
����������
�������

Citation: Wang, H.-P.; Cai, H.-Y.; Zhu,

J.-H.; Wei, X.; Zhang, S.; Liu, G.; He,

Y.-G.; Li, B.; Xu, L.; Jiao, C.-H.; et al.

Dynamic Resistant Starch

Accumulation in Contrasting Wheat

Genotypes Highlights the Lipid

Metabolic Pathway Related to

Resistant Starch Synthesis.

Agriculture 2022, 12, 308.

https://doi.org/10.3390/

agriculture12020308

Academic Editors: Xingguo Ye and

Ke Wang

Received: 20 December 2021

Accepted: 17 February 2022

Published: 21 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Dynamic Resistant Starch Accumulation in Contrasting Wheat
Genotypes Highlights the Lipid Metabolic Pathway Related to
Resistant Starch Synthesis
Hong-Pan Wang 1,† , Hai-Ya Cai 1,†, Jing-Huan Zhu 2, Xia Wei 3, Shuo Zhang 1, Gang Liu 1, Yong-Gang He 1,
Bo Li 3, Le Xu 3, Chun-Hai Jiao 1, Wei Hua 2,* and Yan-Hao Xu 1,*

1 Hubei Key Laboratory of Food Crop Germplasm and Genetic Improvement, Food Crops Institute, Hubei
Academy of Agricultural Sciences, Wuhan 430064, China; hongpanwang2009@163.com (H.-P.W.);
caihy@hbaas.com (H.-Y.C.); zhangshuo@hbaas.com (S.Z.); liug1112@hbaas.com (G.L.);
whuhyg@hbaas.com (Y.-G.H.); jiaoch@hbaas.com (C.-H.J.)

2 Institute of Crop and Nuclear Technology Utilization, Zhejiang Academy of Agricultural Sciences,
Hangzhou 310021, China; jinghuanz@163.com

3 Hubei Key Laboratory of Waterlogging Disaster and Agriculture Use of Wetland/Hubei Collaborative
Innovation Centre for Grain Industry, Yangtze University, Jingzhou 434025, China;
paperw2021@163.com (X.W.); 201973043@yangtzeu.edu.cn (B.L.); 501140@yangtzeu.edu.cn (L.X.)

* Correspondence: huaweicau@hotmail.com (W.H.); xyh@hbaas.com (Y.-H.X.)
† These authors contributed equally to this work.

Abstract: Resistant starch (RS) shows several health benefits. Enhancing the RS content of wheat is of
major commercial importance. However, knowledge regarding the RS synthesis mechanism in wheat
remains limited. In this study, the dynamic accumulation of RS during the filling process in two
wheat (Triticum aestivum L.) genotypes with contrasting RS contents (H242, high RS content; H189,
low RS content) were investigated. The results demonstrate that beyond 25 days after pollination
(DAP), the RS content of H189 was relatively stable, but that of H242 continued to increase. Secondary
accumulation was observed in the high-RS-content wheat genotype. A comparative transcriptome
analysis between H242 and H189 at 20 DAP and 35 DAP showed that the differentially expressed
genes were mainly involved in glycerolipid metabolism, glycerophospholipid metabolism and glu-
curonate interconversions. Furthermore, weighted gene coexpression network analysis suggested
that lipid metabolic pathways such as the glycerophospholipid metabolism pathway might be in-
volved in RS synthesis, and lipid-related genes upregulated beyond 25 DAP resulted in RS secondary
accumulation. This work provides insight into the characteristics and mechanisms of RS synthesis.

Keywords: resistant starch; wheat; secondary accumulation; transcriptome; lipid metabolism
pathway

1. Introduction

Resistant starch (RS) is defined as the portion of starch that passes undigested through
the small intestine of healthy individuals [1]. Previous results have indicated that the
consumption of RS can reduce the risk of diseases such as obesity [2], diabetes [3], cardio-
vascular disease [4] and colon tumours [5]. Research on RS has attracted broad attention
due to its benefits for human health [6].

RS has been classified as RS1 (physically embedded starch), RS2 (natural starch
granules), RS3 (retrograde starch), RS4 (chemically modified starch) or RS5 (five-type
self-assembled-starch complexes). Recently, RS5 was redefined as five-type self-assembled-
starch complexes, such as amylose–lipid, starch–fatty, starch–monoglycerides and starch–
lipid protein [7]. The enzymatic resistance of the amylose–lipid complex depends on
the lipid’s molecular structure and the crystalline morphology of the helices [8]. The
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amylose–lipid complexes are commonly found in both native starch granules and pro-
cessed starch [9]. Starch can be assembled into RS in vitro by adding vitro lipids [10].
Higher lipid contents have been observed to be accompanied by higher RS contents in rice
grain endosperm [11], and the in vitro stimulation of digestion to remove in vivo rice lipids
reduces RS content [12]. Furthermore, the amylose–lipid complex can affect white rice RS
content [13]. These studies suggest that lipids play an important role in starch properties.
Therefore, the relationship between lipidic pathways and RS synthesis needs to be further
explored during grain development.

Studies have confirmed that several starch synthesis genes also regulate RS formation
in grains. The null mutation of the soluble starch synthase gene SSIIIa leads to an increase in
rice RS content [14]. Knocking out or silencing the starch-branching enzyme gene SBEII can
increase RS contents in barley, rice and wheat [15–18]. The RS content decreases following
the loss of the functional granule-bound starch synthase gene GBSSI in wheat [19].

RS biosynthesis is a complex quantitative trait that is regulated by multiple genes.
In rice, 17 significant RS-related quantitative trait loci (QTLs) have been identified on
chromosomes 1, 2, 3, 5, 6, 7, 8, 9 and 11 [20–22]. In the lentil, ten single-nucleotide
polymorphisms (SNPs) (on chromosomes 1, 3, 6 and 7) have been associated with seed RS
content [23]. A genome-wide association study (GWAS) based on 209 spring barley varieties
identified 40 SNP markers related to grain RS content [24]. In wheat, 14 QTLs related to
grain RS content have been identified, two of which are additive QTLs on chromosome 4A,
which can explain 11.47% and 12.53% of the observed phenotypic variation [25,26].

The seed-filling phases can be divided into division and expansion (0–14 days after
pollination, DAP), grain filling (14–28 DAP), maturation and desiccation (28 DAP to matu-
rity) [27]. The rate of starch accumulation reaches a maximum in the grain-filling phase
and then decreases gradually [28]. The expression levels of genes involved in sucrose
hydrolysis and those encoding sugar enzymes are significantly increased in the grain-filling
phase [29]. Studies have illustrated that transcription factors (TFs) regulate starch-related
gene expression at different stages [30]. bHLH TF family genes are activated at 3 DAP [31].
The ZIP TF family is preferentially expressed in endosperm during grain development to
regulate starch synthesis [32]. Furthermore, the overexpression of TaMYB13-1 can enhance
starch accumulation in transgenic wheat [33], and MYB14 [34] and bHLH genes [35] are
also involved in grain starch synthesis.

Wheat (Triticum aestivum L.) is one of the main staple crops worldwide [32,36]. RS is
one component of wheat starch that has been proven to be good for human health [37].
Several studies aimed at increasing RS contents through physical, chemical, and genetic
regulation have been reported [10,38]. However, the accumulation characteristics and
mechanism of RS during wheat grain development have not been fully elucidated. To
gain insights into RS biosynthesis in wheat, we monitored the dynamic changes in RS
contents during the filling process in two wheat genotypes with contrasting RS contents.
Comparative transcriptome analysis was used to identify differentially expressed genes
(DEGs) and pathways involved in RS biosynthesis. This study revealed crucial molecular
pathways between the two contrasting genotypes, providing important insights into the
mechanisms underlying RS biosynthesis in wheat.

2. Materials and Methods
2.1. Plant Materials and Field Experiments

Two wheat cultivars with contrasting RS contents, H189 (low RS content) and H242
(high RS content), were used in this study. The field experiments were carried out at the
experimental station of Yangtze University (30◦21’ N, 112◦31’ E, elevation 32 m) in Hubei
Province from 2017 to 2018. The plots were 25 m2 (10 m × 2.5 m), and three replications
were performed for each cultivar. The row spacing was 25 cm. Pest, disease and weed
control were performed according to local management practices.
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2.2. Grain TGW, TS and RS Measurement

Ears of wheat were sampled on the 5th, 10th, 15th, 20th, 25th, 30th, 35th and 40th DAP.
At each sampling point, one hundred ears per cultivar were randomly collected and divided
into two portions: one portion was stored at −80 ◦C for future transcriptomic analysis, and
the other was dried at 80 ◦C to measure the thousand-grain weight (TGW), total starch
(TS) content and RS content. Whole-grain flour was prepared from seeds by grinding in
a pulveriser Perten Laboratory Mill 3100 (SEEDBURO, Des Plaines, IL, USA), which was
fitted with a 0.8 mm screen. TS and RS contents were determined with a K-TSTA-100A total
starch kit (Megazyme, Bray, Ireland) and a K-RSTAR resistant starch assay kit (Megazyme,
Bray, Ireland), respectively, following the manufacturer’s instructions. These kits measure
TS and RS as a percentage of whole grain, and we further calculated the TS and RS contents
per seed based on thousand grain weight. All samples were measured with three biological
replicates and three technical repeats.

2.3. RNA Extraction and Sequencing

Seed samples from 20 DAP (H189_20 and H242_20) and 35 DAP (H189_35 and
H242_35) were used for transcriptome analysis. The total RNA of each sample was ex-
tracted using the TRIzol reagent (TIANGEN, Beijing, China) following the manufacturer’s
instructions. Total RNA samples were treated with DNase to degrade possible genomic
DNA contamination. The concentration, integrity, and purity of the RNA samples were
determined using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington,
NC, USA) and an Agilent 2100 BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA).
Library preparation for RNA-Seq was conducted using the MGIEasy mRNA Kit (BGI,
Shenzhen, China) according to the manufacturer’s protocol, including mRNA enrichment,
fragment interruption, adapter addition, size selection, and polymerase chain reaction
amplification. Magnetic beads were used to enrich eukaryotic mRNA, and the mRNA was
randomly broken by fragmentation buffer. Finally, cDNA libraries were sequenced on the
MGIseq 2000 platform (GOOALGENE, Wuhan, China). Three biological replicates of each
sample were analysed. From twelve samples, we obtained 609 million total filtered reads,
of which 555 million could be mapped to the Arabidopsis genome assembly, with 26.9 to
43.5 million uniquely mapped reads per sample.

2.4. Data Filtering, DEG Identification and Functional Annotation

Adaptor and low-quality sequences were removed using fastp with the default pa-
rameters [39]. The clean reads were mapped to IWGSC1.0 [40]. Gene expression levels
were estimated by the fragments per kilobase of transcript per million fragments mapped
(FPKM) method. Genes satisfying the criteria of a |log 2 (fold change) | > 1 and the p-value
< 0.05 were defined as DEGs by DESeq. Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses of the DEGs were performed using the OmicShare
tools (http://www.omicshare.com/tools, accessed on, 30th April 2021), and the standard
for filtration was a p-value < 0.05. Moreover, TBtools software was used to generate Venn
diagrams and heatmaps [41].

2.5. Weighted Gene Coexpression Network Analysis

Gene coexpression networks were constructed using the WGCNA package in R soft-
ware [42]. The DEGs were further divided into modules by using WGCNA, and the
correlation of each module with RS content was calculated. The gene regulatory network
was drawn using Cytoscape v. 3.8.2 [43].

2.6. Quantitative Real-Time PCR for RNA-seq Validation

The same RNA samples employed for RNA-seq library construction were used for
quantitative real-time PCR (qRT-PCR) validation [44]. First-strand cDNA was synthesised
using the UEIris RT mix with DNase (All-in-one) kit (US Everbright, Suzhou, China)
according to the manufacturer’s instructions. qRT-PCR was performed using 2x SYBR

http://www.omicshare.com/tools
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Green qPCR Master mix (S2014, US Everbright, China) on a QuantStudio™ 7 Flex Real-
Time PCR System (Applied Biosystems, Waltham, MA, USA). A total of 15 genes were
selected to identify their expression patterns. The primers for the selected genes and the
TaActin gene were designed using Primer Premier 5.0, and they are listed in Table S1.
qRT-PCR was conducted in triplicate (technical repeats) with three biological replicates for
each sample, and relative gene expression levels were calculated using the 2–∆∆Ct method.

3. Results
3.1. Grain TGW, TS and RS Contents and Accumulation Rates

TGW increased gradually with the development of grain filling. At 40 DAP, the
TGWs of H242 and H189 were 43.956 g and 41.294 g, respectively (Figure 1a). The TGW
accumulation rate of the two cultivars reached a maximum at 15–20 DAP (2.171 g day-1 in
H242, 2.047 g day−1 in H189) and then decreased (Table 1). No significant differences in the
TGW accumulation rate were observed between H242 and H189 in the early (0–10 DAP)
and late stages (30–40 DAP) of grain filling (p < 0.05), but there were significant differences
between the two cultivars at 10–30 DAP (p < 0.05).

Figure 1. Dynamic changes in the resistant starch content, total starch content and thousand-seed
weight during wheat grain filling. All data are the means ± SD of three biological replicates.
(a) Dynamic changes in the resistant starch content per seed during wheat grain filling. (b) Dynamic
changes in the total starch content per seed during wheat grain filling. (c) Dynamic changes in the
thousand-grain weight during wheat grain filling.

Table 1. Accumulation rates of the thousand-kernel weight, total starch and resistant starch. All data
are the means ± SD of three biological replicates.

Days after
Pollination

TGW Accumulation Rate TS Accumulation Rate RS Accumulation Rate

(g day−1) (mg seed−1 day−1) (µg seed−1 day−1)

H189 H242 H189 H242 H189 H242

0–5 0.642 a ± 0.005 0.631 a ± 0.007 0.039 a ± 0.002 0.036 a ± 0.002 2.3 a ± 0.3 2.2 a ± 0.3
5–10 1.390 a ± 0.009 1.385 a ± 0.021 0.263 a ± 0.010 0.256 a ± 0.008 9.3 a ± 0.4 6.0 b ± 0.3

10–15 1.302 a ± 0.022 1.057 b ± 0.009 0.598 a ± 0.021 0.606 a ± 0.009 13.0 b ± 0.4 28.4 a ± 3.8
15–20 2.047 b ± 0.027 2.171 a ± 0.023 1.277 a ± 0.025 1.390 a ± 0.040 5.0 b ± 0.2 69.0 a ± 5.3
20–25 1.132 b ± 0.008 1.405 a ± 0.003 1.740 a ± 0.056 1.844 a ± 0.059 4.7 a ± 0.4 5.5 a ± 0.4
25–30 0.728 b ± 0.011 1.150 a ± 0.007 0.830 b ± 0.013 1.057 a ± 0.014 0.1 b ± 0.0 47.7 a ± 1.1
30–35 0.819 a ± 0.016 0.772 a ± 0.033 0.680 b ± 0.015 0.862 a ± 0.034 0.1 b ± 0.0 44.9 a ± 3.1
35–40 0.199 a ± 0.007 0.216 a ± 0.003 0.354 b ± 0.009 0.425 a ± 0.009 0.1 b ± 0.0 26.7 a ± 2.4

Note: In the same row, values with the same letters show nonsignificant differences, and values with different
letters show significant differences (p < 0.05) according to the SNK test.
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The TS contents of H242 and H189 increased with grain filling. The TS of H242 was
higher than that of H189 at 40 DAP (28.904 mg seed−1 in H189, 32.381 mg seed−1 in
H242) (Figure 1b). The TS accumulation rates of both materials increased continuously
before 25 DAP and then decreased. The TS accumulation rates reached a maximum of
1.844 mg seed−1 day−1 (H242) and 1.740 mg seed−1 day−1 (H189) at 20–25 DAP (Table 1).
There were no significant differences in the TS accumulation rate between H242 and
H189 before 25 DAP (p < 0.05), but significant differences were observed beyond 25 DAP
(p < 0.05).

With the development of grain filling, the RS content of H242 increased gradually, but
that of H189 was relatively stable beyond 25 DAP (Figure 1c). The final RS contents of
H242 and H189 were 1.147 mg seed−1 and 0.174 mg seed−1 at 40 DAP. In terms of H242
RS productivity, the highest RS accumulation rate of H242 was 69.0 µg seed−1 day−1 at
15–20 DAP, which was significantly higher than that of H189 (5.0 µg seed−1 day−1) (Table 1).
After 15 DAP, the RS accumulation rate of H189 began to decrease, and RS accumulation
nearly stopped beyond 25 DAP. Remarkably, the RS accumulation rate of H242 dropped
to 5.5 µg seed−1 day−1 at 20–25 DAP, then increased again to 47.7 µg seed−1 day−1 from
25 to 30 DAP and subsequently decreased. The final RS accumulation rates of H189 and
H242 were 0.1 µg seed−1 day−1 and 26.7 µg seed−1 day−1, respectively. There were no
significant differences in the rate of accumulation between the two cultivars in the initial
(0–5 DAP) stage (p < 0.05). However, highly significant differences were observed in the
two cultivars beyond 25 DAP (p < 0.05).

3.2. Differential Gene Expression Analysis

A total of 10,846 (6692 up- and 5576 downregulated) and 12,268 (6692 up- and 5576
downregulated) DEGs were identified between H242 and H189 at 20 and 35 DAP, re-
spectively (Figure 2a). GO term enrichment analysis was performed to identify terms in
the biological process (BP), molecular function (MF), and cellular component (CC) cat-
egories (Figure 2b). At 20 DAP_H242/H189, a total of 122 GO terms were significantly
enriched (p < 0.05), including DNA-dependent DNA replication (GO:0006261), ATPase
activity (GO:0016887), oxidoreductase activity (GO:0016628), the proton-transporting two-
sector ATPase complex (GO:0016469) and the ATP biosynthetic process (GO:0006754).
At 35 DAP_H242/H189, 141 GO terms were significantly enriched (p < 0.05), including
intramolecular lyase activity (GO:0016872), chlorophyll binding (GO:0016168), protein–
chromophore linkage (GO:0018298), the organic hydroxy compound metabolic process
(GO:1901615) and regulation of peptidase activity (GO:0052547) (Figure 2b).

To examine the DEG-associated pathways, they were searched using the KEGG path-
way database (Figure 2c). A total of 50 pathways were enriched in 20 DAP_H242/H189,
among which glycerolipid metabolism (ko00561), glycerophospholipid metabolism (ko00564),
sulphur metabolism (ko00920) and purine metabolism (ko00230) were significantly en-
riched (p < 0.05). Ten genes were significantly enriched in glycerolipid metabolism (p < 0.05),
and glycerophospholipid metabolism pathways were enriched with 20 genes. The DEGs of
35 DAP_H242/H189 were found to be involved in 56 distinct metabolic pathways, includ-
ing thiamine metabolism (ko00730), pentose and glucuronate interconversions (ko00040),
histidine metabolism (ko00340), and inositol phosphate metabolism (ko00562).
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Figure 2. Gene expression profiling at 20 and 35 DAP. (a) Differentially expressed genes (DEGs) at
20 and 35 DAP. (b) GO functional classification of the DEGs at 20 and 35 DAP regarding biological
processes, cellular components and molecular functions. (c) Enriched KEGG pathways of DEGs at 20
and 35 DAP.
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3.3. Pathways and TFs Involved in RS Formation Revealed by WGCNA

To further study the patterns of association between the DEGs and RS contents in the
two genotypes, WGCNA was performed to explore gene modules to evaluate synergistic
expression. After the filtering of low-expression genes (FPKM < 5), the remaining genes
were classified into eight different modules. The green module showed the highest positive
correlation with the RS content (r2 = 0.96, p = 6 × 10−7) (Figure 3a). A total of 99 genes
were identified in the green module. We constructed the coexpression regulatory network
of the genes with the top ten weights in this module, which included genes involved in
protein processing in the endoplasmic reticulum and amino sugar and nucleotide sugar
metabolism (Figure 3b). KEGG enrichment analysis showed that 14 pathways were signifi-
cantly enriched, including diterpenoid biosynthesis (ko00904), pentose and glucuronate
interconversions (ko00040), protein processing in the endoplasmic reticulum (ko04141),
inositol phosphate metabolism (ko00562), fatty acid elongation (ko00062) α-linolenic acid
metabolism (ko00592) and fatty acid biosynthesis (ko00061) (Table S2). Moreover, the
genes in the green module were matched with MYB, homeobox and bHLH TFs. The
TraesCS1D02G371900 gene, which encodes MYB, was upregulated at both 20 and 35 DAP in
H242 (Figure 3c). Seven homeobox genes and five bHLH-related genes were differentially
expressed in two critical periods. Interestingly, all of these genes were expressed at higher
levels in H242 than in H189.

The lipid metabolism pathway was selected and presented due to its strong enrichment
according to DEG functional annotation. There were two significant metabolic processes in
the lipid metabolism pathway: glycerolipid metabolism (ko00561) and glycerophospho-
lipid metabolism (ko00564). Furthermore, KEGG analysis revealed that the main genes
matching KEGG Orthology (KO) IDs encoded glycerol-3-phosphate O-acyltransferase
(k00629), glycerol-3-phosphate cytidylyltransferase (k00980), lecithin-cholesterol acyltrans-
ferase (k00650) and phosphatidylethanolamine/phosphatidyl-N-methylethanolamine N-
methyltransferase (k00570) (Figure S1), and these pathway interactions together regulated
lipid synthesis. Moreover, we further analysed the expression patterns of genes associated
with lipid metabolism (Figure 4). And the fold change in lipid related genes expression
(log 2FC) was in Table S3. Relative to H189, 8 genes were upregulated and 11 genes were
downregulated in H242 at 20 DAP, and 7 and 11 genes were up- and downregulated,
respectively, at 35 DAP. Interestingly, the TraesCS3A02G022600 gene, encoding glycerol-3-
phosphate O-acyltransferase, was upregulated in H242 at both 20 and 35 DAP.

3.4. Validation of RNA-Seq Analysis by qRT-PCR

The expression of DEGs was validated using qRT-PCR. A total of 15 genes were
selected, 5 of which were associated with lipids, while 10 were selected randomly. The
log2-fold change values of these selected transcripts showed a highly significant correlation
(r2 = 0.81625, n = −0.07) between the RNA-Seq and qRT-PCR data, indicating that the
transcriptome data were accurate and reliable (Figure S2).
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Figure 3. Identification of coexpression network modules related to wheat grain RS content. (a) Corre-
lation analysis between modules and RS content traits by WGCNA. The colour of each grid indicates
the correlation between the module and RS data: red represents a positive correlation, blue represents
a negative correlation, and the number in each grid represents the correlation coefficient and the
p value. (b) Gene network of the green module, which is positively correlated with RS contents
(r2 = 0.96). Redder colour of circles indicates higher degrees of connectivity in each module. (c)
Classification and number of transcription factors (TFs). (d) Heatmap of DEGs encoding members of
MYB family. Grey means no differential expression.
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Figure 4. Heatmap of DEGs involved in lipid metabolism.

4. Discussion
4.1. Secondary Accumulation of Grain RS

“S”-type accumulation patterns of TGW and TS were observed in this study, which is
consistent with previous research [45]. The TS and TGW were enhanced slowly in initial,
linear growth and most rapidly around the time of the medium term and nearly ceasing by
the end of the period of grain filling. Similarly, the identified correlations between RS and
TGW and between RS and TS were consistent with previous studies [28]. However, limited
information is available on the RS accumulation characteristics during grain development.
In the present study, secondary accumulation was observed in the wheat cultivar with a
high RS content beyond 25 DAP. The secondary accumulation of grain RS was also observed
in rice. Previous research on the dynamic accumulation patterns of three indica rice RS
mutants from 5 to 30 days after flowering showed that the RS accumulation rate showed
the greatest secondary increase in the rice mutant with the highest RS content [28].

We speculated that the secondary accumulation pattern of RS may have been due
to the combination of starch with lipids, fatty acids, etc., to form RS5. In fact, previous
research on rice grains showed that the RS content presented a highly significant correlation
with the lipid content [46]. It is possible that many types of RS are synthesised in the early
stages of seed development but that RS5 is the main type synthesised continuously in the
later stage, explaining why the second peak value is lower than the first peak value. The
secondary accumulation leads to an increase in the RS content in the middle and late stages
of grain development, which contributes to the formation of high-RS grains. More research
will be necessary to develop a hypothesis about secondary accumulation in high-RS grain
genotypes.

4.2. Lipid Pathways Play a Key Role in RS Formation in High-RS-Content Wheat

Plant lipids mainly include glycerides, glycerophosphatide and sterol lipids [47]. The
hydrophilic hydroxyl groups of α-1,4 glucan helices are arranged on the outer surface,
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whereas methylene groups and the oxygens of the glucosidic bonds line the inner core,
forming a hydrophobic cavity, and the lower hydrophilicity of longer lipid chains [48]
results in their combination with starch [49]. The formation of starch–lipid complexes
reduces swelling power and slows the rate of enzymatic digestion [50]. The amylose–lipid
complex formed by the combination of lipids and amylose has been defined as RS 5 due
to its resistance to enzymatic hydrolysis [7]; thus, lipid and RS contents are positively
correlated [38]. Furthermore, experiments have verified that the RS content significantly
increases after adding lipids to starch [10]. Research has shown that a amylose–lipid
complex and an amylose–amylopectin network were formed in the unsaturated fatty
acid–starch complexes samples, which restricted the penetration of enzymes into starch
granules; thus, they exhibited the highest resistant starch content [51]. In the present
study, TraesCS3A02G022600, confirmed to encode glycerol-3-phosphate 1-O-acyltransferase
(GPAT), was found to be upregulated at 20 and 35 DAP. GPAT is a key enzyme in the
biosynthesis of glycerolipids [52]. Different GPATs have been characterised in plants,
among which plastidial GPAT is a soluble form [53]. A study of microalgae suggested that
MiGPAT1 is involved in phospholipid formation, and the overexpression of GPAT in this
alga leads to increased phospholipid levels [54]. Our research showed that this gene was
upregulated to form free lipids, which then bound to starch, resulting in RS. This may
have led to the secondary increase in the RS accumulation rate of H242. The functional
verification of this gene will require further analysis.

The research about lipid synthesis has reported that MYB TFs contribute to lipid
synthesis during grain filling [55]. HD-ZIP, a member of the homeobox superfamily of tran-
scription factors, contains a leucine zipper after a homeodomain (HD) [56], and the leucine
zipper structure has been demonstrated to initiate and be involved in lipid binding [57].
The MYB96 transcription factor regulates lipid contents during seed development [58]. The
significant enrichment of MYB, homeobox and lipid metabolism pathways observed in
the present study proved that the RS content can be increased in the high-RS cultivar by
regulating lipid synthesis through multiple pathways. Interestingly, three genes encoding
MYB TFs were upregulated only in H242 at 35 DAP. We speculated that the high expression
of lipid- and MYB-related genes led to an increase in the lipid content, after which lipids
combined with starch to form RS. Our results indicate that lipids play a crucial role in the
synthesis of RS during the growth and development of wheat grains. Whether the trend of
high RS accumulation is also present in other high-RS-content cultivars of wheat or other
crops needs further confirmation. This important discovery provides useful insight into
the context of research on high-RS crops, and we can study research lipid-related genes to
better understand the mechanism whereby lipids participate in RS synthesis.

5. Conclusions

In the present study, we investigated the dynamic changes in RS contents, the tran-
scriptome and gene coexpression networks to reveal the mechanism of RS synthesis. Our
results reveal the secondary accumulation in wheat with a high RS content and show that
upregulated lipid-related genes contributed to increasing the RS content beyond 25 DAP.
This work provides insight into RS synthesis and has implications for future high-RS wheat
cultivation.
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