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Wheat yield is not only affected by three components of yield, but also affected by plant
height (PH). Identification and utilization of the quantitative trait loci (QTL) controlling
these four traits is vitally important for breeding high-yielding wheat varieties. In this
work, we conducted a QTL analysis using the recombinant inbred lines (RILs) derived
from a cross between two winter wheat varieties of China, “Nongda981” (ND981) and
“Nongda3097” (ND3097), exhibiting significant differences in spike number per unit area
(SN), grain number per spike (GNS), thousand grain weight (TGW), and PH. A total
of 11 environmentally stable QTL for these four traits were detected. Among them,
four major and stable QTLs (QSn.cau-4B-1.1, QGns.cau-4B-1, QTgw.cau-4B-1.1, and
QPh.cau-4B-1.2) explaining the highest phenotypic variance for SN, GNS, TGW, and
PH, respectively, were mapped on the same genomic region of chromosome 4B and
were considered a QTL cluster. The QTL cluster spanned a genetic distance of about
12.3 cM, corresponding to a physical distance of about 8.7 Mb. Then, the residual
heterozygous line (RHL) was used for fine mapping of the QTL cluster. Finally, QSn.cau-
4B-1.1, QGns.cau-4B-1, and QPh.cau-4B-1.2 were colocated to the physical interval
of about 1.4 Mb containing 31 annotated high confidence genes. QTgw.cau-4B-1.1
was divided into two linked QTL with opposite effects. The elite NILs of the QTL cluster
increased SN and PH by 55.71-74.82% and 14.73-23.54%, respectively, and increased
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GNS and TGW by 29.72-37.26% and 5.81-11.24% in two environments. Collectively,
the QTL cluster for SN, GNS, TGW, and PH provides a theoretical basis for improving
wheat yield, and the fine-mapping result will be beneficial for marker-assisted selection
and candidate genes cloning.

Keywords: common wheat, three components of yield, plant height, QTL cluster, fine mapping

Frontiers in Plant Science | www.frontiersin.org 1 January 2022 | Volume 12 | Article 799520


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2021.799520
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2021.799520
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2021.799520&domain=pdf&date_stamp=2022-01-11
https://www.frontiersin.org/articles/10.3389/fpls.2021.799520/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wen et al.

QTL Cluster of Wheat Yield

INTRODUCTION

As one of the most important food crops in the world, common
wheat (Triticum aestivum L.) is essential in satisfying human
demand for calories and guaranteeing food security. In the last
two decades, the rapid growth of the human population and the
shrinking of available arable land have posed great challenges
to the food supply (Lobell et al, 2011; Tilman et al, 2011).
Therefore, high yield is still one of the main goals of wheat
breeding programs. In addition to appropriate field management,
identification and utilization of superior alleles for yield-related
traits is one of the most effective ways to increase yield.

Like other cereal crops, wheat yield is a complex quantitative
trait determined by three components (Simmonds et al., 2014),
and is influenced by heredity and environment. Among these
three components of yield, there have been many studies on
quantitative trait loci (QTL) mapping for thousand grain weight
(TGW) due to phenotypic stability and high heritability (Kuchel
et al,, 2007). A lot of QTL for TGW have been detected on
majority 21 wheat chromosomes (Zhang et al., 2010; Gao et al,,
2015; Sun et al., 2017; Zhai et al., 2018). TGW can be broken
down into individual components including grain configuration
parameters (grain length, grain width, grain thickness, and grain
area) and grain filling characteristics (rate and duration) (Gegas
et al, 2010; Zanke et al, 2015; Guan et al., 2019). So far,
several homologous genes that control grain size in rice have
been cloned, providing better insights into the genetic basis
of grain size in wheat (Nadolska-Orczyk et al., 2017), such as
Grain Size 5 (TaGS5-3A) (Ma et al., 2016), Grain Weight 2
(TaGW2-AI) (Simmonds et al., 2016), Grain Length 3 (TaGL3-
5A) (Yang et al., 2019), and Cytokinin Oxidase 6 (TaCKX6-D1)
(Zhang et al., 2012).

Grain number per spike (GNS), one of three components
of yield, is determined by the number of fertile spikelets and
florets per spike (Sreenivasulu and Schnurbusch, 2012), and is
positively correlated with spike length (SL). Previous studies have
identified a large number of QTL for spike-related traits on all
wheat chromosomes by using linkage analysis and association
analysis, including total spikelet number per spike (TSS), fertile
spikelet number per spike (FSS), sterile spikelet number per spike
(SSN), and SL (Li et al., 2007; Ma et al., 2007; Cui et al., 2012; Zhai
et al., 2016; Guo Z. et al., 2018; Yao et al., 2019). To date, several
genes controlling GNS have been isolated and characterized
using a homology-based approach, such as cytokinin oxidase
2.1 (TaCKX2.1), cytokinin oxidase 2.2 (TaCKX2.2) (Zhang et al.,
2011), MONOCULM 1 (TaMOCI-7A) (Zhang et al,, 2015), and
transcript elongation factor (TaTEF-7A) (Zheng et al., 2014).

Unlike TGW and GNS with phenotypic stability, spike
number per unit area (SN) is easily affected by environmental
factors. For example, planting density (Nerson, 1980; Kondic¢
et al., 2017), fertilizer management (Xu et al., 2014), and light
condition (Evers et al., 2006). Therefore, few QTLs for SN have
been detected at present (Marza et al., 2006; Heidari et al., 2011).
Previous researches showed that many QTLs controlling tiller
numbers per plant (TNPP) have been detected on multiple wheat
chromosomes (Li et al., 2010; Naruoka et al., 2011; Hu et al., 2017;
Liu J. et al., 2018; Wang et al., 2018). Moreover, four genes for

TNPP have been cloned using mutants (Kuraparthy et al., 2006;
Kebrom et al., 2012; Zhang et al., 2013b). Since the tillers do
not all develop into effective spikes in the general field condition
of wheat production, the increase in TNPP does not necessarily
increase SN and ultimately improve yield. Thus, it is crucial to
dissect the molecular basis of SN for improving wheat yield.

Plant height (PH) is another essential trait related to yield.
The “Green Revolution” of crops in the 1960s, characterized
by reduced PH, greatly increased crop yield. To date, 25
semidwarfing or dwarfing genes have been reported in wheat
(Mo et al., 2018). Among them, Rht1 (Rht-B1b), Rht2 (Rht-D1D),
and Rht8 are three the most widely utilized dwarfing genes in
wheat breeding worldwide (Ellis et al., 2002; Zhang et al., 2006;
Tian et al, 2017). The Rhtl and Rht2 have been proved to
have a negative effect on GNS and TGW (Zhang et al., 2013a),
while the RAt8 does not (Zhai et al., 2016; Tian et al., 2017).
Therefore, identified genetic loci associated with PH and yield
components can provide an in-depth understanding of their
genetic relationships (Guan et al., 2018; Chen et al., 2020).

In the work reported here, we developed a recombinant inbred
lines (RILs) population derived from a cross between Nongda981
(ND981) and Nongda3097 (ND3097) to perform QTL analysis
on three components of yield and PH, with the purpose to dissect
the genetic basis of these four traits. In addition, to validate
the additive genetic effect of the QTL cluster on chromosome
arm 4BS and further narrow the candidate region, the advanced
separated population constructed by residual heterozygous line
(RHL) were used for screening recombinants and subsequent
Student’s t-test. Finally, three QTLs (QSn.cau-4B-1.1, QGns.cau-
4B-1, and QPh.cau-4B-1.2) controlling SN, GNS, TGW, and PH,
respectively, were delimited to a physical interval of about 1.4 Mb
by the insertion/deletion (InDel) markers INDEL(4B)27-1 and
INDEL(4B)29-1, and two linked QTL (QTgw.cau-4B-1.1NP%!
and QTgw.cau-4B-1.1NP30%7) for TGW with opposite effects were
narrowed to the interval of approximately 12.3 Mb, which lays a
foundation for marker-assisted selection and map-based cloning.

MATERIALS AND METHODS

Plant Materials

The RIL population consisted of 206 families derived from a cross
between Nongda981 (ND981) and Nongda3097 (ND3097). The
population was constructed by the single seed descent method
and was advanced to the F,. generation. ND981 is a cultivar
characterized by lower grain weight and fewer grains per spike
but more spikes; however, ND3097 has higher grain weight and
more grains per spike, but fewer spikes.

A RIL family numbered RIL74 (F¢) exhibited the residual
heterozygous genotype within the mapping interval of the
QTL cluster on chromosome arm 4BS and was self-pollinated
for two generations (F; and Fg) to screen the recombinants.
The NIL families (Fy7.3) were constructed by self-pollinated for
homozygotes screened from the F; population. Homozygous
non-recombinant NIL families were used to evaluate the additive
effect of the QTL cluster on SN, GNS, TGW, and PH, whereas
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homozygous recombinant NIL families and Fg plants were used
for narrowing the candidate interval of the QTL cluster.

Field Experiments and Traits

Measurement

The RIL population (Fz., Fz.7, and F,.g generations) and the
two parents were sown in the autumn of 2014, 2015, and 2016
across three different geographical locations in northern China:
Beijing, Handan, and Yangling (Supplementary Table 1). Each
field experiment was conducted in randomized complete block
design with three biological replications. Each RIL family was
sown in a single row 1 m long with row spacing of 0.2 m, the
planting quantity was 60 grains per row. The F; and Fg plants
were planted in rows 2 m long and 0.25 m apart at a sowing
rate of 40 grains per row at Shangzhuang Town, Beijing during
the 2018-2019 and 2019-2020 growing seasons, respectively. The
planting method of NIL families including non-recombinant and
recombinant was the same as RIL families, and they were sown at
Shangzhuang Town, Beijing and Handan, Hebei Province during
the 2019-2020 crop season. Water and fertilizer were managed
according to the local cultivation practices.

For RILs and NIL families, three representative plants per
genotype from each replication were used for measurement of
PH at maturity. The survey method for SN involved taking 0.5 m
per line and measuring the number of spikes along that length
before harvesting. The number of spikes in 1 m rows ranged from
58 to 347. Thirty spikes of each line were randomly selected and
threshed at harvesting. TGW was determined using Wanshen
SC-G seed detector (Hangzhou Wanshen Detection Technology
Co., Ltd.), and it was recorded as Wrgyw. The total weight of
the grains, obtained from the 30 spikes, was measured using an
electronic balance and recorded as Wy. GNS was calculated by
the formula as follows: Vgns = 1,000* W1/30™ Wrgw. For F7 and
Fg plants, spike number per plant (SNPP) and height per plant
(HPP) were measured at harvesting. The whole grains of each
plant after threshing were used to measure the thousand grain
weight of individual plant (TGWIP) and grain number per spike
of individual plant (GNSIP).

Statistical Analysis

Basic statistical analysis, phenotypic correlation, and Shapiro-
Wilk tests for departure from normality were performed by
SPSS software version 21.0 (SPSS, Chicago, United States).
Analysis of variance (ANOVA) and broad-sense heritability
(Hf;) was conducted using QTL IciMapping software
version 4.0 (Meng et al, 2015) with AOV functionality for
phenotype data from seven environments for each trait.
Broad-sense heritability was calculated following the formula:
H123 = czg/(czg + czge/n + o2./nr), where 02g is the genetic
variance, 0%, is the interaction variance between genotype and
environment, o2, is the residual error variance, n is the number
of environments, and r is the number of replicates. The best
linear unbiased prediction (BLUP) for four traits across seven
environments was calculated using SAS v9.2 (SAS Institute
Inc., North Carolina, United States) with the PROC MIXED
procedure. In the progeny test, the phenotypic difference analysis
between two genotypes was conducted by Student’s t-test.

Genotyping and Construction of Genetic
Map

The etiolated young leaves of the two parents and RIL population
were used to extract the whole genomic DNA using the modified
CTAB method (Cheng et al.,, 2015). The Illumina iSelect 90K
wheat SNP array (Wang et al., 2014) was used to genotype
the two parents and RIL population, and the genotyping was
completed by the Beijing Compass Biotechnology Co., Ltd. The
polymorphic SNP markers between the two parents were filtered
with segregation distortion, missing, and redundancy by BIN
functionality of QTL IciMapping software version 4.0 (Meng
et al, 2015). After removing the low-quality SNP markers,
the remaining were used to construct a genetic map using
MAP functionality of QTL IciMapping software version 4.0.
The maximum likelihood principle and Kosambi’s function
(Kosambi, 1943) were used to determine marker order and
distance, respectively. The flanking sequences of unique SNP
markers were aligned to the Chinese Spring reference genome
IWGSC RefSeq v1.0'. The best hit was taken as the physical
location of each unique SNP marker. In addition, genetic
linkage maps were drawn using MapChart software version 2.32
(Voorrips, 2002).

Quantitative Trait Loci Detection

Mean values of each trait for individual environments and
the adjusted mean values (BLUP) across seven environments
were used for QTL mapping with BIP functionality of QTL
IciMapping software version 4.0 through inclusive composite
interval mapping (ICIM). The ICIM-ADD mapping method was
used for determining the position and additive effects of QTL,
with a scan step size of 1 ¢M, and LOD threshold at the default
value of 2.5. The positions of QTL on chromosomes were the
peak of likelihood ratios, where the LOD values exceeded the
threshold of 2.5. QTL of each trait with overlapping confidence
intervals (& 2 LOD away from the peak of likelihood ratios)
were considered equivalent and assigned a common QTL name.
QTL were named according to the International Rules of Genetic
Nomenclature?. QTLs that could be detected in more than three
individual environments and BLUP analysis were defined as
stable QTLs in this work.

InDel Markers Development

According to the resequencing data of the two parents, the
insertion/deletion loci in the QTL cluster mapping interval
were mined using the varTable functionality of SnpHub (Wang
et al, 2020) developed by Wheat Genetics and Genomics
Center of China Agricultural University. For details, please refer
to following the website: https://esctrionsit.github.io/snphub_
tutorial/content/Basic_Usage/vartable.html. The sequences with
200 bp on both sides of insertion/deletion loci were used to design
InDel markers through Primer 3 Web version 4.1.0°. The PCR
reaction system included 2 pl DNA template (50-200 ng/pl),
2 pl mixture of left and right primer (5 pmol/L), 5 ul 2 x Taq

Uhttps://urgi.versailles.inra.fr/blast_iwgsc/blast.php
“https://wheat.pw.usda.gov/ggpages/wgc/98/Intro.htm
Shttps://primer3.ut.ee/
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PCR StarMix, and 1 pl ddH,O. The PCR reaction procedure was
set as follows: 94°C for 5 min; 34 cycles of 94°C denaturations
for 30 s, 55°C-58°C annealing for 35 s, and 72°C extending
for 40 s; and finally, 72°C for 10 min. The fragment length
polymorphism of InDel markers was identified using 8% non-
denatured polyacrylamide gel electrophoresis (PAGE). The InDel
markers used in this work are listed in Supplementary Table 8.

Candidate Genes Prediction

Gene lists in the fine mapping region of the QTL cluster
were downloaded from the website: https://urgi.versailles.inrae.
fr/jbrowseiwgsc/gmod_jbrowse/. Meanwhile, homologous gene
IDs and functional annotations of these genes in rice were
obtained* and used to predict the candidate genes for SN,
GNS, TGW, and PH.

RESULTS

Phenotypic Performance

The means and ranges of four traits (SN, GNS, TGW, and
PH) of RIL population and two parents across seven individual
environments are shown in Supplementary Table 2. ND981 had
higher SN and lower GNS, TGW, and PH than ND3097 in
all seven environments (Figure 1 and Supplementary Table 2).
The Shapiro-Wilk test and Pearson’s correlation coefficients
were conducted based on BLUP values. SN displayed an
obvious bimodal pattern suggesting major genes controlling
it; GNS and PH displayed obvious deviations from normality,
whereas TGW exhibited normal distribution (Figure 2 and
Supplementary Table 2). The transgressive segregation of four
traits was observed in the RIL population, suggesting that the
two parents all harbored the increasing alleles of SN, GNS,
TGW, and PH (Figure 2). The Pearson’s correlation coefficients
of four traits showed that SN was significantly and negatively
corrected with GNS and TGW, but positively corrected with
PH (Supplementary Table 3). PH had a strongly positive
correlation with TGW and a significantly negative correlation
with GNS, whereas, the correlations between GNS and TGW
were not significant (Supplementary Table 3). ANOVA across
seven environments for the four traits revealed that there were
significant differences among RIL genotypes (Supplementary
Table 4). Broad-sense heritability of the four traits (SN, GNS,
TGW, and PH) were 92.51, 93.92, 90.05, and 95.35%, respectively
(Supplementary Table 4), suggesting that genetic factors were
the main source of phenotypic variation of each trait.

Genetic Map Construction

To construct a high-density genetic map covering the whole
wheat genome, two parents and the RIL population were
genotyped by the wheat 90K SNP array. A total of 10,384
SNP markers showed polymorphisms between ND981 and
ND3097. After removing the SNP markers with more than 20%
missing data and segregation distortion in the RIL population,
the remaining 7,393 SNP markers, representing 1,732 unique

“http://wheat.cau.edu.cn/TGT/

loci, were used for linkage analysis. Finally, a high-density
genetic map that included 27 linkage groups representing 21
chromosomes and covered 4,707.39 c¢cM in length with an
average density of 2.72 cM/locus was constructed for QTL
mapping (Supplementary Figure 1 and Supplementary Table 5).
Chromosomes 2D, 3D, 4B, 5A, 5D, and 6D were all integrated by
two linkage groups (Supplementary Figure 1). The number of
SNP markers distributed on three A, B, and D subgenomes was
2,298; 4,620; and 475, respectively (Supplementary Table 5).

Quantitative Trait Loci Analysis

A total of 56 QTLs were detected for SN, GNS, TGW, and PH
in seven individual environments, while 19 QTLs were identified
in BLUP analysis across seven environments (Supplementary
Tables 6, 7). They were located on 19 chromosomes, except
for chromosomes 5D and 7B. Eleven of these QTLs that could
be detected in more than three individual environments and
BLUP analysis were defined as stable QTLs, and the remaining
49 were putative QTLs (Figure 3, Table 1, and Supplementary
Tables 6, 7). Among these QTLs, four stable and major QTL
controlling SN, GNS, TGW, and PH, respectively, were detected
in the same region on chromosome 4B.

Spike Number Per Unit Area

A total of nine QTLs for SN was identified in seven individual
environments and BLUP analysis with a LOD score range
of 2.52-61.24, explaining 1.48-59.00% of phenotypic variation
(Supplementary Tables 6, 7). Of these QTLs, a stable and a major
QTL on the short arm of chromosome 4B, QSn.cau-4B-1.1, was
repeatedly detected in all of the seven environments as well as
BLUP value, explaining the largest phenotypic variation (30.97-
59.00%), and ND981 contributed the increasing allele (Figure 3,
Table 1, and Supplementary Table 6).

Grain Number Per Spike

For GNS, a total of 16 QTLs were detected in seven individual
environments and BLUP analysis with a LOD score range of
2.57-41.56, explaining 2.48-50.43% of the phenotypic variance
(Supplementary Tables 6, 7). Of these QTLs, four stable QTLs
were mapped on chromosomes 2A, 3B, 4A, and 4B, of which the
QTL on chromosomes 4A (QGns.cau-4A) and 4B (QGns.cau-4B-
1) were most stable and had a major effect, contributing up to
9.93 and 50.43% of phenotypic variation, respectively (Figure 3,
Table 1, and Supplementary Table 6). The phenotypic variation
explained by the remaining two stable QTLs (QGns.cau-2A.2 and
QGns.cau-3B.1) was 5.83 and 4.90%, respectively in the analysis
of BLUP data (Figure 3 and Supplementary Table 6). The QTL
QGns.cau-4B-1 was colocated with the stable and major QTL for
SN on chromosome arm 4BS (QSn.cau-4B-1.1), and the beneficial
allele was from ND3097 (Figure 3 and Table 1).

Thousand Grain Weight

For TGW, a total of 21 QTLs were detected in seven individual
environments and BLUP analysis with a LOD score range of 2.55-
30.89, explaining 1.13-27.09% of the variance (Supplementary
Tables 6, 7). Of these QTLs, two stable QTLs were identified on
chromosomes 1A (QTgw.cau-1A.3) and 4B (QTgw.cau-4B-1.1),
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FIGURE 1 | Phenotypic characterization of the two parents. (A) Comparison of spike numbers between ND981 and ND3097 with the single row plot of 0.2 m2.
(B) Comparisons of spike size between ND981 and ND3097. Bars, 2 cm. (C) Comparisons of grains size between ND981 and ND3097. Bars, 1 cm.
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FIGURE 2 | Histograms of frequency distributions of the BLUP values of three components of yield and plant height in the RIL population. (A-D) Histograms of
frequency distributions of the BLUP values of spike number per unit area (SN), grain number per spike (GNS), thousand grain weight (TGW), and plant height (PH),
respectively. The arrows represent the position of two parents for each trait in RIL population.

Frontiers in Plant Science | www.frontiersin.org 5 January 2022 | Volume 12 | Article 799520


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wen et al.

QTL Cluster of Wheat Yield

2
- 20
- 30
=40
=50
= 60
=70
- 80
= 90
= 100
=110
=120
- 130
- 140
=150
- 160
=170
=— 180
— 190
- 200
- 210
- 220
=230
=240
=230

wOTgw.cau-14.3

wsnp Ex_c10637_17376448
RAC875_¢38756_141
RACS?S £97040 104
BS00081680_51

Excalibur_c11941_612

wsnp_Ex_c12932_20486842
Tdurum_contigi349_810

4A

WOPh.cau-44.2

w QGns.cau-44

4D

— RACS75_¢6922 291

w OPh.cau-4D
I

BS00094770_31
/8500018120 j!

BS00106571_51
GENE-2812_300

|- CAP11 c896_88

{I

v OGns.cau-24.2

wsnp_Ex_c683_1341113

I~ wsnp_Ex_rep_c67296_63839761
wsnp_JD rep ¢51623_35119179

I~ Excalibur_rep_c108030_260
Excalibur_rep_c106790_135

t—wsnp_Ex_c42133_48794975

- wsnp_Ex_c34252_42593715

' BobTWhite_c11619_255

BS00021716_31
8500043286 31
snp_Ra_c14920 23225219
Cl..PlZ €2677_138
wsnp_Ex_c3690_9994305
BobiThite_c20163_456
CAP11 ¢2450_256
wsnp_Ex_c19773_28772235
Kuiori_c27874 513
wsnp_Ku_c4924_8816643
Excalibur_¢25699_113
wsnp_Ku_c4427_8029592
RACB75_¢49370_327
BS00039147_51
Kuderi_c48943_1149
Excalibur ¢11968_204
wsnp_Ex_c3988 7221220
RACE75 ¢37810_ 241
wsnp_JD_c27162_22206547

RACS75_rep_c78744_228
Excalibur ¢32875_78

GENE-0922 327"
wnp_Ex_c42813 49298013

¢ Tdurum contigd4687_464

IAAV2718
RFL _Contig2729 317

RACS75, .:1781 1137

wnp_REL_Contigd394_5459508
TA005373-0506
vsnp_Ra_c3378_6318431
Kuloi_¢52402_392

i\ BS00009817_51 ~

IACX5800

TA004785-1734

Tdurum contig67827_98
51

I Tdurum_contig64286_268

GENE-0676_322
RAC875_c24364_307

vOGns.cau-4B-1
w OPh.cau-4B-1.1

w OTgw.cau-4B-1.1
wOSn.cau-4B-1.1

VOPh.cau-4B-1.2

Excalibur_¢14217_1260
Excalibur_c19666_778
BobWhite_c20322_153
14CX8322

Excalibur ¢42538_186
Kuii_rep_c101442_766
RACS75_c906_657
GENE-4895_249

v QGns.cau-3B.1

4B

Tdurum_contig97636_301
I4413924

85000638)8 51

CAP12 rep_c7901_114
wsnp_Ex_c26128_35374652
Wsnp_ Xu_c19631 29148397
wsnp_JD_rep_c63634_40605158

BobWhite_c11000_1049

wsrp_JD _c14411_14148961
Tdwum_contigl0475_87
Kukri_c1565_111

Tdwum_coniig42083_890
BS00056493_51

BobWhite_c 19919 301
Excalibur_c64208_101
RACS75_c24098_141
Excalibur_c61749_474
Tawwn_contig93710_409
Tawrum_ com1v31)14 449
wsrp_Ku_¢ 0807) 13785546

=~ RACS875_c37536_611

GENE-3024_71 CAP7_c1893_424
BS00200838_51
RACS75_c48283 1574
Kukzi_c11415_1074
wsrp_Ex_c33910_43971560
wsrp_Ra_c3790_6990678

D contig71338 373

Kukri ¢4221 1114
RFL_Coniigi341_816

GENE-2278_444

»| Stable QTLs with positive alleles from ND981

p| Stable QTLs with positive alleles from ND3097
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TABLE 1 | The genomic regions harboring environmentally stable QTL for spike number per unit area (SN), grain number per spike (GNS), thousand grain weight (TGW),

and plant height (PH) in the ND981/ND3097 RIL population.

Chromosome Genetic Physical Included Source of Phenotypic variation Detected environments? References
interval (cM)? interval (Mb)® stable QTLS® favorable allele explained (%)
1A 271.5-281.5 558.3-566.7 QTgw.cau-1A.3 ND3097 4.58-6.58 E1/E3/E7/B
2A 125.5-147.5 723.5-735.6 QGns.cau-2A.2 ND3097 2.97-5.83 E1/E5/E6/E7/B Cuiet al., 2014
3B 68.5-97.5 100.9-133.8 QGns.cau-3B.1 ND3097 2.92-7.42 E1/E3/E5/EG/E7/B
4A 137.5-151.5 664.1-679.3 QGns.cau-4A  ND981 3.78-9.93 E1/E2/EB/E4/E5/EG/E7/B  Cuietal., 2017
Gao et al., 2015
Guan et al., 2018
QPh.cau-4A.2  ND981 2.73-4.26 E2/E4/EB/EB/ET/B
4B-1 126.5-168.5 19.7-38.2 QSn.cau-4B- ND981 30.97-59.00 E1/E2/EB/E4/E5/E6/E7/B  Guan et al., 2018
1.1
Kumar et al., 2016
Liu et al., 2014
Lietal., 2020
QGns.cau-4B-  ND3097 20.24-50.43 E1/E2/E3/E4/E5/E6/E7/B  Xu et al., 2019
1
QTgw.cau-4B-  ND3097 3.92-18.75 E2/E4/E6/E7/B Chen et al., 2020
1.1
Guan et al., 2018
Kumar et al., 2016
Liu et al., 2014
QPh.cau-4B- ND981 3.78-5.78 E1/E2/EG/E6/B
1.1
QPh.cau-4B- ND981 11.46-28.00 E1/E3/E4/E5/E7/B Gao et al., 2015
1.2
Guan et al., 2018
Wu et al., 2010
4D 0.0-11.5 13.8-54.4 QPh.cau-4D ND3097 18.53-39.15 E1/E2/EB/E4/EB/E6/ET/B  Gao et al., 2015

Guan et al., 2018
Liu et al., 2014

aThe integrated confidence interval across all the detected environments.

bThe corresponding physical interval (Mb) of the QTL regions were obtained by blasting the flanking sequences of SNP markers to the Chinese Spring RefSeq v1.0.
CStable QTL were identified in above three individual environments and BLUP analysis.

9ET, 2014-2015 Handan, Hebei Province; E2, 2014-2015 Shangzhuang Town, Beijjiing; E3, 2014-2015 Shanxi, Yangling; E4, 2015-2016 Handan, Hebei Province; E5,
2015-2016 Shangzhuang Town, Beijjing; E6, 2015-2016 Beijing, Chinese Academy of Agricultural Sciences (CAAS); E7, 2016-2017 Shangzhuang Town, Beijjing.

B indicates the combined QTL analysis based on BLUP values.

and the alleles for increased TGW at two loci were contributed
by ND3097. The QTL QTgw.cau-4B-1.1 was colocated with
the major stable QTL for SN and GNS (QSn.cau-4B-1.1 and
QGns.cau-4B-1) and explained 3.92-18.75% of the phenotypic
variation for TGW (Figure 3, Table 1, and Supplementary
Table 6).

Plant Height

For PH, a total of 14 QTLs were detected in seven individual
environments and BLUP analysis with a LOD score range
of 2.52-27.74, explaining 2.24-39.15% of phenotypic variation
(Supplementary Tables 6, 7). Of these QTLs, four stable
QTLs were located on chromosomes 4A (QPh.cau-4A.2),
4B (QPh.cau-4B-1.1 and QPh.cau-4B-1.2) and 4D (QPh.cau-
4D), the increasing alleles of QPh.cau-4A.2, QPh.cau-4B-1.1,
and QPh.cau-4B-1.2 all were from ND981, whereas ND3097
contributed to the increasing allele of the QTL QPh.cau-4D
(Figure 3 and Supplementary Table 6). The two stable QTLs
QPh.cau-4A.2 and QPh.cau-4B-1.1 explained relatively lower

variance (2.73-4.26% and 3.78-5.78%). The mapping intervals of
the two QTLs QPh.cau-4B-1.2 and QPh.cau-4D, explaining the
higher phenotypic variation (up to 28.00 and 39.15%), included
the dwarfing gene loci Rht-BI and Rht-D1, respectively. The
QTL QPh.cau-4B-1.2 was colocated with the stable major QTL
QSn.cau-4B-1.1, QGns.cau-4B-1, and QTgw.cau-4B-1.1 (Figure 3,
Table 1, and Supplementary Table 6).

Remapping for the Quantitative Trait Loci
Cluster

The genomic region of the chromosome arm 4BS flanked
by SNP markers Ku_c63300_1309 and RAC875_c48283_1574
was identified and considered a QTL cluster controlling four
stable and major QTLs for SN, GNS, TGW, and PH in the
RIL population. To further dissect the identified QTL cluster
consisting of QTL QSn.cau-4B-1.1, QGns.cau-4B-1, QTgw.cau-
4B-1.1, and QPh.cau-4B-1.2, we developed four polymorphic
InDel markers within the overlapping region of these four QTLs
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FIGURE 4 | Remapping for the QTL cluster based on the resultant linkage map and BLUP values of spike number per unit area (SN), grain number per spike (GNS),
9 g 9
thousand grain weight (TGW), and plant height (PH). (A) The LOD values map of SN, GNS, TGW, and PH on chromosome 4B. (B) Partial resultant linkage map for
the genomic region of the QTL cluster. (C) The corresponding physical map for the genomic region of the QTL cluster. The double-headed arrows represent the
corresponding position between (A=C). Black and red indicate the confidence interval of the QTL cluster corresponding to the position of resultant linkage map and
partial resultant linkage map corresponding to the position of the physical map, respectively. The rectangles represent the confidence interval of the QTL. Orange,
blue, yellow, and red indicate SN, GNS, TGW, and PH, respectively.

to genotype the RIL population (Supplementary Table 8). These
four InDel markers were added to the resultant linkage map, and
the genetic distance changing from 254.93 to 257.60 cM was also
covered (Figure 4B and Supplementary Table 9). Subsequently,
the remapping for the QTL cluster was conducted based on the
new resultant genetic map of chromosome 4B and BLUP values
of SN, GNS, TGW, and PH (Figure 4A). The QTL cluster was
relocated to a physical interval of about 8.7 Mb delimited by SNP
markers BS00061358_51 and RAC875_c27536_611, including
three QTL (QSn.cau-4B-1.1, QGns.cau-4B-1, and QPh.cau-4B-
1.2) for SN, GNS, and PH, respectively, colocated to the
interval flanked by markers BS00100838_58 and INDEL(4B)31-
1 (~3.0 Mb), and one QTL (QTgw.cau-4B-1.1) for TGW
delimited to the interval by markers BS00061358_51 and
RAC875_c27536_611 (~8.7 Mb) (Figure 4C). The four QTLs
QSn.cau-4B-1.1, QGns.cau-4B-1, QPh.cau-4B-1.2, and QTgw.cau-
4B-1.1 explained 70.47, 54.02, 18.58, and 8.79% of phenotypic
variation for SN, GNS, PH, and TGW, respectively.

Fine Mapping of the Quantitative Trait

Loci Cluster

The RHL is one of the main and efficient methods for fine-
mapping of QTL without extensive backcrossing, especially for
self-pollinated crops (Liu N. et al., 2018; Chen et al., 2020). In this
study, one RHL (RIL74) displaying heterozygous genotype within
the mapping interval of the QTL cluster on chromosome arm 4BS

was screened from the Fg generation of the RIL population and
used for fine mapping of the QTL cluster. To validate the additive
effect of the QTL cluster and narrow its candidate interval, a total
of eight polymorphic InDel markers covered the wider region
of the QTL cluster for 20.0-38.0 Mb of chromosome 4B were
used for genotyping F; population generated from self-pollinated
of RIL74 (Supplementary Table 8). Finally, 43 homozygous
non-recombinant F; plants representing two parental types
and 64 homozygous recombinant F; plants representing five
recombination types were identified and planted to generate NIL
families, F7.3. Among them, 43 homozygous non-recombinant
F7.¢ families, namely 4BND98L NTLs (with ND981 allele) and
4BND3097 NJILs (with ND3097 allele), were used to validate
the additive effect of the QTL cluster, and on 64 homozygous
recombinant F7.g families, namely I, I, III, IV, and V NILs were
conducted phenotypic identification to narrow the candidate
interval of the QTL cluster (Figure 5).

In subsequent students f-test of the progeny, the averages
SN and PH of 4BND%8! NILs were extremely significantly
higher than that of 4BNP3%7 NILs in both the environments
(Table 2), whereas, the averages, GNS and TGW, of 4BND%8!
NILs were significantly lower than that of 4BNP30%7 NILs in
both the environments (Table 2). These results indicated that
the ND981 allele of the QTL cluster has a positive effect on
SN and PH, but has a negative effect on GNS and TGW. The
extremely significant phenotypic differences in SN, GNS, TGW,
and PH were detected between IV and 4BNP%8! NILs (p < 0.01).
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FIGURE 5 | Fine mapping of the QTL cluster using the homozygous recombinant F7.g families. (A) Fine mapping of the QSn.cau-4B-1.1 and QPh.cau-4B-1.2.

(B) Fine mapping of the QGns.cau-4B-1 and QTgw.cau-4B-1.1. Left side is the eight InDel markers used to screen homozygous recombinants (upside) and the
graphical genotypes of five homozygous recombination types and two parent types (downside). n represents the number of each homozygous family. Black and
white bars represent the chromosome segments from ND981 and ND3097, respectively. Orange arrows represent the interval of fine mapping for QSn.cau-4B-1.1,
blue arrows represent the interval of fine mapping for QPh.cau-4B-1.2, yellow arrow represents the interval of fine mapping for QGns.cau-4B-1, carmine arrow
represents the interval of fine mapping for QTgw.cau-4B-1.1NP9%1 red arrow represents the interval of fine mapping for QTgw.cau-4B8-1.1NP3097  Right side is the
comparisons of spike number per unit area (SN), grain number per spike (GNS), thousand grain weight (TGW) and plant height (PH) among each homozygous family.
The values of SN, GNS, TGW and PH are the means (mean + SE) of each homozygous family. a, b, ¢ and d represent the significance of differences between
different homozygous families.

Moreover, besides SN and PH, the extremely significant effects  than that of 4BNP3%7 NILs, and the average TGW of V NILs
for GNS and TGW were observed between V and 4BNP*®! NILs  was lower than that of 4BNP%! NILs. This implied that the
(p < 0.01). Remarkably, the average TGW of IV NILs was lower ~QTL for TGW was decomposed into two linked QTLs with
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TABLE 2 | Average spike number per unit area (SN), grain number per spike
(GNS), thousand grain weight (TGW), and plant height (PH) of homozygous
non-recombinant F7.g families in two environments.

Env.2 Genotype? Fz.8
SN GNS TGW PH

E8 4BND981 1,215 23.3 44.87 99.2
4BND3097 695 36.1 50.55 82.5
Percentage 74.82%**  —35.46%"* —11.24%** 20.24%***

E9 4BND981 1,090 247 48.56 97.6
4BND3097 700 35.6 54.20 815
Percentage 55.71%**  —30.62%"* —10.41%** 19.75%***

4E8, 2019-2020 Shangzhuang Town, Beijing; E9, 2019-2020 Handan, Hebei
Province; PPositive percentage values indicate the increasing allele is from
homozygous non-recombinant Fr.g families with ND981 allele (4BNP91 NiLs),
negative percentage values indicate the increasing allele is from homozygous
non-recombinant F.g families with ND3097 allele (4BNP3997 NiLs); *p < 0.01;
**p < 0.001.

opposite effects, tentatively named as QTgw.cau-4B-1.1P%8! and
QTgw.cau-4B-1.1ND3097. Taken together, QTL QSn.cau-4B-1.1
and QPh.cau-4B-1.2 were delimited into the interval flanked by
markers INDEL(4B)27-1 and INDEL(4B)29-1 or INDEL(4B)31-
2 and INDEL(4B)38-23; QGns.cau-4B-1 and QTgw.cau-4B-
1.1NP98L wwere colocated between markers INDEL(4B)27-1 and
INDEL(4B)32-16, and QTgw.cau-4B-1.1NP3%7 was delimited
into the interval flanked by markers INDEL(4B)20-1 and
INDEL(4B)29-1.

To use the phenotypic data of individual plants to accelerate
the fine mapping of the QTL cluster, the correlation analysis for
average SN, GNS, TGW, and PH of F;.3 families and average
SNPP, GNSIP, TGWIP, and HPP of corresponding F; plants were
performed. The results indicated that SN, GNS, TGW, and PH of
F7.g families all were significantly correlated with SNPP, GNSIP,
TGWIP, and HPP of the corresponding F; plants (P < 0.05),
respectively, which provided good support for using SNPP, GNSI,
TGWIP, and HPP of individual plants for assessing SN, GNS,
TGW, and PH of their progenies in advance (Supplementary
Table 10). Therefore, the Fg plants were screened by the eight
polymorphic InDel markers used for screening F; plants to
further narrow the candidate region of the QTL cluster. A total of
496 homozygous non-recombinant Fg plants displaying ND981
genotype and 542 homozygous recombinants representing four
recombination types, namely type 4BND98L v VII, VIII, and
IX, were obtained from the Fg population (Figure 6). After
the Student’s t-test of progeny, average SNPP and HPP of type
4BND8!L Fg plants were extremely significantly higher than that
of type VII, VIII, and IX Fg plants (p < 0.01). Average TGWIP
of type VIII and IX Fg plants, and average GNSIP of type
VIII Fg plants had no significant difference with type 4BNP%8!
Fg plants, but the average GNSIP of type IX Fg plants was
extremely significantly higher than that of type 4BNP?8! Fg plants.
These results suggested that the genomic region flanked by
markers INDEL(4B)27-1 and INDEL(4B)30-1 harbored two QTL
QSn.cau-4B-1.1 and QPh.cau-4B-1.2 for SN and PH, respectively,
and QTL QGns.cau-4B-1 for GNS and was delimited into the
interval flanked by markers INDEL(4B)27-1 and INDEL(4B)29-1,

or INDEL(4B)32-16 and INDEL(4B)38-23; QTL QTgw.cau-4B-
1.1 for TGW was delimited into the interval flanked by markers
INDEL(4B)20-1 and INDEL(4B)29-1.

Combined fine-mapping results of F;.g families and Fg plants,
QSn.cau-4B-1.1, QPh.cau-4B-1.2, and QGns.cau-4B-1 were
colocated between markers INDEL(4B)27-1 and INDEL(4B)29-
1. QTgw.cau-4B-1.1 was divided into two linked QTL with
opposite effects, tentatively named as QTgw.cau-4B-1.1NP%8!1
and QTgw.cau-4B-1.1NP3%7 The former was located between
markers INDEL(4B)27-1 and INDEL(4B)32-16, with the
favorable allele from ND981, and the latter was located between
markers INDEL(4B)20-1 and INDEL (4B)29-1, with the favorable
allele from ND3097.

Prediction of Candidate Genes

According to fine mapping of the QTL cluster, the interval
flanked by markers INDEL(4B)27-1 and INDEL(4B)29-1 was
selected for candidate genes analysis. Based on Chinese
Spring IWGSC RefSeq Annotations v1.1°, a total of 31 high
confidence genes were annotated in the INDEL(4B)27-1 and
INDEL(4B)29-1 interval (Supplementary Table 11). Among
them, TraesCS4B02G041600 may be a candidate gene for
QTgw.cau-4B-1.1, QGns.cau-4B-1, and QPh.cau-4B-1.2, and
TraesCS4B02G042400 may be a candidate gene for QPh.cau-4B-
1.2 and QGns.cau-4B-1. TraesCS4B02G041600 was predicted to
encode a Mitogen-activated protein kinase 1. In recent years,
several members of the gene families encoding mitogen-activated
protein kinase were reported to be involved in regulating TGW,
GNS, and PH in rice, for e.g., mitogen-activated protein kinase 15
(OsMPK15) (Hong et al., 2019), mitogen-activated protein kinase
4 (OsMKK4) (Guo T. et al., 2018), and mitogen-activated protein
kinase 6 (OsMAPK®6) (Liu et al., 2015). The functional description
of TraesCS4B02G042400 was phosphatidylinositol 4-phosphate
5-kinase 1, which is the homologous gene of Os03G0705300 in
rice. 0s03G0705300 has been shown to affect stem elongation
and panicle development in rice (Fang et al., 2020). For SN,
homologous genes of these 31 high confidence genes in rice
and Arabidopsis have not been reported to regulate tiller. It is
necessary to further narrow the candidate interval of QSn.cau-
4B-1.1 to reduce the number of candidate genes.

DISCUSSION

Comparisons of Quantitative Trait Loci
for Yield-Related Traits With Previous

Research

Three components of yield and PH are important agronomic
traits for improving wheat yield potential. Identification of
genetic loci controlling these four traits is the basis for breeding
high-yield wheat varieties (Zhang et al., 2010). In this study, a
total of 11 environmentally stable QTL for three components
of yield (SN, GNS, and TGW) and PH were detected in the
ND981/ND3097 RIL population, which were mainly distributed

“https://urgi.versailles.inra.fr/download/iwgsc/IWGSC_RefSeq_Annotations/v1.1/
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FIGURE 6 | Fine mapping of the QTL cluster using the homozygous recombinant Fg plants. (A) Fine mapping of the QSn.cau-4B-1.1 and QPh.cau-4B-1.2. (B) Fine
mapping of the QGns.cau-4B-1 and QTgw.cau-4B-1.1. Left side is the eight InDel markers used to screen homozygous recombinants (upside) and the graphical
genotypes of four homozygous recombination types and the parent ND981 type (downside). n represents the number of each homozygous plant. Black and white
bars represent the chromosome segments from ND981 and ND3097, respectively. Orange arrows represent the interval of fine mapping for QSn.cau-4B-1.1, blue
arrows represent the interval of fine mapping for QPh.cau-4B-1.2, yellow arrow represents the interval of fine mapping for QGns.cau-4B-1, carmine arrow represents
the interval of fine mapping for QTgw.cau-4B8-1.1NP981 red arrow represents the interval of fine mapping for QTgw.cau-4B-1.1NP3%97 | Right side is the comparisons
of spike number per plant (SNPP), grain number per spike of individual plant (GNSIP), thousand grain weight of individual plant (TGWIP) and height of per plant (HPP)
among each homozygous plant. The values of SNPP, GNSIP, TGWIP, and HPP are the means (mean =+ SE) of each homozygous plant. Here a and b represent the
significance of differences between different homozygous plants.

on chromosomes 1A, 24, 3B, 4A, 4B, and 4D (Figure 3, Table 1,
and Supplementary Table 6). Among them, the QTL QGns.cau-
2A.2, QGns.cau-4A and QGns.cau-4B-1 for GNS were located on
chromosomes 2A, 4A, and 4B at the similar physical positions
of QTL reported by Cui et al. (2014), Gao et al. (2015), and

Xu et al. (2019), respectively. Two major stable QTLs (QPh.cau-
4B-1.2 and QPh.cau-4D) for PH identified on chromosomes 4B
and 4D were consistent with the dwarfing genes Rht-1 and Rht-2
(Peng et al., 1999). The major stable QTL for SN, QSn.cau-4B-
1.1, was detected on chromosome 4B corresponding to the QTL
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identified by Guan et al. (2018) and Li et al. (2020). QTgw.cau-4B-
1.1 had a similar physical position with QTL for TGW reported
by the previous studies (Liu et al., 2014; Kumar et al., 2016; Guan
et al.,, 2018; Chen et al., 2020). In addition to the above seven
stable QTLs, the remaining four stable QTLs were likely novel
QTLs for GNS, TGW, and PH.

Genetic Relationship Between Three
Components of Yield and PH

Three components of yield influenced each other during the
growth and development of wheat, and also are affected by other
traits, such as PH, crop phenology, and biomass (Guan et al.,
2018). In this work, four stable and major QTLs controlling SN
(QSn.cau-4B-1.1), GNS (QGns.cau-4B-1), TGW (QTgw.cau-4B-
1.1), and PH (QPh.cau-4B-1.2) were identified on the same region
of chromosome arm 4BS. Among them, the source of positive
alleles of QSn.cau-4B-1.1 and QPh.cau-4B-1.2 were opposite
to that of QGns.cau-4B-1 and QTgw.cau-4B-1.1 (Figure 2 and
Supplementary Table 6), which exhibited the strong trade-oft
between SN, PH and GNS, TGW, consistent with phenotypic
correlation analysis (Supplementary Table 3). For SN and TGW,
Guan et al. (2018) has reported two stable QTLs (QSpp.cau-4B.3
and QTgw.cau-4B.2) located in the physical interval of about
13.98-30.86 Mb on chromosome 4B, and we achieved similar
results. Moreover, the positive alleles of QSpp.cau-4B.3 and
QTgw.cau-4B.2 were from the opposite parent, which indicated
a trade-off relationship between SN and TGW.

For PH and TGW, some studies showed that positive alleles of
the colocated QTL controlling them were from the same parent,
which was in contrast to this work. For example, Guan et al.
(2018) detected a stable QTL (QPh.cau-4B.2) on chromosome
4B controlling PH with superior alleles coming from the parent
JD6, consistent with the source of a favorable allele of QTgw.cau-
4B.2, which demonstrated a positive relationship between PH and
TGW. In addition, the increasing alleles of two colocated major
QTLs on chromosome arm 3DS controlling PH and TGW all
were contributed by the parent HS2 (Chen et al., 2020). Moreover,
some studies on dwarfing genes Rht-1 and Rht-2 have shown
that the dwarfing allele not only reduced PH, but also decreased
TGW due to linkage drag (Jobson et al., 2018). In this work,
two tightly linked QTLs controlling PH and TGW, QPh.cau-
4B-1.2 and QTgw.cau-4B-1.1, explaining the highest phenotypic
variance, were identified on chromosome 4B. The positive allele
of QPh.cau-4B-1.2 was from the parent ND981, whereas that of
QTgw.cau-4B-1.1 was from another parent ND3097, which may
be caused by QTgw.cau-4B-1.1, further divided into two linked
QTLs with opposite effects, and the additive effect of QTgw.cau-
4B-1.1NP30%7 was larger than QTgw.cau-4B-1.1NP%8!during the
subsequent fine mapping. This result provided a theoretical basis
and genetic resources for breeding new varieties of wheat with
lower PH and higher grain weight.

Breeding Value of QTgw.cau-4B-1.1

Thousand grain weight is an important agronomic trait in
wheat and plays a significant and stable role in improving
wheat yield (Wu et al., 2015). At present, several studies

have identified stable and major QTLs for TGW near the
dwarfing gene Rhtlon chromosome 4B (Table 1), accounting
for 4.75-39.30% of the phenotypic variance. In this work,
we also identified a major QTL for TGW (QTgw.cau-4B-1.1)
spanning the dwarfing gene RhtI using the ND981/ND3097
RIL population, the favorable allele coming from the parent
ND3097 with higher grain weight. QTgw.cau-4B-1.1 was divided
into two linked QTLs with opposite effects in subsequent
fine-mapping using secondary segregation populations derived
from the RIL74 family, tentatively named as QTgw.cau-4B-
1LINP9L and QTgw.cau-4B-1.1NP30%7, The additive effect of
QTgw.cau-4B-1.1NP37 was larger than that of QTgw.cau-
4B-1.1NP?8L which was in accordance with the source of
a favorable allele of QTgw.cau-4B-1.1 in primary mapping.
The additive effect analysis showed that the average TGW
of Fyg families carrying favorable allele of QTgw.cau-4B-
1.1NP3997 was increased by 10.51 g than carrying unfavorable
allele of QTgw.cau-4B-1.1NP3%7 whereas QTgw.cau-4B-1.1NP%8!
was increased 4.85 g. Therefore, the combination of a
favorable allele of these two QTL identified in this study
may significantly increase TGW and thus improve wheat
yield, which is of great value for breeding the high-yield
wheat varieties.

CONCLUSION

Overall, a total of 60 QTLs for SN, GNS, TGW, and PH were
identified on 19 chromosomes except for chromosomes 5D
and 7B in the ND981/ND3097 RIL population across seven
environments and BLUP values. Among them, four major and
stable QTLs for SN, GNS, TGW, and PH were located on the
same genomic region of chromosome 4B, which was considered
a QTL cluster. Further, the fine mapping results showed that
three QTLs (QSn.cau-4B-1.1, QGns.cau-4B-1, and QPh.cau-4B-
1.2) were colocated to the physical interval of about 1.4 Mb,
and QTgw.cau-4B-1.1 was located to a physical interval of
about 9.3 Mb and divided into two linked QTLs (QTgw.cau-
4B-1.1NP%8! and QTgw.cau-4B-1.1NP30%7) with opposite effects.
Based on homologous genes of rice within the candidate
interval, TraesCS4B02G041600 was considered a candidate gene
for QTgw.cau-4B-1.1, QGns.cau-4B-1, and QPh.cau-4B-1.2, and
TraesCS4B02G042400 also may be a candidate gene for QPh.cau-
4B-1.2 and QGns.cau-4B-1.
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