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1 | INTRODUCTION

Bread wheat (Triticum aestivum. L) is a staple food for over 35% of the
world's population, playing a crucial role in global food security (Nigus
et al., 2022; Shiferaw et al., 2013). Climate change and population
growth have increased food demand (Rezaei et al., 2023), widening the
gap between demand and production (van Dijk et al., 2021). To meet
the rising food demand due to population growth and environmental
challenges, global wheat production needs to remarkably increase (van
Dijk et al., 2021). Increasing grain yield remains a primary goal of wheat
breeding. Wheat yield is primarily determined by three factors: spike
number per area, grain number per spike (GN), and TKW (Cao
et al., 2020; Lazaro et al., 2010; Wang et al., 2023). Wheat breeders face
the challenge of developing high-efficiency breeding strategy for vari-
eties with higher grain number and size (Kong et al., 2022; Kuzay
et al., 2019; Wang et al,, 2019; Wittern et al., 2022; Yao et al.,, 2021;
Zhang et al., 2018) since these traits often exhibit a trade-off and tend
to change together (Liu et al., 2023c). This requires a better under-
standing of the genetic architecture and networks underlying multiple
traits, as focusing on a single trait is insufficient for increasing grain yield.
Spike is the key component for determining grain yield in wheat.
Spike morphology is closely linked to GN and grain size (Guo
et al., 2018). For instance, the GN is determined by grain number per
spikelet and fertile spikelet number per spike (FSN), spikelet number
(SN) per spike (Zhou et al., 2021a). Spike length and SN determine
spike compactness. Spike morphology traits are primarily quantita-
tive, controlled by multiple quantitative trait loci (QTLs) and influ-
enced by environmental factors (Alqudah et al., 2020; Katz
et al., 2022; Lin et al., 2021; Liu et al., 2023c). Therefore, a key task
for accelerating wheat variety development is the genetic dissection
of architecture and networks governing spike morphology traits.
Genome-wide association studies (GWAS) have been successfully
used to dissect the genetic architecture and network of agronomic traits
(Fang et al., 2017; Liu et al., 2023b). To capture the available genetic
variability for the targeted traits, the GWAS population must have high
genetic diversity. This includes varieties released at different breeding
stages that are adapted to various geographical environments and
adverse stresses (Hao et al., 2020; Li et al., 2022a; Sansaloni et al., 2020).
The varieties development during the Chinese wheat breeding process
exhibits high genetic diversity due to significant changes in climatic
conditions (Hao et al.,, 2020; Li et al., 2022a; Walkowiak et al., 2020).
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identified genomic regions display obvious geographical differentiation in global
accessions and environmental adaptation over the past 120 years. In summary, we
reveal the genetic basis of adaptive evolution and the interactions of spike mor-
phology, offering valuable resources for the genetic improvement of spike mor-

phology to enhance environmental adaptation.

adaptive evolution, genetic network, grain yeild, GWAS

In wheat breeding, continuous domestication and selection for
spike morphology traits can cause fluctuation in allele frequency,
leading to a loss of genetic diversity (Haudry et al.,, 2007; Li
et al.,, 2022b; Wang, Wang, et al., 2022; Zhao et al., 2023; Zhou
et al, 2021b; Zhou et al., 2020). Chinese wheat breeding has
successfully improved grain yield over the past decades (Hao
et al., 2021; Qin et al., 2015). Simultaneously, spike morphology
has undergone significant changes for adaptive evolution (He
et al., 2021). To our knowledge, no systematic analyses of spike
morphology traits in Chinese wheat varieties over the past decades
have been conducted. Additionally, the genetic basis for the
modifications in spike morphology remains largely unknown.

In this study, we collected 830 wheat accessions released or
planted from 1900 to 2020 and assessed 16 spike morphology traits.
Comprehensive GWAS analyses allowed us to identify novel genomic
regions and genetic networks related to spike morphology traits.
Furthermore, we uncovered the genetic basis for the modifications in

spike morphology for environmental adaptation.

2 | RESULTS

2.1 | The variations of spike morphology traits
across wheat breeding process

We analyzed 16 spike morphology traits in 830 Chinese wheat ac-
cessions released from 1900 to 2020 (Table S1). These traits included
12 measured traits: spike length, spike weight, SN, GN, grain number
per spikelet, grain weight per spike, grain weight per spikelet, chaff
weight per spike, TKW, fertile SN per spike, the number of sterile
spikelet at top of individual spike (SSN-T), the number of sterile
spikelet at bottom of individual spike (SSN-B). Additionally, four
ratios or indirected traits were analyzed: SN/FSN, grain number per
spike/chaff weight (GN/CW), grain weight/chaff weight (GW/CW),
and grain weight/spike weight (GW/SW) (Table S2). Most of the
16 spike traits were highly correlated (Supporting Information S1:
Figure S1a). Principal component analysis (PCA) grouped the 16 traits
into three categories: (1) GN/CW; (2) TKW; (3) GN, chaff weight,
FSN, FSN/SN, grain number per spikelet, grain weight per spike, grain
weight per spikelet, GW/CW, GW/SW, spike length, SSN-B, SSN-T,
and spike weight (Supporting Information S1: Figure Sib). Their
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FIGURE 1 The modifications of spike morphology traits across Chinese breeding process. (a) The spikes at different phases of Chinese
breeding. (b-g), The differences of spike length (b), spike weight (c), spikelet number per spike (d), grain weight per spike (e), grain number per
spike (f), thousand kernel weight (g) among the different phases of Chinese breeding. Different letters above the bars indicate significant
differences at p < 0.05 (one-way analysis of variance followed by LSD. test).

broad-sense heritabilities of those traits ranged from 0.43 to 0.89
(Supporting Information S1: Figure Sic).

We evaluated the dynamics in the phenotypic values of 16 spike
morphology traits throuhtout the Chinese breeding process
(Table S3). The average values of most traits increased during
breeding process (Figure 1b-g, Table S3). However, nosignificant
changes in spike length were observed in this study (Figure 1b).
Comparing to accessions from pre-1960, accesions form 2001-2020
showed significant increases on average values: spike weight by
35.44%, SN by 2.11%, grain weight per spike by 41.34%, GN by
16.44% and TKW by 24.53% (Figure 1b-g, Table S3). Additionally,
the numbers of SSN-T and SSN-B gradually decreased, while the
fertile SN per spike increased thoughout the breeding process.
Compared to pre-1960 accessions, SSN-T and SSN-B decreased by
17.06% and 26.87%, respectively, while the number of fertile spikelet
per spike increased by 5.40% in the accessions of 2001-2020
(Table S3). These results indicated that the modern breeding
increased the number of fertile spikelets by reducing spikelet abor-
tion at the top and bottom of the spike. This increase in GN has
implications for improving wheat grain yield (Table S3).

These findings suggest that spike morphology traits have un-
dergone significant changes, resulting in a fuller appearance. These

structural characteristics may play a crucial role in improving yield. It

is intriguing to consider that spike morphology traits might have been

extensive selected during the wheat breeding process in China.

2.2 | Accumulation of favorable alleles linked to
spike morphological changes

To understand the genetic basis of the spike morphology trait modifica-
tions during the Chinese wheat breeding process, we conducted
GWAS on 16 spike morphology traits using 21,279,862 SNPs from 830
Chinese accessions. We identified a total of 49,994 SNPs (-logio(P
value) > 5.0) (Figure 2a), and 40.53% (20,263/49,994) associated with at
least two traits (Figure 2a, Table S4). To evaluate the relationship
between the accumulation of favorable alleles and the changes in spike
morphology, we determined the allele frequency of significant SNPs
thoughout the Chinese breeding process. An increased frequency of
favorable alleles was associated with increases in spike weight, grain
weight per spike, grain weight per spikelet, and TKW (Figure 2b). These
traits exhibited a consistent trend of improvement (Figures 1c.e,g and
2c-e, Tables S2 and Sé). Furthermore, the numbers of accumulated
favorable alleles for spike weight, grain weight per spike, and TKW
showed close connections with the phenotypic changes over the
breeding history (Figure 2f-h). For spikelet degeneration (SSN-T, SSN-B),
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FIGURE 2 Accumulation of favorable alleles for the spike weight (SW), grain weight per spike (GW) and thousand kernel weight (TKW) during
China wheat breeding and association networks across different spike traits. (a) Summary of 16 traits significant SNP (p value < 1e-5). (b), The number
of favorable alleles related to spike morphology in wheat at different breeding stages. (c-€), The number of favorable alleles related to spike weight (c),
GW (d) and TGW, (e) at different breeding stages. (f, g) Correlations between favorable alleles and spike morphology traits: SW (f), GW, (g) and

TKW (h). (i) The nodes represent wheat spike architecture traits and their associated loci. The sixteen traits are indicated by different colors. The edges
between the loci from different traits are linked by their peak SNP LD. Only the edges with an average LD 2 0.6 are displayed. Red dashed circles
indicate loci specifically associated with different traits. The size of the circle indicates the P-value of the correlation between the SNP within the loci

and the phenotype; smaller P-values indicate higher correlations. SW, spike weight.

the frequency of unfavorable alleles exhibited decreased trend (Tables S5
and S6). For SN per spike and fetile spikelet number per spike, favorable
alleles were abundant in pre-1960 accessions and increased from 1960 to
1980 to 2001-2020 (Tables S5 and Sé). In summary, these results indi-
cate that the accumulation of favorable alleles provide the genetic basis

for modifications of spike morphology during wheat breeding.

Allele frequency of identified SNPs were assessed across his-

torical periods using 145 wheat accessions, comprising modern Chi-

nese cultivars, Chinese landraces, and introduced modern cultivars
(IMC) (Hao et al., 2020). We quantified the prevalence of significant
SNPs for spike weight, grain weight per spike, TKW and GN in each

accessions, identifying the top 10 accessions for each trait (Table S7).
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Analysis showed that the IMCs like St 2422/464 had higher fre-
quencies of favorable allels associated with spike weight, grain
weight per spike, and TKW (Table S7). Likewise, modern Chinese
cultivars including Yannong 19, Shaan 213, Xinkehan 9, Jinan 16,
Zhoumai 16, and Wuyimai exhibited abundant favorable alleles for
spike weight, grain weight per spike, and TKW (Table S7). Moreover,
Chinese landraces such as Paozimai, Chinese Spring, and Baihuamai
showed numerous favorable alleles for gain number per spike. Con-
verserly, introduced accessions like Villa Glori and Neuzucht had
higher frequenciess of favorable alleles for GN and grain number per
spikelet (Table S7). These findings offer valuable insights into the
genetic diversity and variation in spike morphology traits among
introduced and locally improved wheat varieties in China.

Utilizing linkage disequilibrium (LD) and marker connections, we
identified 293 genomic regions associated with the 16 traits (Table S8).
These regions included 141 for the A genome, 95 for the B genome,
and 57 for the D genome, and 55.63% (163/293) associated with
multiple traits (Table S8). Additionally, 28.67% of identified genomic
regions overlapped with previously reported QTLs (Table S9). Known
genes such as TaNAC77-7B (Luo et al, 2021), TaPIN1-6D (Yao
et al, 2021), and TaVRN2-5A (Yao et al., 2021) were among those
identified (Supporting Information S1: Figure S2, Table S9). We de-
veloped a genetic network (Figure 2i) to explore the coregulation of
the 293 genomic regions and dissect their genetic architecture across
various spike morphology traits. Most identified genomic regions
showed correlations across traits (Figure 2i), except for GW/CW and
GW/SW (Figure 2i, Table S8). Specifically, genomic regions associated
with spike weight, grain weight per spike, grain weight per spikelet,
chaff weight per spike, and GN exhibited close associations (Figure 2i,
Table S8). Certain genomic regions, like chrlA: 109.7-112.8 Mb,
chrlA: 417.9-422.5Mb, and chrlB: 114.8-120.0 Mb, were pivotal
nodes in genetic network (Figure 2i, Table S8). Notably, chriB:
114.8-120.0 Mb, associated with SN (gSN1B.1) and grain setting
(qGS1B.2) (Pang et al., 2020), influenced traits including spike weight,
grain weight per spike, TKW, fertile SN per spike and GN (Figure 2i,
Table S8).

2.3 | Identification of genomic regions related to
important agrnomic traits

To evaluate the biological functions of the genomic regions with the
coregulated network, we focused on two specific loci chrlA:
109.7-112.8 Mb and chr1B: 114.8-120.0 Mb (Table S8). XP-CLR and
Fst analyses demonstrated that the genomic region (chrlA:
109.7-112.8 Mb) underwent selection and exhibited population dif-
ferentiation during the Chinese breeding process (Figure 3a,b). This
region was closely associated with spike weight, grain weight per
spikelet, TKW, SSN-B, FSN/SN, GN, and grain number per spikelet
(Figure 3c, Table S8).

We identified a total of 12 haplotypes (Hap-A1-12) within this
region, with Hap-A2 being the most prevalent and dominant across

different breeding phases. The proportions of Hap-A3 and Hap-A4

increased gradually over time, while Hap-Aé and Hap-A10 decreased
(Figure 3d, Tables S10 and S11). Hap-A3 and Hap-A4 exhibited rel-
atively higher average values for spike weight, grain weight per spike,
TKW, GN, FSN/SN, but lower SSN-B compared to other haplotypes.
The frequency of Hap-A3 and Hap-A4 notably increased during the
breeding process (Figure 3e, Table S12).

Understanding the genetic composition of wheat backbone
parents is crucial for optimizing their use in high-yield breeding
programs. Within the chr1A: 109.7-112.8 Mb interval, we identified
three haplotypes among Chinese wheat backbone parents, encom-
passing the 145 wheat accessions analyzed previously (Figure 3f,
Table S13). Notably, Wuyimai possessed a unique haplotype distinct
from those found in other backbone parents, which were further
divided into two distinct haplotypes (Figure 3f, Table S13).

We examined the haplotype frequency differences for the
interval chr1A: 109.7-112.8 Mb in Chinese and American cultivars
and landraces based on previous data set (Niu et al., 2023), In
landraces, six haplotypes were identified, while only four were
found in Chinese cultivars and one in American cultivars, respec-
tively. Hap-cu-A4 was the predominant haplotype in both Chinese
and American accessions. Conversely, Hap-cu-A2 and Hap-cu-A3
were exclusive to landraces, indicating a selection preference by
Chinese and American breeders for this genomic region (Figure 3g,
Table S14).

XP-CLR and Fst analyses indicated that the genomic region
chriB: 114.8-120.0 Mb was subject to selected and showed popu-
lation differentiation during wheat breeding process in China
(Figure 4a,b). The region was significantly associated with nine traits:
spike weight, grain weight per spike, chaff weight per spike, TKW,
SSN-T, fertile spike number per spike, FSN/SN and GN, and
grain number per spikelet (Figure 4c, Table S8). Eight haplotypes
(Hap-B1-8, number greater than 5) were detected for this genomic
region (Table S15). Hap-B1 emerged as the dominant haplotype,
showing an increasing frequency trend, whereas Hap-B3 to Hap-Bé
showed a decreasing trend. Notably, Hap-B5's frequency significantly
declined from 17% to 4% (Table S16). Hap-B1 exhibited higher values
of spike weight, grain weight per spike, GN, and TKW compared to
Hap-B5 (Figure 4d,e, Table S17). These results suggest that Chinese
breeders have selected high-yield haplotypes for this genomic region.
Two haplotypes were identified in Chinese wheat backbone parents
for this interval, with Aimengniu and Xiaoyané showing identical
haplotypes to the reference genome (Chinese Spring) (Figure 4f,
Table S18). When analyzing haplotype distribution in Chinese and
American cultivars and landraces using a previous data set (Niu
et al,, 2023), seven haplotypes were identified in landraces, while
only three were found in Chinese cultivars and two in American
cultivars. Hap-cu-B1 was predominantly found in Chinese cultivars
(44.68%), whereas most American cultivars (96.97%) carried Hap-cu-
B7 (Figure 4g, Table S19). Hap-cu-B7 had the highest frequency
among the haplotypes (Figure 4g, Table S19). The selection process in
this genomic region by Chinese and American breeders has led to
reduced haplotype diversity in the cultivars (Figure 4g). These find-
ings indicate that these two colocalized regions have been under
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FIGURE 3 Identification and breeding selection of the haplotype blocks on chromosome chr1A: 109706033-112856267. (a) Genome-wide
selection signals (XP-CLR scores) of different wheat breeding eras in China. (b) Fst of different wheat breeding eras in China. (c) Manhattan plots
for spike weight (SW), grain weight per spike (GW), thousand kernel weight (TKW), the number of sterile spikelet at bottom of individual spike
(SSN-B), FSN/SN, grain number per spike (GN) on chromosome chr1A: 109706033-112856267. The orange dots represent the significantly
associated signals around the identified interval at the threshold of P < 1.0 x 10 - 5. (d) Percentages of different haplotypes over Chinese
breeding process. (e) The differences of SW, GW, TKW, the number of sterile spikelet at SSN-B, FSN/SN and GN among the four haplotypes. In
each plot, the central line indicates the median, the box limits indicate the upper and lower quartiles, the whiskers indicate 1.5x the interquartile
range. The significance of the difference was analyzed using Fisher's least significant difference in 12 haplotypes. (f) Distribution of haplotype
blocks of genomic region (chr1A: 109706033-112856267) in the wheat backbone parents. The genome that is the same as the Chinese Spring is
indicated in gray (Ref), the heterozygous sites (Heterozygous) are indicated in yellow, and the homozygous change sites (Alt) are indicated in
green. The missing sites (NA) are indicated in white. (g) Percentages of different haplotypes in landraces, China and America cultivars. FSN, fertile
spikelet number per spike.

artificial selection for an extended period, focusing on increasing

grain yield and environmental adaptation.

2.4 | Identification of a favorable allele for the
increase of spike weight, grain weight per spike, and
grain number per spike

We identified a major peak at chriB: 114.8-120.0 Mb, which is
associated with spike weight, grain weight per spike, GN, and TKW
(Figure 5a-d, Tables S4 and S8). Further analysis of linkage dis-
equilibrium in this region revealed that the SNPs are within a single

block (Figure 5e). This block encompasses 14 genes, which
TraesCS1B02G104500 showing the highest expression in grain
(Table S20). Thus, TraesCS1B02G104500 is likely the candidate gene
influencing grain weight per spike, GN and spike weight in wheat. We
detected four SNPs in the association population (+2T>C,
+2,265G/C, +2,394G/C, +2,819 T/C), with two being nonsynon-
ymous (+2 Met/Trp, +2,394 Gly/Ala). Using these SNPs, we classified
all the accessions into five haplotypes (Hap1-5). Hap1 (402 acces-
sions) and Hap2 (298 accessions) are the two major haplotypes, with
Hap-1 having a sequence similar to the reference genome (Chinese
Spring) (Figure 5g). Hap1 exhibited higher average values for spike
weight, grain weight per spike, GN and TKW (Figure 5h-k).
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FIGURE 4 Identification and breeding selection of the haplotype blocks on chromosome 1B: 114665493-120067499. (a) Genome-wide
selection signals (XP-CLR scores) of different wheat breeding eras in China. (b) F,; of different wheat breeding eras in China. (c) Manhattan plots
for spike weight (SW), grain weight per spike (GW), chaff weight per spike (CW), thousand kernel weight (TKW), the number of sterile spikelet at
top of individual spike (SSN-T), fertile spikelet number per spike (FSN), FSN/SN, grain number per spike (GN) on chromosome chriB:
114665493-120067499. The orange dots represent the significantly associated signals around the identified interval at the threshold of

P <1.0 x 10 - 5. (d) Percentages of different haplotypes over Chinese breeding process. (e), The differences of SW, GW, CW, TKW, SSN-T, FSN,
FSN/SN, GN between the two haplotypes. In each plot, the central line indicates the median, the box limits indicate the upper and lower
quartiles, the whiskers indicate 1.5x the interquartile range. The significance of the difference was analyzed using Fisher's least significant
difference in 8 haplotypes. (f), Distribution of haplotype blocks of locus (chriB: 114665493-120067499) in the wheat backbone parent. The
genome that is the same as the Chinese Spring is indicated in gray (Ref), the heterozygous sites (Heterozygous) are indicated in yellow, and the
homozygous change sites (Alt) are indicated in green. The missing sites (NA) are indicated in white. (g), Percentages of different haplotypes in
landraces, Chinese and American cultivars. CW, chaff weight.

We identified a SNP in TraesCS1B02G10450 (G/C at

+2,394 bp in the gene), resulting in an amino acid substitution from

(NIL®) showed an increase in spike weight and grain weight
(Figure 5i,m, Tables S21 and S22).
Glycine to Alanine. To understand the impact of this SNP on spike

morphology traits, we examined recombinant inbred lines (RILs)

derived from the parents Bainong (carrying the G allele) and
Jingshuang (carrying the C allele). On average, RlLs with the G
allele exhibited higher values for spike weight, GN and grain
weight per spike (Table S19). We further constructed near-
isogenic lines (NILs) that carried the G allele from Bainong through
repeated backcrossing into Jingshuang. Compared to the parental
line Jingshuang with the C allele (NILS), the improved Jingshuang

3 | DISCUSSION

Numerous studies have extensively examined wheat spike morphol-
ogy traits, including rachis (Avni et al., 2017; Guo et al., 2020),
SN (Pu-Yang et al., 2022; Kong et al., 2022; Kuzay et al., 2019; Yao
et al., 2021), GN (Glenn et al., 2022; Sakuma et al., 2019; Wang
et al,, 2023; Yao et al., 2021), TKW (Li et al., 2021; Liu et al., 2019;
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FIGURE 5 GWAS identification of candidate gene for spikelet traits variation and functional validation of superior allele. (a-d), Manhattan
plot of spike weight (SW), grain weight per spike (GW), grain number per spike (GN), and thousand kernel weight (TKW). (e) Local Manhattan plot
of SW in the region of chr1B: 114.8-120.0 Mb (top), and linkage disequilibrium (LD) heat map (bottom). (f) The gene expression of the candidate
gene in different tissues. (g) Gene structure and haplotype analyses of TraesCS1B02G104500, the blue and pink colors indicate the reference and
the alternative sequence, respectively. (h-k), the differences of SW, GW, GN and TKW among the five haplotypes. (i-m), The differences of

spike weight and grain weight among near-isogenic lines (NILs). The data are shown as means + SD. Significant differences were determined by

Student's t test (two sided, *p < 0.05, **p < 0.01, ***p < 0.001).

Sun et al., 2020). However, our study not only included these traits,
but also focused on other traits like grain number per spikelet, grain
weight per spikelet, and the number of degenerated spikelets at both
the top and the bottom of the spike, which have not been thoroughly
analyzed. The goal of crop breeding is to combine desirable traits

from different parental lines to enhance grain yield and environ-
mental adaptation (Scott et al., 2020; Zeng et al., 2017). ldentifying
favorable alleles aids breeders in selecting suitable parents and
guiding breeding efforts for high grain yield and environmental
adaptability. In this study, we performed GWAS of 16 spike
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morphology traits using 830 Chinese wheat accessions released from
1900 to 2020. We identified significant SNPs associated with mul-
tiple traits. This genetic analysis of spike morphology traits will help
to uncover potential genomic signals contributing to high wheat yield
and environmental adaptation. Additionally, we comprehensively
evaluation the frequency of potential favorable alleles throughout the
breeding process. Our findings demonstrated a significant positive
correlation among the number of favorable alleles and phenotypic
modifications, indicating that selecting favorable loci positively
impact spike morphology traits during breeding process. These
results provide valuable references for parent selection in wheat
breeding programs.

Breeders need to consider the potential trade-offs between
agronomic traits due to their close correlations (Chen and Liibber-
stedt, 2010; Fang et al., 2017). To better understand the interactions
between spike morphology traits, we constructed a genetic network
of these traits. This network offers valuable insights for developing
effective strategies that avoid trade-offs in molecular design of spike
morphology for enhance environmental adaptation.

The 293 identified genomic regions provided valuable resources
for a deeper understanding of the genetic structure and co-
localization of wheat spike traits. Notably, we identified several
previously studied genes, such as TaZIM-A1 (Liu et al., 2019), TaPIN-
D1 (Yao et al., 2021), and TaNAC-B77 (Luo et al., 2021; Yao
et al., 2021). The genomic region (chriB: 114.8-120.0 Mb) overlaps
with an interval associated with spike number as determined by a
previous study (Pang et al., 2020). This region shows selection pref-
erences in both Chinese and American varieties. Interestingly, we did
not identify previously reported genes related to spike traits, such as
WHEAT ORTHOLOG OF APO1 (WAPO1) (Kuzay et al., 2019), FRIZZY
PANICLE (FZP) (Du et al., 2021), and VERNALIZATION1 (VRN1) (Yan
et al., 2003). To clarify the reasons of the undiscovered these genes,
we carried out further analyses. Firstly, we retrieved SNPs from the
imputation genotype and found no SNPs within these genes.
Although these genes significantly influence spike traits, the absence
of SNPs in these regions may have hindered their identification.
Secondly, GWAS was conducted based on the BLUP values of phe-
notypic data in ten environments. This may affect the identification
of the genes, which exhibit obvious phenotype in a given condition.
For instance, VRN1 (Yan et al., 2003), a wheat vernalization gene,
might require specific environmental conditions to identify gene-
environment interactions. Thirdly, the wheat spike traits are deter-
mined by different genes with weak influences. The effects of well-
known genes may be diluted among the numerous contributing
genes, making their identification challenging in this population.

The genotype-phenotype map and genetic network of wheat
spike morphological traits offer valuable resources for breeding
superior wheat varieties with environmental stability. They also
provide crucial insights into the genetic mechanisms underlying these
traits. Different environments can trigger unique gene expressions,
resulting in varied spike phenotypes. Future GWAS analyses should
investigate the genetic basis of traits across different environmental

conditions, identifying the variability and conservation of genes

related to spike traits. This approach will reveal the mechanisms of
wheat's environmental adaptation and inform the selection of im-

proved genes for breeding regionally adaptable varieties.

4 | METHODS

4.1 | Plant materials and growth conditions

The 830 Chinese wheat accessions in this study were categorized
into four groups (pre-1960, 1961-1980, 1981-2000, 2001-2020)
on the basis of their release year (Table S1). These accessions were
cultivated under field conditions in 2020 and 2021 at ten loca-
tions: Xiangshan Experimental Station in Beijing (40.06°N,
116.11°'E) (location 1), Zhaoxian (37.76°N, 114.78°E) (location 2),
Qingdao (36.07°N, 120.38°E) (location 3), Linfen (34.7°N, 112.5°E)
(location 4), Xinxiang (35.37°N, 113.90°E) (location 5), Luoyang
(34.7°N, 112.5°E) (location 6), Zhengzhou (34.72°N, 113.64°E)
(location 7), Nangyang (33.03°N, 112.5°E) (location 8), Sugian
(33.86°N, 118.27°E) (location 9), and Yangling (34.31°N, 108.10°E)
(location 10). The experiment was conducted using an augmented
experimental design by ACBD software with 16 blocks and five
controls repeated in each block. Each accession was planted in a
3 m six-row plot with 20 cm between rows (1.2 x 3 m), and sowing
rate was decided based on germination rate and 2.7 million/
hectare basic seeding. Each field applied about 750 kg of com-
pound fertilizer (N:P:K=15%:15%:15%)/hectare and 150 kg urea
(46%N)/hectare before sowing. A winter irrigation was carried out
for each experimental plot from November to next year January
except for Linfen and Xinxiang. Other field management followed

local agronomic practices.

4.2 | Phenotyping of wheat spike traits

We measured the 16 spike morphology traits across 10 locations,
which include 12 direct measurements and four ratios/undirected
traits. The 12 traits consist of spike weight (SW), spike length, chaff
weight (CW), grain number per spike (GN), grain weight (GW),
thousand kernel weight (TKW), SN, fertile spikelet number (FSN),
grain number per spikelet (GN-M), grain weight per spikelet (GW-M),
the number of sterile spikelets at top of individual spike (SSN-T), the
number of sterile spikelets at bottom of individual spike (SSN-B). The
four ratios/undirected traits comprised GN/CW, GW/CW, FSN/SN,
and GW/SW (Table S2). To determine these traits, five spikes were

selected from the main shoots of different plants.

4.3 | Phenotype analysis

The BLUP for each trait in the 10 environments (10 locations X
1 year) was estimated with the ‘Ime4’ package in R (Bates et al., 2015)
using the liner mixed model:
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Yj = u + gen; + eny; + (genXenv); + error;

Where Yj is the trait of the iy genotype in ji environment, gen
means genotype, env means environment, error was set to random. The
BLUP value of each inbred line was used for basic statistical analysis of
the phenotypes, correlation analysis, cluster analysis and PCA. Correlation
among the 16 spike traits was estimated using Pearson correlations

between pairs of traits with the ‘cor’ function in R. The formula used was:

pxy = cov(X, Y)/(oX x aY)

where cov (X)Y) is the co-variance between two spike traits, and oX and
oY represent the standard deviation (s.d.) of the two traits and the cluster
analysis of 16 spike morphology traits was performed using the ‘ggcorr-
plot’ function in R ‘ggcorrplot’ package (Kassambara, 2018) with the
‘ward.D’ method. The ‘principal’ functions of the ‘prcomp’ function in R
package were used to perform PCA (R version R-3.5). The broad-sense

heritability (h?) was calculated using the following formula:

H2 = 0% /(0% + 02¢/2 + 02/2r)

Where 0% is the genotypic variance, oég is the genotype by the
environment effect, o2 is the residual error, and r is the average

number of replications (r = 5).

4.4 | Genotype imputation and SNP filter

Genotype imputation (van Leeuwen et al., 2015) estimates missing
genotypes from the reference panel and enhance the power of
genome-wide association studies and conducting subsequent fine-
mapping. For this study, we utilized wheat 660 K chip sequencing to
generate genotype data for 830 wheat accessions, and SNPs for 830
wheat accessions were obtained throughout genotype imputation
based on the SNPs from 306 worldwide wheat accessions (Zhou
et al., 2020a). Genotype imputations followed the methodology of
previous studied(Guo et al., 2022; He et al., 2008; Hou et al., 2014;
Zhou et al., 2020a). We used the Beagle program (Browning
et al., 2018; Browning et al., 2021) for genotype imputation, applying
parameters of ‘overlap =500, window =5000, ne=12,000' (He
et al., 2019). The accuracy of imputation was estimated to be over
90% in both GT and GL modes (He et al., 2019).

4.5 | Identification of selective sweeps for wheat
breeding improvement

The XP-CLR test was utilized to detect selective sweeps, identifying
potential improvement-related sweeps (Chen & Patterson, &
Reich, 2010). We used 116 accessions from pre-1960 as a reference
and compared them with 98 accessions for 1961-1980, 198 acces-
sions for 1981-2000, 418 accessions for 2001-2020 to identify
potential selection-related sweeps. The XP-CLR score between two

@—Wl LEY— >

wheat populations (pre-1960 vs 1961-1980, pre-1960 vs 1981-2000,
pre-1960 vs 2001-2020) was calculated using the parameters “--rrate
1e-8 --maxsnps 200 -size 500000 --step 100000". To detect the
selection of the identified genomic regions, selection sweeps were
ranked based on decreasing XP-CLR scores, with the top 5% regions as

selective sweeps.

4.6 | Identification of differentiated regions during
breeding area

We estimated Fst in 100 kb sliding windows with a step size of 1 kb
to quantify genomic differentiation between the pre-1960 accession
pool and the 1961-1980, 1981-2000, 2001-2020 accession pools
using VCFtools (v.0.1.15) (Danecek et al., 2011). Initially, sliding
windows with the top 5% highest Fst values were selected. Outlier
windows less than 20 kb were then merged. Differentiated regions
were identified as those in the top 5% of both statistics.

4.7 | GWAS of spike traits and candidate gene
annotation

A large-scale GWAS was conducted on 16 spike morphology traits
using 21,279,862 high-quality SNPs (MAF > 0.05; missing rate <20%;
missing genotype rate < 10%). Genome-wide association analysis was
performed in GEMMA (version 0.98.4) (Zhou and Stephens, 2012)
using the mixed linear model (MLM). The kinship (K) matrix was build
using simple matching coefficients. The top three principal compo-
nents (PCs) from principal component analysis (PCA) were used for
population structure correction in Plink (Purcell et al., 2007) with

parameters set to “-pca 10”. Genetic relationship between acces-
sions were modeled as a random effect using the K matrix. We
conservatively chose -logyo (P-value) = 5.0 as the threshold for sig-
nificant association to control genome-wide type | errors (Hao
et al.,, 2020; Liu et al., 2023a, 2023c). Significant SNPs (above the
threshold) in LD blocks with r?>0.2 were considered candidate
genomic region. Gene within the candidate genomic regions were

selected as candidate genes for the GWAS associations.
4.8 | Linkage disequilibrium analysis
The software LDBlockShow (Dong et al., 2021) was utilized to per-

form pairwise LD analysis of the associated genomic region during
the chr1B: 114.8-120.0 Mb.

4.9 | Construction of trait-candidate genomic
regions association networks

The analysis of association network was performed using Cytoscape
(Version: 3.2.1) (Shannon et al., 2003). The network illustrated the
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connections between the traits and their candidate genomic regions,
as well as the links between different traits candidate genomic
regions (average r? 2 0.6). First, all 16 traits and their corresponding
candidate genomic regions were designated as nodes. Links between
individual traits and candidate genomic regions, as well as links within
consensus candidate genomic regions, were assigned as edges. The
edges' effective scores between trait and trait-relative candidate
genomic regions were represented by most significant P-values of the
correlation between SNP in candidate genomic regions and trait,
while edges' effective scores between pairs of candidate regions was

represented as peak SNP LD.

410 | Analysis of favorable alleles by GWAS
significant SNPs

The significant SNP sets generated by GWAS and BLUP values for 16
traits were utilized to explore the changes in the frequency of
favorable alleles during wheat breeding process and improvement in
China. Multiple comparisons of phenotypic traits corresponding to
different SNPs were performed to identify SNPs with significant
phenotypic differences, and the phenotypes with large values of
spike weight, grain weight, grain number and SN were called favor-
able allele, while the phenotypes with small values of aborted spike
number in spike top position (SSN-T), aborted spike number in spike
bottom position (SSN-B) were called favorable allele. Finally, the ratio
of favorable allele was calculated for each of the 16 traits in 830

wheat accessions.

411 | Identification of haplotypes in genomic
regions and candidate gene

Initially, VCFtools (Danecek et al., 2011) was employed to extract
SNPs from candidate intervals or genes into separate VCF
files. Subsequently, the VCF files were imported into R using the
vcfR package (Knaus and Grunwald, 2017). SNPs matching
the reference genome (Chinese Spring) were coded as O,
mutated sites as 2, missing sites as 3, and heterozygous sites as
the R package pheatmap (https://CRAN.Rproject.org/package=
pheatmap) was then utilized to visualize interval haplotypes and
conduct cluster analysis. Principal Component Analysis (PCA) was
applied to examine the clustering results. Categories containing
more than 5 accessions were selected for haplotype statistical

analysis.
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