. To detect improvement loci from landraces
to modern cultivars, selection signals were estimated by
altering the population allelic frequency of polymorphic
loci of the target genes [17, 39]. A frequency difference be-
tween the two subgroups was interpreted to be an import-
ant selection criterion using Z tests in SAS software (SAS
Institute 2010). This has been used to measure population
differentiation in animals [40] and soybeans [41].

Results
KASP assays and genetic structure in global wheat
resources
The 1152 accessions were evaluated for genotype, pheno-
type and geographical distribution (Fig. 1a; Additional file
1: Table S1). Four hundred and eighty accessions were se-
lected from the Chinese mini-core collection and recently
released Chinese cultivars; 672 accessions were introduced
from other countries (Additional file 2: Figure S1).
Genotyping of the entire collection using 47 functional
genes allowed us to identify the allelic variations
(Additional file 1: Table S1). The polymorphic assays
from 47 loci were classified into four trait categories re-
lating to grain yield, quality, adaptation, and stress resist-
ance. Phylogenetic analysis (Fig. 1b) and principal
component analysis (PCA) (Fig. 1c) showed that lines
were divided into two groups referred to as Chinese
wheat resources and introduced cultivars (IC), although
different degrees of introgression were detected between
them. Accessions from China were divided into two
subgroups, Chinese landraces (CL) and modern Chinese
cultivars (MCC) (Additional file 3: Figure S2). Intro-
duced accessions were subdivided into four subgroups,
viz. European, former USSR, CIMMYT and North
American (Additional file 4: Figure S3).

Phenotypic variations from landraces to modern Chinese
cultivars

Morphological features were primarily selected during im-
provement, resulting in significant phenotypic differences
between landraces and modern cultivars. The Chinese
wheat panel of 157 landraces and 323 modern cultivars was
evaluated for 11 grain yield and adaptive traits in three en-
vironments based on genetic structure of Chinese wheat.
Basic statistics for all traits based on BLUP value indicated
significant changes in each trait (P<0.001) (Additional file 1:
Table S3). We made histograms of the 11 traits in differ-
ent environments (Additional file 5: Figure S4) and
found that in comparison to landraces, heading (HD)
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shown in blue and black, respectively

Fig. 1 Geographic distribution and phylogenetic relationships of 1152 accessions. a Geographic sources in which the distributed regions are
marked in purple. The five regions are China, former USSR, Europe, CIMMYT and North America presented as |-V, respectively. The world map is
available at https://commons.wikimedia.org/wiki/Category:Blank_SVG_maps_of_the_world. b A neighbor-joining tree of 1152 accessions
constructed with 47 KASP markers. ¢ PCA plots of all accessions based on the same number of markers. Chinese and introduced accessions are
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and flowering (FD) dates of modern cultivars were earl-
ier and plant height (PH) was reduced. Kernel number
per spike (KN), 1000-kernel weight (TKW), kernel
length (KL), kernel width (KW) and kernel thickness
(KT) were significantly increased, but effective tiller
number (ETN), spike length (SL), spikelet number per
spike (SN) were decreased in modern cultivars. The
trends of differences at all traits between two groups
were stable in three years (Additional file 6: Figure S5).

Modern breeding promotes divergence of functional
genes from landraces to modern cultivars

Due to significant phenotypic differences between land-
races and modern cultivars, we estimated the genetic di-
versity between them on 47 genes (Additional file 7:
Figure S6a). The mean diversity of the MCC estimated
at 0.32 was significantly higher than that of the CL
(0.26) (P<0.05). The diversity of functional genes in-
creased gradually during successive decades of breeding
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(Additional file 7: Figure S6b). This suggested that con- included six higher grain yield-related alleles (SusI-7-
ventional breeding by artificial hybridization has in-  B-Hap-T, Sus2-2A-Hap-A, GW2-6A-Hap-A, GW2-6B
creased diversity in gene coding regions. Population -Hap-1, CKX-Dla and TKW6-Ala), six great processing
genetic differentiation measured by Wright's Fst and and end-use quality alleles (Glu-D1d, Pina-D1b, Pinb-D1b,
genetic distance further revealed that genetic divergence  Pds-B1b, Pod-Alb and Wx-BI1b), and six stress resistance
occurred during breeding (Additional file 7: Figure S6c).  factors (Lri4+, Lr34+, Yri5+, VP-1Bc, IBL.IRS and
These results indicate that modern breeding has been  Dreb-Dla) (Additional file 8: Figure S7). In contrast, the
increasing the divergence in functional genes between frequencies of favorable alleles at 14 loci decreased from

landraces and modern cultivars. CL to MCC (Fig. 3¢, d). This might have been caused by

negative selection during breeding and therefore indicates
Conjoint analysis of improvement-selective signatures underutilization in modern breeding. The 14 alleles in-
and association signals cluded four for grain yield (GASR-A1-HlIc, Cwi-4A-Hap-C,

Genetic divergence caused the frequency spectra diver- GS-Dla and MOC-7A-Hap-H), five for quality (Glu-Al-
gence of selected loci. Thirty six of 47 functional genes had  AxI or Ax2*% Glu-BI-7OE, Pinb-B2b, Lcy-Blb and
significant differences in allele frequency between CL and  Zds-Ala), and five for stress tolerance (MFIT-AI-PHS+,
MCC (Z test, P<0.05) (Fig. 2a). Differences in the allele fre-  Sdr-Bla, 1-fehw3-Westonia type, PHSI-PHS+ and Fhbl+)
quencies of the 36 selected genes were further examined (Additional file 8: Figure S7). Additionally, Rht-Bib,
(Additional file 8: Figure S7). Favorable alleles of 18 selected ~ Rht-D1b, vin-D1 and Ppd-Dla predominated in modern
genes increased significantly from CL to MCC over differ-  Chinese cultivars at adaptation. Allelic variations of the
ent decades, indicating that they were positively selected remaining 11 genes, including vrn-Al, Cwi-5D-Hap-C,
from landraces to modern cultivars (Fig. 3a, b). These  SusI-7A-Hap-H, Psy-Alb, Psy-Bla or b and Psy-Dla, were

~
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Fig. 2 Improvement-selective sweeps detected by comparisons between Chinese landraces (CL) and modern Chinese cultivars (MCC). a Whole-
genome screening of selection signals of wheat improvement in 47 genes controlling important agronomic traits detected by comparisons of
allele frequency between CL and MCC using Z tests. Horizontal dashed lines indicate genome-wide thresholds of selection signals (Z test,
—logo(P) = 1.3). b—i Association signals corresponding to the relevant traits overlapping with strong selective signals. The blue and red dots
represent associated signals in MCC and CL, respectively. The horizontal dashed gray lines indicate significance thresholds of association signals.
The arrows mean loci associated with respective target traits
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present at high frequencies in both CL and MCC, suggest-
ing that they were nearly fixed before wheat improvement
(Fig. 3e, f; Additional file 8: Figure S7). In contrast, Lr68+,
Ppo-A1lb, Ppo-Dla, and Sus2-2B-Hap-H existed at low fre-
quencies in both subgroups and could be considered as the
further major improvement targets in breeding (Fig. 3g, h;
Additional file 8: Figure S7).

To further dissect the selected alleles we used ANOVA of
eleven traits to identify association signals in both landraces
and modern cultivars based on population structure analyses
above. A total of 189 association signals in modern cultivars
and 133 association signals for landraces were evaluated with
a significant threshold of P<0.05. More association signals
were detected in modern cultivars than in landraces (Fig. 4;
Additional file 1: Table S5). We identified more association
signals for the trait TKW in modern cultivars compared with
other traits, consistent with the notion that high yield was
the main goal of breeding. To further confirm selected loci
corresponding to the target traits we compared the associ-
ation signals and selective signatures in the 47 functional
genes. Nine selected loci underlaid the corresponding traits
in modern cultivars or landraces (Fig. 2). Three adaptation
genes, Rht-B1, Rht-D1 and Ppd-D1, accounted for 7-46% of
the phenotypic variances explained by PH, HD, and FD. Six
grain-yield genes were responsible for 1-7% of the pheno-
typic variances explaining their target traits (Additional file 1:
Table S4). In addition, some genes were associated not only
with the target traits but also other traits, indicating that
these genes had pleiotropic genetic effects (Fig. 4; Additional
file 1: Table S5).
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Global status of 47 functional genes in wheat

Allelic variations of the 47 genes were evaluated according to
geographic distributions (Fig. 5). Alleles at eight loci includ-
ing five associated with higher TKW (SusI-7A-Hap-H,
Sus1-7B-Hap-T, Sus2-2A-Hap-A, TGW6-Ala and Cwi-4A--
Hap-C) and three for winterness (vrn-Al), leaf rust resistance
(Lr34+) and low pre-harvest sprouting (PHSI-PHS+)
predominated in all modern cultivars, indicating strong
selection pressure. Favorable allelic frequencies of Psy-A1b,
Psy-Bla or b, Psy-Dla and Cwi-5D-Hap-C approached al-
most 100% and were fixation before improvement selection.
In contrast, all modern cultivars possessed lower frequency
of the favorable alleles in nine loci, including two for higher
grain yield (MOC-7A-Hap-H and GASR-A1-HIc), four for
great grain quality (Glu-B1-70E, Pinb-B2b, Wx-Blb and
Pod-Alb), and three for disease resistance (Lr68+, Fhbl+
and YrI15+), indicating the underutilization of these genes in
breeding. Alleles associated with hard grain texture
(Pina-D1b and Pinb-D1b), high molecular weight glutenin
subunit (Glu-D1d), lower yellow pigment content (Pds-B1b),
reduction of plant height (Rht-BI1b and Rht-D1b), and 1BL/
1RS translocation were rare or absent in CL but present in
the MCC and introduced cultivars, suggesting these genes
might originate from foreign countries, and played an im-
portant role in Chinese wheat improvement.

Introduced cultivars made a significant genetic
contribution to modern Chinese cultivars

To evaluate the contribution of introduced cultivars from
different geographic regions to modern Chinese cultivars

=
:

Grain yield

Adaptation Siress resistance

Povalue <0.0001  0.0001-0001  0.001-001  0.01-0.05 0.05-1.00 NA

Fig. 4 Heat maps of significant signals of 47 genes associated with eleven agronomic traits in Chinese landraces (CL) and modern Chinese
cultivars (MCC). Significance levels of loci associated with agronomic traits in the MCC are shown above horizontal dashed lines and those for CL
are below. Association signals from significant to weak are indicated by different colors from red to light gray. HD: heading date; FD: flowering
date; PH: plant height; ETN: effective tiller number; SL: spike length; SN: spikelet number per spike; KN: kernel number per spike; TKW: 1000-kernel
weight; KL: kernel length; KW: kernel width; KT: kernel thickness
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Fig. 5 Allele frequencies of 47 genes controlling grain yield, quality, adaptation and stress resistance among subgroups, i.e. North America, CIMMYT,
Europe, the former USSR, and China. According to breeding objectives for high yield, great quality, stress resistance and adaptation, the alleles that suffered
strong selections in this study were favorable alleles influencing high thousand kernel weight, excellent quality, stress resistance, and widely adaptation

we measured gene flow and allele differences. Gene flow
was frequent (4.78) and genetic differentiation was low
(0.05) in comparing the MCC with the former USSR
(Fig. 6a). Similarly, the index of genetic diversity of each
subgroup ranged from 0.26 (CIMMYT) to 0.32 (MCC)
(Fig. 6b). Further analysis between the MCC and
accessions from 18 European countries showed that
the MCC had the highest gene flow (3.08) involving
accessions from Italy (Fig. 6c). Although gene flows
between the former USSR, Italy and the MCC during
the 1950s to 1970s were high, it declined after the
1970s (Fig. 6d).

We compared the average allele number at 47 genes in
different regions, in order to evaluate the effect of intro-
duced cultivars (Additional file 9: Figure S8a). The favorable
allele number in modern Chinese cultivars was consider-
ably higher than average, and has been increasing since the
1970s, when the “Green Revolution” swept through China.
The use of semi-dwarf wheat is very widespread in China
as elsewhere. The frequency of Rht-DIb in the MCC was

higher than in other regions, but Rht-BIb occurred at a
relatively low frequency in MCC comparing with CIMMYT
because of the use of different dwarf germplasms between
modern Chinese cultivars and introduced cultivars
(Additional file 9: Figure S8b). The average allele frequen-
cies of genes controlling four kinds of traits were compared
in different subgroups (Fig. 6e). The MCC had higher favor-
able allelic frequencies than IC for grain yield. For example,
alleles controlling higher grain weight including Susi-7A--
Hap-H, Sus2-2B-Hap-H, and GW2-6A-Hap-A were present
at high frequencies in modern Chinese cultivars (Fig. 5). Be-
sides, photoperiod-insensitive type (Ppd-DIa) predomi-
nated in cultivars from China, CIMMYT and the former
USSR. However, the variability at various loci affecting
quality indicated a greater influence on CIMMYT than
other regions in breeding for end-use quality traits (Fig. 6e).
These alleles influenced hard grain texture (Pina-D1b), low
PPO activity (Ppo-A1b and Ppo-Dla) and lower yellow pig-
ment content (Zds-Ala) (Fig. 5). For stress resistance, the
average favorable allele frequency predominated in Europe
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compared with other regions, such as two genes governing  Discussion

drought tolerance (Dreb-Bla and I-fehw3-Westonia type),  Excellent landraces form the basis of early modern

one for low pre-harvest sprouting (MFT-AI-PHS+) and  Chinese wheat breeding

one for leaf rust resistance (Lr68+) (Fig. 5). Hence, those  Landraces have played an important role in early Chinese
introduced germplasms with numerous beneficial traits are  breeding programs [9]. In this study, we showed that both
vital for improving inferior characteristics in modern genetic distance and population differentiation were lower
cultivars and played a fundamental role in broadening the  between landraces and modern cultivars in the pre-1950s
base of wheat breeding in China. compared with that during other decades (Additional file 7:
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Figure S6c). In addition, genetic diversity was lost from
landraces (0.26) to modern cultivars (0.24) because a lim-
ited number of superior landraces were used in initial
breeding programs (Additional file 7: Figure S6b). Looking
back on the history of Chinese wheat breeding, we know
that in the early 1950s large numbers of landraces were col-
lected and evaluated in different ecological regions, and the
highest-ranking landraces with better yield potential and
disease tolerance were directly adopted for production [42].
A small population bottleneck occurred when these land-
races were extensively used in breeding. Nevertheless, with
the development of genotyping techniques, mining favor-
able allelic variations at genes hidden in landraces, such as
the low-frequency alleles detected in the current study, in-
cluding Lr68+, Ppo-Dla and Fhbl+, will contribute to
wheat breeding (Additional file 8: Figure S7). In addition,
an objective appraisal should be made to ensure that KASP
markers for functional genes are developed from known
polymorphic sites by sequencing several genetically diver-
gent samples keeping in mind the possibility of flaws such
as ascertainment bias. It is possible that landraces may have
rare or novel mutations in alleles that could not be
identified by the KASP markers. With the availability of the
complete reference genome of Chinese Spring, coupled
with on-going international efforts to sequence the wheat
pan-genome [2, 43], it leads to be possible to mine more
genetic  diversity  through  high-throughput and
cost-effective sequencing techniques [11].

Introduced cultivars were important components of
modern Chinese cultivars especially prior to 1980
Introduced varieties pushed Chinese breeding history for-
ward since the mid-1950s, and some of them were founder
parents [9]. In this study, genetic diversity was similar be-
tween modern Chinese cultivars (0.32) and introduced cul-
tivars (0.29), but they were significantly higher than that of
the landraces (0.26) at the gene level. This indicates that
worldwide breeding has not reduced the overall genetic di-
versity of wheat [3], which was similar to maize [44] and
rice [18]. Furthermore, higher gene flow values for the
MCC with either former USSR (4.78) or Italy (3.08) indi-
cated that introduced cultivars especially from these two re-
gions contributed greatly to the genetic variations of
modern Chinese cultivars (Fig. 6a). These results are con-
sistent with historical reports that Italian varieties Villa
Glori, Mentana, Funo, Abbondanza, St 2422/464 and Libel-
lula performed very well in the Yellow and Huai River val-
ley winter wheat region (Zone II), lower and middle
Yangtze River valley winter wheat region (Zone III), south-
western winter wheat region (Zone IV), and northwestern
spring wheat region (Zone VIII). Varieties such as Ukraine
0246, New Ukraine, Red Star, Kavkaz and Aurora from the
former USSR were disseminated mostly in Xinjiang [42].
Other counties contributed to Chinese wheat breeding, but
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to a lesser degree. For example, CIMMYT wheats with low
sensitivity to the photoperiod are widely adapted to diverse
climatic conditions [45]. We found that Ppd-Dla confer-
ring photoperiod insensitivity had a higher frequency in
both MCC (89%) and CIMMYT (92%) (Fig. 5), indicating
that the germplasm originating from CIMMYT probably
exerted a certain function in conferring on Chinese wheat
wide adaptation. In addition, we found good grain quality
in CIMMYT wheats and stress resistance from Europe
germplasms (Fig. 6e). Overall, our results support the point
that the Chinese wheat improvement was based on
hybridization programs involving well-adapted landraces
and introduced accessions. Thus worldwide germplasm ex-
change and utilization is an established way to widen the
genetic basis in wheat breeding.

Selection signals implicate the direction of molecular
breeding of wheat

Selection during breeding drastically reshapes crop ge-
nomes, which accumulates beneficial alleles located in
both genic and non-genic regions [46]. In the current
study, we found that favorable alleles were present in
higher proportions in modern cultivars than in landraces
due to the endeavors of breeders. This supports the fact
that artificial selection eliminates undesirable or even
deleterious alleles, and may cause accumulation of poten-
tially valuable alleles for the future demands of producers
and consumers [46, 47]. The detection of loci being se-
lected during crop improvement contributes to more tar-
geted breeding efforts and provides opportunities to
improve genomic selection models [14]. The effects on
the remaining genetic diversity might not only be positive,
but also could be negative or neutral [21]. In this study,
we identified selected alleles that originated from land-
races and introduced materials (Fig. 5). Alleles SusI-7A--
Hap-H, Cwi-5D-Hap-C, Psy-Alb, Psy-Bla or b, Psy-Dla,
and vrn-Al had high frequencies in both landraces and
modern cultivars (Additional file 8: Figure S7), indicating
that they were almost fixed before modern wheat breed-
ing. We also found low frequencies of favorable alleles at
Lr68, Ppo-D1I, Ppo-Al, Sus2-2B existed in both subgroups,
where selection could be focused in the future.

In summary, 18 favorable and 14 unfavorable alleles
influencing grain yield, quality and stress resistance were
strongly selected by comparing allele frequencies using
Z tests (Fig. 2a). Of the 13 loci affecting yield, favorable
alleles at Susl-7B, Sus2-2A, GW2-6B, TGW6-A1 and
GW2-6A were subjected to strong selection, and
Cwi-5D-Hap-C was almost fixed. For end use quality,
overwhelmingly strong selection had occurred before in-
tensive breeding at Psy-A1b, Psy-Bla or b and Psy-Dla
because of the global desire for white flour products. For
resistance to pre-harvest sprouting, PHSI-PHS+ was
strongly selected. Lr34+ was global favored due to its
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broad-spectrum resistance (Fig. 5). At the important loci
controlling adaptation, the strongest selection was for
vrn-Al, the winter allele that was almost global fixed, and
variations were mainly found at Vrn-BI and Vin-DI1. The
photoperiod insensitive allele Ppd-DIa was strongly fa-
vored in China, CIMMYT and the former USSR. Allelic
variations of Pina-D1b, Pinb-DI1b, Glu-Did, Pds-Blb,
Rht-B1b, Rht-D1b and I1BL.IRS were rare or absent in
Chinese landraces but present in both modern Chinese
cultivars and introduced cultivars. Importantly, Lr68+,
Fhbl+, Wx-B1b and Yr15+ existed at a low frequency for
all accessions, which could be regarded as improvement
targets in global wheat breeding.

Crucial functional genes are often pleiotropic
In the present study, we identified genes controlling adap-
tation, stress resistance, grain quality, and yield-related
traits during wheat improvement. In common with a re-
port based on a 9 K SNP chip analysis of wheat worldwide
[3], we detected the same loci selected in breeding, includ-
ing the well-known green revolution genes Rht-Bl and
Rht-D1 and flowering time regulation genes Vin-DI and
Ppd-D1. Moreover, almost all markers from genes
Susl-7B, GW2-6A, GW2-6B, CKX-DI, GASR-A1 and
GS-D1 regulating yield-related traits were associated with
their target traits (Fig. 4; Additional file 1: Table S4).
Association analysis showed that a number of selected
loci not only influenced the target trait but also other
traits (Additional file 1: Table S4). For example, the appli-
cation of the Rht-B1 and Rht-DI semi-dwarfing genes led
to significant increases in wheat yields [5]. Numerous re-
ports have shown that quantitative trait loci (QTL) for
kernel number per spike and thousand-kernel weight were
associated with Rht-B1 and Rht-D1 [48-51]. In our study,
Rht-B1 and Rht-D1I not only influenced plant height (PH)
but also heading date (HD), flowering date (FD), kernel
number per spike (KN), effective tiller number (ETN),
spike length (SL), and 1000-kernel weight (TKW) (Add-
itional file 1: Table S4). In wheat, the decrease in stem
elongation caused by GA-insensitivity results in improved
resistance to stem lodging and increased in assimilate par-
titioning to developing ears, enabling greater floret sur-
vival at anthesis and increased grain numbers per ear [52,
53]. We found that more traits were associated with
Rht-D1 than with Rht-B1 (Fig. 4; Additional file 1: Table
S5) because of different functional elements in promoter
regions, and thus potentially different patterns of expres-
sion [54]. Combined with the complex network of interac-
tions that modify the action of DELLA proteins, it was not
difficult to determine that the dwarf-type Rht-Bib and
Rht-D1b DELLA proteins affect different aspects of plant
phenotype [51]. In the examples (Rht-B1, Rht-DI1 and
Ppd-D1I) examined in wheat, these important genes have
pleiotropic effects [55, 56]. We found that Ppd-D1I, as a
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photoperiod gene for heading date (HD) and flowering
date (FD), also greatly influenced plant height (PH), kernel
number per spike (KN), effective tiller number (ETN),
spike length (SL), 1000-kernel weight (TKW), kernel
length (KL), kernel width (KW) and kernel thickness (KT)
(Additional file 1: Table S4). The Ppd-D1 gene not only
confers photoperiod insensitivity but also enhances yield
potential, which means that Ppd-D1 promotes heading
and maturation, reduces tiller, plant height, and kernel
number per spike [57, 58]. The effect is possibly associated
with increased early resource capture [56] and increased
spikelet fertility to influence the shortened growth period
and reduced tiller and spikelet number. In addition, some
QTLs controlling yield traits located on chromosomes 2A,
2B and 2D were also associated with photoperiod insensi-
tivity generally [59]. Therefore, crucial functional genes
with pleiotropic effects would provide important informa-
tion on dissecting genetic bases of wheat improvement.

Cross breeding promoted gene flow among populations
and improved the diversity of functional genes in the MCC
Modern wheat breeding reflects the most important targets
of artificial selection and creates superior plant genotypes
and phenotypes that are fixed in cultivars with improved
yield, stability, nutritional qualities, and other commercial
traits [8, 21]. Forty seven genes controlling grain yield, qual-
ity, adaptation, and stress resistance were included in this
study. Based on KASP markers developed from these im-
portant genes, we found that selection caused genetic diver-
sity increasing for functional genes (Additional file 7: Figure
S6a). On the one hand, modern wheat breeding programs
have aimed to develop high-yield varieties, and thus favored
adaptation and yield-related alleles, such as those selected
for photoperiod, vernalization, and grain yield, resulting in
previously rare alleles becoming frequent in modern culti-
vars [21, 60]. On the other hand, modern plant breeding
has promoted gene exchanges and recombination in the
gene coding regions for self-pollinated wheat [22]. Hence,
cross breeding has increased genetic diversity of modern
cultivars in comparison to landraces. In addition, introgres-
sion of novel germplasms in wheat breeding could be bene-
ficial for averting the narrowing of genetic diversity.

Conclusions

Genetic variation and phenotypic differences were ana-
lyzed using representative 1152 wheat accessions from
Asia, Europe, North America and CIMMYT based on
KKASP assays of 47 genes controlling grain yield, quality,
adaptation and stress resistance. Selection signals and
gene flow indicated that mining novel alleles of land-
races and utilizing introduced accessions are effective
ways to improve modern varieties. This study objectively
reports the distribution of important genes in global
wheats and may be useful for wheat molecular breeding.
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based on the BLUP values of phenotypic traits. Table S5. Genome-wide
association signals of 47 genes controlling adaptation and yield-related
traits. (XLS 1118 kb)

Additional file 2: Figure S1. Geographic origins of 1152 global wheat
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accessions in different subgroups. (PDF 2082 kb)

Additional file 3: Figure S2. Analysis of population structure in 480
Chinese wheat accessions based on 47 KASP markers. a Neighbor-joining
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Additional file 5: Figure S4. Phenotypic variations of 11 agronomic
traits in Chinese landraces (CL) and modern Chinese cultivars (MCC).
Phenotypic values of CL and MCC are indicated by red histograms with a
dashed black line and green histograms with a solid black line,
respectively. HD: heading date (days); FD: flowering date (days); PH: plant
height (cm); ETN: effective tiller number (number); SL: spike length (cm);
SN: spikelet number per spike (number); KN: kernel number per spike
(number); TKW: 1000-kernel weight (g); KL: kernel length (mm); KW: kernel
width (mm); KT: kernel thickness (mm). (PDF 1928 kb)

Additional file 6: Figure S5. Frequency distribution of phenotypic
variations of 11 agronomic traits in Chinese landraces (CL) and modern
Chinese cultivars (MCC) in three environments. Phenotypic values of CL
and MCC are indicated by a red histogram with a dashed black line and
a green histogram with a solid black line, respectively; 2014, 2015, and
2016 indicate the years in which all accessions were planted. a HD:
heading date (days); b FD: flowering date (days); ¢ PH: plant height (cm);
d ETN: effective tiller number (number); e SL: spike length (cm); f SN:
spikelet number per spike (number); g KN: kernel number per spike
(number); h TKW: 1000-kernel weight (g); i KL: kernel length (mm); j KW:
kernel width (mm); k KT: kernel thickness (mm). (PDF 5754 kb)

Additional file 7: Figure S6. Genetic diversity and population
differentiation of Chinese landraces (CL) and modern Chinese cultivars
(MCQ). a Genetic diversity between CL and MCC. b Genetic diversity of
the MCC during different decades. ¢ Genetic differentiation and distance
between CL and MCC during different decades. Fst and genetic distance
are marked in red and blue, respectively. (PDF 2136 kb)

Additional file 8: Figure S7. Allele frequencies of 47 loci in Chinese
landraces (CL) and modern Chinese cultivars (MCC). Red histogram shows
CL, green histogram means MCC. a, ¢, e and g show allele frequencies in
CL and MCC according to traits. b, d, f and h show changes in allele
frequencies during different decades. *P<0.05; **P<0.01; ***P<0.001; NS,
not significant. (PDF 8038 kb)

Additional file 9: Figure S8. Comparison of the numbers and
frequencies of favorable alleles in global wheat accessions. a Bean plot
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