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Abstract

Wheat grain yield is generally sink-limited during grain filling. The grain-filing rate (GFR) plays a vital role but is poorly
studied due to the difficulty of phenotype surveys. This study explored the grain-filling traits in a recombinant inbred
population and wheat collection using two highly saturated genetic maps for linkage analysis and genome-wide association
study (GWAS). Seventeen stable additive quantitative trait loci (QTLs) were identified on chromosomes 1B, 4B, and 5A.
The linkage interval between IWB19555 and IWB56078 showed pleiotropic effects on GFR,, GFR.,., kernel length (KL),
kernel width (KW), kernel thickness (KT), and thousand kernel weight (TKW), with the phenotypic variation explained (PVE)
ranging from 13.38% (KW) to 33.69% (TKW). 198 significant marker-trait associations (MTAs) were distributed across
most chromosomes except for 3D and 4D. The major associated sites for GFR included /WB44469 (11.27%), IWB8156
(12.56%) and IWB24812 (14.46%). Linkage analysis suggested that IWB35850, identified through GWAS, was located
in approximately the same region as QGFRmax2B.3-11, where two high-confidence candidate genes were present. Two
important grain weight (GW)-related QTLs colocalized with grain-filling QTLs. The findings contribute to understanding the
genetic architecture of the GFR and provide a basic approach to predict candidate genes for grain yield trait QTLs.

Keywords: wheat, grain-filling rate, linkage analysis, genome-wide association study

Received 25 February, 2021 Accepted 6 July, 2021

YU Hai-xia, E-mail: yuhaixia66@163.com; DUAN Xi-xian, E-mail:
1278901428@qq.com; Correspondence CHEN Jian-sheng, Tel:
+86-538-8241959, E-mail: jshch@sdau.edu.cn; MA Wu-jun,
E-mail: W.Ma@murdoch.edu.au

1. Introduction

"These authors contributed equally to this study.

© 2022 CAAS. Published by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

doi: 10.1016/j.jia.2022.07.032

Wheat is one of the most important grain crops in the
world. A high grain yield is the predominant objective
of breeding programs aimed at meeting the growing
demand for wheat imposed by the ever-growing human
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population. The spike number per unit area, kernel
number per spike (KN), and thousand kernel weight (TKW)
are the three basic yield components (Li and Gill 1970;
Gupta et al. 2006; Fischer 2008, 2011; Dobrovolskaya
et al. 2015). These components can be further divided
into more integrant elements, which are determined by
many factors. Among these elements, the grain-filling
duration (GFD) and rate (GFR) are the main determinants
influencing individual kernel size and TKW, and ultimately
affecting the final grain yield (Wang R X et al. 2008;
Alonso et al. 2018; Baillot et al. 2018).

The GFD is highly variable depending on
meteorological factors, such as temperature, relative
humidity, and the presence of stress (Wiegand and
Cuellar 1981; Knott and Gebeyehou 1987; Dfreynolds
et al. 2000; Wang et al. 2009). GFR is relatively stable
and is less affected by environmental factors (Sanford
et al. 1985; Mashiringwani et al. 1994), indicating that a
high GFR is achievable through genetic breeding. Under
adverse conditions such as abiotic and biotic stresses,
varieties with high-filling rates perform better in general,
producing fuller seeds and showing lower effects of
stress than varieties with low-filling rates. The dry weight
of wheat grain increases in a pattern corresponding to
an S-shaped curve during grain filling, and the entire
period can be divided into the following three stages:
an increasing period, a rapidly increasing period, and a
slowly increasing period. Within a given environment,
grain-filling characteristics are largely determined by
genetic factors (Zhu et al. 2019). Therefore, identifying
genetic loci or genes that control the GFR can contribute
to the effective breeding of high-yield wheat cultivars.

Several genes related to grain weight (GW) have
been isolated in rice. Among these genes, GIF1 (Grain
Incomplete Filling 1) encodes a cell-wall invertase
required for carbon partitioning during early grain filling
(Yano 2001; Wang E T et al. 2008). Wang et al. (2012)
identified the QTL GWS, which is synonymous with the
OsSPL16 gene, encoding a positive regulator of cell
proliferation. Higher expression of OsSPL16 promotes
cell division and grain filling, leading to a greater grain
width and yield in rice. Li et al. (2016) used the CRISPR/
Cas9 system to mutate the GS3 (0s03g0407400) gene in
the rice cultivar Zhonghua 11, which further confirmed its
function as a regulator of grain size. Zhang et al. (2018)
found that TaGW2-B1 and TaGW2-D1 could regulate
wheat grain size by adjusting the number and length
of exocarp cells in developing seeds. TaGASR7-A1
was homologously cloned and affects grain weight by
controlling grain length (Zhang et al. 2015). Tollenaar
and Lee (2006) examined the physiological processes
associated with genetic gain and heterosis in maize.

Their results revealed that the genetic gain was not
associated with changes in the harvest index because
the increase in the kernel number and the increase in dry
matter accumulation during the grain-filling period were
proportional, whereas in heterosis, the increase in the
kernel number was much greater than the increase in dry
matter accumulation during the grain-filling period.

Despite the importance and high breeding value, only
a few reports have focused on the identification of genetic
factors or QTL mapping for the wheat GFR. QTLs of GFR
and related traits were observed on chromosomes 2A,
3B, 4A, 5A, 5DL, and 7B (Xie et al. 2015), which is largely
due to the highly time-consuming nature of accurate
phenotype surveys. The large, complex polyploid
genome has also been a factor restricting good grain
filling research in wheat in the past (Consortium 2014).
However, due to the low density of the genetic linkage
map, which was limited by the technology available at the
time, the reported QTL regions were rather large, without
closely linked markers. There are still few available
reports addressing genes for GFR in wheat.

In recent decades, most complex quantitative traits
have been evaluated based on genetic linkage maps
(Zhang Z H et al. 2013; Du et al. 2019). This strategy
presents the advantage of more efficient macro-effect
locus detection and functional gene cloning, although
genetic population construction and fine mapping
procedures are still time-consuming (Holland 2007). As
an important supplement to QTLs, association analysis
based on wheat collection can simultaneously examine
multiple allelic variations at the same locus, making gene
localization more accurate (Breseghello and Sorrells 2006;
Rafalski 2010; Atwell et al. 2010; Krill et al. 2010; Shi
et al. 2017). The current research aim was to accurately
and efficiently detect QTLs for GFR and related traits by
combining linkage mapping and association analysis.

2. Materials and methods

2.1. Plant materials

The recombinant inbred line (RIL) population (Fg.e)
employed in this study includes 173 lines derived from a
cross between common winter wheat Shannong 01-35
and Gaocheng 9411. Shannong 01-35 is characterized
by large kernels with a higher TKW (55-60 g) than
Gaocheng 9411 (30-34 g) (Li et al. 2015). The
association mapping panel used in this study was
composed of 205 genetically diverse varieties or lines,
132 of which have been employed as popular varieties
or backbone parents in the Chinese winter wheat area
since the 1980s, while the other 73 are wheat lines from
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Shandong, China (Chen et al. 2017; Liu et al. 2018).

The RIL and association mapping populations were
grown in Tai'an (116°36°E, 36°57°N) in 2014-2015, 2015—
2016, and 2016-2017 (E1, E2, and E3, respectively),
following a randomized complete block design with two
replications in each environment. Every plot consisted
of four rows, and each row was 2 m long and spaced
21 cm apart. The trials were managed according to local
cultivation practices.

2.2. Measurement of grain-filling traits

The specific flowering time of each variety or line was
recorded. For each plot, 50 ears that bloomed on the
same day were marked and five ears each were sampled
at 9, 18, 27, and 36 days after flowering (DAF) (GFR;,
GFR,, GFR;, and GFR,, respectively). These spikes
were selected and processed by 105°C heat treatment
for 10 min and drying at 60°C until a constant weight was
reached. The dried samples were then measured for
grain characteristics, including kernel size and grain dry
weight. The GFR calculation followed the equations of
Wang et al. (2009). A series of grain-filling parameters
were derived, including the average filling rate (GFRcan)
and the highest filling rate (GFR,,,,)-

GFD is the number of days from 75% flowering of each
panicle to maturity. Two hundred grains were randomly
collected from each line, and sampling was repeated
three times to determine TKW. A seed processing system
from Seed Processing Holland SC-G (http://www.wseen.
com, Zhejiang, China) was used to process scanned
spikelet images to obtain the kernel length (KL) and the
kernel width (KW). To assess thickness, 20 full kernels
were measured with a Vernier caliper, and the mean was
taken. The measurement was repeated three times.

2.3. Genetic map and consensus map

The genetic linkage map of the RIL population and the
consensus map used in the current study have been
reported previously. The RIL population linkage map
includes 6 244 markers (6 001 SNPs, 216 DArTs, and 27
SSRs) across 21 chromosomes covering 4 875.29 cM,
with an average distance of 0.77 cM. The consensus
map consists of 24 355 SNPs covering 21 chromosomes,
with a total coverage of 3674.16 cM and an average
marker distance of 0.15 cM.

2.4. Statistical analysis and QTL mapping

Data management and statistical analysis were performed
using SPSS 20.0 (SPSS, Chicago, IL). Analysis of

variance (ANOVA) was conducted to estimate the broad-
sense heritability (H?) for each trait.

QTL analyses were implemented with QTL Network 2.0
(Yang and Zhu 2005; Yang et al. 2007) using the Mixed
Linear Model (MLM) approach (Wang et al. 1999). The
meaningful thresholds for QTL detection were calculated
with 1000 permutations and a genome-wide error rate
of 0.05. An LOD score of 3.0 was used to verify the
presence of QTLs. The data collected from the average
of three environments (AE) were also used for QTL
analyses. For example, QGFR4B.3-8 indicates the 8th
interval of GFR detected on chromosome 4B in this paper.

Marker-trait associations (MTAs) were identified using
a MLM in Tassel 3.0, which simultaneously accounted
for population structure and kinship. The population
structure (summarized in the Q matrix) was inferred by
Structure 2.2, and the kinship matrix (summarized in the
K matrix) was calculated using the Tassel 3.0 Software.
The P-value was used to determine whether a QTL was
associated with a marker. The R® value was used to
evaluate the magnitude of MTA effects. SNPs showing
P<4.11x10™* were assumed to be significantly associated
with individual traits.

3. Results

3.1. Phenotypic data

The data for grain filling-related traits assessed in the RIL
and association mapping populations across different
environments are shown in Tables 1, 2, and Fig. 1,
respectively. The results revealed that most phenotypic
values of the parent Shannon 01-35 were significantly
higher than those of Gaocheng 9411 (Table 1). The
differences in GFR,.,, GFR .., and TKW between the RIL
population parents were 2.12 mg (grain” mg™' d™), 0.76 mg
(grain™ mg™ d™"), and 30.56 g, respectively. Transgressive
segregation of the grain-related traits occurred in all
environments, indicating that the relevant superior alleles
were randomly distributed on chromosomes.

During wheat collection, traits including KL, KW, KT,
GFR, GFD, and TKW exhibited wide variation across the
different environments (Table 2). Except for KL, KW, KT,
and GFD, the coefficients of variation (CVs) of all other
traits exceeded 12%, and the GFR in the fourth period
reached 90.46%, resulting in the largest CV. The results
indicated that the GFR in the fourth period presented great
improvement potential and was an ideal breeding target.

The phenotypic correlations between grain-filling traits
are listed in Table 3. Significant positive correlations were
observed between GFR, .., GFR., GFD, and TKW.
The correlation between TKW and GFR,,.., presented
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Table 1 Phenotypic values of grain filling traits of the RIL population in different environments

Trait" Env.? Female Male RILY
Shannong 01-35 Gaocheng 9411 Min. Max. SD Mean CV (%) H? (%)
GFR, E1 1.20 1.16 0.56 1.69 0.19 1.02 18.48 39.82
E2 1.55 1.16 0.18 2.22 0.27 1.00 26.80
E3 0.68 0.64 0.37 1.01 0.11 0.64 16.37
AE 0.90 0.99 0.43 1.40 0.15 0.89 17.11
GFR, E1 2.89 1.22 0 3.35 0.46 1.79 25.57 46.01
E2 2.81 1.69 0.60 3.45 0.43 1.97 21.98
E3 2.94 1.78 -0.77 3.06 0.51 1.84 27.64
AE 2.94 1.56 -0.77 3.35 0.37 1.86 20.14
GFR, E1 1.86 0.91 -0.90 2.79 0.67 1.42 47 47 40.62
E2 2.72 1.11 -0.04 3.29 0.59 1.87 31.53
E3 2.15 1.41 -2.81 4.57 0.91 1.55 58.96
AE 2.12 1.14 -0.84 4.57 0.58 1.61 35.94
GFR, E1 0.44 -0.48 -1.88 3.50 0.78 0.23 36.52 51.35
E2 0.40 0.04 -2.16 2.53 0.69 0.42 63.80
E3 1.62 1.02 -4.38 5.33 1.19 0.67 76.53
AE 1.10 0.19 -1.90 2.96 0.63 0.46 36.74
GFR, ... E1 1.30 0.41 0.20 1.55 0.24 0.87 27.28 59.27
E2 1.55 0.69 0.36 1.78 0.23 1.10 20.82
E3 1.71 1.12 0.70 1.71 0.18 1.11 15.88
AE 1.50 0.74 0.63 1.60 0.19 1.04 18.04
GFR E1 6.39 2.82 1.52 7.39 0.94 4.51 20.85 50.76
E2 3.44 1.83 1.12 8.55 0.71 244 29.20
E3 3.1 1.90 0.99 6.57 0.75 2.36 31.83
AE 4.30 2.18 1.92 5.10 0.56 3.12 18.07
GFD E1 - - - - - - - 61.35
E2 37.00 37.00 34.00 43.00 1.85 37.07 5.00
E3 39.00 39.00 36.00 42.00 1.25 38.82 3.21
AE 38.50 38.00 35.00 42.50 1.42 37.96 3.74
KL E1 8.25 6.37 6.37 8.30 0.35 7.16 4.96 74.67
E2 7.89 6.52 6.35 7.89 0.32 7.00 4.57
E3 7.89 6.67 5.94 7.89 0.36 6.92 5.16
AE 8.03 6.52 5.79 8.03 0.34 7.00 4.84
KW E1 4.63 3.29 3.29 5.05 0.34 4.07 8.23 69.55
E2 4.21 3.45 3.08 4.75 0.27 3.79 7.24
E3 3.92 3.72 2.94 478 0.28 3.80 7.47
AE 4.15 3.49 3.25 4.61 0.26 3.88 6.67
KT E1 3.03 2.24 217 3.42 0.24 2.72 8.72 60.74
E2 2.97 2.84 2.49 3.36 0.18 2.89 6.08
E3 3.02 2.77 2.33 3.18 0.18 2.80 6.32
AE 2.99 2.61 2.51 3.21 0.14 2.80 4.94
TKW E1 57.48 25.36 13.64 66.50 8.46 40.59 20.84 65.32
E2 57.48 25.36 13.64 66.50 8.42 40.62 20.72
E3 66.52 43.60 27.40 66.52 6.58 43.06 15.28
AE 62.00 31.44 26.73 62.00 6.82 41.64 16.39

“GFR,, GFR,, GFR,, and GFR,, grain-filling rates at 9, 18, 27 and 36 d after flowering, respectively; GFR,..., the average grain-filling
rate; GFR,,.,, the highest grain-filing rate; GFD, the grain-filling duration; KL, kernel length; KW, kernel width; KT, kernel thickness;
TKW, thousand kernel weight.

2 Env., environments. E1, E2, and E3, Tai'an 2014-2015, 2015-2016, and 2016-2017, respectively; AE, the average data of three
environments.

¥ H?, the broad-sense heritability.

—, missing data.

the highest correlation coefficient (0.97, P<0.01). KL, 3.2. Linkage analysis of QTL mapping
KW, and KT were also positively correlated with TKW,
indicating that GFR was closely related to grain size. Fifty-one additive QTLs were detected in three environments
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Table 2 Phenotypic values of wheat collection grain-filling traits
in different environments

Trait Env.2 Min. Max. SD Mean CV (%) H?(%)

GFR, E1 050 187 023 098 2306 51.20
E2 052 208 026 101 2590
E3 028 198 018 064 2831
AE 055 164 017 088 19.40
GFR, E1 065 398 052 180 29.09 40.79
E2 006 501 097 179 5456
E3 005 285 042 152 27.82
AE 062 297 035 172 2013
GFR, E1 075 368 041 195 2122 49.39
E2 010 458 061 175 3463
E3 018 382 054 185 29.41
AE 015 288 050 176 28.38
GFR, E1 002 58 147 112 3070 43.05
E2 001 260 054 060 90.46
E3 010 496 085 089 9530
AE 007 261 063 078 80.66
GFR,, E1 009 182 022 110 2041 64.70
E2 009 169 025 126 20.10
E3 061 227 017 099 17.56
AE 037 161 018 112 16.04
GFR,, E1 120 324 043 212 2031 5952
E2 127 362 046 238 19.50
E3 092 446 047 218 21.31
AE 147 454 050 231 2152
GFD  E1 30.00 4200 232 3517 658 53.79
E2 3000 4200 232 3517 658
E3 4100 47.00 142 4349 3.26
AE 3550 4450 166 3933 4.22
KL E1 598 768 036 670 531 7522
E2 596 804 036 678 532
E3 579 805 038 661 580
AE 613 777 031 670 4.64
KW E1 313 433 024 375 636 62.16

E2 3.09 454 027 3.81 7.04
E3 324 435 022 372 5.85
AE 329 427 019 3.76 5.07
KT E1 229 315 019 272 6.87 51.23
E2 234 341 016 285 5.60
E3 243 324 015 283 5.38
AE 249 3.06 0.11 2.80 3.82
TKW E1 1956 5994 6.56 39.10 16.79 57.21

E2 1852 58.16 6.44 4460 1443
E3 2770 59.90 591 4277 13.82
AE 26.63 60.59 530 4237 12.51

"GFR,, GFR,, GFR,, and GFR,, grain-filling rates at 9, 18, 27
and 36 days after flowering, respectively; GFR,..., the average
grain-filling rate; GFR,,,, the highest grain-filling rate; GFD, the
grain-filling duration; KL, kernel length; KW, kernel width; KT,
kernel thickness; TKW, thousand kernel weight.

2 Env., environment. E1, E2, and E3, Tai'an 20142015, 2015—
2016, and 2016-2017, respectively; AE, the average data of
three environments.

¥ H?, the broad-sense heritability.

for GFR- and grain size-related traits, with PVEs of
2.15-34.75%. Among these QTLs, 15 major, stable QTLs
accounted for more than 10.0% of the PVE (Table 4).

Two QTLs, QGFR,1B.7-6 and QGFR,4B.4-17, related

to GFR in the first period were detected; these were
located on chromosomes 1B and 4B and displayed a PVE
of 7.16 and 17.26%, respectively. Four QTLs for GFR,
were detected and distributed on chromosomes 4B, 5B,
and 6D, with PVE of 4.94-23.26%. Among these QTLs,
QGFR,4B.4—13 appeared to be the major QTL for GFR,,
with a PVE of 23.26%. In the third and fourth periods,
10 QTLs were detected, including QGFR;4B.4—13 with a
high PVE of 30.22%.

Four QTLs for GFR,.., were identified on
chromosomes 4B, 5A, 5B, and 6D, with PVE ranging
from 3.9 to 6.12%. Four QTLs were also detected for
GFR,..- Among these QTLs, QGFR,,.,4B.4-17 and
QGFR,,..,4B.4-13 represented the two main QTLs and
were both located on chromosome 4B, with PVEs of 18.65
and 34.75%, respectively. In addition, four QTLs for GFD
were detected, which were distributed on chromosomes
1B, 3B, and 4B, with PVE ranging from 6.70 to 10.67%.
QGFD1B.8-70 on chromosome 1B was detected in two
environments.

For grain size, 14 additive QTLs were detected,
including five QTLs for the parameter KL, four for KW,
and four for KT. Among these QTLs, QKL4B.4-17,
QKW4B.3-9, and QKT4B.4-17 were located on
chromosome 4B, explaining 21.76, 20.77, and 17.69%
of the observed variation, respectively, and seemed to
be the major loci controlling grain size. In addition, nine
QTLs for TKWs were detected on chromosomes 1B,
3B, 4B, 5A, 5B, and 7B, with PVE ranging from 4.74 to
33.69%. Notably, locus 4B.4—17 was detected in multiple
environments with high PVE and appeared to be a major,
stable QTL controlling several kernel-related traits.

3.3. Genome-wide association study of grain-filling
traits

This study used 24 355 SNPs mapped to the 21 wheat
chromosomes for MTA analysis. Across the three
environments, 198 significant MTAs were detected for
grain-filling traits. These markers were distributed across
most wheat chromosomes except for 3D and 4D, with
PVE ranging from 5.45-22.74% (Fig. 2; Appendix A).
Among these markers, 56 showed a PVE greater than
10%.

Ten MTAs for GFR, were detected on eight
chromosomes and showed PVE ranging from 6.96 to
11.58%. Eight highly significantly (P<0.0001) associated
loci were distributed on chromosomes 1B, 3A, 3B,
4A, 5A, 5B, and 6A, with individual PVE ranging from
8.28 to 11.27%. For GFR,, seven significant loci were
detected on chromosome 5B, including IWA8097 with a
PVE of 8.27%. For GFR;, 15 MTAs were detected and
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Fig. 1 Phenotypic values of grain-filling traits of the RIL population. S1-S4, 9, 18, 27 and, 36 days after flowering, respectively;
KL, grain length; KW, grain width; KT, grain thickness; TKW, thousand kernel weight. ™, P<0.001.

Table 3 Correlation analysis of grain filling traits in the RIL population”

GFR, GFR, GFR, GFR, GFR_  GFR_  GFD KL Kw KT
GFR, 1
GFR, 0179° 1
GFR, 0.060  0.046 1
GFR, -0.096  -0.078  —0239" 1
GFR ., 0.067  0.347°  0512° 0405 1
GFR_, 0203"  0479"  0419°  0.079 0.602" 1
GFD 0122  0.030 0.034 0046  -0.106 0.118 1
TKW 0112  0.384"  0518"  0413" 0.970" 0.635"  0.061 0.528"  0495"  0.555"

Y GFR,, GFR,, GFR,;, and GFR,, grain-filling rates at 9, 18, 27 and 36 days after flowering, respectively. GFR,..., the average grain-
filling rate; GFR,,,, the highest grain-filling rate; GFD, the grain-filling duration; KL, kernel length; KW, kernel width; KT, kernel

. thickness; TKW, thousand kernel weight.
, P<0.05; , P<0.01.

were mainly distributed on 1B, 2B, 4B, 5A, and 5D, with
individual PVE ranging from 6.44 to 12.56%. Among
these MTAs, IWB9292 on chromosome 1B was also
associated with GW. Seventeen MTAs for GFR, were
detected on 1A, 1B, 1D, 2B, 3A, 5A, 7A, 7B, and 7D, with
PVE ranging from 6.88 to 17.34%. Four loci (IWB23316
on 1B, IWB58600 and IWB58601 on 7B, and /IWB49080
on 7D) were also associated with TKW. The association
of the same loci with TKW and GFR indicated correlations
between the GFR stage and GW.

For the GFR ., 20 MTAs were detected on
chromosomes 1A, 1D, 3A, 3B, 4A, 4B, and 6B, with
PVE ranging from 9.97 to 22.74%. Among these
MTAs, IWB24812 on chromosome 4B and /IWB6766 on
chromosome 1D appeared to be stable MTAs and were
detected in two environments. In addition, IWB67689,
IWB72634, IWB46894, IWB66697, and IWB66699
on chromosome 6B were also associated with GFD,
indicating a significant correlation between GFD and
GFRcan- Twenty MTAs for GFR,,,, Were also detected on
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Table 4 Additive QTLs detected for grain filling-related traits in the RIL population™
Trait? Env.® QTL Interval Pos (cM) Range A P-value  PVE (%)
GFR, E1 QGFR,1B.7-6 IWB69144-IWB13172 45 0.0-10.5 -0.05 3.28 7.16
E2 QGFR4B.4-17 IWB19555-IWB56078 36.3 31.3-36.3 5.43 8.80 17.26
GFR, E1 QGFR,5B.5-488 IWB56335-IWA6526 176.2 167.3-183.8 0.12 3.60 9.11
E2 QGFR4B.4-17 IWB19555-IWB56078 36.3 21.0-36.3 0.15 7.50 19.15
E3 QGFR,4B.4-13 IWB72955-IWB35996 26.0 20.3-36.3 0.13 8.00 23.26
GFR, E1 QGFR,2D.1-39 WPT-4144-WPT-666987 5.1 2.2-8.9 -0.16 3.94 6.83
E1 QGFR,3A.1-104 IWB30389-IWB24276 97.1 86.9-97.1 -0.17 4.10 7.33
E1 QGFR,4B.4-13 IWB72955-IWB35996 30.0 20.3-36.3 0.26 7.00 16.78
E1 QGFR4B.4-14 IWB35996—-IWA500 31.3 24.0-36.3 0.82 4.16 8.28
AE QGFR4B.4-13 IWB72955-IWB35996 28.0 23.0-34.3 0.29 7.00 30.22
GFR, E1 QGFR,2A.4-12 IWB45464-IWB35954 15.5 11.3-21.6 -0.12 3.66 7.86
GFR .., E1 QGFR,,,6D.2-3 IWA167-IWB54585 11.0 7.0-17.0 0.10 3.16 6.12
GFR . E1 QGFR ,2B.3-11 IWB32627-IWB7072 24.7 0.0-25.5 0.97 1.18 2.15
AE QGFR,,4B.4-13 IWB72955-IWB35996 28.0 23.0-36.3 0.11 7.20 34.75
AE QGFR , 4B.4-17 IWB19555-IWB56078 36.3 31.3-36.3 0.24 7.00 18.65
GFD E1 QGFD1B.8-70 IWA6647-IWA2077 85.0 77.6-86.8 -0.48 3.50 6.7
E1 QGFD3B.3-9 IWB68098-IWB7055 12.0 0.0-17.0 0.50 3.66 7.16
E3 QGFD4B.8-3 IWB73485-IWB6896 6.0 0.0-16.2 0.06 4.07 8.48
AE QGFD1B.8-70 IWA6647-IWA2077 85.0 79.6-86.8 —0.46 5.10 10.67
KL E1 QKL4B.4-17 IWB19555-IWB56078 31.3 27.0-34.3 0.15 8.00 21.67
E1 QKL5A.5-3 IWA138-IWB11226 3/12.7 0.0-13.8 1.15 4.40 7.37
E2 QKL3B.5-139 IWA2399-I1WB25408 91.1 88.0-91.1 0.09 4.10 8.65
E2 QKL7A.4-71 IWB6754—-IWB56584 58.6 55.0-68.3 -0.09 4.30 9.09
E3 QKL5B.5-454 IWB67703-IWB33241 107.0 102.6-109.7 0.11 4.80 9.62
KW E1 QKW3B.4-76 IWB42559-IWB65401 84.0 80.9-87.9 0.09 6.00 8.39
E1 QKWA4B.3-9 IWB59993-IWB73001 27.4 22.4-28.4 0.14 6.70 20.77
E1 QKW4B.5-115 IWB42664—IWB52747.1 7.7 66.8-79.7 0.07 4.20 5.72
E3 QKW4B.4-17 IWB19555-IWB56078 36.3/34.3 33.3-36.3 0.13 6.00 13.38
KT E1 QKT4B.4-3 IWB12856-IWB35611 3.3 0.0-17.6 0.13 2.80 22.59
E3 QKT1A.1-18 WPT-4029-WPT-8455 46.1 40.0-46.1 0.04 3.90 5.63
E3 QKT4B.4-17 IWB19555-IWB56078 33.3 27.0-36.3 0.07 6.50 17.69
E3 QKT7A.1-20 IWA3850-IWB7997 231 21.6-24.9 -0.04 4.50 6.77
TKW E1 QTKW1B.8-70 IWB19555-IWB56078 33.3 25.0-36.3 3.06 5.10 11.69
E1 QTKW4B.4-17 IWB19555-IWB56078 35.3 25.0-36.3 3.98 7.00 23.12
E2 QTKW1B.8-70 IWA6647-IWA2077 85.0 77.6-86.8 -0.48 3.50 6.70
E2 QTKW3B.3-9 IWB68098-IWB7055 12.0 0.0-17.0 0.50 3.66 7.16
E3 QTKW1B.8-75 IWB64714.1-IWB73820 85.8 77.6-86.8 -0.37 5.05 8.91
E3 QTKW5A.10-6 IWA5929-WPT-3334 6.9 0.0-16.5 0.41 5.70 10.57
E3 QTKW5B.5-362 IWB20240-IWB6590.2 30.4 26.9-33.5 -0.37 4.96 8.85
AE QTKWA4B.4-17 IWB19555-IWB56078 34.3 31.3-36.3 3.86 8.00 33.69

" Env., environment; Pos, position; A, additive effects, a positive value indicates an allele from Shannong 01-35, and a negative value
indicates an allele from Gaocheng 9411; PVE, phenotypic variation explained.

2 GFR,, GFR,, GFR,, and GFR,, grain-filling rates at 9, 18, 27 and 36 days after flowering, respectively; GFR ..., the average grain-filling
rate; GFR,.,, the highest grain-filling rate; GFD, the grain-filling duration; KL, kernel length; KW, kernel width; KT, kernel thickness;

TKW, thousand kernel weight.

¥E1, E2, and E3, Tai'an 2014-2015, 2015-2016, and 2016—2017, respectively; AE, the average data of three environments.

chromosomes 1B, 2B, 3B, 4A, 5A, 6A, 6B, 6D, 7B, and
7D, with PVE ranging from 5.45 to 11.69%. Among these
MTAs, IWB7662 (P<0.0001) showed the highest PVE of
11.69%.

Fifteen MTAs were associated with KL and located
on chromosomes 1A, 1B, 2D, 4B, 5B, and 7A, with

individual PVE of 6.7-10.94%. Among these MTAs,
IWA4726 on chromosome 5B showed high significance
in two environments. Sixteen MTAs for KW were mainly
identified on chromosomes 1B, 4B, 5B, and 7A, with
PVE ranging from 5.76 to 10.94%. Twenty-one MTAs
for KT were also detected on chromosomes 1A, 1B, 2B,
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Fig. 2 Manhattan plots of grain filling-related traits. GFR,, GFR,, GFR,, and GFR, grain-filling rates at 9, 18, 27 and 36 days after
flowering, respectively; GFR ___, the average grain-filling rate; GFR__, the highest grain-filling rate; GFD, grain-filling duration; KL,
kernel length; KW, kernel width; KT, kernel thickness; TKW, thousand kernel weight.

2D, 3A, 4B, 5B, 6D, 7A, and 7B, with PVE of 6.8-11.9%. a pleiotropic locus that controls grain size. Furthermore,
Among these MTAs, IWB72009 on chromosome 4B was 25 MTAs for TKW were mainly detected on chromosomes
associated with GRF,, KL, KW, and KT, indicating that it is 1B, 2B, 4A, 4B, 5A, 5B, 6D, 7A, 7B, and 7D. Among
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these MTAs, IWB11820 located on chromosome 1B
exhibited the highest PVE of 12.98%, while two MTAs
(IWA7795 on 5B and IWA5081 on 2B) showed stable
correlations, as they were detected under different
environmental conditions.

4. Discussion

4.1. Advantage of combined linkage and associa-
tion analysis

Sequencing and genotyping technologies have developed
rapidly over the past decade. With the development of
SNP arrays, this technology has been widely applied in
polyploid crops such as wheat (Edwards et al. 2013).
Additionally, powerful statistical analysis tools have
promoted the rapid progress of QTL mapping of important
agronomic traits, such as yield, panicle architecture, and
plant architecture.

QTL mapping based on genetic linkage maps has
been successfully applied in the mapping of important
quantitative traits in wheat (Ma et al. 2005, 2007; Wu et al.
2016). Nevertheless, this method requires the construction
of a genetic population according to the target traits,
and the polymorphism of molecular markers is affected
by the genetic background of the population parents
(Li et al. 2018; Duan et al. 2020; Mangini et al. 2021).
GWAS, based on linkage disequilibrium, is a powerful
tool for detecting all genetic effects at loci involved in the
expression of target traits (Shu and Rasmussen 2014;
Rajiv et al. 2018) and offers the possibility of identifying all
recombination events. However, this method is susceptible
to the influence of group structure and the risk of producing
false associations between markers and traits. Therefore,
the combined use of the two methods can improve the
accuracy of the detection of favorable variation and provide
a better understanding of the relationships between
targeted traits. For example, IWB35850, identified through
GWAS, was located in approximately the same region
as QGFR,..2B.3—11 by linkage analysis, and this region
contained two high-confidence candidate genes. IWA7795
and QTKW5B.5-362 were located in adjacent regions
of the same chromosome, and these associations were
detected in multiple environments. Six markers (/WB13069,
IWB10098, IWA5589, IWA6654, IWB42573, and
IWB59901) associated with GFR,,,, were located on the
marker interval (Xgpw4142-Xbarc113) by linkage analysis.

4.2. Important gene loci for GFR

In the current study, through QTL mapping, four QTLs
for GFR,.., Were identified, which were located on

chromosomes 4B, 5A, 5B, and 6D. Through GWAS,
significant association sites for GFR,., were identified on
chromosomes 1A, 1D, 3A, 3B, 4A, 4B, and 6B, with PVE
ranging from 9.97 to 22.74%. Chromosome 4B was found
to harbor two QTLs for GFR ., in both analyses.

Of the QTLs controlling GFR,,., in the linkage analysis,
QGFR,,.,4B.4-17 and QGFR,,..,4B.4—13, both located on
chromosome 4B, had high PVE and were the main and
stable QTLs for the filling rate. In the association analysis,
the highly significantly associated sites controlling GFR.,
were mainly distributed on chromosomes 1B, 2B, 5A,
5D, 6B, and 6D, with PVE of 10.58-11.69%. Notably,
IWB35850 on 2B, detected in the GWAS, is located in
approximately the same region as QGFR,,,,2B.3—-11,
identified in the linkage analysis, with a physical
distance of only 6.3 Mb; this interval contains two high-
confidence candidate genes, TraesCS2B01G122100 and
TraesCS2B01G122900. TraesCS2B01G122100 encodes
an expansion protein that affects cell wall loosening,
plant growth and development, and reactions to plant
diseases and other stresses (Fleming et al. 1997; Zhang
J F et al. 2018). Furthermore, a gene prediction website
(https://wheat.pw.usda.gov/WheatExp/) revealed that
TraesCS2B01G 122900 expression can reach 15.8 and
16.5 FPKM (fragments per lilobase million) in the grain
filing and flag leaf development stages of wheat growth,
respectively (Appendix B). Since most of the dry matter
in wheat grains comes from photosynthesis in flag leaves
and ears (Evans and Rawson 1970), this gene is logically
a potential candidate gene.

For KL, the stable QTL QKL4B.4-17 with high PVE
(21.67%) was detected in multiple environments. In
association analysis, three extremely significant
association sites (IWA4726, IWB142, and IWB12805)
were distributed on the same chromosome, 5B.
Additionally, IWA4726 was stably detected in both
environments. QKW4B.4-17, QKW4B.5-115, and
QKWA4B.3-9 were detected in a variety of environments
and appeared to be stable QTLs with relatively stronger
effects on KW. Four highly significantly (P<0.0001)
related loci (IWB28146, IWB64503, IWB30048, and
IWB47520) were detected on 5B. Four highly significant
loci (IWB10628, IWB4395, IWB63985, and IWB65764)
associated with KT (P<0.0001) were detected on 7B.

QTKW4B.4-17 and QTKW4B.4—13 were identified
as important QTL sites controlling TKW. According to
combined linkage and association analysis, the key genes
controlling grain size and GW were mainly located on
chromosomes 4B and 5B. In contrast, we found that
IWA7795 (9.27%) and QTKW5B.5-362 were located in
adjacent regions of the same chromosome, and these
associations were repeated in multiple environments.
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Hai et al. (2008) used a double haploid (DH) population
generated from CA9613/H1488 and 168 SSR markers
to analyze the number of spikes, kernel weight, and
TKW in four ecological environments. Thirty QTLs were
detected, located on chromosomes 1A, 1B, 2B, 2D, and
7D. Ma et al. (2007) located QTLs for spike length and
spikelet density on 2DS. Kumar et al. (2007) detected
QTLs controlling grain yield, the harvest index, panicle
length, total spikelet number, and kernel number on 2DS.
The lack of consistency between these findings and the
current study’s findings suggests that there are more
genes/QTLs for TKW in addition to those reported in the
current study.

4.3. Comparison of the present study with previous
research

The average wheat GFR and the highest GFR are two
important parameters in grain development and are also
important factors affecting grain yield characteristics
(Wang R X et al. 2008). However, few relevant QTL
mapping studies have been conducted due to the
cumbersome methods required for determining grain-
filling traits (Kirigwi et al. 2007). A previous study
examining a recombinant inbred population under drought
conditions located a QTL affecting GFR in the xwmc89—
xwmc420 region of chromosome 4A (Kirigwi et al. 2007).
However, the QTLs for GFR identified in the current
study were mainly located on chromosomes 1B, 4B, and
6A. This difference may be due to the different genetic
materials used. In addition, 26 QTLs for the final GW, 13
for carpel size, and 81 for grain dry matter accumulation
were previously detected in a FornoxOberkulmer mapping
population over two years (Xie et al. 2015). Among
these QTLs, the chromosomal locations of the markers
(Xpsr1327b-1A, Xpsr168-1DS, Xpsr1196b-3BXglk315-
4AS, and Xpsr918b-5A) for GFR, .., and GFR,,, were
cross-verified in different populations in our study. In
addition, six markers (IWB13069, IWB10098, IWA5589,
IWA6654, IWB42573, and IWB59901) associated with
GFR,,. were located on the marker interval (Xgpw4142-
Xbarc113) by linkage analysis.

So far, more than 100 QTLs controlling wheat grain
weight have been reported, with 51 having a PVE over
10%. The main QTLs were located on 1A (Kumari et al.
2019), 4DS (Jia et al. 2013), 5A (Brinton et al. 2017), 6A
(Hanif et al. 2016), and 7AL (Su et al. 2016). Numerous
studies have shown that there are important gene loci for
grain traits on 4B (Williams and Sorrells 2014; Li et al.
2015). These include QTkw.macs-4B.2 (Patil et al. 2013)
and QGw.nau-4B (Huang et al. 2015). QTgw.crc-4BL,
QTgw.wa-4BL.e2 and QTkwpk.cimmyt-4BL were located

on the long arm of 4B (Wang et al. 2011; Hao et al. 2014).
Through comparison, our QTL TaGW4B is more than
10 Mb apart from the above QTLs, and they have different
positioning intervals.

In this study, QTLs for KL, KW, KT, and TKW were
identified on chromosome 4B. In a previous study, a DH
population with 225 lines from a cross between Westonia
and Kauz was used to identify grain phenotypes,
including GW, TKW, and KN, in three environments using
9K SNPs, 195 SSR markers, and Rht gene markers
(Ellis et al. 2002). Highly significant QTLs for TKW and
KN were detected on chromosomes 4B and 4D in the
Rht-B1a and Rht-D1a regions, respectively (Zhang J
J et al. 2013). Later, based on a new 90K SNP WK
map, a significant TKW QTL (LOD>10) was identified
on the 4B long arm, 55 cM belowRht-B1b (Rht1), while
separate QTLs for GW and KN were found at and close
to the Rht-B1b (Rht1) gene on 4BS (Appendix C).
GW and TKW QTLs were both mapped in the current
study. The peak of the TKW QTL in the WestoniaxKauz
population is located at 570.2 Mb on 4BL in the Chinese
Spring physical map (IWGSC_RefSeq_v1.0). By using
different genetic populations, the current study also
detected this TKW QTL on 4BL between 480.6 and
612.2 Mb through both QTL mapping and GWAS. The
WestoniaxKauz QTL region included 10 genes. Ahmed
et al. (2018) predicted a candidate gene for this QTL,
the sucrose transporter gene TaSUT1_4B and our team
are currently conducting a series of experiments to study
the mechanism of this gene underlying the TKW QTL.
A grain-filling QTL was also located in this region in the
current study, indicating that the high-TKW phenotype
is conferred through an enhanced GFR. This further
supports our prediction from candidate gene analysis
that sucrose transporter alleles enhance sucrose transfer
from vegetative organs to seeds, resulting in a higher
GFR and consequently a high TKW.

In the current study, a pleiotropic QTL for GFR,
TKW, KL, KW, and KT was identified on chromosome
4BS in the interval from 28.9 to 36.6 Mb in the Chinese
Spring physical map (Wheat IWGSC_RefSeq_v1.0).
This is consistent with the GW QTL identified in the
WestoniaxKauz population and the TGW QTL reported
by Xu et al. (2019). The current study located a stable
GFR QTL in this region and once again confirmed that
the GW phenotype associated with this chromosome
region is caused by variation in grain filling. Nine
high-confidence genes, including Rht1 (4B: 30.8 Mb),
were located in this region. The two genes closest
to Rht-B1b (Rht1) (TraesCS4B02G042900 (ZnF) and
TraesCS4B02G043000 (EamA)) were recently predicted
as potential candidate genes for the TGW QTL (Xu et al.
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2019). EamA (PF00892) is located at cell membranes
and acts as a metabolite transporter. This function
is in accordance with the GFR data from the current
study. Therefore, EamA is a more likely candidate
gene for the QTL on chromosome 4BS. T, generation-
positive transgenic plants were obtained through genetic
transformation. The gRT-PCR results showed higher
gene expression levels in over-expression plants, which
was in accordance with the higher grain weight. We
speculated that EamA is related to kernel development.
Because few seeds in theT, generation were harvested,
the grain filling rate had to be further verified in the T, and
T, generations.

5. Conclusion

The study used linkage and association analyses
to identify a few stable and important QTL clusters
associated with GFRs. These QTLs may be of great
value for marker-assisted selection in wheat breeding. In
addition, the application of two bioinformatics methods
provided new insights into the genetic mechanisms and
regulatory networks of complex traits in wheat.
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