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Abstract

Grain size is an important trait for crops. The endogenous hormones brassinosteroids (BRs) play key roles in grain size
and mass. In this study, we identified an ethyl methylsulfonate (EMS) mutant wheat line, SM482gs, with increased grain
size, 1000-grain weight, and protein content, but decreased starch content, compared with the levels in the wild type (WT).
Comparative transcriptomic analysis of SM482gs and WT at four developmental stages [9, 15, 20, and 25 days post-anthesis
(DPA)] revealed a total of 264, 267, 771, and 1038 differentially expressed genes (DEGs) at these stages. Kyoto Encyclopedia
of Genes and Genomes (KEGG) database analysis showed that some DEGs from the comparison at 15 DPA were involved
in the pathway of “brassinosteroid biosynthesis,” and eight genes involved in BR biosynthesis and signal transduction were
significantly upregulated in SM482gs during at least one stage. This indicated that the enhanced BR signaling in SM482gs
might have contributed to its increased grain size via network interactions. The expression of seed storage protein (SSP)-
encoding genes in SM482gs was upregulated, mostly at 15 and 20 DPA, while most of the starch synthetase genes showed
lower expression in SM482gs at all stages, compared with that in WT. The expression patterns of starch synthase genes
and seed storage protein-encoding genes paralleled the decreased level of starch and increased storage protein content of
SM482gs, which might be related to the increased seed weight and wrinkled phenotype.
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Introduction

The allohexaploid wheat (Triticum aestivum L.) provides
approximately 20% of the calories consumed by humans
globally (Pfeifer et al. 2014). Grain size, shape, and density
determine the yield of wheat and other crops (Brown et al.
2009; Shahidullah et al. 2010; Zhang et al. 2013) and grain
width, length, and thickness determine the grain weight.
Thus, increasing grain size is one of the most important
approaches for increasing grain weight and high-yield
breeding in wheat (Hong et al. 2014). Numerous genes,
such as TaGW2, TaBRI1, TaGS5-3A, TaCKX6a02, and
TaSDIRI-4A (Hong et al. 2014; Lu et al. 2015; Ma et al.
2016; Singh et al. 2016; Wang et al. 2020), associated with
grain size/weight have been identified in einkorn wheat
(Yu et al. 2019), tetraploid wheat (Blanco et al. 2001; Patil
et al. 2013), and hexaploid wheat (Breseghello and Sor-
rells 2006; Gegas et al. 2010; Singh et al. 2016). More
recently, one of the TONNEAU 1-recruiting motif (TRM)
protein genes, TaGW7, was identified (Wang et al. 2019).
TaGW?7 is a homolog of rice OsGW7 and it was shown
that the CRISPR-Cas9 gene editing of TaGW7 affected
grain shape and weight in allohexaploid wheat. Various
studies including on the function of the TaGW?7 gene have
revealed the mechanism by which organ size is regulated,
which is mainly determined by cell proliferation and elon-
gation (Liu et al. 2015). In addition, Singh et al. (2016)
characterized TaBRI1, transmembrane receptor kinase
Brassinosteroid-Insensitive 1, from T. aestivum. Overex-
pression of TaBRII in Arabidopsis was found to lead to
early flowering, increased silique size, and increased seed
yield (Singh et al. 2016). Study of the TaBRII gene has
provided evidence proving the important role of BR hor-
mones in grain size.

Studies on the roles of brassinosteroids (BRs) in deter-
mining seed size, mass, and shape have been reported
for Arabidopsis (Jiang et al. 2013), pea (Nomura et al.
2007), tomato (Goetz et al. 2000), and rice (Che et al.
2015; Tanaka et al. 2009; Wu et al. 2008). In Arabidopsis,
the BR-deficient mutant de-etiolated? (det2) was found
to have smaller and shorter seeds than wild-type (WT)
plants (Jiang et al. 2013). The dwf4 mutant of Arabidop-
sis is completely male sterile and has a dwarf phenotype
(Choe et al. 1998). Overexpression of the gene encoding
sterol C-22 hydroxylases that control BR hormone levels
was also shown to increase grain filling in rice (Wu et al.
2008). The biosynthesis and signal pathways of BRs have
been comprehensively established by molecular genetic
studies in Arabidopsis (Gudesblat and Russinova 2011;
Kim and Wang 2010). The signal pathway of BRs starts
with the BR signal and BRI receptor kinase, and then
the signal is transmitted and enhanced through a variety
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of enzymes including BRI1, BKI1, BSK1, BSU1, BIN2,
BESI, and BZR1. Finally, the downstream target genes
are activated to elicit a specific physiological response,
such as cell elongation (Clouse 2011; He et al. 2002).
However, the molecular mechanisms underlying the regu-
latory effects of BRs on grain size and shape in wheat are
unclear.

The reserve substance in wheat grains is composed of
seed storage proteins (SSPs) and starch. SSPs are mainly
composed of glutenins and gliadins, and their content and
composition markedly affect the processing quality of
wheat flour (Jenner et al. 1991). Glutenins can be classi-
fied as high- and low-molecular-weight glutenin subunits
(HMW-GS and LMW-GS) (Lagrain et al. 2008). Glutenin
determines the elasticity of wheat dough, while gliadins
affect its extensibility (Khatkar et al. 2013; Melnyk et al.
2012; Song and Zheng 2008). Greater amounts of gliadin
in wheat flour can decrease the mixing time and contribute
to dough stability (Song and Zheng 2008). Starch repre-
sents approximately 70% of the dry weight of wheat grains
(Hannah and James 2008). Starch yield had been success-
fully increased in various studies aimed at increasing grain
yield (Meyer et al. 2004; Smidansky et al. 2002, 2007;
Tuncel and Okita 2013). Starch comprises two D-glucose
homopolymers, amylose and amylopectin. Starch pro-
duction involves at least four enzyme families: adeno-
sine diphosphate glucose pyrophosphorylase (AGPase),
starch synthases (SSs), starch branching enzymes (SBEs),
and starch debranching enzymes (DBEs) (Hannah and
James 2008). SSs catalyze the elongation of the chains,
granule-bound starch synthase (GBSS) is involved in the
synthesis of amylose, while the soluble starch synthases
elongate glucan chains of amylopectin. Branch points are
introduced by the action of SBE, while amylopectin is
synthesized by the coordinated actions of SS, SBE, and
DBE. Genetic evidence has demonstrated that DBEs such
as isoamylase play a role in starch synthesis and are essen-
tial for the formation of crystalline amylopectin (Wang
et al. 2014). Therefore, the expression of starch synthetase
genes determines the content and composition of starch
(Nakamura et al. 1993; Hoshino et al. 1996; Mangalika
et al. 2003).

Mutation breeding, for example, by ethyl methane-
sulfonate (EMS) treatment, is one of the most important
approaches for broadening the genetic variation in crops
(Rao and Sears 1964). In this study, we generated a mutant
line, SM482gs, of common wheat variety Shumai 482
(SM482) using EMS. The mutant displayed larger grain
size and higher protein content, but lower starch content,
than WT. Furthermore, we analyzed the putative mechanism
associated with the increased grain size in SM482gs by com-
parative transcriptomic analysis at multiple developmental
stages.
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Materials and methods
Plant materials and growth conditions

The common wheat cultivar Shumai 482 was developed at
the Triticeae Research Institute, Sichuan Agricultural Uni-
versity, China. The mature seeds of Shumai 482 were treated
with 0.6% (m/v) EMS and then grown in fields. The mutant
line SM482gs with increased grain size was selected from
Mg progeny. All accessions of the mutant line and WT (Shu-
mai 482) plants were grown in a phytotron chamber under
a 16 h light/8 h dark cycle with 24 °C day/18 °C night tem-
peratures for RNA extraction.

Grain size, protein, and starch analyses

We collected the grains of three separate wheat plants from
WT and SM482gs mutant, and randomly selected 1000 and
30 normal grains to measure the 1000-grain weight and grain
length/width, respectively. For determining grain length and
width, grains were scanned with the Epson Perfection V700
Photo (EPSON, Beijing, China) and analyzed using the Win-
SEEDLE software. All data were analyzed using Student’s ¢
test in IBM SPSS Statistics.

Grain protein (dry weight) was measured using an auto-
matic azotometer (Kjelec 8400; FOSS, Hillergd, Denmark).
Total starch and amylose starch contents were measured
using the Total Starch Assay Kit and Amylose/Amylopec-
tin Assay Kit (Megazyme, Ireland), in accordance with the
manufacturer’s protocols.

RNA extraction, transcriptome sequencing,
and read mapping

Grains of WT and SM482gs mutant were harvested at
9, 15, 20, and 25 days post-anthesis (DPA), transferred
immediately into liquid nitrogen, and stored at — 80 °C
until RNA extraction. Total RNA was isolated using the
Plant RNA kit (Biofit, Chengdu, China), in accordance
with the manufacturer’s protocol. For each developmen-
tal stage, RNA from three individual plants was pooled,
and two biological replicates were prepared for RNA-seq
analysis at each stage. The yield and purity of each RNA
sample were assessed and 16 RNA samples were used to
isolate poly(A) mRNA and to prepare a nondirectional
Illumina RNA-seq library with an mRNA-Seq Sample
Prep Kit (Illumina) (Basebiotech, Chengdu, China). We
used the genome of common wheat [cultivar Chinese
Spring, downloaded from the Plant Ensembl database,
TGACvV1 genome (Clavijo et al. 2017) (http://plants.ensem
bl.org/Triticum_aestivum/Info/Index)] as a reference

sequence. Then, we mapped the reads from each sample
to the wheat genome using TopHat version 2.1.1 (Trapnell
et al. 2009). TopHat split a read in three or more segments
of approximately equal size (25 bp) and then mapped them
independently. Reads with segments that could be mapped
to the genome only non-contiguously were marked as pos-
sible intron-spanning reads. TopHat accumulated an index
of potential splice junctions by performing segment map-
ping for all contiguously unmappable reads. The segments
of the contiguously unmappable reads were then aligned
against these synthetic sequences with Bowtie (version
1.2.2) (Langmead et al. 2009). The resulting contigu-
ous and spliced segment alignments for these reads were
merged to form complete alignments to the genome, each
spanning one or more splice junctions. The raw sequenc-
ing data were deposited into the NCBI SRA database with
accession number SRP145867 (https://www.ncbi.nlm.nih.
gov/Traces/study/?acc=SRP145867).

Statistical analysis and functional annotation
of differentially expressed genes (DEGs)

Based on the RNA-seq data, the gene expression analysis
and identification of DEGs were conducted using the R pack-
age DESeq (version 1.30.0) (Anders and Huber 2010), in
accordance with the manual. Raw count data were prepared
by a custom Perl script based on the results obtained from
exPress software (version 1.5.1) and were imported into the
DESeq framework. Experimental design information was
also imported into the DESeq framework to form a count
data set. The data were filtered to remove transcripts in the
lowest 40% quantile of the overall sum of counts (irrespec-
tive of biological condition) to increase the rate of detection
of differentially expressed transcripts. The estimate size fac-
tors function was used to estimate the effective library size
to normalize the transcript counts. The estimate dispersions
function was used to estimate dispersion. The nbinomTest
function was used to determine whether there was differ-
ential expression between two conditions. Transcripts per
million (TPM) was used to measure the proportion of tran-
scripts in the pool of RNA (Wagner et al. 2012). The DEGs
were defined based on the following criteria: false discovery
rate (FDR) < 0.05 and log,(fold change) > 1. Evaluations of
the reproducibility and reliability of expression data between
biological replicates and hierarchical clustering of DEGs
were based on Pearson’s correlation of gene expression, and
distance and average linkage, respectively. DEGs for each
genome of A, B, and D were counted. Gene Ontology (GO)
(Mungall et al. 2011) and KEGG (Ogata et al. 1999) were
used to analyze functional enrichment of DEGs based on the
hypergeometric test in R (Hush and Scovel 2005). Signifi-
cance was set at p <0.05.
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Gene expression pattern mining and analyses

Pattern recognition and clustering analysis have often been
used to analyze gene expression. Based on the similarity of
gene expression profiles, the clustering algorithm was used
to classify genes into different clusters. Using the cluster
analysis, it was possible to identify the gene sets that have
similar functions or participate in the same biological pro-
cesses. From this analysis, DEGs between WT and SM482gs
grains were identified. We used K-means clustering to ana-
lyze the dynamic patterns in gene expression. A matrix of
expression values for genes vs. samples was used as input
data. K-means clustering analysis was one of the mean
z-normalized stage replicate transcript expression means
and several clusters was performed with k set (k= 12) using
the centered correlation as a dissimilarity measure in cluster
R packages (version 3.4.1).

Characterization of genes related to grain size
and reserve

Genes involved in BR synthesis/signaling and grain qual-
ity were identified using BLAST at the NCBI and Ensembl
database. The sequences of homologous genes involved
in BR synthesis/signaling from Triticum species, rice,
Arabidopsis, and wheat are publicly available at the NCBI
(Table S4). Next, the sequence of these genes were blasted in
the Ensembl database using an E-value threshold of < le—1.
The candidate genes were identified with the maximum
alignment score, alignment length, and same GO annota-
tion as the query gene. The transcript IDs of the candidate
genes were finally identified in the Ensembl database. The
expression levels (TPM) of these genes were determined
and log,,(TPM +0.001)-transformed using the GeneMiner
program (version 1.2, developed by the company Basebio),
and were then presented in heatmaps.

Real-time quantitative PCR (RT-qPCR) validation

The expression levels of 16 genes encoding components of
BR synthesis/signaling, gliadin, LMW-GS, and starch were
quantified by RT-qPCR to verify the RNA-seq data. First-
strand cDNA was synthesized using the PrimeScript™ RT
Reagent Kit with gDNA Eraser (TaKaRa, Dalian, China),
and RT-qPCR was carried out with SYBR® Premix Ex
Tag™ 1I (TaKaRa) on a CFX 96 Real-Time System (Bio-
Rad, Hercules, CA, USA). The CFX Manager software
(Bio-Rad) was used to analyze the RT-qPCR data and to
calculate relative expression with the 2724 method. The
wheat p-actin and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) genes were used as internal reference genes
to normalize the relative expression of candidate genes.
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Results
Characterization of SM482gs grain size

We identified a mutant line, SM482gs, from a population
of EMS-treated T. aestivum cv. Shumai 482. The SM482gs
mutant exhibited increased grain size compared with WT
(Shumai 482) (Fig. 1). We examined the phenotype of WT
and SM482gs at four developmental stages (9, 15, 20, and
25 DPA), which represent embryonic development, and
the initial, middle, and late stages of grain filling, respec-
tively. Although the phenotypic differences of grains
between WT and mutant were not obvious at 9 DPA, the
size (length and width) of the SM482gs mutant grains was
significantly (p <0.05) greater than that of WT grains at
the filling stages (15-25 DPA) (Fig. la—c). In addition, the
wrinkled characteristics of mature SM482gs mutant grains
were observed (Fig. 1d). Specifically, the grain length, grain
width, and 1000-grain weight of the mutant line were sig-
nificantly (p <0.05) increased by 13.6%, 20.7%, and 8.1%,
respectively, compared with those in WT (Fig. le, f). As
we speculated that the grain phenotype of SM482gs might
be associated with hormone levels and the accumulation of
reserve substances, we further examined the SSP and starch
contents. The results showed that SM482gs had significantly
higher (5.69%) grain protein content (Fig. 2a). However,
the starch content, including total starch and amylose of
SM482gs, was significantly lower than that of WT. Specifi-
cally, we observed a 4.11% decrease in total starch and a
4.12% decrease in amylose (Fig. 2b).

Comparative RNA-seq analysis of WT and SM482gs

We surveyed the transcriptomic patterns of grain-specific
gene expression to obtain detailed insights into the mecha-
nism underlying the SM482gs mutant grain phenotype. We
applied RNA sequencing at four different developmental
stages (9, 15, 20, and 25 DPA), which covered the complete
progression of reserve substance accumulation. Therefore,
the differences between WT and SM482gs mutant at these
stages were suitable focus for further transcriptomic profil-
ing (Fig. 1a).

After raw-read filtering and quality control, approxi-
mately 452 million reads (Q > 20) of 150 bp were gener-
ated from 16 cDNA libraries through paired-end Illumina
sequencing (Table 1). Approximately 73% of these reads
could be uniquely mapped to the reference genome [Chi-
nese Spring, Plants Ensemble, TGACv1 genome (Clavijo
et al. 2017)], while 4%—7% of reads had non-unique posi-
tions in the gene set, and 9%—13% of reads were unmap-
pable. The rates of reads with quality values up to Q20 or
Q30 (an error probability for base calling of 1% or 0.1%)
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Fig.1 Morphology of WT (S482) and SM482gs mutant grains. a
The grain phenotype of WT and SM482gs mutant in four devel-
opmental stages. Bar=1 mm. b Average grain length of WT and
SM482gs mutant in four developmental stages (n=30 each). ¢ Aver-
age grain width of WT and SM482gs mutant in four developmental
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Fig.2 Quantification of the reserve substances in mature grains of
WT and SM482gs mutant. a Grain protein content in mature grains
expressed as the percentage of dry weight (n=3 each). b Total starch

were higher than 95% or 91%, respectively. The hierar-
chical clustering heatmap of Pearson’s correlation coef-
ficients showed the highly correlated expression values
of the biological replicates for each sample (Fig. S1). The
red color in this figure represents expression values with
correlations of R?> 0.85. The high-quality sequencing
results and the high correlation between replicate sam-
ples showed that these transcriptomic data could be used
for subsequent analysis.

stages (n=30 each). d Mature grains of WT and SM482gs mutant.
Bar=1 mm. e Average grain length and width of the mature grains
(n=30 each). f 1000-grain weight of the mature grains (n=100).
Data (b, c, e, f) are expressed as means=+SDs. *p <0.05 (Student’s
t-test)
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and amylose contents in mature grains expressed as the percentage
of dry weight and total starch, respectively (n=3 each). Data are
expressed as means +SDs. *p <0.05 (Student’s 7-test)

Statistical and functional analyses of DEGs
between WT and SM482gs

Analyzing DEGs is an effective way of exploring the molec-
ular mechanism behind the grain phenotype of the SM482gs
mutant. A comparison between the two wheat materials
yielded data regarding differentially expressed genes at dif-
ferent grain filling stages (Table 2). From grain growth to
early grain filling in WT (W15_vs_WO9, this comparison
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Table 1 Summary of sequencing data and the results of quality statistical analysis from different developmental stages (9, 15, 20, and 25 DPA)

of WT (W) and the SM482gs mutant (M)

Sample Total.reads Ratio.Q20 Ratio.Q30 GC.content (%) Unmapped. Non.unique Unique Length
(%) (%) reads (%) match (%) match (%) reads
(bp)
W 9d-1 34,214,134 96.58 92.50 53.68 9.78 4.96 78.52 150
W 9d-2 41,401,355 96.76 92.81 53.54 9.40 5.25 78.21 150
W 15d-1 8,873,110 96.07 91.67 52.22 12.34 5.38 74.25 150
W 15d-2 42,542,572 96.09 91.74 52.39 12.44 6.49 70.59 150
W 20d-1 37,325,971 95.97 91.59 52.47 12.80 6.73 69.57 150
W 20d-2 5,676,445 95.83 91.34 52.15 13.41 5.48 73.01 150
W 25d-1 35,364,182 96.04 91.73 53.36 12.02 6.27 72.01 150
W 25d-2 42,744,555 95.94 91.59 53.39 12.38 6.25 71.29 150
M 9d-1 8,838,343 96.59 92.54 52.93 10.45 4.58 78.76 150
M 9d-2 39,464,688 96.52 92.41 52.82 10.37 5.45 76.41 150
M 15d-1 36,748,995 96.16 91.89 52.76 11.81 6.01 73.25 150
M 15d-2 14,711,493 96.22 92.03 52.86 12.38 5.16 75.07 150
M 20d-1 32,411,147 96.20 91.94 51.42 12.17 6.87 70.23 150
M 20d-2 35,934,835 96.19 91.92 51.50 12.37 7.09 69.52 150
M 25d-1 12,841,871 96.23 91.99 51.91 12.86 5.49 73.61 150
M 25d-2 23,042,213 95.80 91.39 51.44 13.36 6.00 71.49 150

Biological replicates of each sample are indicated as “1, 2.” The abbreviations “W9d” and “M9d” represent the 9 DPA samples of WT and
SM482gs mutant, respectively. This nomenclature is applied to all samples in this study. Total reads mean the number of all reads that were
sequenced from samples. Ratios Q20 and Q30 mean the error probability for base calling of 1% or 0.1%, respectively

Table 2 Statistics of differentially expressed genes. The DEGs were
defined based on false discovery rate (FDR)<0.05 and log,(fold
change) > 1

Comparison No. of No. of down- No. of all DEGs
upregulated regulated DEGs
DEGs
WI15d_vs_W9d 1109 1058 2167
W20d_vs_W9d 1455 1484 2939
W25d_vs_W9d 2326 2937 5263
M15d_vs_M9d 603 636 1239
M20d_vs_M9d 1309 1828 3137
M25d_vs_M9d 2452 3253 5705

Regarding the comparison of W15d_vs_W9d, the data mean that a
total of 2167 DEGs (1109 genes upregulated and 1058 genes down-
regulated) were identified in the 15 DPA samples of WT compared
with the 9 DPA samples of WT. This nomenclature is applied to all
comparisons in this study

means the sample of WT at 15 DPA compared with the sam-
ple of WT at 9 DPA; the same comparison nomenclature was
applied throughout this paper), the number of upregulated
genes exceeded the number of downregulated ones (2167
DEGs; 1109 upregulated, 1058 downregulated). As grain
filling proceeded, the number of DEGs increased and the
number of DEGs was highest at 25 DPA (W25_vs_W9,
5263 DEGs). Contrary to the comparison of W15_vs_W9,
the number of downregulated genes exceeded the number
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of upregulated genes in the comparisons of W20_vs_W9
(1455 upregulated, 1484 downregulated) and W25_vs_W9
(2326 upregulated, 2937 downregulated). In SM482gs, the
number of downregulated genes was greater than the num-
ber of upregulated genes at all grain filling stages. There
were 2167 DEGs in the W15_vs_W9 comparison of WT,
while only 1239 DEGs (603 upregulated, 636 downregu-
lated) were identified in the M15_vs_M9 comparison of
SM482gs. The numbers of DEGs from M20_vs_M9 (3137
DEG; 1309 upregulated, 1828 downregulated) and M25_
vs_M9 comparisons (5705 DEGs; 2452 upregulated, 3253
downregulated) were greater than in the comparisons at the
same stage with WT, and the number of upregulated genes
in the M25_vs_M9 comparison was greater than that in the
same comparison of WT.

We also performed comparisons between WT and
SM482gs mutant at the same stage to identify DEGs associ-
ated with grain development. DEG sets at the same devel-
opmental stages in both WT and SM482gs (M9_vs_W09,
M15_vs_W15, M20_vs_W20, M25_vs_W25) were com-
pared (Fig. 3a). The number of upregulated DEGs (120
upregulated) was lowest at 15 DPA among all developmental
stages in SM482gs. At 20 and 25 DPA, 771 (288 upregu-
lated, 483 downregulated) and 1038 (399 upregulated, 639
downregulated) DEGs were identified in SM482g¢s mutant,
which were greater numbers than at other developmental
stages. Moreover, the three wheat genomes (A, B, and D)
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SM482gs mutant and WT at the four developmental stages. a Num-
bers of up- and downregulated DEGs in SM482gs mutant compared
with the levels in WT at different stages. b The distribution of DEGs
in three genomes (green, A; blue, B; yellow, D) in the different com-

contributed approximately equally to the number of DEGs
at each stage (Fig. 3b). Hierarchical clustering revealed the
transcript patterns of all DEGs in the 16 cDNA libraries
(Fig. 3c). A clear difference between early and late stages of
grain development was apparent, in which 9 DPA samples
of WT and SM482gs formed a separate cluster and showed
similar expression profiles.

DEGs were functionally annotated based on GO term
enrichment analysis (P <0.05). The GO terms including bio-
logical process (BP), cellular component (CC), and molecu-
lar function (MF) are shown in Fig. S2. Most of the DEGs of
SM482gs were significantly enriched for “organelle,” “cell
part,” and “cell” categories of CC; “catalytic activity” and
“binding” categories of MF; and “single-organism process,”
“metabolic process,” and “cellular process” categories of
BP. We further analyzed the BP-related DEGs from each
comparison (Table S1). In the comparison of each stage, the
downregulated DEGs were mainly enriched for “glycolytic
process,” “starch biosynthetic process,” “glycogen biosyn-
thetic processes,” “asparagine biosynthetic process,” and
“embryo development.” The upregulated DEGs in SM482gs
were mainly enriched for “glutamine biosynthetic process”

99

'
N

—_— —
12 1-—2 1 2 12 12 2 2 1 2
Mi15d WI15d W20d W25d M20d M25d W9d M9d

parisons. ¢ Hierarchical clustering of all DEGs. The DEGs were
defined based on false discovery rate (FDR)<0.05 and log,(fold
change)>1. Red indicates high expression and blue means low
expression

99 .

and translation including “translational frameshifting,” “pos-
itive regulation of translational elongation and termination,”
and “translational elongation” during the middle stages of
grain development (15 and 20 DPA).

Additionally, KEGG pathway enrichment was analyzed
for all DEGs in each comparison (P <0.05) (Fig. S3). This
showed that “fructose and mannose metabolism,” “carbon
fixation in photosynthetic organisms,” “pentose phosphate
pathway,” “galactose metabolism,” and “inositol phosphate
metabolism” were significantly enriched in the comparison
at 9 DPA. The DEGs at the other three stages were enriched
for protein metabolism, such as “phenylalanine metabo-
lism,” “glycine, serine, and threonine metabolism,” “alanine,
aspartate, and glutamate metabolism,” “valine, leucine, and
isoleucine degradation,” and “arginine and proline metabo-
lism.” We further analyzed the KEGG pathway enrichment
for the down- and upregulated DEGs in SM482gs (Table S2).
Sucrose-related metabolism was significantly enriched in the
downregulated DEGs of SM482gs, while protein metabolism
was significantly enriched in the upregulated DEGs. These
observations were in line with the data of grain starch and
protein contents.
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Clustering analysis of DEGs between WT
and SM482gs

A k-means clustering analysis for all DEGs was performed
to reveal differences of expression patterns between WT
and SM482gs throughout all of the developmental stages
(Fig. 4). Gene sets generated using the k-means (k= 12) and
heatmaps could be used to explore the different expression
patterns. From the k-means heatmap, the expression level of
SM482gs was lower than that of WT in clusters 4, 9, 11, and
12. However, in clusters 1, 2, 3, 5, 6, 7, 8, and 10, SM482gs
had a higher expression level than WT during 15 to 25 DPA.
Interestingly, in almost all clusters, the 15 DPA samples of
SM482gs exhibited a steady increase in gene expression
compared with the 15 DPA WT samples.

We collected GO annotations to classify the clusters
identified between WT and SM482gs (Table S3). In the pat-
terns of clusters 4, 9, 11, and 12, the levels of DEGs were
decreased in SM482gs, except for at 15 DPA. GO analysis
showed that the genes enriched in the four clusters were
involved in nutrient reservoir activity, aspartic-type endo-
peptidase activity, carbohydrate metabolic process, defense
response, glucose-1-phosphate adenylyl transferase activity,
and glycogen biosynthetic process. The expression levels of
clusters 1, 5, and 8 showed sustained increases in SM482gs,
and the GO analysis showed main enrichments in nutrient

I Cluster: 4 Size: 179 l L2

1
Cluster: 9 Size: 180 0.5

0
II Cluster: 11 Size: 526
-0.5
. Cluster: 12 Size: 772 -1

-1.5
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II Cluster: 7 Size: 265
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Fig.4 Heatmap for k-means clusters of DEGs in WT and SM482gs
mutant at the four developmental stages. The color gradient from blue
to red indicates down- and upregulation (see the colored bar). The
“size” indicates the number of DEGs in the cluster
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reservoir activity, serine-type endopeptidase inhibitor activ-
ity, aspartic-type endopeptidase activity, tricarboxylic acid
cycle, and carbohydrate metabolic process.

Genes involved in BR signal transduction are highly
expressed in SM482gs in comparison to WT at all
grain developmental stages

In the analysis of the KEGG pathway enrichment for the
down- and upregulated DEGs, “brassinosteroid biosynthe-
sis” was significantly (p <0.05) enriched from the compari-
son at 15 DPA (Table S2). As BR is a critical factor control-
ling seed size (Che et al. 2015; Wu et al. 2008), we next
focused on the expression patterns of critical genes (DWF4,
DET2, BRII, BZRI1, BAKI, BZR2/BESI, LIC, BUI, GSK3,
GSK1, BSUI) involved in BR biosynthesis and signal trans-
duction (Bajguz 2007; Duan et al. 2006; Koh et al. 2007; Li
et al. 2009; Navarro et al. 2015; Tong et al. 2012; Wang et al.
2008, 2006) in SM482gs and WT. The sequences of homolo-
gous gene involved in BR synthesis/signaling from Triticum
species, rice, Arabidopsis, and wheat were retrieved from
NCBI (Table S4). Then, the sequences of these genes were
used to identify the transcript IDs of candidate genes in the
Ensembl database. The dynamic changes of BR-associated
genes during the grain developmental stages are shown in
Fig. 5. Only one BR biosynthetic gene (DWF4) showed sig-
nificantly (p <0.05, log,fold change > 1) lower expression
in SM482gs than in WT from 15 to 25 DPA. The expression
levels of LIC, BUI, BSUI, BAKI, and BZRI genes were
significantly (p <0.05, log,fold change > 1) upregulated at
the middle grain filling stages (15 and 20 DPA) or at all of
them (15 to 25 DPA). The BZR2/BES1, DET2, and BRI1
genes were significantly (p <0.05, log,fold change>1)
upregulated in SM482gs at 15 DPA and had the opposite
expression pattern in SM482gs when compared with WT.
In addition, the expression of GSK/ and GSK3 was slightly
higher in SM482gs than in WT from 15 to 25 DPA. Thus,
the expression levels of BR genes were mostly higher in
SM482gs than in WT in the middle or late stages of grain
development.

Differential expression of genes related to reserve
substances

The expression patterns of DEGs related to reserve sub-
stances were investigated during grain development in
WT and SM482gs. In a screening for SSPs, we found that
gliadin and LMW-GS genes were differentially expressed
between WT and SM482gs. Twenty-four gliadin-encoding
DEGs were characterized in all libraries, while they shared
a tendency for a gradual decrease in expression during
grain maturation in WT and SM482gs (Fig. 6a). Of these
gliadin DEGs, four expression patterns were identified in
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Fig.5 Comparison of the expression levels of genes involved in the BR pathway in RNA-seq data. *represents p <0.05 and log,fold change > 1

SM482gs compared with WT: three genes (AA1549910.1,
AA1555680.1, AA1573520.1) were downregulated
in all stages; seven (AA1574250.1, AA1549240.1,
AA1577600.1, AA1637120.1, AA1668380.1,
AA2147070.1, AA2153870.1) genes were upregulated at 9
DPA of SM482gs; 13 genes exhibited increased expression
in two or three stages; and only one gene (AA0150060.1)
was highly expressed in all four stages. BLAST searches
against the NCBI database revealed that the three down-
regulated genes encoded alpha-gliadin, while the upregu-
lated genes encoded gamma-gliadin. Omega-gliadin genes
were not found among the 24 gliadin DEGs.

In addition, we identified 10 LMW-GS DEGs that were
mostly upregulated at 9 and 25 DPA in SM482gs, while
their expression levels at 15 and 20 DPA were lower than
those of WT (Fig. 6b). Only one gene (AA0071580.1)
showed increased expression during the middle develop-
mental stages (15 and 20 DPA).

Starch synthetase genes, including AGPase, SS, SBE,
and DBE, were identified in all cDNA libraries. The results
indicated that the expression patterns in SM482gs were
similar to those in WT, but the expression levels were
significantly lower than those in WT (Fig. 6¢). For exam-
ple, AGP-S1, AGP-L2, SS1, SSlla, SSIlla, SBEIla, SBEIIb,
GBSSla, and ISA1 showed lower expression in SM482gs at
all four stages than WT. ISA3 and PUL showed increased
expression in SM482gs at three stages, while the remain-
ing genes tended to show lower expression in the mutant
than in WT.

Verification of DEGs through RT-qPCR

Sixteen genes involved in BR and reserve substances were
selected for RT-qPCR validation of the RNA-seq data. The
IDs and primers of the selected genes are listed in Tables S4
and SS5. The results of RT-qPCR are shown in Fig. 7. Corre-
lation analysis based on Pearson’s correlation coefficient (r)
between the RT-qPCR and log,(TPM +0.001)-transformed
RNA-seq data indicated that nine genes showed statistically
significant correlations (P <0.05), and six genes showed
moderate correlations with > 0.5, while only one gene of
LMW-GS showed r < 0.45. These results suggested that the
RNA-seq data were reliable for expression pattern analysis.

Discussion

Grain size is an important trait that has undergone selection
during crop domestication and breeding (Ma et al. 2015;
Shomura et al. 2008). EMS induction is an efficient method
to generate mutants of target traits in crops. In addition,
EMS mutants are useful for characterizing the mechanisms
of action on the target trait and have been widely used in
crop improvement (Mishra et al. 2016; Regina et al. 2015;
Xiong et al. 2017). In this study, we generated an EMS-
induced wheat mutant displaying enlarged grain size and
increased grain weight. To date, only a few genes controlling
seed size and weight have been identified, although numer-
ous QTL controlling grain size and yield components have
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Fig.6 Expression patterns of SSP and starch biosynthesis genes in
the four grain developmental stages of WT and SM482gs. a Compari-
son of gliadin protein-encoding genes. b Comparison of LMW-GS
genes. ¢ Comparison of starch biosynthesis-related genes. W: WT, M:

been reported (Guan et al. 2019; Ma et al. 2015). Thus, our
knowledge of wheat grain size is limited. Considering the
shrinkage phenotype and variation of the storage substance
in SM482gs mutant grain, we investigated the potential
mechanism involved in this using RNA-seq for WT and
SM482gs, at four grain developmental stages.

Guan et al. (2019) performed transcriptomic surveys of
early wheat grains at two developmental stages (5 and 14
DAP) and obtained 9,358 DEGs, which were involved in
carbohydrate metabolism, transcription, signal transduc-
tion, glycolysis/gluconeogenesis metabolism, and protein
processing in the endoplasmic reticulum. The transcriptomic
data showed that all of these metabolic pathways partici-
pated in early wheat grain development (Guan et al. 2019).
In our study, although 264 DEGs were identified in the com-
parison of M9d_vs_W9d (Fig. 3a), there was no significant
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difference in grain phenotype between the SM482gs mutant
and WT at 9 DPA (Fig. 1). According to previous studies,
plant hormones were also identified as the main regulators of
early grain development (Guan et al. 2019; Hauvermale et al.
2012; Robert et al. 2015), which is consistent with our study.
The brassinosteroid biosynthesis pathway was enriched in
the comparison of M15d_vs_W15d (Fig. S3), indicating that
the phenotypic difference of the SM482gs mutant might be
related to the BR pathway.

Previous work on BR-deficient or BR-insensitive mutants
indicated that BR plays a key role in reproductive growth
and seed development in Arabidopsis, tomato, and rice
(Hong et al. 2005; Morinaka 2006; Fujioka et al.1997; Tan-
abe 2005; Wu et al. 2008; Ye et al. 2010). Rice mutants
with defects in BR biosynthesis or signaling were shown to
have reduced grain sizes (Hong et al. 2005; Liu et al. 2015;
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Morinaka 2006; Tanabe 2005). Wu et al. (2008) generated
a transgenic rice line overexpressing a BR biosynthesis
gene, which showed a 15%—44% increase in grain yield per
plant (Wu et al. 2008). However, the molecular mechanisms
behind the effect of BRs on grain size and shape in wheat
have remained unclear. In our study, some DEGs identi-
fied in the comparison of M15_vs M15 were significantly
(p <£0.05) enriched in the “brassinosteroid biosynthesis”
pathway. This indicated that BR-related pathways might be
involved in the development of SM482gs grains. Therefore,
we detected genes involved in BR biosynthesis and signal
transduction based on homology analysis using known rice
and Arabidopsis genes. Although the BR-biosynthetic gene
DWF4 exhibited lower expression in SM482gs, most of the
BR signal transduction genes in SM482gs showed higher
expression levels to varying degrees.

The current model of BR signal transduction in Arabidop-
sis is that the active BR binds to the BRI receptor kinase to
phosphorylate the negative regulator BKI1, releasing it from
the membrane and allowing BRI to associate with BAK1.
BRI1 and BAKI1 transphosphorylate each other on specific
residues to enhance the signaling capacity of BRI1. The acti-
vated BSK1 activates BSU1 and dephosphorylates the BIN2
kinase to inactivate it. The unphosphorylated forms of the
transcription factors BES1 and BZR1 then accumulate and
bind to the promoters of BR-related target genes, eliciting
a specific physiological response, such as cell elongation
(Clouse 2011; He et al. 2002). The BR signaling pathway in
rice is analogous to that of Arabidopsis. In rice, BR binds
to OsBRI1 to promote its association with OsBAK1 (Oryza
sativa BRI associated receptor kinase 1) and inactivate
GSK2. GSK2 phosphorylates OsBZR1, LIC (Oryza sativa
leaf and tiller angle increased controller), and DLT (dwarf
and low tillering) and inhibits their activity by promoting
proteasome-mediated degradation of these factors (Khew
et al. 2015; Liu et al. 2017; Tong et al. 2012; Zhang et al.
2014). GSK3 and GSKI are homologous genes belonging
to the GSK3/SHAGGY kinase family, which are a group
of highly conserved serine/threonine kinases implicated in
multiple signaling pathways that control metabolism and cell
activities (Li and Nam 2002; Bittner et al. 2013; Tong et al.
2012).

These studies have demonstrated that the functions of
genes involved in BR signaling are conserved in both Arabi-
dopsis and rice. Although several BR signaling genes have
been identified in wheat, their interaction in the BR signal-
ing network is still unclear (Kovalchuk et al. 2009; Bittner
et al. 2013). In our data, the expression of the BR biosyn-
thesis gene DET2 was higher (4.3 TPM) in SM482gs than
in WT at 15 DPA, which was consistent with the changes in
BRI expression. This would in turn influence the expres-
sion of downstream genes in SM482gs at 15 DPA. Activated
BSUI, as a positive regulator, not only dephosphorylates

GSK1 and GSK3 to inactivate them, but also activates the
transcription factors BZR1, BZR2/BES1, and LIC (Clouse
2011; Gudesblat and Russinova 2011). Indeed, from 15 to
25 DPA, BSUI showed higher expression in SM482gs than
in WT, and might have positively regulated the expression
of the downstream genes BZRI and LIC in SM482gs. GSK1
and GSK3, the homologs of OsGSKI and AfrBIN2 (Koh et al.
2007), acted downstream of BAKI and BSU1 and should be
inactivated based on the signaling pathways of Arabidop-
sis and rice. However, the expression patterns of GSK/ and
GSK3 in our RNA-seq data were similar to that of BSUI in
SM482gs. Against this background, the functions of GSK/
and GSK3 and BSUI downstream substrates in wheat remain
unclear and require further research. BUI (brassinosteroid-
upregulated 1) is a novel BR-induced gene, encoding a
helix-loop-helix protein (Tanaka et al. 2009). Rice plants
overexpressing BUI show enhanced bending of the lamina
joint and increased grain size (Tanaka et al. 2009). In our
RNA-seq and RT-qPCR data, BUI was significantly more
highly expressed in SM482gs from 15 to 25 DPA. Accord-
ing to previous reports, BR homeostasis is regulated via a
feedback loop in which the BR biosynthesis genes are down-
regulated by the signaling components BZRI and BESI in
Arabidopsis, and by OsBZR1 and OsDLT in rice (Yin et al.
2002; Zhang et al. 2014; Wang et al. 2002). Our data also
suggested such a feedback loop, in which the expression
of DWF4 was lower in SM482gs than in WT, while BZRI,
BZR2/BES]I, and LIC were more strongly expressed in the
mutant. LIC, BUI, BSUI, BAKI, BZR1, and BZR2/BES?2
acted as positive regulators in the BR signal pathway and
were upregulated to varying degrees in SM482gs grains,
suggesting that they might regulate grain shape and size.
More recently, a study showed that not only plant hor-
mone signal transduction but also starch and sucrose metabo-
lism and ubiquitin-mediated proteolysis participate in grain-
size formation during grain development (Guan et al. 2019).
As for the reserve substances, the rate and duration of both
starch and protein deposition in the endosperm of wheat are
independent variables, controlled by separate mechanisms,
but both are determined by the balance between the capac-
ity of the plant to produce substrate (source-limited) and
the capacity of the grain to utilize it (sink-limited) (Abdoli
et al. 2013; Jenner et al. 1991). In our study, the RNA-seq
data indicated that SSP-encoding and starch synthetase
genes showed opposite expression patterns, which were in
agreement with the changes in protein content (+5.69%)
and starch content (—4.11%) in the mutant SM482gs com-
pared with the levels in WT. AGP-S1, AGP-L2, SS1, SSIla,
SSIlla, SBEIla, SBEIIb, and GBSSla are key genes encoding
enzymes for starch biosynthesis and their expression levels
could affect starch synthesis and accumulation. The differ-
ent patterns of expression of these starch synthase genes
might together contribute to final grain weight by affecting
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«Fig. 7 Validation of 16 candidate genes in WT and SM482gs by RT-
qPCR and RNA-seq. The gene numbers (Gliadin 1-4, LMW-GS 1-2)
correspond to the gene ID in Supplemental Table S3. The data of RT-
qPCR are means + SDs, n=3, and different letters indicate significant
differences between samples at p<0.05. The RNA-seq values are
log,((TPM +0.001)-transformed TPM values for each gene. The cor-
relation coefficient (r) for each gene between the RT-qPCR and RNA-
seq is shown with the significance level of *p <0.05

starch accumulation throughout grain filling (Yu et al. 2019).
Research by Wang et al. (2014) showed that wheat with high
starch content had higher expression of starch synthetase
genes than wheat with low starch content (Wang et al. 2014).
In the shx shrunken endosperm barley mutant, soluble
starch synthase activity was drastically lowered, resulting
in reduced starch content, which was regarded as a possible
reason for the shrunken phenotype (Schulman et al. 1994).
In addition, the deficiency of OsAGPL2 was regarded as
the factor responsible for the shrunken rice mutant w24.
The endosperm of w24 showed not only severe inhibition
of starch synthesis and significant accumulation of sugar,
but also clear defects in compound granule formation and
storage protein synthesis (Tang et al. 2016). In our results,
these starch synthase genes were downregulated throughout
grain development in SM482gs, which was usually one of
the reasons for the decrease in starch synthesis and accumu-
lation. Therefore, we inferred that starch biosynthesis in our
mutant was similarly insufficient for grain filling and might
be related to the wrinkled phenotype of SM482gs grains.
Although total starch and amylose levels were significantly
lower in SM482gs than in WT, the increased expression
level of gluten genes resulted in increased protein content,
and thus contributed to higher grain weight of the mutant
(Fig. 6). This study provided novel insights into the putative
mechanism determining grain size based on a wheat mutant.
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