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Abstract

Key message Five environmentally stable QTLs for spikelet number per spike and days to heading were identified
using a high-genetic map containing 95,444 SNPs, among which QSns.ucas-5B was validated using residual heterozy-
gous line at multiple environments.

Abstract Spikelet number per spike (SNS) and days to heading (DTH) play pivotal roles in the improvement of wheat
yield. In this study, a high-density genetic map for a recombinant inbred lines (RILs) population derived from Zhengnong
17 (ZN17) and Yangbaimai (YBM) was constructed using 95,444 single-nucleotide polymorphism (SNP) markers from the
Wheat660K SNP array. Our study identified a total of five environmentally stable QTLs for SNS and DTH, one of which was
named QSns.ucas-5B, with a physical interval of approximately 545.4-552.1 Mb on the SBL chromosome arm. Importantly,
the elite haplotype within QSns.ucas-5B showed a consistent and positive effect on SNS, grain number and weight per spike,
without extending the days to heading. These findings provide a foundation for future efforts to map and clone the gene(s)
responsible for QSns.ucas-5B and further indicate the potential application of the developed and validated InDel marker of

QSns.ucas-5B for molecular breeding purposes, aimed at improving wheat grain yield.

Introduction

Wheat is one of the major grain crops in the world and pro-
vides approximately 20% of the calories in the human diet
(Simmonds et al. 2016). The reduction in arable land area,
climate change and the rapid increase of global population
have created an urgent need for breeders to breed high-yield
wheat varieties to secure global wheat production. Wheat
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yield can be largely partitioned into three components,
including spike number per hectare, grain number per spike
(GNS) and thousand kernel weight (TKW) (Isham et al.
2021). Generally, GNS can be further subdivided into spike-
let number per spike (SNS) and grains per spikelet (Quarrie
et al. 2006). Numerous reports have demonstrated that an
increased SNS could increase the yield potential of wheat
(Chen et al. 2022; Zhang et al. 2022). Thereby, modifying
SNS could be a strategy for improving yield potential of
wheat as it is associated with higher GNS (Lewis et al. 2008;
Wang et al. 2022).

SNS is a complex quantitative trait controlled by multiple
genes as well as environmental factors (Corsi et al. 2021;
Mugaddasi et al. 2019). The application of molecular mark-
ers associated with SNS would increase the efficiency for
improving yield potential attained via modern wheat breed-
ing, such as marker-assisted selection (MAS) (Chhetri et al.
2017; Wurschum et al. 2018). Thus, determination of the
chromosomal localization, number and genetic effects of
the corresponding genes is desirable for obtaining optimal
genotype in wheat breeding. However, due to the complexity
of wheat genome and the compensatory effects of homoeolo-
gous genes, only a few genes involved in spike morphology
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or SNS have been characterized through homologous clon-
ing method or map-based cloning (Huang et al. 2009; Zhang
et al. 2015). For example, the photoperiod-sensitive gene
Photoperiodl (Ppdl), the wheat FRIZZY PANICLE (WFZP)
gene, the well-known maize (Zea mays L.) domestication
gene TEOSINTE BRANCHED 1, and DUO-BI (DUO means
more in Chinese) have been found to regulate the formation
of “paired spikelet” (the supernumerary spikelet) in wheat
(Boden et al. 2015; Dixon et al. 2018; Dobrovolskaya et al.
2015; Li et al. 2021b; Wang et al. 2022). In addition, the
domestication gene Q, which encodes a member of AP2
transcription factor family, not only affects threshability
and spike architecture, but also changes flowering time and
plant height (He et al. 2021; Liu et al. 2020; Simons et al.
2006; Song et al. 2019; Zhao et al. 2018). The transgenic
wheat plants carrying extra copies of WAPO-AI driven by
its native promotor had more spikelet, a more compact spike
apical region and smaller terminal spikelet than the wild
type (Kuzay et al. 2022). Constitutive overexpression of
the dominant 7aCol-B5 allele (without the region encod-
ing B-boxes), a rare allele in a global collection of modern
wheat cultivars, in the common wheat cultivar Yangmai 18
increased SNS as well as tillers and spikes, thereby enhanc-
ing grain yield averaging an 11.9% compared to wild-type
under field conditions (Zhang et al. 2022).

An increasing body of evidence suggests that genes
belonging to the heading date pathway exert influence on
spikelet differentiation and maximum spikelet number per
spike (Sreenivasulu and Schnurbusch 2012). Notably, Ppd!
has been shown to prolong the period of floral initiation,
delaying heading date and increasing the spike length and
number of spikelets per spike (Okada et al. 2019). Further-
more, null mutants of FLOWERING LOCUS T2 (FT2) and
FT-D1I have been observed to display increased maximum
spikelet number per spike, accompanied by a prolonged
period of spike development in common wheat (Chen et al.
2022; Shaw et al. 2018).

QTL mapping is a traditional genetic tool for dissecting
genetic basis of key traits related to grain yield. It provides
molecular markers closely related to yield component traits
and increased the genetic gains in breeding process by MAS.
Numerous QTLs for SNS have been identified on almost
all the 21 chromosomes in wheat by bi-parental QTL map-
ping or genome-wide association studies (GWAS) (Cui
et al. 2012; Echeverry-Solarte et al. 2015; Li et al. 2021a;
Xu et al. 2022; Yao et al. 2019). For example, Ma et al.
(2007) reported a QTL (QSpn.nau-5A) for SNS on 5A chro-
mosome using RIL and immortalized F, populations, which
simultaneously affected spike length and spike density.
Xu et al. (2022) identified two QTLs (QTsn.cau-5D.3 and
QTsn.cau-6D) for SNS derived from the D genome of the
natural and resynthetic allohexaploid wheat. Furthermore,
with the advent of high-density genotyping assays, such as
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the wheat 55 K (Liu et al. 2018), 90 K (Chen et al. 2020)
and 660 K (Cui et al. 2017; Sun et al. 2020) SNP arrays,
significant progress has been reported for QTL associated
with yield component traits. For example, Sun et al. (2017)
revealed new allelic variation distribution for SNS by GWAS
method with the wheat 90K assay and found 116 significant
SNPs were associated with SNS; the phenotypic variation
explained (PVE) by each SNP ranged from 15.5 to 33.7%.
Chen et al. (2020) found a QTL for SNS on the short arm of
chromosome 7A, which had the pleiotropic effects of FT-A1,
a gene controlling flowering time. Li et al. (2021a) identified
anovel QTL QTsn/Fsn.cib-3D associated with both SNS and
fertile spikelet number per spike located in a 4.5-cM interval
on chromosome arm 3DL. Nevertheless, only a few of QTLs
have been genetically verified, which greatly restrict the dis-
section of the molecular basis underlying spikelet number.
Thus, the identification and verification of novel QTL/genes
for SNS are desirable for obtaining optimal genotype during
breeding practices.

In this study, we constructed a RIL population derived
from a cross between two winter wheat varieties, built a
high-density genetic map with SNPs from the Wheat660K
SNP array, evaluated SNS and DTH of this population in
multiple environments, explored the QTL for SNS and DTH
and identified a promising QTL on chromosome 5BL. We
further validated the QTL by residual heterogeneous line
(RHL) in the field trials. Collectively, these data provide
further insight for the genetic basis of spikelet development
in wheat, and the related linkage marker will be useful for
marker-assisted selection in wheat improvement.

Materials and methods
Mapping populations

QTL mapping was performed using a Fg RIL population
with 188 lines derived from a cross between the winter com-
mon wheat lines Zhengnongl7 (ZN17) and Yangbaimai
(YBM) (denoted as ZY-RILs) by the single seed descent
method described by Si et al. (2021). ZN17 is an elite par-
ent carrying the 1BL.1RS translocation, while YBM is a
Chinese landrace characterized by high tiller number. For
phenotyping, the ZY-RILs population along with two par-
ents were planted at the following two experimental loca-
tions: Zhaoxian county, Hebei province (37° 50’ N, 114°
49’ E) and Beijing (40° 16’ N, 116° 24’ E), China. The field
trials were carried out in four growth seasons (2016-17,
2017-18, 2018-19 and 2020-21) at Zhaoxian with multiple
fertilizer treatments, and one crop season (2016-17) at Bei-
jing. The detailed information of nine trials was described in
Supplementary Table S1 (referred to as E1-9). These field
trials were arranged in an alpha-lattice block design with
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two replications, and each plot consisted of two one-meter-
long rows with the row-space of 25 cm. All trials were sown
by hand with the aid of a homemade hole digger, which
punched 11 seeding holes with 10 cm space between adja-
cent holes each time.

A RHL (RIL-55, Fy) was identified from ZY-RILs popu-
lation using a QTL-specific marker /nDel-SNS5B and self-
pollinated to produce two homogeneous lines RHL-55*N17
(genotype same with ZN17) and RHL-55YBM (genotype
same with YBM) with contrasting alleles at QSns.ucas-5B
region. Additionally, a secondary segregating population
derived from RIL-55 was employed for the confirmation
of the effect of QSns.ucas-5B. The RHL-55“N'7 and RHL-
55YBM pairs were genotyped to identify the consistency of
genetic background using the wheat660K SNP array. The
RHL-55N17 and RHL-55YBM pairs were sown in four envi-
ronments to evaluate the genetic effect of QSns.ucas-5B at
Zhaoxian county (E6-8) and Beijing (2018BJ) during the
2018-19 wheat growing seasons.

Phenotype evaluations and statistical analyses

The DTH of each RIL was computed as the number of days
elapsed from the day of sowing to the date when roughly
50% of spikes became visible. The SNS values were deter-
mined as the average SNS from ten randomly selected main
spikes in the middle region of each plot right before harvest.
For each genotype, the average values of SNS across all rep-
licates were used to represent the data in each environment.
Lastly, the DTH was investigated in a total of seven environ-
ments (E2-8), while the SNS was examined in nine environ-
ments (E1-9). The best linear unbiased predictions (BLUP)
values for each trait were calculated using the ANOVA func-
tion in IciMapping v4.2 (https://isbreeding.caas.cn/) (Meng
et al. 2015), and the corresponding normal distribution was
tested by the Shapiro—Wilk test (p =0.05) with IBM SPSS
Statistics 19 (SPSS, Chicago, USA). The broad-sense herit-
ability (leg) for SNS and DTH were calculated following the

formula HZ = 0'5/(6; + oﬁe/n + ¢ /nr), where o-j denotes

the genotypic effect, aﬁe represents the genotype by environ-
mental effect, 6° signifies the residual error, n stands for the
number of environments, and r is the number of replicates
(Holland et al. 2003).

Genetic map construction and QTL detection

The ZY-RILs population and their parents were genotyped
using the wheat660K Illumina iSelect array in the company
of CapitalBio Technology (Beijing) as described in Si et al.
(2021). The SNP was remained if it pass all of the follow-
ing criterions: (1) Polymorphic between the two parents; (2)
Missing rate < 5% (the heterozygous SNP was regarded as

missing); (3) Unique mapped against the reference genome
of IWGSC RefSeq v2.1 (Zhu et al. 2021). Redundant SNP
markers were removed using the “BIN” function of IciMap-
ping v4.2 as described by Li et al. (2021a), and only bin
markers containing at least two SNP markers were retained
(Ronin et al. 2017). Specifically, the best marker (with the
lowest missing rate) for each BIN marker was selected for
the genetic map construction. Then, the BIN markers were
sorted into groups and ordered using the “MAP” tool with
the Kosambi mapping function of IciMapping v4.2. The
parameters of “logarithm of the odds (LOD)” and “recom-
bination fraction” were set as 3.5 and 0.3, respectively. The
physical locations and chromosomal arms of the genetic
maps were determined based on the blast results of the flank-
ing sequences of BIN markers on the IWGSC RefSeq v2.1
genome assembly. The genetic maps were visualized by R
package “LinkageMapView” (https://github.com/louellette/
LinkageMapView).

The observed phenotypic values of each trait obtained
from each environment were used for QTL detection using
the inclusive composite interval mapping (ICIM) method by
the software IciMapping v4.2. In QTL analysis, the missing
phenotype was deleted and the walking speed was 1.00 cM,
with a p value inclusion threshold of 0.001. Furthermore, a
LOD score of 3.5 was selected as a minimum to determine
the presence of a QTL in a genomic region. Only QTL iden-
tified in at least three individual environments was defined as
stable QTL, and these with mean PVE > 10% were defined
as major QTL. All QTLs were named as suggested by Mcl-
ntosh et al. (2017).

DNA extraction, gene cloning and analysis
of candidate genes

High-quality DNA was extracted from young leaves of each
wheat accession using the cetyl trimethyl ammonium bro-
mide method. Genomic DNA from ZN17 and YBM was sub-
jected to whole-genome resequencing using the DNBSEQ™
sequencer, aiming to achieve approximately 10X coverage of
clean data. Subsequent to sequencing, reads obtained from
these samples were aligned to RefSeq v2.1 employing the
bwa software (https://sourceforge.net/projects/bio-bwa/files/)
with default parameter configurations. SNPs and InDels situ-
ated within the genomic interval spanning from 545.4 to
552.1 Mb on chromosome 5B were identified through utili-
zation of the HaplotypeCaller module.

For the validation of the QTL QSns.ucas-5B, an InDel
marker InDel-SNS5B (F:5'GGGTCCCAAATTGTATGT
CG and R:5’ACAAAGATGGAGGTCGGTGT) was
designed based on the sequence variations in the tar-
get region between ZN17 and YBM. InDel-SNS5B was
able to amplify alleles from both ZN17 and YBM, yield-
ing products of sizes 227 and 129 bp, respectively. The
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sequence of each putative candidate gene, encompass-
ing intron, exon, 3'-UTR regions, as well as a 1-kb seg-
ment upstream of the translation initiation codon, was
employed as a query for computational analysis. The
design and subsequent detection of specific primers were
conducted following the established protocol outlined by
Si et al. (2022).

Note For the sake of facilitating comparison with prior
research results, all coordinates involved in the manu-
script were based on the IWGSC RefSeq v2.1 genome
assembly.

Results
Linkage map construction

We used the Wheat660K SNP array to genotype the ZY-
RILs population and parental lines, resulting in 630,517
SNPs, 108,987 high-quality SNPs were retained for map
construction. These SNPs were grouped into 6454 bin
markers, whereby bin markers containing a minimum of
two SNP markers were included in the subsequent analy-
sis. Ultimately, a sum of 2703 bin markers were success-
fully mapped onto the genetic map. The integrated genetic
information of bins resulted in constructing a high-den-
sity map with 95,444 SNP markers spanning 4232.42 cM
(Fig. 1, Supplementary Table S2). The majority of mapped
SNPs were assigned to the A (53.92%) and B (38.79%)
genomes, with a much lower proportion (7.29%) located
on the D genome, spanning 1637.20, 1182.82 and
1412.39 cM, respectively (Table 1). Chromosome 7B had
the least mapped SNP markers (268), while 5B had the
most SNP markers (11,459), averaging 4544.95 loci per
chromosome. Correspondingly, 7B and 5B have the least
(22) and most (264) bin markers, respectively (Table 1).
The average interval distance between adjacent bin mark-
ers ranges from 0.98 cM for 5B to 4.28 cM for 5D, with
an average distance 1.57 cM per bin. In this study, about
5.76% of genetic gaps (the interval distance between bin
markers) were more than 5 cM, and 20 gaps present in
chromosomes 1D, 2A, 2D, 3A, 3B, 3D, 4A, 4D, 5D, 6A,
6B, 6D and 7D were more than 20.0 cM but less than 75.0
cM (Supplementary Table S2).

The constructed genetic map showed relatively consist-
ent marker order with the wheat genome assembly on most
chromosomes, except for part of chromosome 1A and 6B
(Fig. S1). In addition, due to the 1BL/1RS translocation of
ZN17, the 1RS- or 1BS-specific markers not only showed
co-segregation but also exhibited distorted segregation in
the ZY-RILs, resulting in only 1BL being retained. For
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similar reasons, 7BS is also not shown in the constructed
genetic map (Fig. S1, Supplementary Table S3).

Phenotypic performance

Descriptive statistics of the two parental and ZY-RILs
population for SNS and DTH were listed in Table 2. ZN17
exhibited a larger spikelet number and an earlier heading
compared to YBM. For the ZY-RILs population, a wide and
significant variation for SNS was observed, ranging from
11.9 to 27.5, whereas the differences in DTH among indi-
viduals were small (Table 2). The frequency distribution and
Shapiro—Wilk test revealed that both SNS and DTH values
followed an approximately normal distribution (Fig. S2), as
indicated by the BLUP values. Furthermore, strong posi-
tive correlations between SNS, between DTH and between
SNS and DTH values across all environments were observed
(Supplementary Table S4), implying a high broad-sense her-
itability of SNS and DTH, and significant genetic contribu-
tion to SNS by DTH in the population.

QTL for SNS

In the study, phenotypic data of SNS evaluated in nine
environments were used for QTL mapping by IciMapping
v4.2. A total of 15 QTLs for SNS were detected, which were
located on chromosomes 1B, 2A, 2D, 3A, 3D, 5B, 6B and
7D, respectively. Among them, four stable environmental
QTLs (QSns.ucas-1B, QSns.ucas-2D.1, QSns.ucas-3D and
0OSns.ucas-5B) were identified in at least five environments,
explaining the phenotypic variance ranging from 1.46 to
27.96% (Table 3).

Of them, QSns.ucas-1B was detected on the end of 1B
in six of nine environments, explaining 1.90-15.67% of the
phenotypic variance with LOD values ranging from 4.05 to
11.72 (Table 3). OSns.ucas-1B was mapped at the beginning
region of 1B flanked by SNP marker AX-109320638 and
AX-111004440 (Fig. S3a) and physically located between
491.0 and 587.0 Mb on chromosome 1BL. Since the par-
ent ZN17 is a 1BL.1RS translocation line and only the
genetic map of 1BL was constructed in this study (Fig. S1),
we speculated that the QSns.ucas-1B is likely to be located
on the 1BS/IRS chromosome arm/fragment. Therefore, we
selected 51 polymorphic SNPs uniformly distributed in the
first 520 Mb interval of chromosome 1B and reconstructed
the full-length genetic map of 1B combining with the exist-
ing 116 bin markers. The result showed that these 51 SNPs
were clustered together in the genetic map, and the genetic
distance between them and the nearest bin marker was more
than 70 cM (Supplementary Table S5). Then, the recon-
structed 1B full-length genetic map was used to map SNS
again, and the result indicated that a stable QTL was located
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Fig. 1 The genetic density map for the RIL population derived from ZN17 and YBM. The black bars/lines on individual chromosomes represent
SNP markers. The genetic maps were visualized by R package “LinkageMapView”

on the upstream region (1BS) of the QSns.ucas-1B interval
(Fig. S3b) and the increasing allele was derived by ZN17.
The major stable QTL on 2D, QSns.ucas-2D.1, was
repeatedly identified in seven environments, which had LOD
score of 7.46-16.95 and explained the largest phenotypic
variance (5.49-23.81%) for SNS (Table 3). Remarkably, the
peak marker of OSns.ucas-2D.1 was mapped in the flanking
region of Ppdl, a well-known gene significantly affecting
spikelet number, spike length and heading date in wheat
(Okada et al. 2019). As expected, the positive allele of OSns.
ucas-2D.1 was contributed by YBM. Another stable QTL
was observed on chromosome 3D (QSns.ucas-3D) with aver-
age phenotypic variations of as much as 6.77% and YBM

contributed the increasing allele (Table 3). QSns.ucas-5B
was significant in five environments evaluated and elucidat-
ing 3.46-8.69% of the total phenotypic variance. The allele
for increased SNS in QSns.ucas-5B was provided by ZN17.
In addition, the remaining 11 were putative QTL detected in
less than three environments, explaining 3.57-22.83% of the
phenotypic variation (Supplementary Table S6).

QTL for DTH
A total of 6 QTLs associated with DTH were identified and

mapped onto chromosomes 1B, 2A, 2B and 2D (Supplemen-
tary Table S6). Among them, only one stable environmental
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Table 1 General information of the high-density genetic map

Chromosome ID Number of Number of Length (¢cM) Density

SNP mark-  bin markers (cM/

ers bin)
1A 10,950 181 185.61 1.03
1B 2387 116 130.02 1.12
1D 1553 64 164.87 2.58
2A 10,113 175 218.81 1.25
2B 7332 191 218.65 1.14
2D 1003 100 267.99 2.68
3A 6445 197 252.40 1.28
3B 8369 153 235.22 1.54
3D 906 66 232.72 3.53
4A 5379 184 244.53 1.33
4B 1456 86 142.27 1.65
4D 247 46 128.68 2.80
5A 6475 200 264.24 1.32
5B 11,459 264 258.63 0.98
5D 897 50 213.99 4.28
6A 2466 98 160.76 1.64
6B 5751 141 157.96 1.12
6D 748 66 184.32 2.79
TA 9636 222 310.84 1.40
7B 268 22 40.07 1.82
7D 1604 81 219.82 2.71
A genome 51,464 1257 1637.20 1.30
B genome 37,022 973 1182.82 1.22
D genome 6958 473 1412.39 2.99
Total 95,444 2703 4232.42 1.57

QTL, designated as ODth.ucas-2D.1 (Table 3), was identi-
fied, which showed effects across all seven environments,
had a LOD value of 4.18-14.22 and delayed DTH by
0.5-1.94 days with an average of 1.45 days. This QTL
explained 11.59-27.96% of the phenotypic variation. YBM
conferred the effect for delaying DTH at the QDth.ucas-
2D.1 locus.

Verification of QSns.ucas-5B

The residual heterozygous line provides an effective
method for QTL verification without extensive backcross
(Zhai et al. 2018). Based on the initial mapping result, we
designed relevant detection markers and screened the ZY-
RILs population for RHLs. Ultimately, a RHL (RIL-55)
was selected from the ZY-RILs population with InDel-
SNS5B, because it carried residual heterozygosity across
the mapping interval of QSns.ucas-5B. Heterozygous F,
individuals from RIL-55 were identified and self-polli-
nated to produce two different homozygous genotypic
lines (RHL-55“N!7 and RHL-55YBM). To evaluate the
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independently genetic effect of QSns.ucas-5B, RHL-
55ZN17 and RHL-55YBM were genotyped to identify the
consistency of genetic background using the wheat660K
SNP array. The results showed that the similarity between
them was 99.73%, and only 1,153 SNPs were different
(Fig. 2a). Of these polymorphic SNPs, 523 (45.36%) were
located on chromosome 5B, mainly (457, 91.6%) span-
ning the physical intervals 545.4-559.5 Mb in the IWGSC
RefSeq v2.1 sequence (Fig. 2b). To further validate and
investigate the effect of QSns.ucas-5B for SNS, the RHL-
55ZN17 and RHL-55YBM pairs were evaluated in four field
trials. Compared with RHL-55YBM RHL-55%N17 showed
a significant increase in SNS ranging from 1.31 (6.74%)
to 2.54 (13.17%) (Fig. 2¢). In addition, a secondary segre-
gating population derived from the residual heterozygous
line (RIL-55) at the QSns.ucas-5B locus was analyzed,
revealing that the materials carrying the ZN17 haplotype
(RHL-ZN17) at this locus had significantly higher SNS
compared to the materials carrying the YBM haplotype
(RHL-YBM) (Fig. 2d). Collectively, these results dem-
onstrated that the ZN17 haplotype in QSns.ucas-5B has a
consistent positive effect on SNS, and QSns.ucas-5B are
likely to be located within the physical interval of approxi-
mately 545.4-552.1 Mb on chromosome 5B.

Additionally, we further analyzed the effects of QSns.
ucas-5B on other yield-related traits including plant height
(PH), spike number (SN), seed length (SL), seed width
(SW), grain weigh per spike (GWS), TKW, GNS and DTH
in the ZY-RILs populations based on the genotype detected
by marker InDel-SNS5B. The result showed that the positive
alleles contributed by ZN17 were identified with a signifi-
cant influence on SNS, GNS and GWS in ZY-RILs popu-
lation (Fig. 3a—c), while the differences for PH, SN, SW,
SL and TKW between the two alleles were not significant
(Fig. 3d-h). In addition to the increase in spikelet number,
the identified locus QSns.ucas-5B was found to significantly
reduce the days to heading (Fig. 3i). A congruent observa-
tion is that RHL-55“N!7 exhibited a significant reduction in
the days to heading as compared to RHL-55YBM (Fig. S4).
These results indicate that the developed InDel marker in
conjunction with QSns.ucas-5B has potential applications
in wheat breeding.

Candidate genes for QSns.ucas-5B

There were 63 high-confidence genes within the interval
of OSns.ucas-5B (545.4-552.1 Mb of the IWGSC RefSeq
v.2.1 sequence, Supplementary Table S7). To further iden-
tify possible candidate genes in the candidate region, we
resequenced both parents. Resequencing analysis of ZN17
and YBM revealed the presence of 22,354 SNPs/InDels
variations within the candidate region (Supplementary
Table S8). Additionally, an analysis of differential SNPs/
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Table 2 . thzr}otypic variation Trait Environment Parents The ZY-RILs population H?
and heritability of SNS and
DTH for the parents and the ZN17 YBM Mean Range
ZY-RILs population in different
environments SNS El 212+1.6 20.0+1.2 21.5 17.2-25.4 0.95
E2 21.1+1.3 20.1+1.0 21.4 16.9-25.2
E3 16.8+1.0 15.8+0.5 19.1 14.0-24.9
E4 19.0+1.0 164+14 18.2 15.2-21.6
E5 182+1.2 17.1+1.1 16.5 11.9-20.6
E6 20.1+1.0 19.3+0.7 21.0 15.8-27.5
E7 19.8+1.1 18.9+0.7 20.5 16.2-25.1
E8 20.1+2.1 17.3+09 19.7 16.2-24.9
E9 22.0+0.6 20.4+1.0 22.0 17.4-27.2
DTH E2 200 203 199.1 197.0-205.0 0.91
E3 201 204 203.4 198.3-215.5
E4 197 199 200.3 196.0-212.3
E5 198 200 200.3 196.0-209.0
E6 202 205 205.2 199.5-213.0
E7 202 202 203.1 195.0-210.0
E8 198 199 201.0 193.0-207.5

SNS spikelet number per spike, DTH days to heading. H? broad-sense heritability

InDels revealed amino acid differences between the par-
ents in 15 genes (Supplementary Table S9). In rice, the
B3 domain proteins play important roles in the develop-
ment of rice heading and panicle architecture (Peng et al.
2007; Song et al. 2018). Interestingly, among the 15 pol-
ymorphic proteins identified between the parental lines,
TraesCS5B03G0915200 encodes a B3 domain-containing
protein and exhibits pronounced expression levels in the
spike tissue (Fig. S5), which may be the candidate gene.
DNA sequence analysis showed that there were 2 SNPs and
2 InDels between TraesCS5B03G0915200 of parental lines
ZN17 and YBM, including 1 SNPs and 1 InDel in exon, 1
InDels in 3'-UTR region and 1 SNP in intron (Fig. S6). Fur-
thermore, we have identified that TraesCS5SB03G0911400
encodes a guanine nucleotide exchange family protein,
which exhibits high expression in the spike (Fig. S5). The
homologous gene mutation of TraesCS5B03G0911400 in
rice have been found to impact lateral root development
(Kitomi et al. 2008), which may have implications for nutri-
ent and water uptake, resulting in hindered plant growth
and development. Sequencing results indicate a single-
base deletion (C) at position 3523 in YBM compared to
ZN17, resulting in a frameshift mutation in the gene. Taken
together, our findings suggest that TraesCS5B03G0915200
and TraesCS5B03G0911400 may exert a regulatory role in
determining SNS.

Discussion

Spikelet number per spike and heading date are critical traits
affecting wheat yield improvement. In the current research,
we assessed the QTL for SNS and DTH in a recombinant
inbred line population across multiple environments. Our
results identified and validated a stable QTL, QSns.ucas-5B,
which was significantly associated with grain number per
spike and grain weight per spike. Importantly, this QTL does
not lead to delayed heading in wheat, which adds further
value to its significance for genetic improvement of wheat
yield.

Comparison of constructed genetic linkage maps
with previous reports

QTL analysis is an effective and widely used strategy in
the genetic dissection of complex traits in wheat, and high-
density genetic maps play a crucial role in the accuracy of
QTL mapping. In the present study, we constructed a high-
density genetic map containing 95,444 SNPs with a total
length of 4232.42 cM using the wheat660 SNP array (Fig. 1,
Table 1). Compared with another genetic map constructed
with SNPs of the wheat660K array, which included 119,566
markers, 4959 bin markers and a total length of 4424.4 cM
(Cui et al 2017), the genetic map constructed in this study
contains fewer SNP and bin (2703) markers, while with sim-
ilar genetic distance (Table 1). The average genetic distance
per bin marker in this study (1.57 cM) was greater than that
of Cui et al. 2017 (0.9 cM), possibly due to the deletion of all
bin markers without co-isolated SNP markers. The genetic
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Fig.2 Verification of QSns.
ucas-5B in different envi-
ronments. Distribution of

the polymorphic SNPs per
chromosome arm (a) and the
physical positions of the SNPs
on chromosome 5BL accord-
ing to the IWGSC RefSeq v2.1
(b). Significant differences
were detected between the
near-isogenic lines within the
QSns.ucas-5B region across
various environments (c¢). The
phenotypic analysis of residual
heterozygous lines at the QSns.
ucas-5B locus (d). Statistical
analysis was carried out using
Student's #-test and significance
was denoted by ** for P<0.01.
ns no significant
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positions of mapped markers were relatively consistent with
that in the wheat genome assembly on most of the chromo-
somes (Fig. S1), indicating that the genetic map constructed
in the study was accurate and credible, and could be effec-
tively used for QTL analysis.

It is worth mentioning that similar to heavily distorted
distribution of markers in the 1BS/1RS region because of
the linkage disequilibrium of 1RS, the markers on the short
arm of chromosome 7B also showed distorted separation
and were deleted during the construction of the linkage
map. To examine the reasons for the distorted segregation
of markers on chromosome 7B in the ZY-RILs popula-
tion, we analyzed the pedigree of both parents and found
that one of the ancestral parents of ZN17 is Zhoumai 11,
which carries the 1BL.1RS translocation and the stripe rust
resistance gene YrZH84 (located on chromosome 7BL),
both inherited from ‘Zhou8425B’, a widely used elite par-
ent of Chinese wheat (Li 2006). Previous studies showed
that all the markers (more than 40 markers) closely linked
to YrZH84 were dominant in the F, population from the
cross of Zhou8425Bx ‘Chinese Spring’ (Yin et al. 2009). We
hypothesized that the chromosome 7B of Zhou8425B and
Chinese Spring were quite different. Moreover, an ancestral
parent of Zhou8425B is ‘guangmai 74’, a hexaploid Triticale
(AABBRR). Therefore, in combination with the results of
this study, we speculated that Zhou8425B may also have an
ectopic 7BL chromosome like 1BL.1RS translocation. Of
course, more experiments are needed to test this surmise.

: ééé
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—
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|
2018BJ

QTL Comparison and candidate gene prediction

Like other traits related to yield, spikelet number of wheat
is affected by multiple genes and significantly influenced
by the environmental factors (Corsi et al. 2021). Only the
stable QTL, expressing regardless of differences in environ-
ment, is convenient for marker-assisted selection strategy
to improve wheat yield. In the study, we verified four sta-
ble QTLs (QSns.ucas-1B, QSns.ucas-2D.1, QSns.ucas-3D,
OSns.ucas-5B) for SNS in at least five of nine different envi-
ronments using this RIL population.

With reconstructed 1B full-length genetic map, the
OSns.ucas-1B was located on the 1BS chromosome and
the increasing allele was derived by ZN17 (Supplementary
Fig. S3). In the previous QTL studies on SNS, several map-
ping parents were the 1BL.1RS translocation lines, but no
QTL controlling spikelet number per spike was identified
in the previous studies (Cui et al. 2012; Ma et al. 2019).
To the best of our knowledge, QSns.ucas-1B is likely to
be the first identified QTL controlling spikelet number per
spike on 1BL.1RS translocation. However, the low genetic
recombination in the 1BS/1RS translocation region compli-
cated the mapping of interesting loci in this chromosome
segment. This indicates care should be taken when genetic
populations carrying alien chromosome segments are used
for detecting QTL/genes of interest.

Here, QSns.ucas-2D.1 and QDth.ucas-2D.1 were within
an identical confidence interval (18.6-52.0 Mb) flanking

@ Springer
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Fig. 3 Effects of the QTL,
QOSns.ucas-5B, on various agri-
cultural traits, including spikelet
number per spike (a), grain
number per spike (b), grain
weight per spike (c¢), seed width
(d), thousand kernel weight (e),
plant height (f), spike number
(g), seed length (h) and days to
heading (i). Histograms were
generated through phenotype
analysis of the ZN17/YBM
population that was classified
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into two groups based on the
InDel marker. ZN17 and YBM
denote the lines possessing and
lacking the favorable allele of d
QSns.ucas-5B, respectively.
Statistical analysis was carried
out using Student's ¢ test, and
significance was denoted by *
and *** for P <0.05 and 0.001,
respectively. ns no significant
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by markers AX-110586525 and AX-109421639 on chromo-
some 2DS, and there were 465 high-confidence genes in this
region (Supplementary Table S7). QSns/Dth.ucas-2D.1 was
detected in seven environments and explained the largest
phenotypic variance for SNS and DTH in the study. This
QTL was located at the similar genetic region as the QTL
reported by Ma et al. (2019) and Zhou et al. (2017). Notably,
the region (35.1-36.7 Mb) of QSns.sau-2D for SNS (Ma
et al. 2019) was overlapped with that of QSns.ucas-2D.1
detected in the study. Likely to QSns.ucas-2D.1, QSns.sau-
2D also had higher PVE and could be detected in all envi-
ronments (Ma et al. 2019). Furthermore, Zhou et al. (2017)
found that the QTL for SNS (QTsn.cz-2D.2), which was also
related to fertile spikelet number per spike (QFsn.cz-2D.2)
and sterile spikelet number per spike (QSsn.cz-2D.1). In the
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flanking regions of QSns.sau-2D, QTsn.cz-2D.2 and QSns.
ucas-2D.1 located a well-known gene Ppd-D1 (36.2 Mb),
which significantly affected spike length, spikelet number
and heading date in wheat (Okada et al. 2019). We ana-
lyzed the allele types of PpdI-DI between the two parents
according to the method described by Beales et al. (2007)
and found that ZN17 belonged to Ppd-Dla allele, while
YBM belonged to Ppd-D1b type. In light of the fact that
OSns.ucas-2D.1 and ODth.ucas-2D. 1 were located within an
overlapping confidence interval, we put forth the hypothesis
that PpdI-D1 is the most favorable candidate gene for QSns/
Dth.ucas-2D. 1.

OSns.ucas-3D, detected in six environments, was mapped
to an interval flanked by markers AX-7110450605 and AX-
109112905 and physically located between 138.1 and
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325.2 Mb spanning 187.1 Mb on chromosome 3D. To the
best of our knowledge, a few QTLs for spike-related traits
were found on 3D chromosome. Li et al. (2021a) reported a
novel QTL QTsn/Fsn.cib-3D associated with both SNS and
fertile spikelet number per spike located in a 4.5-cM interval
on chromosome arm 3DL flanked by AX-109429351 (550.3
Mb) and AX-110914105 (555.1 Mb). QSspn.cau-3D (Chen
et al. 2020) and QSsn.cau-3D (Zhou et al. 2017) for sterile
spikelet number in total were located in nearly the same
genomic region (~87.6-96.5 Mb) on 3DS. QSc.cau-3D.1
with a LOD score of 6.65 explained 11.12% of spike com-
pactness variation, sharing identical confidence interval with
0Sl.cau-3D for spike length (~30.4-60.0 Mb) reported by
Xu et al. (2022). Thus, QSns.ucas-3D identified in the study
appeared to be a novel locus located in the downstream of
OSspn.cau-3D and QSsn.cau-3D, and the upstream of QTsn/
Fsn.cib-3D, respectively. A total of 1996 high-confidence
genes were identified within the intervals of QSns.ucas-3D.
However, due to the relatively high number of genes in this
region, the prediction of candidate genes appears to be a
daunting task, rendering additional studies necessary for the
fine mapping of the QTL.

In this study, we validated the QSns.ucas-5B locus
using a RHL approach and mapped it to the genomic inter-
val ranging from 545.4 to 552.1 Mb on the long arm of
chromosome 5B. Ma et al. (2007) have mapped a QTL,
OSpn.nau-5B, for SNS to an interval (480.5-507.3 Mb,
flanked by markers Xgwm499 and Xgwm639) close to that
of OSns.ucas-5B. Subsequently, Cui et al. (2012) found
that QSpn.WJ.5B.2 confirmed the QTL for SNS detected
by Ma et al. (2007). Additionally, Li et al. (2021a) identi-
fied the QTsn/Fsn.cib-5B locus controlling both total spike
number and fertile spike number at the physical position
of 568.3-569.2 Mb on chromosome 5B, flanked by the
markers AX-108863479 and AX-109820694. Given the
proximity of the physical location of QTsn/Fsn.cib-5B
and the QSns.ucas-5B locus identified in our study, we
analyzed SNP markers surrounding the peak of QTsn/Fsn.
cib-5B and found its genetic distance in our constructed
linkage map to be approximately 280.2-283.8 cM (Sup-
plementary Table S10), which significantly differed from
the peak at 252.5-262.5 cM detected in our study. Fur-
thermore, through analysis of the remaining heterozygous
lines at the QSns.ucas-5B locus using a 660 K wheat chip,
we found no overlap interval with the mapping region
detected by Li et al. (2021a), with the heterozygous inter-
val located at 545-560 Mb. Comparison of physical posi-
tion of reported QTL for SNS indicated that QSns.ucas-5B
identified in the study may be a new locus. To validate the
effect of QSns.ucas-5B, we evaluated the phenotypes with
the near-isogenic lines at QSns.ucas-5B locus in the field.
The results showed that the elite haplotype from ZN17
than that from YBM significantly increased SNS, ranging

from 1.31 (6.74%) to 2.54 (13.17%), at multiple environ-
ments (Fig. 2¢). Moreover, we found that this locus had no
influence on PH, SN and seed shape, but moderate positive
influence on GNS and GWS (Fig. 3a—h). Importantly, we
also discovered that the allele of ZN17 can significantly
increase spikelet number and spikelet weight without
delaying the heading stage (Fig. 3), indicating the poten-
tial of QSns.ucas-5B as a promising locus for maturity and
yield breeding. The early flowering and higher spikelet
number associated with the ZN17 allele at QSns.ucas-5B
locus is particularly interesting. Regarding the co-occur-
rence of these opposing traits in ZN17, we guess although
ZN17 exhibits an earlier heading, it is possible that the
sub-phase durations of spike development are extended.
Additionally, considering that ZN17 is a cultivated vari-
ety while YBM is a landrace, we speculate that ZN17
may have significantly higher photosynthetic efficiency
or nitrogen utilization efficiency compared to YBM. This
may contribute ZN17 to accumulate more nutrients in a
shorter timeframe, facilitating floral bud differentiation
and the formation of spikes.

In this study, we have successfully constructed a high-
density genetic map for a ZY-RILs population containing
95,444 SNPs spanning a total distance of 4232.42 cM. Using
multiple environmental conditions, a total of 15 QTLs for
SNS and 6 QTLs for DTH were identified. Remarkably,
four stable QTLs for SNS were discovered across more than
five environmental conditions, demonstrating a PVE rang-
ing from 1.90 to 23.81%. Among them, QSns.ucas-1B was
found to be located in the 1RS/1BS region, while QSns.ucas-
2D.1 and QDth.ucas-2D.1 were found to be co-localized
and associated with Ppdl. QSns.ucas-3D was identified as
a novel QTL for SNS. We also confirmed the existence of
a promising SNS locus, QSns.ucas-5B, which was found to
be associated with GNS and GWS, while not delaying the
heading. A linkage marker InDel-SNS5B was developed for
marker-assisted selection. Overall, this research provides a
deeper understanding of the genetic foundation of SNS and
is expected to facilitate the improvement for SNS and clon-
ing of genes associated with QSns.ucas-5B in future studies.
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