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The post-transcriptional regulation of gene expression, in particular alternative splic-
ing (AS) events, substantially contributes to the complexity of eukaryotic transcriptomes
and proteomes. The interest in AS events has increased as third-generation sequencing
technology allowed researchers to obtain full-length transcripts efficiently and accurately,
with or without a reference genome. Research interest surged with the advent of high-
fidelity PacBio reads and reduced costs making alternative splicing studies affordable for
many laboratories. Therefore, a large body of research has been generated and new areas
are being explored. We focused on how variable (or not) the AS control of gene expression
is across lineages or within phylogenetically related species with an emphasis on how
AS has shaped the evolution of stress responses in plants: an important area which may
have positive benefits for agriculture. Agricultural productivity has been threatened by the
growing problems associated with climate change; therefore, molecular mechanisms that
underpin the response of plants to various kinds of environmental stress have become a
major focus for crop improvement.

Thus far, there are a considerable number of reports that have linked AS events to
plant stress responses and tolerance [1,2], and this field is growing. It is this burgeoning
field of research that provided the inspiration for this Special Issue, entitled “Alternative
Splicing: From Abiotic Stress Tolerance to Evolutionary Genomics”, which aims to recruit
both original research and review papers that contribute to our understanding of the role
of AS in the evolution of plant stress responses and tolerance mechanism.

The Special Issue contains seven original research articles and three reviews. The
species investigated in each of the research articles are phylogenetically and agriculturally
diverse; including the moss Physcomitrium patens, Arabidopsis, as well as crops such as
rice, maize, rapeseed, Tartary buckwheat and Lycoris longituba (a Chinese medicinal plant).
Most of the research articles concentrate on specific functional genes responsive to abiotic
stresses. Notably, functional aspects of genes in plants with agricultural or economic values
is a major trend, mirroring the urgent worldwide demand for crops with improved and
desired agronomic traits. We are also deeply impressed by the enthusiasm and active
participation of the contributing authors to this Special Issue, reflecting the widespread
interest in this research topic in the plant sciences. Here, we summarize the contributing
articles of this Special Issue.

Deprived nutrient availability can severely impact plant growth and crop yield and led
Hua et al. to investigate the GARP transcription factor gene family in allotetraploid rape-
seed (Brassica napus L.) [3]. They identified a total of 146 members of GARP transcription
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factor genes in the genome that were phylogenetically classified into five subfamilies. The
genomic syntenic relationships within representative eudicot genomes revealed conserved
genomic positions for the BnaGARP genes. Gene structure, evolutionary selection, cis-acting
regulatory elements, miRNA-targeting predictions and chromosomal positions for GARP
genes were analyzed and displayed. By gleaning insights from transcriptomic data of
plants under nutrient stress, Hua et al. focused on BnaA9. HHO1 and BnaAl. HHOS in
further functional investigations, suggesting that they possess regulatory roles in response
to nutrient stress.

With global warming, heat stress has become a major limiting factor for crop yield
improvement. Yang et al. discovered two family members of RNase H1 in the moss
Physcomitrium patens [4], a representative model for early-diverging land plants. They indi-
cated the presence of homologues to the RNase H1 genes in chlorophytes and charophytes,
suggesting an early origin for this gene family. The overexpression of PPRNHIA in P. patens
resulted in OE lines that were more sensitive to heat stress along with a higher number
of lipid droplets with less mobility in the transgenic cells. Transcriptomic analyses led
the authors to suggest that PpRNH1A might be involved in regulating the expression of
heat-related genes, such as DNAJ and DNAJC.

Alternatively, cold environments repress enzyme activities and impact a variety of
biological processes. Hou et al. identified 14 histone deacetylase (HDACs) genes from the
Tartary buckwheat (Fagopyrum tataricum) genome, which were phylogenetically clustered
into three subfamilies with distinct tertiary structures [5]. Taking advantage of bioinformatic
tools, the authors investigated gene structures, motif compositions, cis-acting elements,
alternative splicing events, subcellular localizations and gene expression patterns. RNA-Seq
read alignments and coverage depth analyses revealed that FtHDAS-2 was likely subject to
an alternative splice event under different low-temperature regimes, suggesting that AS
played a role in the response to cold stress. A cold-tolerant variety, Dingku 1, was utilized
to illustrate the phenotypic and transcript abundance changes of HDACs under different
low temperatures. Overexpression lines, OE-AtHDA6 and OE-FtHDA®6-1, were constructed,
enabling Hou et al. to demonstrate that FtHDA6-1 positively regulated cold tolerance.

The membrane attack complex/perforin-like (MACPF) protein superfamily has been
extensively studied in animal systems where molecular functions during pathogen in-
fections have been revealed. However, these proteins have been rarely investigated in
plants. Zhang et al. focused on the Arabidopsis MACP2 protein and investigated the re-
sponsiveness of this protein during both bacterial and fungal pathogen infection [6]. Their
report revealed that MACP2 plays a role in promoting pathogen resistance by activating
the biosynthesis of tryptophan-derived indole glucosinolates and the salicylic acid signal-
ing pathway. By comparisons of MACP2-OE and -KO lines, indole glucosinolates were
revealed to contribute to bacteria resistance in the MACP2-OE plants. Zhang et al., also
demonstrated that alternatively spliced MACP?2 isoforms were differentially expressed un-
der pathogen infection, suggesting different roles for AS isoforms, highlighting the prospect
that functionally multifaceted expression products can be derived from a single gene.

Two research papers from this Special Issue focused on rice from Professor Ye’s
laboratory [7,8], where findings may directly assist in strategies for rice yield or quality
improvements. In the first paper, Professor Ye’s team studied the molecular effects of
post-anthesis moderate soil drying (MD)n which is proven to be an effective method for
promoting starch synthesis and inferior spikelet grain filling. In this paper, the authors
probed 1840 AS events in 1392 genes that were differentially expressed between MD and
well-water plants. RNA-Seq read alignment depth was used to illustrate the AS events of
specific genes of interest. Specifically, the OsAGPL2 transcript was alternatively spliced to
generate transcripts with or without a binding site for the microRNA miR393b, suggesting
a potential mechanism for the miRNA-mediated gene regulation of grain filling in inferior
spikelets in response to MD. In the second paper, the authors analyzed quantitative trait
loci (QTLs) for grain size in rice by developing a suite of F2 populations from a cross of
9311 and CG varieties. Bulked-segregant analysis-seq (BSA-seq) was employed to probe
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QTLs for various agronomic traits. Within the analysis they detected more than 200 splicing-
related loci using whole-genome sequencing, including a splicing-site mutation in the gene
050390841800 (qGL3.3) that generated a truncated open reading frame. Their reported
discoveries provide a valuable genetic resource for rice breeding.

Included in the Special Issue is a proteomic and metabolic research paper that focuses
on three Lycoris species with different alkaloid contents [9], with Lycoris longituba exhibiting
the highest alkaloid content. This study was included because Lycoris bulbs have long been
used as traditional Chinese herbal medicine to treat various diseases such as sore throat,
abscesses and suppurative wounds. In addition, the SWATH-MS (sequential window
acquisition of all theoretical mass spectra)-based quantitative proteomic approach have
been widely employed in animal systems but the merits of this technology remain yet
to be widely recognized in plants. The comprehensive proteomic analyses presented by
the authors were used to identify five candidate proteins encoding enzymes involved in
alkaloid biosynthesis, with differential abundance in the three Lycoris species. However,
particularly fascinating was the discovery of 11 RNA processing-related proteins, which
indicated the role of AS in the variation between the three species in alkaloid production.

In addition to seven original research articles, three review papers are included in this
Special Issue. Lam et al. summarized the current knowledge on molecular regulations of
plant primary and specialized metabolism by alternative splicing [10], highlighting nu-
merous genes that function in plant metabolism that were alternatively spliced at different
developmental stages and under stress conditions. They proposed that AS may serve
as a fine-tuning regulatory mechanism for plant metabolism. Li et al. concentrated on
plant-microbe interactions and discussed the possible mechanisms that connect diverse
plant ecotype-phenotype linkages, splicing isoforms, and commensal microbiomes [11].
Jia et al. reviewed the progress in the application of alternative splicing and genome-wide
association analyses (GWAS). They proposed that the utilization of GWAS to investigate
alternative splicing activity could provide novel insights that could lead to the elucidation
of the relationship between AS and the regulation of agronomic traits [12].

In conclusion, as the global climate continues to change and deteriorate, various abiotic
stressors and their adverse impacts on crop growth and productivity will present great
risk for modern society. The risk of catastrophic crop failures drives the growing research
interests in stress biology, especially for crops and plants with economic value. The original
research and review articles assembled in the Special Issue provide valuable and novel
knowledge of gene function and the potential role of alternative splicing in response to
environmental stress. However, despite the well-tailored molecular experimentation for
investigating gene function, we noticed the inadequate utilization of bioinformatic methods
for comparative and evolutionary genomics to help identify suitable target genes and
elucidate their evolutionary trajectories. This gap between “dry lab” and “wet lab” still
exists and more collaborative projects need to be facilitated. The published articles in the
current Special Issue cannot constitute a comprehensive collection of this interdisciplinary
research topic but hopefully provide an impetus to generate more research in this field.
With the support of the editorial office, we are delighted to launch a new Special Issue
focusing on the same research theme, entitled “Alternative Splicing: From Abiotic Stress
Tolerance to Evolutionary Genomics 2.0”, representing our continuous effort on this topic,
and we sincerely invite researchers in the field to contribute to this new collection.

Author Contributions: B.G. and M.C. writing—original draft preparation; M.J.O. writing—review
and editing. All authors have read and agreed to the published version of the manuscript.
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Abstract: The GARP genes are plant-specific transcription factors (TFs) and play key roles in regu-
lating plant development and abiotic stress resistance. However, few systematic analyses of GARPs
have been reported in allotetraploid rapeseed (Brassica napus L.) yet. In the present study, a total of
146 BnaGARP members were identified from the rapeseed genome based on the sequence signature.
The BnaGARP TFs were divided into five subfamilies: ARR, GLK, NIGT1/HRS1/HHO, KAN, and
PHL subfamilies, and the members within the same subfamilies shared similar exon-intron struc-
tures and conserved motif configuration. Analyses of the Ka/Ks ratios indicated that the GARP
family principally underwent purifying selection. Several cis-acting regulatory elements, essential
for plant growth and diverse biotic and abiotic stresses, were identified in the promoter regions of
BnaGARPs. Further, 29 putative miRNAs were identified to be targeting BnaGARPs. Differential
expression of BnaGARPs under low nitrate, ammonium toxicity, limited phosphate, deficient boron,
salt stress, and cadmium toxicity conditions indicated their potential involvement in diverse nutrient
stress responses. Notably, BnaA9.HHO1 and BnaA1.HHOS were simultaneously transcriptionally
responsive to these nutrient stresses in both hoots and roots, which indicated that BnaA9. HHO1 and
BnaA1.HHOS might play a core role in regulating rapeseed resistance to nutrient stresses. Therefore,
this study would enrich our understanding of molecular characteristics of the rapeseed GARPs and
will provide valuable candidate genes for further in-depth study of the GARP-mediated nutrient
stress resistance in rapeseed.

Keywords: Brassica napus; transcription factors; nutrient stress; transcriptomic analysis; miRNA

1. Introduction

The transcriptional regulation of plant genes is a complex and accurate network
system. In this process, transcription factors (TFs) play crucial roles in plant growth and
development, species origin, and stress responses by precisely binding to the cis-acting
regions of target genes [1]. After the identification of the Arabidopsis genome, the TFs
were classified into 58 TF families [2]. Plant responses to nutrient stresses are regulated by
complex signaling pathways and networks which are coordinated by TFs [3].

The GARP gene is a plant-specific TF and plays a key role in regulating plant devel-
opment, disease resistance, hormone signaling, circadian clock oscillations, and abiotic
stress resistance [4]. GARP is named from the Golden 2 (G2) protein in maize, the type B
authentic response regulator (ARR-B) protein in A. thaliana, and the phosphate starvation
response 1 (PSR1) protein in Chlamydomonas [5]. In the GARP family, the members can be
classified if the derived protein contains the conserved signature motif called the B-motif
(GARP motif) [6]. The B motif is a signature of type-B response regulators (ARRs) involved
in His-to-Asp phosphorelay signal transduction systems in Arabidopsis, which contains an
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HTH (helix-turn-helix) motif [5]. HTH motifs can regulate a variety of physiological pro-
cesses, as well as participate in TF dimerization. The B motif is highly similar to MYB-DBD
(Myb-DNA binding domain), and this also leads to frequent confusion with MYB-related
TFs [5]. In contrast to MYB-related proteins characterized by the (SHAQK(Y/F) F) motif,
GARP TFs contain a different consensus sequence (SHLQ(K/M) (Y/F)) [6].

The GARP TFs have been identified in Arabidopsis, rice, cotton, tea plant, and other
species, and related studies have shown that they are involved in the regulation of plant
growth and development, abiotic stress resistance, and other biological processes [7-10].
AtGARPs have been defined as important regulators of diverse nutrient stresses. The
expression of AtHHO3 (NIGT1.1) and AtHHO2 (NIGT1.2) was induced in nitrogen (N) defi-
ciency, while AtHHO1(NIGT1.3) is involved in primary root shortening under phosphate
(Pi)-deficient conditions [11]. AtKANT acts as a transcriptional repressor involved in auxin
biosynthesis, auxin transport, and auxin response [12], and AtKAN4 is shown to broadly
control the flavonoid pathway in Arabidopsis seed [13]. In addition, AtBOA is a component
of the Arabidopsis circadian clock [14]. In rice, OsPHR1-4 has been linked to controlling
Pi homeostasis-regulating sensing and signaling cascades in rice [15]. The expression of
OsARR-B5, OsARR-B22, and OsARR-B23 was upregulated under alkaline stress and was
implicated in plant development modulation by controlling cellular processes, molecu-
lar activities, and biological functions [16]. OsHHO?2 inhibits Pi starvation response [17],
whereas OsHHO3 and OsHHO4 play critical roles in the N deficiency response [18]. In
cotton, GhGLK1 is reported to be involved in the regulation of drought and cold stress
responses [19]. Thus, GARP TFs play significant roles in the responses of different plant
species to nutrient stress.

The GARP TFs are involved in the responses to nutrient stresses and include probable
nutrient sensors of plants. CrPsrl is the first reported GARP TF to be involved in the
nutritional responses, and it is essential for the adaptation of C. reinhardtii to Pi starva-
tion [20]. Then, NIGT1/HRS1/HHOs were found to be the most robustly and quickly
nitrate (NO3 ™) regulated TFs [21]. N and Pi are essential macronutrients for the growth
and development of plants. N participates in a variety of physiological and biochemical
processes as a component of proteins, nucleic acids, and plant growth regulators [19]. Pi
is an essential building block of Important compounds such as DNA, RNA, and proteins,
and is involved in glycolysis, respiration, and photosynthesis [22]. In the process of N
and Pi absorption and utilization, TFs play an important role in regulation [23-26]. A
number of GARPs, particularly members of the NIGT1/HRS1/HHO subfamily, have been
shown to play important roles in the regulation of plant responses to N and Pi stresses.
The role of NIGT1/HRS1/HHO in response to N and Pi stresses can be summarized in
two pathways: NRT-NLP-NIGT1/HRS1/HHO and NIGT1-SPX-PHR [27]. Specifically, the
nitrate transporters NRTs can increase the content of N nutrients, enhancing the expres-
sion of the nitrate-responsive nodulin-like proteins (NLPs), and induce the expression of
GARP:s to suppress the N starvation response. The NIGT1 proteins repress the expression
of SPXs by directly binding to the SPX promoters, and the SPX proteins function as the
repressors of PHR TFs [28]. Under Pi-sufficient conditions, PHR1 interacts with SPXs
(SYG1/PHOS81/XPR1), Pi sensor proteins, and inhibitors for PHR1, and the NIGT1-clade
genes are not activated. Under Pi starvation conditions, PHR1 is released from SPXs and
promotes the expression of the NIGT1-clade genes [29]. In addition to NIGT1/HRS1/HHO,
PHR of the GARP gene family has also been reported to affect N and Pi homeostasis [15].

Rapeseed (Brassica napus L.) is a major oilseed crop due to its economic value and
oilseed production. However, its productivity has been repressed by many environmental
adversities [30]. Under drought tolerance, the shoot and root growth of rapeseed seedlings
is greatly inhibited, which ultimately will reduce crop production [31]. For rapeseed, salt
stress severely affects all life stages from seed germination to yield production [32]. Cold
stress has a negative impact on rapeseed germination and seedling establishment, causing
wilting and plant death at the seedling stage [33]. Rapeseed production in the field is also
often severely inhibited due to N deficiency [34] and is highly dependent on N fertilizer
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application, but its N use efficiency (NUE) is very low [35]. Rapeseed is also extremely
sensitive to Pi deficiency [36]. A number of gene families, such as superoxide dismutase
(50D) [37], lipid phosphate phosphatases (LPP) [38], and B-box (BBX) [39] play critical roles
in rapeseed growth, development, and response to stresses in rapeseed. To date, GARPs have
also been identified to play important roles in plant growth and response to stress [16-18].
Given the importance of the GARP family in all aspects of plant developmental processes
and stress responses, a comprehensive genome-wide investigation of GARPs is warranted
in rapeseed.

However, few systematic analyses of GARPs in B. napus have been available so far.
Thus, this study is aimed to (i) identify the genome-wide GARPs in B. napus, (ii) character-
ize the genomic characteristics and transcriptional responses of the GARPs to N stresses
(including NO3 ™ limitation and ammonium (NHy*) toxicity) and Pi limitation, and (iii) in-
vestigate the transcriptional responses of GARPs to other nutrient stresses, including boron
deficiency, cadmium toxicity, and salt stress. This study would enrich our understanding of
molecular characteristics of the rapeseed GARPs and will provide valuable candidate genes
for further in-depth study of the GARP-mediated nutrient stress resistance in rapeseed.

2. Results
2.1. Genome-Wide Identification of the GARP Family Genes in B. napus

Since the GARP proteins are highly similar to MYB or MYB-like TFs in terms of
both sequences and structures, the candidate GARP genes were compared and screened
according to the methods reported by Safi et al. [6]. In this study, a total of 146 BnaGARPs
were identified in the rapeseed genome (An A CnhCph: A1-A10, C1-C9).

The physical and chemical characteristics, including the gene length and molecu-
lar weights (MW), of a total of 146 GARP proteins were analyzed and provided. The
BnaGARPs have varying physicochemical characteristics (Table S1). The length of the
GARP protein sequences ranged between 101 (BnaA3.MYBC1a) and 1022 (BnaC8.GLK1)
amino acids in B. napus. The isoelectric point (pl) ranged between 4.74 (BnaA2.PHL1) and
11.06 (BnaA5.MYBC1). The molecular weight (MW) ranged from 11.62 to 111.69 kDa for
BnaA3.MYBCla and BnaC8.GLK1, respectively.

2.2. Phylogenetic Analysis and Ka/Ks Ratio Calculation

To elucidate the evolutionary relationships and functional divergence among Brassica
GARP proteins, the sequences of 146 B. napus GARP proteins, and 56 A. thaliana GARP
proteins were used to construct a phylogenetic tree (Figure 1). In general, the GARP
homologs in B. napus significantly expanded compared to those in A. thaliana. Moreover,
the number of GARPs in B. napus is much more than three times of those in A. thaliana.

Based on the topologies and bootstrap support values of the NJ phylogenetic tree, the
candidate GARPs were divided into five subfamilies, which were identical to the previous
study [7]. The distribution of BnaGARPs among different subfamilies was as follows: ARR
(34 members), GLK (17 members), NIGT1/HRS1/HHO (27 members), KAN (17 members),
and PHL1 (52 members). The differences in the number of BnaGARPs within the five
subfamilies indicated a distinct expansion trend among these subfamilies.

To explore the selective pressure on BnaGARPs, the non-synonymous/synonymous
mutation ratio (Ka/Ks) was calculated; Ka/Ks > 1.0 indicates positive selection, Ka/Ks = 1.0
indicates neutral selection, and Ka/Ks < 1.0 indicates purifying selection [40]. The Ka/Ks ratio
for all BnaGARPs was <1.0, ranging between 0.0697 (BnaA5.ARR1) and 0.5771 (BnaA6.APRR4),
implying that the replicated GARPs could experience strong purification selection (Table S2).

2.3. Conserved Motif and Gene Structure Analyses

To further clarify the potential functions of GARPs in B. napus, MEME was used to
identify 10 conserved motifs (Figure 2). Motif 1 and motif 2 in the BnaARR-B subfamilies,
and the motifl and motif 4 in the BnaNIGT1/HRS1/HHO subfamilies are the B-motif of the
GARP signature motif and extensively distributed in BnaGARPs (Figure 2B). Furthermore,
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motif 7 and motif 10 only exist in APRR2, while motif 8 is specific to BnaARR2 and BnaARR1,
and in the PHL subfamily, motif 8 only occurs in PHL14 (Figure S1). However, the motif
patterns of BnaGARPs within a subgroup are similar.
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Figure 1. Phylogenetic tree of the GARPs retrieved from B. napus and A. thaliana. The phylogenetic
tree was constructed according to the neighbor-joining method. The tree was generated using
MEGA?7.0 based on the GARP amino acid sequences retrieved from B. napus and A. thaliana. The
genes from each group are indicated by different colors. The rectangle sizes at the nodes represent
the bootstrap values.

To evaluate the sequence diversity of BnaGARPs, the exon—intron structures of each
BnaGARP were detected. In detail, most of BnaGARPs had six exons and five introns, and
several genes had five exons and four introns, while BnaARR21s contained 12 introns and
BnaMYBC1 contained one intron (Figure S2). Similarly, the majority of BnaGARPs in the
same subgroups generally had similar gene structures (Figure 3).

We also found that the intron lengths are slightly different among different BnaGARPs.
In comparison with BnaPHL12s, the introns within BnaPHL5s were relatively large. Al-
though the exon-intron structures of most closely related genes exhibited high similarity
and conservation, there still exist several differences.
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Figure 2. Identification and characterization of the conserved motifs in the GARP proteins in B. napus.
(A) Molecular identification of BnuaARR-Bs. (B) The sequence characterization of BnuaARR-Bs. (C) Molecular
identification of BnaNIGT1/HRS1/HHOs. (D) The sequence characterization of BnaNIGT1/HRS1/HHOs.
In A and C, the boxes with different colors indicate different conserved motifs (motifs 1-10), and
black lines represent the GARP protein regions without detected motifs. In C and D, the larger the
fonts, the more conserved the motifs. Among them, the tagged motifs were identified as the B-motifs.

2.4. Gene Duplication and Synteny Analysis of GARP Gene Families

The genomic positions of the identified GARPs were physically mapped onto the rape-
seed chromosomes using the MapGene2Chrom program. Ultimately, a total of 146 GARPs
were mapped onto 20 chromosomes in B. napus (Figure 4). Evidently, there are only two
GARPs on chromosomes chrA4, four on chrA10, while chrC4 has the most genes. The
distribution of genes on the chromosomes is relatively scattered, and the genes on the same
chromosome are far apart.

Gene duplication events can lead to the expansion of gene families and play crucial
roles in the adaptation of plant species to the external environment by acquiring new gene
functions. Given the importance of gene duplication in the evolution of plant gene families,
the duplication patterns of 146 GARP family genes were analyzed in B. napus. Between
the two sub-genomes of B. napus, 45 duplication events took place on the A subgenome,
36 events on the C subgenome, and 136 events across the A/C subgenomes (Table S3).

To better understand the evolution of BnaGARPs, the synteny of the GARP pairs
between the genomes of B. napus and A. thaliana, G. max, and M. truncatula was constructed
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BnaC5.KAN2a, and BnaC8.KAN2 (Table S4). As shown in Figure 5 and Figure S5, BnaGARPs
shared 172 syntenic gene pairs with G. max, 66 with M. truncatula, and 3 with T. aestivum
(Tables S5-57). Additionally, syntenic gene pairs were identified between rapeseed and
rice, which constituted the fewest number of background collinear blocks (Table S8). In-
terestingly, 46 genes were found in the comparative synteny maps between B. napus and
other plant species (A. thaliana, M. truncatula, and G. max), and these collinear gene pairs
were highly conserved within several syntenic blocks, such as BnaA1.APRR2, BnaA1.HHOS,
BnaA1.KAN3, BnaA1.PHRI1, and BnaA10.MYR1 on the A1 chromosome and BnaA3.APRR2,
BnaA3.ARR10, and BnaA3.ARR2 on the A3 chromosome.
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Figure 3. Exon-intron organizations of BnaNIGT1/HRS1/HHOs (A) and BnaARR-Bs (B). The green
boxes represent untranslated regions, the yellow boxes represent exons, and the black lines represent
the introns. The lengths of the exons and introns can be determined by the scale at the bottom.

2.5. Cis-Regulatory Element Prediction in the Promoter Regions of BnaGARPs

To investigate the potential regulatory mechanisms underlying GARPs in response to
abiotic stresses and hormones, the cis-regulatory elements (CREs) in the 2000 bp upstream
promoter sequences of each GARP gene were scanned by the plantCARE database. The
results revealed that the promoter regions of each BnaGARPs have stress and hormone-
related CREs.

In total, 20 types of CREs were detected, including 1848 light responsiveness CREs,
442 Me]J A responsiveness CREs, 372 abscisic acid responsiveness CREs, and 365 anaerobic
induction CREs (Table S9). The most and least CREs found in the promoter regions of
the GARP genes were light responsiveness CREs (1848) and wound-responsive CREs (3),
respectively. Meanwhile, a mass of putative CREs that were involved in hormone responses,
such as GA, MeJA, and BHA, were found in a series of BnaGARP promoters. As well, many
putative CREs associated with abiotic stress, such as the low-temperature responsive CREs,
defense and stress responsive CREs, and drought inducibility CREs, were found in many
BnaGARP promoter regions (Figure 6).
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Figure 4. Chromosomal location of the 146 genes in GARP family genes in B. napus. The distribu-
tion of the 146 genes on the 20 chromosomes is presented. The Ann and Cnn chromosomes refer
to the chromosome that is anchored to the A and C subgenomes, while they have been not the
specific chromosome.
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Figure 5. Synteny analysis of the GARP family genes between B. napus and A. thaliana, G. max, and
M. truncatula. Gray lines indicate all collinear blocks within B. napus and A. thaliana, G. max, and
M. truncatula. While the red lines depict the orthologous relationships.

2.6. Genome-Wide Analysis of miRNA Targeting BnaGARPs

In plants, miRNAs are important regulators of gene expression and play pivotal roles
in abiotic stress responses [41]. To identify whether miRNAs are involved in the regulation
of the BnaGARP expression, we identified 29 putative miRNAs targeting 34 BnaGARPs
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(Figure 7). Some of the miRNA-targeted sites are presented in Figure S3, while the de-
tailed information of all miRNAs targeted genes is presented in Table S10. The results
showed that four members of the bna-miR164 family targeted three BiaGARPs (includ-
ing BnaC3.ARR1, BnaC6.HHO2, and BnaA7.HHO?2). Four members of the bna-miR172
family targeted two BnaGARPs (including BnaC2.ARR18a and BnaC2.ARR18b). Three
members of the bna-miR390 family targeted two BnaGARPs (including BnaA3.PHL2 and
BnaC3.PHL2). Two members of the bna-miR397 family targeted three BnaGARPs (including
BnaC1.PHR1, BnaA1.PHR1, and BnaC7.PHR1). Three members of the bna-miR156 family
targeted BnaC2.ARR18b. One member of the bna-miR6029 family targeted four BnaGARPs
(including BnaA6.HRS1, BnaC5.HRS1, BnaA6.PHL6, and BnaCnn.PHL6). One member
of the bna-miR860 family targeted eight BnaARRs (Figure 7; Table S10). Predominantly,
BnaA3.ARR2, BnaC3.ARR1, BnaC6.HHO?2 and BnaC2.ARR18b were predicted to be targeted
by several miRNAs (Figure 7; Table 510).

2.7. Transcriptional Analysis of BnaGARPs under N and Pi Stresses

Nitrogen (N) is an essential macronutrient for plant growth and development, whereas
rapeseed has a low NUE [42]. To improve the understanding of the role of BnaGARPs
in NUE regulation in B. napus, the transcriptional responses of BnaGARPs were explored
under low N conditions. Under limited NO3z ™~ conditions, 40 members of BnaGARPs were
differentially expressed in rapeseed plants compared to sufficient NO;~ (Figure 8). In the
BnaNIGT1/HRS1/HHOs subfamily, most members were downregulated (87.88-98.12%) in
the shoots under low NO3; ™~ supply. Notably, the expression levels of BnaC7.HHO3 and
BnaA9.HHO1 decreased by 98.12% and 97.60% in the shoots, respectively. In the roots, the
expression levels of BnaC9.HHO1 and BnaA9.HHO1 was reduced by 98.62% and 99.55% un-
der low NO3 ™ supply, respectively (Figure 8A). However, different BnaGARPs subfamilies
showed distinct transcriptional responses under this circumstance. In detail, most (70%) of
the differentially expressed genes (DEGs) of the BnaGLKs subfamily were upregulated in
the shoots or roots under deficient NO3 ™ conditions (Figure 8B). In particular, the expres-
sion level of BnaA6.GLK2 decreased by 60.37% in the roots, whereas the expression level
of BnaA2.GLK2 was increased 1.15-fold in the shoots. In terms of the ARR subfamily, the
expression level of BnaA3.APRR2 and BnaC3.ARR1 was repressed by 53.55% and 66.89%
in the roots of rapeseed plants exposed to deficient NO3~ conditions (Figure 8D). In the
BnaPHLs subfamily, the expression level of BnaAnn.PHL5 was increased 1.47-fold in the
roots, whereas the expression level of BnaC9.PHL1 was decreased by 79.90% in the shoots
(Figure 8C).

To determine the core members that play a dominant role in the NO3;~ response, a
co-expression network analysis of BnaGARPs was performed. The results showed that
BnaA9.HHO1 and BnaC7.HHO3 might play a major role in the repression of N-starvation
responses in the shoots (Figure 8E); whereas in the roots, BnaA9. HHO1 and BnaC9.HHO1
might play a core role in the adaptation of rapeseed plants to N limitation (Figure 8F).

Under the ammonium (NH4*) supply condition, a total of 23 BnaGARP DEGs were
identified in the shoots and roots relative to the condition of NO3 ™ sufficiency (Figure 9A).
We found only the expression levels of BnaA8. HHO5, BnaA1.HHOS5, and BnaC3.HHOS5
were increased by 1.51-fold, 1.24-fold, and 1.44-fold under the NH4* supply condition than
under NO3 ™~ sufficiency. Among all the down-regulated genes, particularly the expression
level of BnaA6.HHO1 was reduced by 99.28% in the roots under the NH4* supply condition.

Gene co-expression network analysis showed that BnaA9.HHO1, BnaA7. HHO3 and
BnaA6.HHO1 might play a core role in the responses of rapeseed plants to NH,* as the sole
N nutrient source (Figure 9B,C).
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Figure 7. Network diagrams of predicted miRNAs targeting BnuaGARPs. Different diamond colors
represent BnaGARPs, and gray ellipse shapes represent potential regulatory miRNAs.

Based on expression pattern analysis and co-expression network analysis, we selected
several key genes and analyzed their differential expression between the high-NUE (H12)
and low-NUE (L73) rapeseed cultivars (Figure 10A). The results showed that these genes
were upregulated (1.53 to 6.64-fold) in the L73 rapeseed cultivar under NO3 ™~ limitation
condition (Figure 10B). In order to explore the role of these key genes involved in the
regulation of differential NUE between the rapeseed genotypes, BnaA9.HHO1 was selected
to perform a functional analysis. The results showed that the BnaA9. HHO1 fusion pro-
tein was mainly located in the nucleus and could colocalize with OsGhd?7 in the nucleus
(Figure 10C).

Phosphate (Pi) performs a variety of biological functions, including structural elements
in nucleic acids and phospholipids, signal transduction cascades, enzyme regulation, and
so on [43]. Maeda et al., found that two independent transcriptional cascades for NO3; ™~ and
Pi-starvation signaling are integrated via expression control of the GARP-clade genes [10].
Under Pi limitation conditions, a total of 45 BnaGARP DEGs were identified in the shoots or
roots (Figure 11). In the shoots, most of the DEGs were upregulated except for BnaC7.GLK2,
BnaA6.HHOG6, and BnaC1.PHL2, which were downregulated. In the BnaNIGT1/HRS1/HHO
subfamily, BnaC7.HHO1, BnaC8.HRS1b and BnaA9.HHO1 were remarkably upregulated,
increasing by 6.78, 8.26, and 5.03-fold, respectively (Figure 11A). The expression levels
of BnaA7.ARR11 and BnaA6.PCL1 had higher expression levels that were increased by
2.86-fold and 2.50-fold in the shoots under Pi deficiency than Pi sufficiency (Figure 11B,C).
In terms of the BnaPHLs subfamily, the expression level of BnaA9.PHL1 was decreased by
59.61%, while the expression level of BnaC6.PHLSb was increased by 1.02-fold in the roots
under low Pi (Figure 11D).
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Figure 8. Expression profiles and co-expression network analysis of BnaNIGT1/HRS1/HHOs (A),
BnaARRs (B), BnaGLKs (C), and BnaPHLs (D) in the shoots/S (E) and roots/R (F) under nitrate
(NO37) limitation conditions. HN, high N (6.0 mM NO3~); LN, low N (0.30 mM NO3 7). In the heat
maps, the expression levels are normalized by log, (TPM). TPM, transcripts per million (reads). The
color scales represent relative expression levels from high (red color) to low (blue color). In the gene
co-expression networks, the cycle nodes represent genes, and the size of the nodes represents the
power of the interrelation among the nodes by log,FC value. FC, fold change. The edges between
two nodes represent interactions between genes.

2.8. Expression Profiles of BnaGARPs in Response to Diverse Nutrient Stresses

Further, the expression patterns of BnaGARPs under various nutrient stresses were
studied, including deficient boron (B), salt stress, and cadmium (Cd) toxicity. The B require-
ment of plants varies from species to species, and B. napus is considered one of the highest
B-requiring plants, which often suffers from yield and quality losses due to B deficiency,
especially in Northern Europe, Canada, and China [44]. Under deficient B conditions, a
total of 49 BnaGARP DEGs were identified in the shoots or roots. In the shoots, 39 DEGs
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were upregulated after B deficiency treatment (Figure 12). In particular, the expression
level of BnaAnn.PHL11 was increased 4.01-fold. In the BnaARR-Bs subfamily, the expres-
sion of three BnaARRs (including BnaA2.ARR14, BnaA7.ARR11, and BnaC6.ARR11a) was
increased in the shoots after B deficiency treatment (Figure 12B). In the subfamily BnaGLKSs,
most of the genes had high expression levels (1.05 to 1.71-fold) under B deficiency than B
sufficiency, whereas the expression of BnaC1.PCL1 was reduced by 57.81% (Figure 12C).
The expression pattern in subfamily BnaNIGT1/HRS1/HHOs and BnaPHL1s was similar
to that in the subfamily of BnaGLKs. In the shoots, only BnaA6.HHO6 and BnaC1.PHL2
was downregulated (Figure 12D). Eight of 15 (53.33%) DEGs in the BnaNIGT1/HRS1/HHO
subfamily and 15 of 18 (83.33%) DEGs in subfamily BnaPHLs were significantly induced by
B deficiency.
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Figure 9. Expression profiles (A) and co-expression network analysis of BnaGARPs in the shoots/S
(B) and roots/R (C) under different nitrogen (N) form conditions, including 6.0 mM nitrate (NO3 ™)
and 6.0 mM ammonium (NHy*) conditions. The expression levels are normalized by log,(TPM).
TPM, transcripts per million (reads). In the heat maps, the color scales represent relative expression
levels from high (red color) to low (blue color). In the gene co-expression networks, the cycle
nodes represent genes, and the size of the nodes represents the power of the interrelation among
the nodes by log, FC value. FC, fold change. The edges between two nodes represent interactions
between genes.
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Figure 10. Characterization of the rapeseed genotypes H12 and L73 growing under nitrate (NO3 ™)
limitation conditions and subcellular localization analysis of BnaA9.HHO]1. (A) Growth performance
of the high-NUE genotype H12 and the low-NUE genotype L73 growing under low (0.3 mM) NO3z~
condition. (B) Expression profiles of the BuaGARP DEGs between H12 and L73 under NO3 ™ limitation
conditions. (C) Subcellular localization analysis of BnaA9.HHO1. OsGhd7 was used as a nuclear
marker and fused with a red fluorescent protein sequence.

Cd is a non-essential heavy metal with high biotoxicity to many organisms, while
oilseed rape has a high potential for the phytoremediation of Cd-polluted soils [45]. Under
Cd toxicity, a total of 43 BnaGARP DEGs were identified in the shoots or roots (Figure 12F).
Most genes were downregulated in the roots in response to Cd toxicity, particularly the
expression of BnaC5.KAN2b and BnaCnn.PHL6 was reduced by 88.12% and 89.38%. In the
shoots, Cd toxicity resulted in an obvious decrease in the expression of BnaA1.PHL5. Under
Cd toxicity condition, BnaA8.HHOb5 was significantly increased by 2.92-fold in the roots.

Salt stress is one of the most important abiotic factors affecting global agricultural
productivity, inhibiting plant growth, development and productivity by disrupting many
physiological and biochemical processes [46]. In the salt stress-treated group, the expres-
sion of two BnaARRs (including BnaA1.ARR2 and BnaA2.ARR14) was induced by 1.53 and
1.14-fold in the shoots, whereas the expression of BnaC3.ARR1 was significantly decreased
(Figure 13). In the roots, BnaA2.ARR14, BnaA3.APRR2, and BnaC7.APRR2 was upregulated
by salt stress, while the expression of BnaC3.ARR1 was decreased by 61.96% (Figure 13B).
Under salt stress, BnuaA3.MYBC1, BnaA6.GLK2 and BnaC9.MYBC1 in the BnaGLK subfam-
ily showed a low expression level in both roots and shoots; however, BnaA3.MYBC1b,
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BnaA5.MYBC1 and BnaC4.MYBC1 in this subfamily shared higher expression levels under
salt stress (Figure 13C). In terms of BnaNIGT1/HRS1/HHO subfamilies, most of them had
lower expression levels (40.90% to 87.24%) under salt stress (Figure 13A). After salt treat-
ment, the expression of 16 BnaPHLs was distinctly upregulated in the shoots, while the
expression of eight BnaPHLs was obviously downregulated in the roots (Figure 13D).
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Figure 11. Expression profiles of BnaNIGT1/HRS1/HHOs (A), BnaARRs (B), BnaGLKs (C), and
BnaPHLs (D) in the shoots/S and roots/R under different phosphate (Pi) levels. conditions. +Pi, high
Pi (250 uM); -Pi, low Pi (5 uM), The expression levels are normalized by log, (TPM). TPM, transcripts
per million (reads). The color scales represent relative expression levels from high (red color) to low
(blue color).
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Figure 12. Expression profiles of BnaNIGT1/HRS1/HHOs (A), BnaARRs (B), BnaGLKs (C),
BnaKANs (D), and BnaPHLs (E) in the shoots/S and roots/R under different boron (B) and cad-
mium (Cd) toxicity (F) conditions. -B, low B (0.25 uM); CK, high B (25 uM); Ctrl, Cd-free; +Cd, high
Cd (10 uM). In the heat maps, the expression levels are normalized by log, (TPM). TPM, transcripts
per million (reads). The color scales represent relative expression levels from high (red color) to low
(blue color).

To characterize the common genes responsive to nutrient stresses, a Venn diagram
was constructed with the DEGs identified, respectively, under the diverse nutrient stresses
above-mentioned. As shown in Figure 14, BnaA9.HHO1 and BnaA1.HHO5 was simulta-
neously regulated by low NO;~, NHs* toxicity, limited Pi, deficient B, salt stress, and
Cd toxicity in the shoots and roots (Figure 14). This result indicated that BnaA9. HHO1
and BnaAl.HHOS5 might play a multifaceted role in regulating rapeseed resistance to
nutrient stresses.
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Figure 13. Expression profiles of BnaNIGT1/HRS1/HHOs (A), BnaARRs (B), BnaGLKs (C), and
BnaPHLs (D) in the shoots/S and roots/R under salt stress conditions. Ctrl, control, NaCl-free;
NaCl, +NaCl, 200 mM. In the heat maps, the expression levels are normalized by log, (TPM). TPM,
transcripts per million (reads). The color scales represent relative expression levels from high (red
color) to low (blue color).
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Figure 14. Venn diagram showing the common and specific differentially expressed genes of Bna-
GARPs under diverse nutrient stresses.
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3. Discussion

Previous studies have shown that the GARP family members play critical roles in phyto-
hormone transport and signaling, plant organ development, and nutrient responses [47—49].
However, there have been few systematic studies on GARPs in B. napus. In the present
study, the genome-scale GARP family genes were identified in B. napus and their phy-
logenetic relationships, conserved motif and domain, gene structures, duplication and
synteny relationships, CREs, and chromosomal locations were performed. In addition, we
delineated the differential expression profile of BnaGARPs under low NOz~, NHy* toxicity,
limited Pi, deficient B, salt stress, and Cd toxicity. The global identification of BnaGARPs
provides the foundation for further in-depth functional studies of these genes.

3.1. An Integrated Bioinformatics Analysis Provided Comprehensive Insights into the Molecular
Features of BnaGARPs

In this study;, a total of 146 BnaGARPs were identified (Table S1). A previous study
has revealed 56 GARPs in A. thaliana, 69 GARPs in Camellia sinensis, and 35 GARPs in
S. polyrhiza [8,10,50], suggesting that the GARP TF family is ubiquitous in plants (Table S11).
The GARP gene family in rapeseed is larger than those in other plant species, which might
be due to complex whole genome duplication and subsequent evolution of the rapeseed
genome. [51]. Phylogenetic analysis showed that the B. napus genome retains the orthologs
of AtGARPs and the gene phylogeny roughly followed the species phylogeny (Figure 1).
Furthermore, the phylogenetic tree also showed that all subfamilies have expanded during
the evolution process. A lineage-specific expansion of BnaGARP via the partial alteration of
the genome is used to adapt to internal and external environments during evolution [52,53].
Generally, the Ka/Ks ratios for all the homologous GARP pairs were less than 1.0, indicating
that BnaGARPs might have undergone purifying selection pressure (Table S2). Arabidopsis
and Brassica diverged about 20 million years ago, and evolutionary selection pressure
analysis suggested that the divergence of GARPs also occurred during this period.

Due to the similarity between the B-motif and the MYB-like domain, the GARP TFs
were frequently mistaken for MYB or MYB-like TFs. However, the MYB TFs contain the
(SHAQK(Y/F) F) motif, while the GARP TFs contain a different consensus sequence (SHLQ
(K/M) (Y/F)) [5]. All the BnaGARPs were predicted to contain some conserved motifs, which
are components of the B-motif and are important for DNA binding (Figure 2). In this study,
the conserved motifs in each subfamily of BnaGARPs are essentially similar, indicating that
their amino acid residues are very conserved in terms of evolution, and have essential roles
in gene function or structure. In addition, we found that BnaNIGT1/HRS1/HHO subfamily
contains two different motifs EAR-like at their N or C terminal. The EAR-like motifs
play an important role in inhibiting gene expression as transcription repressors or recruit
corepressors [54]. In this study, different gene structures were found among BnaGARPs, and
BnaNIGT1/HRS1/HHO subfamily had fewer exons than the BnaPHL subfamily, implying
structural diversification among the BnaGARP subfamilies (Figure 3). The differences in
the intron lengths suggested a possible role in the functional diversification of BnaGARPs.
Chromosomal localization results showed that 146 genes are unevenly distributed on
20 chromosomes, presumably due to multiple polyploidization events in the genome of
oilseed rape during its evolution [55]. Previous research revealed that tandem duplication
events or segmental duplication events act as a mechanism for family expansion, and it
also could promote the emergence of new functional genes that plants can better cope with
abiotic stress during evolution [56,57].

To further elucidate the synteny relationships of BnaGARPs with GARPs in other model
plants, we identified 172, 152, 66, 3, and 1 orthologous gene pairs between BnaGARPs with
other GARPs in G. max, A. thaliana, M. truncatula, O. sativa, and T. aestivum, respectively
(Figure 5). Synteny analysis results suggested that some BnaGARPs possibly came into
being during gene duplication, and the segmental duplication events could play key roles
in the expansion of GARP genes in B. napus [58]. In addition, B. napus and A. thaliana shared
152 syntenic gene pairs within the GARP family, indicating that B. napus and A. thaliana are
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closely evolutionarily related. Additionally, the allotetraploid Brassica napus L. (AnAnCnCh,
2n = 4x = 38) was formed by natural distant hybridization of diploid Brassica rapa L. (A Ay,
2n = 2x = 20) and diploid Brassica oleracea L. (CoCo, 2n = 2x = 18) [59]. In the present
study, 45 duplication events took place on the A, sub-genome, 36 events on the C,, sub-
genome, and 136 events across A, /Cp sub-genomes. Therefore, we proposed that the
BnaGARP expansion is a synergistic effect of polyploidization and hybridization working
together [60].

The CREs in the promoter regions play an important role in regulating and functioning
genes [61]. In this study, the CRE analysis confirmed the potential roles of BnaGARPs in the
regulation of stress resistance (Figure 6). Many stresses and phytohormone-related CREs
were identified in the promoter regions of most GARPs, including the ARE, G-box, MBS,
and LTR elements. The most common CREs were light responsiveness CREs. Studies have
confirmed that AtHHO4 can interact with JMJ30, which is the H3K36Me2 demethylase and
is involved in light-responsive circadian clock [62].

MicroRNAs (miRNAs) are crucial non-coding regulators of gene expression in plants [63]
and play essential roles in plant—environment interactions [64]. Over the past few years, a
number of miRNAs have been recognized through genome-wide examination in rapeseed
to participate in diverse nutrient stresses [38,65]. In this study, we identified 29 miRNAs tar-
geting 34 BnaGARPs (Figure 7; Tables S4-58). miRNA164 has been reported to be involved
in lateral root development in maize (Zea mays L.) [66]. miRNA156 has been reported to be
significantly upregulated under dehydration stress responsiveness in different species [67].
Similarly, miR172 has also been found to regulate drought escape and drought tolerance by
affecting sugar signaling in A. thaliana [68]. miR396 is a conserved miRNA and is involved
in plant growth, development, and abiotic stress response in various plant species through
regulating its targets, Growth Regulating Factor (GRF) TFs [69]. Some miRNAs have also been
reported in rapeseed, playing a significant role in rapeseed genetic improvement [70,71].
These findings suggest that these bna-miRNAs might play pivotal roles against a variety of
stresses by modifying the transcriptional or translational levels of BnaGARPs.

3.2. Differential Expression Profiling of BnaGARPs Implied Their Potential Involvement in the
Responses of Rapeseed to Diverse Nutrient Stresses

TFs regulate gene expression by recognizing and combining CREs on the promoter
regions of target genes [72]. TFs play key roles in plant developmental processes, phytohor-
mone signaling pathways, and disease resistance responses. Given that expression patterns
can lead to the estimation of gene functions [73]. For example, through analyzing the
expression profile of TitWRKY family members under drought, cold, and high-temperature
conditions, a considerable number of TaWRKY genes are shown to respond to drought
stresses [3]. When exposed to ZnSO,4 and FeClj solutions, the TuZIP genes showed differen-
tial expression patterns [74].

Previous studies have confirmed that GARPs play an important role in nutrient sens-
ing [6]. The first GARP TF shown to be involved in nutritional responses was the Chlamy-
domonas phosphorus-stress response 1 (Psrl) [75]. Under Pi starvation, OsPHR?2 binds
to a CRE (P1BS) in the promoter of various PSI genes and upregulates their transcription,
thus optimizing rice Pi acquisition and utilization [76]. Another GARP subfamily that
attracted recently lots of attention was NIGT1/HRS1/HHO subfamily. NIGT1/HRS1/HHOs
have recently been confirmed to be involved in the perception and transduction of N and
Pi nutritional signals in plant transcriptional regulatory networks [27].

In this study, we found that most BnaGARPs were significantly downregulated in the
shoots or roots under NO3; ™ limitation conditions, among which the downregulated levels
of BnaNIGT1/HRS1/HHOs were the highest (Figure 8). This finding highlighted the crucial
role of BnaNIGT1/HRS1/HHOs in the regulation of NO3 ™~ starvation. It has been demon-
strated that NIGTI(HHO1-HHO3, HRS1) expression was induced by NO3 ™~ signaling, and
it also inhibited N starvation response (NSR) genes (NRT2.1 and NRT2.4) under N sufficient
conditions [10]. The GARP TFs modulate the expression of target genes by positive or
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negative feedforward mechanisms under abiotic stress [10]. For example, AtNIGT1/HRS1
binds to the promoter of NRT2.4 and represses an array of N starvation-responsive genes
under conditions of high N availability [77]. HRS1 and HHO1 control ROS accumulation in
response to NSR and directly repress NSR sentinel genes (NRT2.5) [78]. NLPs (including
NLP5 and NLP7) expression were downregulated by NLP-induced NIGT1s [10]. SPX1,
SPX2, and SPX4 are putative Pi-dependent inhibitors of Arabidopsis PHOSPHATE STAR-
VATION RESPONSEL1 (PHR1) [79]. To improve the understanding of BnaGARP-mediated
transcriptional networks under abiotic stress responses, the transcriptional responses of
25 target genes were explored under these circumstances (Figure S4). Under NO3; ™~ lim-
itation conditions, BnaAn.NRT2.4, BnaC9.NRT2.4, and BnaA8.NRT2.5 were upregulated,
while BnaA7.NLP5 and BnaC6.NLP5 also shared higher expression levels. It indicates
that BnaNRT2.4 and BnaNLP5 might play key roles in the BnaGARP-mediated transcrip-
tional networks.

NH4* is also a major N source for plants, and it is also an indispensable intermediate
in the biosynthesis of essential cellular components [80]. In general, compared with NOs;~,
NH4* as the sole N nutrient source had a weakened effect on the transcriptional responses
of BnaGARPs. Under Pi limitation conditions, most of the BnaGARP DEGs were upregulated
in the shoots or roots, among which the upregulated levels of BnaC8. HRS1b was the highest
(Figure 11). Previous studies have reported Pi deprivation increased the HRS1 expression
level and expanded its expression domain [81]. Transcripts of SPX1 and SPX2 accumulate
in the roots and shoots of Pi-limited plants in a PHR1-dependent manner [82]. In this
study, BnaSPX1 and BnaSPX2 were upregulated in the roots and shoots under Pi-limited
conditions. Moreover, we found no differences in the expression of BiaKANs under both
NO; ™~ limitation and NH4* toxicity conditions. A previous study has revealed that AtKANs
regulate auxin biosynthesis, transport, and signaling [12]. Therefore, BnaKANs might be
not involved in N absorption and utilization.

The expression patterns of BnuaGARPs were also studied under various nutrient stresses.
Under deficient B conditions, most BnaGARP DEGs were upregulated. Therefore, it could
be concluded that BnaGARPs are also involved in response to B deficiency and might play
important roles in B absorption in B. napus (Figure 12). Most members of the BnaGARPs have
been shown to play a role in salt stress [18,83,84]. For instance, HRS1 has transcriptional
repressive activity and appears to suppress the expression of factors that negatively regulate
salt tolerance, ZmGLK3, SIGLK7, and SIGLK15 were upregulated under salt stress. In our
results, we found that the expression level of BnaHRS1 was significantly downregulated
after salt stress (Figure 12). In the roots, BnaA6.GLK2 and BnaC7.GLK2 were upregulated.
These results suggested that homologous genes should have similar expression patterns
under abiotic stress. Moreover, most BnaGARP DEGs were downregulated under Cd
toxicity (Figure 12F). It is worth noting that although some differential genes of BnaGARPs
have been found, there are still some genes that have not been identified, which may be the
problem of variety, expression site, and genome assembly.

In short, BnaGARPs were responsive to diverse nutrient stresses, which implied the
essential roles of BnaGARPs in the resistance or adaptation of rapeseed to stresses.

3.3. BnaNIGT1/HRS1/HHOs Might Be Major Regulators of N-Starvation Responses

It has been reported that NIGT1/HRS1/HHOs were key regulators involved in plant
response to limited NO3;~ conditions. In Arabidopsis, the NIGT1/HRS1/HHO subfamily di-
rectly represses the expression of the NRT2 genes (including NRT2.1, NRT2.4, and NRT2.5),
NLP TFs directly activate genes encoding NIGT1/HRS1/HHO family TFs [10]. In rice, the
overexpression of NIGT1 might have a negative effect on NUE and thus reduce the chloro-
phyll content [85]. In this study, BnaNIGT1/HRS1/HHOs were significantly downregulated
under N-starvation responses (Figure 7). Among all the BnaNIGT1/HRS1/HHO DEGs, the
transcription levels of BnaA9.HHO1 and BnaC9.HHO1 was most obviously downregulated.
Furthermore, GFP-assisted subcellular localization analysis showed that BnaA9.HHO1
was localized in the nucleus (Figure 9). Based on the co-expression network analysis and
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Venn diagram, we proposed that it was BnaHHO1s that might be the core genes in the
N starvation response. However, functional validation is needed to reveal the in-depth
functional roles of BnaNIGT1/HRS1/HHOs.

4. Materials and Methods
4.1. Identification of GARP Family Genes in Plants

In this study, the genomic, coding sequences, and protein sequences from A. thaliana
and B. napus (Brana_ Dar_V5 genome) were downloaded from the Arabidopsis Information
Resource (TAIR10, https:/ /www.arabidopsis.org/, accessed on 1 October 2022) [86] and the
Brassica Database (BRAD V3.0, http://brassicadb.cn/#/, accessed on 1 October 2022) [87]. To
identify the GARP genes in these species, 56 GARP protein sequences from Arabidopsis were
used as queries in a reciprocal Basic Local Alignment Search Tool (BLAST) analysis using the
threshold and minimum alignment coverage parameters described previously [6,88]. All the
GARP protein sequences were confirmed by comparison with GARP member sequences
through searches of the Pfam (V35.0, http://pfam.xfam.org/, accessed on 1 October
2022) [89] and NCBI-CDD (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb /bwrpsb.cgi,
accessed on 1 October 2022) [90] database. The protein length, molecular weight (MW),
and isoelectric point (plI) of each GARP protein were predicted using the ExPASy server
(https:/ /web.expasy.org/protparam/, accessed on 1 October 2022) [91].

The genes in Brassica species were named as follows: abbreviation of species name
+ chromosome + the name of gene homologs in A. thaliana. For example, BnaC1.APRR2
represents a gene homologous to APRR2 in A. thaliana on the C1 chromosome of B. napus.

4.2. Phylogenetic Analysis of the GARP Family in B. napus

Multiple sequence alignments of the GARP coding sequences between B. napus and A.
thaliana were conducted using ClustalW2 (http:/ /www.genome.jp/tools-bin/clustalw, ac-
cessed on 1 October 2022) [92] with default parameters. The phylogenetic trees were
generated using the Molecular Evolutionary Genetics Analysis (MEGA) 7.0 program
(https:/ /megasoftware.net/home, accessed on 1 October 2022) [93] with the NJ method,
the p-distance + G substitution model, 1000 bootstrap replications, and conserved se-
quences with a coverage of 70%. The phylogenetic trees were visualized using iTOL (V5,
https:/ /itol.embl.de/, accessed on 1 October 2022) [94]. The coding sequence alignments
were imported into KaKs_calculator (https://ngdc.cncb.ac.cn/biocode/tools/BT000001,
accessed on 1 October 2022) [95] to calculate the synonymous mutation rate (Ks) and
non-synonymous mutation rate (Ka) using the NG method The time (T) of duplication in
millions of years (Mya)was estimated with the formula T = Ks/2A (A =1.5 x 10~8) [96].

4.3. Motif Identification and Gene Structure Analysis

Conserved motifs in the proteins were identified using the Expectation Maximization
for Motif Elucidation program (MEME v4.12.0, https:/ /meme-suite.org/meme/, accessed
on 1 October 2022) [97] with the following parameter settings: the maximum number
of motifs was 10. The conserved domains of GARPs were confirmed by NCBI-CDD
search. TBtools was used to visualize the motifs and conserved domains of candidate
genes. The gene structure was visualized by Gene Structure Display Server (2.0, http:
//gsds.gao-lab.org/, accessed on 1 October 2022) [98].

4.4. Chromosomal Locations and Synteny Analyses

Information about the physical locations of the GARP genes in the genomes of B. napus was
collected from the BRAD database, and their positions were drafted to chromosomes by us-
ing MapGene2Chrom (http://mg2c.iask.in/mg2c_v2.1/, accessed on 1 October 2022) [99].

To uncover the evolutionary linear relationships within species and with ancestral
species, the MCScanX plugin in TBtools V1.098 [100] was used to perform a collinearity
analysis of B. napus. The circos plots of BnaGARs were generated by the Circos plugin in
TBtools [101].
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4.5. CRE Analysis

The CREs in the promoter regions of genes are considered to be related to the regulation
of genes. In order to further investigate the potential regulatory network of GARPs, the
2000 bp upstream genomic DNA sequences of these genes’ start codon were submitted to
PlantCARE (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/, accessed on
1 October 2022) [102] to obtain CREs.

4.6. Prediction of Putative miRNA Targeting BnaGARPs

The cDNA sequences of BnaGARPs were used to identify possible target miRNAs in the
psRNATarget database (V. 2017, Available online: https:/ /www.zhaolab.org/psRINATarget/,
accessed on 1 October 2022) [103] with default parameters, except maximum expectation
(E) =5.0. The targeted sites with high degrees of complementarity were selected. Cytoscape
software (V3.8.2, https:/ /cytoscape.org/download.html, accessed on 1 October 2022) [104]
was used to create the interaction network between the prophesied miRNAs and the
equivalent target BnaGARPs.

4.7. Plant Materials and Treatments

The B. napus seedlings (Darmor-bzh) germinated in this experiment. “Darmor-bzh” are
a French winter oilseed rape variety, whose reference genome sequence was first published
in 2014 [59].

First, plump B. napus seeds were selected, disinfected with 1% NaClO for 10 min,
cleaned with ultra-pure water, soaked overnight at 4 °C, and then sown on the seedling
tray. The 7-d old uniform B. napus seedlings after seed germination were transplanted
into black plastic containers with 10 L Hoagland nutrient solution. The basic nutrition
solution contained 1.0 mM KH,POy, 5.0 mM KNOj3, 5.0 mM Ca(NO3),-4H,0, 2.0 mM
MgSO,-7H;0, 0.050 mM EDTA-Fe, 9.0 uM MnCl,-4H,0, 0.80 uM ZnSO,-7H,0, 0.30 uM
CuSO4-5H,0, 0.10 pM Nay;MoOy4-2H;0, and 46 pM H3BOs. The rapeseed seedlings were
cultivated in an illuminated chamber following the growth regimes: light intensity of
300-320 pmol m~2 s~!, temperature of 25 °C daytime/22 °C night, light period of 16 h
photoperiod /8 h dark, and relative humidity of 70% [105].

To further analyze the expression patterns of BnaGARPs under different nutrient
stresses, five treatments were set. For the NO3; ™~ depletion treatment, the 7-d old uniform
B. napus seedlings were hydroponically cultivated under high (6.0 mM) NO3z™ for 10 d,
and then were grown under low (0.30 mM) NO3~ for 3 d until sampling. For the NHs*
toxicity treatment, the 7-d-old uniform B. napus seedlings after seed germination were
hydroponically cultivated under high NO3~ for 10 d and then were grown under N-free
conditions for 3 d. Finally, the plants were grown under excess (9.0 mM) NH;* for 6 h until
sampling. For the inorganic Pi starvation treatment, the 7-d-old uniform B. napus seedlings
after seed germination were first hydroponically grown under 250 uM Pi (KH,POy) for 10 d,
and then were grown under 5 uM Pi for 3 d until sampling. For the salt stress treatment, the
7-d-old uniform B. napus seedlings after seed germination were hydroponically cultivated
in a NaCl-free solution for 10 d and then were transferred to 200 mM NaCl for 1 d until
sampling. In the B deficiency treatment, the 7-d-old uniform B. napus seedlings after seed
germination were first hydroponically grown under 10 uM H3BOj3 for 10 d, and then were
transferred to 0.25 uM H3BOj for 3 d until sampling. For the Cd toxicity treatment, the
7-d-old uniform B. napus seedlings after seed germination were hydroponically cultivated
in a Cd-free solution for 10 d and then were transferred to 10 uM CdCl, for 12 h until
sampling. In addition, a high-NUE (H73) and a low-NUE (L12) rapeseed cultivar were also
used for the experiment under nitrate limitation conditions [106].

The shoots and roots of fresh rapeseed seedlings above-mentioned were sampled
separately and were immediately stored at 80 °C. Each sample contained three indepen-
dent biological replicates for the transcriptional analyses of BnaGARPs under diverse
nutrient stresses.
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4.8. Transcriptional Analysis of BnaGARPs under Diverse Nutrient Stresses

A total of 12 RNA samples from each treatment were subjected to an Illumina HiSeq
X Ten platform (Illumina Inc., San Diego, CA, USA). The illumine RNA-seq data were
analyzed to reveal the transcriptional responses of BnaGARPs under diverse nutrient
stresses. To identify the DEGs between different samples/groups, the expression level of
each gene was calculated according to the TPM method. RSEM (http:/ /deweylab.biostat.
wisc.edu/rsem/, accessed on 1 October 2022) [107] was used to quantify gene abundances.
Essentially, differential expression analysis was performed using DESeq2 [108], and the
DEGs with [log, (FC)| > 1 and P-adjust < 0.05.

4.9. Subcellular Localization Assay

Subcellular localization of target genes was determined using polyethylene glycol-
mediated protoplast transformation in Arabidopsis [109]. OsGhd7 was used as a nuclear
marker and fused with a red fluorescent protein sequence [110]. Fluorescence was observed
using a Nikon C2-ER confocal laser-scanning microscope with emission filters set at 510 nm
(GFP) and 580 nm (RFP), and excitation was achieved at 488 nm (GFP) and 561 nm (RFP).

5. Conclusions

In this study, a systematic genome-wide analysis and molecular characterization of
the 146 GARP members in allotetraploid rapeseed was completed. In addition, RNA-seq
data showed that BnaGARPs respond to various nutritional stresses Among all DEGs,
BnaA9.HHO1 and BnaA1.HHOb might play a core role in regulating rapeseed resistance to
nutrient stresses. However, additional investigations are required to confirm the functional
roles of these core genes. The present results would increase the understanding of the
evolution of the GARP family genes and provide valuable candidate genes for further study
of the transcriptional regulation mechanism in response to nutrient stresses in rapeseed.
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Abstract: RNase Hls are associated with growth and development in both plants and animals, while
the roles of RNase H1s in bryophytes have been rarely reported. Our previous data found that
PpRNH1A, a member of the RNase H1 family, could regulate the development of Physcomitrium
(Physcomitrella) patens by regulating the auxin. In this study, we further investigated the biological
functions of PpRNH1A and found PpRNH1A may participate in response to heat stress by affecting the
numbers and the mobilization of lipid droplets and regulating the expression of heat-related genes.
The expression level of PPRNH1A was induced by heat stress (HS), and we found that the PpRNH1A
overexpression plants (A-OE) were more sensitive to HS. At the same time, A-OE plants have a higher
number of lipid droplets but with less mobility in cells. Consistent with the HS sensitivity phenotype
in A-OE plants, transcriptomic analysis results indicated that PPRNH1A is involved in the regulation
of expression of heat-related genes such as DNAJ and DNAJC. Taken together, these results provide
novel insight into the functions of RNase H1s.

Keywords: PpPRNH1A; heat stress (HS); lipid droplets; Physcomitrium (Physcomitrella) patens

1. Introduction

With global warming, heat stress (HS) has gradually become a major limiting fac-
tor affecting plant growth, plant geographic distribution, crop yield, and quality [1-3].
Research analysis showed that the negative impact of high temperature on crop yield is
becoming more severe [4]. Plants do not move and have evolved a series of self-protective
mechanisms against external stresses to adapt to the environment [5]. Heat shock proteins
(HSPs) and molecular chaperones are commonly found to be involved in plants’ responses
to HS [6,7]. Dna] (HSP40) proteins are important molecular chaperones involved in signal
transduction, cellular proteostasis, and tolerance to various stresses in plants [8,9]. The
expression levels of these genes are up-regulated to improve heat tolerance in plants [4,6].
For example, GmDN]1 (a major HSP40) is highly induced at high temperature, and Gmdnj1-
knockout mutants have more severe browning and lower chlorophyll content, and higher
reactive oxygen species (ROS) content under HS, which suggest that GmDN]J1 plays an
important role in response to heat stress in soybean [10].

Cytosolic lipid droplets play important roles in plant growth and responses to stress.
Lipid droplets (or so-called lipid bodies in some cases) are subcellular structures that are
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capable of storing neutral lipids and various hydrophobic compounds in eukaryotes, which
are present in almost all green plant lineages and is widely explored in various kind of
tissues such as seeds, pollen, and leaves in different plant species [11-14]. Feeney et al.
found that a large ectopic accumulation of lipid droplets in vegetative organs produced
abnormal embryogenic structures in plants [15]. Triacylglycerol (TAG) is one of the main
components of lipid droplets. Abnormally accumulating TAG in plant leaves usually
affects plant growth and causes cell death [15], which was also observed when subjected
to various stresses [16]. Abiotic stresses such as heat stress, high light, drought, and
cold induce lipid droplets accumulation in plants [17], including not only land plants
but also chlorophyte algae such as Haematococcus pluvialis, Chlamydomonas reinhardtii, and
cyanobacterium Synechocystis sp. PCC6803, among others [18-20]. Furthermore, the
accumulation and mobilization of lipid droplets were reported to be positively related
to plant stress resistance [17,21,22]. In the salt-sensitive variety, salt stress resulted in
lipid droplets accumulation and higher lipid droplets retention, whereas the tolerant
variety exhibited faster lipid droplets mobilization [22]. In P. patens, lipid droplets were
found to be present in dehydrated spores and photosynthetic gametophytes [14]. Previous
studies have shown that numerous lipid droplets could be observed after dehydration,
which indicates that drought stress also induces the accumulation of lipid droplets in
P. patens [23]. Lipidome analysis revealed that lipid metabolism plays an important role
in P. patens to cope with the terrestrial environment stresses, although the composition of
monogalactosyldiacylglycerol is different between P. patens and vascular plants [24].

RNase H is considered as a class of sequence-nonspecific ribonucleases and was first
isolated and identified from calf mammary glands [25]. RNase Hs were found widespread
in archaebacteria, prokaryotes, and eukaryotes [26] and are classified into three types
(RNase H1, H2, and H3) [27]. Among them, RNase H3 only exists in certain archaebac-
teria [28,29], while RNase H1 and RNase H2, are present in plants and animals [30,31].
Although the structure of RNase Hls are evolutionarily highly conserved [32], RNase
H1s were found to play important roles in diverse biological processes such as replication
process, RNA processing process, and development of mitochondrial DNA [33,34]. In
addition, they play crucial roles in the maintenance of genomic stability, the repair of
DNA damage, and affect the development of organisms as well [35-37]. Three AtRNHI1s
were found in Arabidopsis thaliana, which are localized in the nucleus (AtRNH1A), mito-
chondria (AtRNH1B), and chloroplasts (AtRNH1C), respectively [38]. The diversification
results of the subcellular localization of RNAHI1s in Arabidopsis facilitate us to hypothesize
that RNH1s may have multiple functions in different cellular compartments. In addition,
AtRNHI1B and AtRNHI1C are required for viability in Arabidopsis, while AtRNH1A is
not [39]. Moreover, studies showed that loss-of-function mutation of AtRNH1C exhibits a
distinct growth phenotype of dwarfism and leaf chlorosis [39]. Gene functional mechanism
studies showed that AtRNH1C and AtGyrases interact to reduce the damage of DNA [38],
and AtRNH1C promotes the repair of DNA damage in chloroplasts mainly by its synergis-
tic action with ssDNA-binding proteins (WHY1/3) and recombinases (RecA1l) as well [40].
Interestingly, deletion of AtRNH1B allows AtRNH1C, which is located in chloroplasts, to
enter the mitochondria, ensuring the integrity of the mitochondrial genome [41].

Despite functional research of RNHI1s in Arabidopsis in recent years, it remains unclear
how RNH1s function in response to abiotic stresses and how RNH1s evolved within
land plant lineage. Mosses, which belong to the early land plants, hold an important
position in higher plant evolution. Physcomitrium patens (P. patens), has been a model
plant to study evolutionary developmental and stress tolerance/adaption questions as
a non-seed plant [42—44]. Therefore, it is of some far-reaching significance to study the
biological functions of the RNase H1 family in P. patens. In our previous research, we
found that there are two family members of RNase H1s in P. patens [45]. PPRNH1A affects
shoot growth and branch formation of P. patens by controlling the formation of the R-loop
and regulating the transcription level of auxin-related genes in the mutant pprnala [45].
However, different from the subcellular location results of AtRNH1A, PpRNH1A was
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found localized in both nucleus and cytosol, which suggested a species-specific role of
RNHI1A in P. patens. In this research, we further explore the function of PpRNH1A and
found that overexpression of PPRNH1A (A-OE) plants were more sensitive to heat stress
by regulation of heat-related gene expressions, such as DNAJ and DNAJC. Chloroplast
development but not pigment synthesis was affected by overexpression of PpRNH1A.
Ultrastructural and surface structural observations show growth defects in A-OE plants,
and abnormal accumulation and mobilization of lipid droplets were found in the cytosol,
which is associated with the sensitivity of A-OE plants to heat stress.

2. Results
2.1. Phylogenetic Analysis of RNases H1s

In our previous study, we identified two family members of RNase H1s in P. patent,
named PpRNH1A (Pp3c4_14290) and PpRNH1B (Pp3c2_25170), which contain the RNase
H catalytic domain [45]. To investigate the evolutionary relationship of RNase H1s in plants,
we used the full-length protein sequence of PpRNH1A from the Phytozome database to
search for the RNase H1s homologs in representative species such as algae, mosses, and
higher terrestrial plant groups. Public database Phytozome, Ensembl plants, NCBI, and
the klebsormidium genome project were used for BLAST analysis. The phylogenetic tree
(Figure 1) showed that three main branches were identified according to their full-length
protein sequences, and the development process of RNase H1s was consistent with the
evolutionary history of organisms. PpRNH1A and PpRNH1B were grouped together and
showed a close evolutionary relationship to Chlamydomonas reinhardii and Klebsormidium
nitens. One to three family members of RNase H1s were identified in different plant species,
and some of the proteins in the same species were assigned to different sub-branches, which
suggested that they may have differentiated functions.
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Figure 1. Phylogenetic analyses of RNase H1 in different species. The tree was constructed with
MEGA-X using the maximum likelihood (ML) method with 1000 bootstrap replicates. The numbers
above the branches represent the bootstrap support values (>50%) from 1000 replications.
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A

2.2. PpRNHI1A Is Involved in Growth Development and Stress Tolerance

To explore the features of the PpRNHI1A (Pp3c4_14290), we first investigated the
expression pattern of the PpPRNH1A in wild type throughout the growth cycle of P. patens.
Expression data were downloaded from the public database Physcomitrella eFP Browser
(BAR, http:/ /bar.utoronto.ca/, data shown in Figure 2 were accessed on 19 February 2022).
The higher expression levels of PPRNH1A were found in spores, rhizoids, archegonia,
and at the sporophyte S1 stage, with relatively lower expression levels in chloronema,
gametophores, and at the S2, S3, and M stages of sporophyte development (Figure 2A,B).
This result suggests that PpPRNH1A might be involved in P. patens growth and development.
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Figure 2. Gene expression patterns of PpRNHI1A throughout the life cycle of P. patens and the
expression levels under different stresses. (A) Visualization of the expression of PpRNH1A at different
tissues during P. patens growth and development. (B) The RMA expression values of PPRNH1A
at different periods of growth and development. Data were downloaded from Physcomitrella eFP
Browser. (C) Gene expression levels of PPRNHI1A under heat stress and after heat recovery. (D) Gene
expression levels of PPRNH1A under dehydrating stress and after recovery. For (C,D), data are
presented as means £ SEM of three replicates; t-test was used for statistics; asterisks indicate the
significant difference between treatment group and the control group, * p < 0.05, *** p < 0.001.
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We next examined the expression levels of PpRNHI1A under abiotic stresses. The wild-
type gametophores of P. patens were exposed to heat stress (HS) at 40 °C for 18 h and then
recovered for 4 days, and samples at three timepoints (control, heated, and recovered) were
taken to determine the relative expression level of the PpRNHIA. Our results showed that
HS significantly induced the expression of the PPRNH1A (3.91 times induction compared
to the control) with a continuous induction (6.33 times induction compared to the control)
during the recovery period (Figure 2C). Furthermore, PpPRNH1A expression levels under
dehydration stress treatment were extracted from our previous dehydrated transcriptome
data [46]. The result showed that PPRNHI1A was slightly induced (1.47 times induction
compared to the control) by dehydration stress treatment and then returned to a normal
level after recovery (Figure 2D). Our results showed that PPRNH1A participates in both
development and stress tolerance in P. patens.

2.3. Creation of Stable Transgenic P. patens Line Overexpressing PPRNH1A

To detect the functions of PPRNH1A, we obtained the CDS of the PpRNHI1A gene
by PCR amplification. The CDS fragment without the stop codon was integrated into
the overexpression vector (Figure 3A) under the promoter of PpEF1a followed by a PEG-
mediated P. patens protoplast transformation. Positive PPRNH1A-overexpression plants
were selected using the hygromycin resistant marker and confirmed at both DNA and RNA
levels (Figure 3B,C). Seven positive transformants at the DNA level were obtained. RNA
was taken from each line and followed by quantitative real-time polymerase chain reaction
(qRT-PCR) to confirm the expression levels of PpRNH1A-overexpressing lines (A-OE). One
A-OE with a three times overexpression level compared to wild-type plants was shown in
Figure 3C. The pigment contents, including Chlorophyll A (Chl a), Chl b, total Chls, and
carotenoids in WT and PpRNH1A-overexpression plants were measured under normal
growth conditions, and the result showed that no significant changes were found between
WT and A-OE in pigment contents (Figure 3D).

2.4. Overexpression of PPRNH1A Affects Lipid Droplets Metabolism and Mobilization

The intracellular ultrastructure of A-OE plants was observed by transmission electron
microscopy (TEM). We found that the cell walls of the overexpression plants were much
thinner than the WT (Figure S1A). Interesting, there was no clear laminal structure of the
chloroplast stroma observed in A-OE plants (Figure S1B), although the level of pigments in
A-OE seems not to have been affected. Furthermore, in A-OE plants, more plastoglobuli
were observed in chloroplasts (Figure S1A,B). The surface of the plant was then observed
by scanning electron microscopy (SEM). The results showed that there were protrusions
like glandular hairs on the surface of the A-OE plants (Figure S1C). These results lead us to
hypothesize that the lipid metabolite was affected in A-OE plants, since the plant cuticle is
a lipid membrane covering plant surfaces, and the plastoglobuli is a kind of lipid droplets
within the chloroplasts.

To confirm whether the overexpression plants could affect the accumulation of cytoso-
lic lipid droplets, the dye Nile red was used to stain the A-OE plants and wild-type plants
to observe the cytosolic lipid droplets under the confocal microscope. As shown in Figure 4,
the yellow fluorescence represented the accumulation of cytosolic lipid droplets by Nile
red. Chloroplast autofluorescence was marked with red fluorescence in both wild-type and
A-OE plants (Figure 4). The results showed that the lipid droplets were hardly seen in the
gametophore of wild-type plants under normal growth conditions, however, in contrast,
abundant of cytosolic lipid droplets around chloroplasts were observed in A-OE plants
(Figure 4). In addition, a proportion of the lipid droplets observed in the overexpression
plants had irregular morphology (Figure 4). Although additional experimental evidence is
needed, these results revealed that overexpression of PpRNH1A may be associated with the
metabolism and mobilization of lipid droplets.
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Figure 3. Stable PpRNH1A-overexpression lines in P. patens. (A) Schematic diagram of pPOG1-A
construct. P, plasmid; PIG1 bL, left targeting site; PIG1 bR, right targeting site; PpEF1a, the EFla
promoter from P. patens; HygR, hygromycin selectable marker cassette; GFP, green fluorescent protein.
(B) Positive PpRNH1A-overexpression (A-OE) plants were confirmed at DNA level. WT, wild type;
A-OE, PpRNH1A-overexpressing plant. (C) Identification of A-OE plant by qRT-PCR at RNA level.
(D) Pigment contents in WT and A-OE under normal growth conditions. Chl a: chlorophyll a; Chl
b: chlorophyll b; Total Chls: Total chlorophylls. For (C,D), data are presented as means £ SEM of
three replicates; t-test was used for statistics; asterisks indicate the significant difference between WT
and A-OE, *** p < 0.001.

2.5. PpPRNH1A-Overexpression Line Is More Sensitive to Heat Stress

To detect the function of the protein deduced by PpRNH1A, plants were exposed to
heat stress. Thirty days old gametophores of the wild-type plants and A-OE plants were
treated with 40 °C for 18 h. Followed by a recovery at normal temperature (25 °C) for
5 days. Results showed that A-OE plants were more sensitive to heat stress and could
not recover from the HS (Figure 5A). Photosynthetic parameters, including the maximal
efficiency of PSII photochemistry (Fv/Fm), non-photochemical energy dissipation (NPQ),
and electron transport rate (ETR) were measured at the timepoints of before heat stress
(the control), after heat stress, and recovered for 4 days. Similar Fv/Fm, NPQ, and ETR
levels were observed between A-OE plants and WT before HS. Heat stress severely affects
the function of the photosystem in both A-OE plants and WT, whereas the Fv/Fm and
NPQ levels in A-OE plants were significantly lower than in WT plants, both under heat
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stress and after recovery (Figure 5B-D). These results revealed that the overexpression of
PpRNHIA resulted in decreasing tolerance to heat stress in P. patens plants.
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Figure 5. Response of A-OE plants to heat stress (HS) treatment. (A) A-OE plants were more sensitive
to heat stress. (B-D) Chlorophyll fluorescence (Fv/Fm) (B), non-photochemical energy dissipation
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(NPQ) (C), and electron transport rate (ETR) (D) of WT and A-OE before HS, after HS, and after
recovery from the heat stress. Data are presented as means £+ SEM of three replicates; f-test was
used for statistics; asterisks indicate the significant difference between WT and A-OE, *** p < 0.001.
(E) Venn diagram shows the overlapping between HS-regulated DEGs in WT (WT versus WT under
heat stress) and PpRNH1A-regulated DEGs (WT versus A-OE under normal growth conditions).
(F) Fold change comparison of the expression levels of DNAJ and DNAJC under HS and normal
conditions. Each bar represents the ratio of the average expression value of three biological replicates
of HS (after heat stress) vs. control (before heat stress).

2.6. PPRNH1A Regulates the Expression of Heat-Responsive Genes including DNAJ and DNAJC

Considering that overexpression plants are more sensitive to heat stress, we then tested
if PPRNH1A regulates the heat-related genes. Transcriptomic profiles of WT plants before
HS (control) and 18 h after HS were compared to identify the heat-responsive genes. In
total, 10,538 DEGs (Fold change > 1.5 or 0 < Fold change < 0.67, p-value < 0.05) were found
responding to heat stress in wild-type plants (collection: WT-vs-WT_H). To identify the
genes regulated by PPRNH1A, 3768 DEGs were identified from the comparison between WT
and A-OE plants under normal growth conditions (collection: WT-vs-A-OE). The overlap
of these two collections of DEGs showed that 2292 heat-related genes were regulated
by PpRNHI1A (Figure 5E). Representative heat-related genes [47] such as Pp3c27_7640
(molecular chaperone DNAJ, HSP40) and Pp3c21_19830 (DNAJ homolog subfamily C
member DNAJC) were selected for further analysis. Heat stress significantly induced the
expression level of DNAJ and DNAJC in WT plants. However, in A-OE plants, DNAJC was
not induced by heat (Figure 5F). The fold change of DNA]J induced by HS in A-OE plants
was much less than that in the WT plants. These results suggest that PPRNH1A regulates
the expression of heat-responsive genes, including DNAJ and DNAJC (Figure 5F).

3. Discussion

RNase H1s are ribonucleases widely present in organisms [26], and most studies
on RNase Hls are related to growth and development. In Arabidopsis, AtRNH1B and
AtRNHI1C play important roles in maintaining the normal development of embryos, and
AtRNHIC deletion mutants showed severe growth-defective phenotypes [39]. Our recent
progress on P. patens revealed that PPRNH1A regulates the transcription of auxin-related
genes by controlling the formation of R-loops, further regulating the development [45]. In
this study, we found novel biological functions of PP RNH1A, which may also participate
in heat stress responses, possibly by affecting the numbers and the mobilization of lipid
droplets and regulating the expression of heat-related genes.

Phylogeny analysis results in this study suggest that there is functional differentiation
of RNase H1s within and among plant species (Figure 1), which confirmed our previous
finding that there may be functional differentiation between AtRNH1A and PpRNH1A [45].
Previously, we found that the development of gametophores of the pprnhla mutant was af-
fected through the modulation of R-loop formation on auxin-related genes. Overexpression
plants of PpRNH1A were obtained (Figure 3A) in this study, and we found that the chloro-
plasts development was affected and no clear lamellar structure was observed (Figure S1B).
Interestingly, although the chloroplast development was impaired, the pigments did not
show any difference in A-OE plants compared to WT plants (Figure 3D). Abnormal de-
velopment of lamellar structure and more plastoglobuli were found in the chloroplasts
of the A-OE plants (Figure S1A,B). Furthermore, protrusions like glandular hairs were
found on the surface of the A-OE plants as well. In addition, abundant lipid droplets with
irregular morphology were accumulated in the cytosol of A-OE plants (Figure 4). These
results suggest that overexpression of PPRNH1A resulted in disordered lipid metabolism
and mobilization.

TAGs are the primary constituents of lipid droplets, which do not accumulate in
vegetative tissues of plants under normal growth conditions but accumulate significantly
under stress conditions, such as drought, high temperature, low temperature, and nutrient
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starvation, especially in leaves [48,49]. Correspondingly, lipid droplets were reported to
be closely associated with plant biotic and abiotic stress as well. Pseudomonas-infected
leaves caused an accumulation of lipid droplets and induced hypersensitivity reactions in
Arabidopsis [14]. Seeds with irregular lipid droplets morphology were found susceptible
to chilling injury during germination [50,51]. Consistent with the above, we found that
PpRNH1A is involved in plant responses to heat stress, which provided a novel function
of RNase H1s in plants. In our study, the expression levels of PPRNH1A were found to be
significantly induced by abiotic stresses such as heat (Figure 2C) and drought treatment
(Figure 2D). Moreover, A-OE plants were sensitive to heat stress (Figure 5A), further
confirmed by the levels of photosynthetic parameters (Figure 5B-D). This is coincident
with the findings in sunflower (Helianthus annuus L.), where stress-sensitive lines showed
longer retention of the lipid droplets membrane under salt stress, thus exhibiting higher
lipid accumulation and faster mobilization than that of stress-tolerant lines [22]. As a note,
the lipid droplets mentioned here in this study are not what had been described as “oil
body” in liverworts. Lipid droplets are present in almost all green plants accumulating
compounds that are not soluble in the aqueous phase, and oil bodies are present only in
liverwort, storing large quantities of toxic sesquiterpenoids [17,52-55]. Lipid droplets are
subcellular organelles of monolayer membranes with a diameter of about 0.5-2 um, while
oil bodies are an endocrine structure surrounded by a lipid bilayer membrane [13,55]. The
size of small oil bodies is 2-5 x 3-9 um on average, and the diameter of large oil bodies can
reach 70 pm [56,57]. Although both mosses and liverworts are bryophytes, lipid droplets
were found in our experiment.

HS affects all aspects of plant growth and elicits responses in a range of genes, in-
cluding the accumulation of heat shock proteins (HSPs). We found that 60.8% of the
genes regulated by overexpression of PpPRNH1A are responsive to heat stress (Figure 5E),
which is one of the explanations for why A-OE plants were more sensitive to HS than
wild-type plants (Figure 5A-D). Heat responsive genes play critical roles in regulating the
resistance/tolerance of plants to heat stress. GmDNJ1 (a major HSP40) was induced by heat
stress and was responsible for enhanced heat tolerance in soybean [10]. In tomatoes, the
expression levels of LeCD]J1 of Lycopersicon esculentum and SIDnaj20 of Solanum lycopersicum
were induced by heat stress, and overexpression of LeCD]J1 or SIDnaJ20 could improve the
heat tolerance of plants [9,58]. In alfalfa (Medicago sativa), the Dna]-like protein (MsDJLP)
gene was induced by heat stress, and ectopic expression of MsDJLP in tobacco enhances
the heat tolerance of tobacco [59]. All of these indicate that DNAJ could be used as a
representative heat responsive marker and its expression level is closely related to heat
stress tolerant ability. Our results showed that both DNAJ and DNAJC were induced by
heat stress in WT plants, however, on the contrary, the induction folds in the A-OE plants
were not as strong as that in the wild type, especially DNAJC, whose induction was totally
hampered under heat stress. This is corroborated by the result that our A-OE plants is more
susceptible to heat stress.

4. Materials and Methods
4.1. Phylogenetic Analysis

Amino acid sequences used were obtained from Phytozome (https://phytozome.jgi.
doe.gov/pz/portal.html, accessed on 19 February 2022), Ensembl plants (http:/ /plants.
ensembl.org/Cyanidioschyzon_merolae/Tools/Blast, accessed on 19 February 2022) and
NCBI (https://www.ncbinlm.nih.gov, accessed on 19 February 2022) database. And
the RNase H1 of the Klebsormidium nitens was obtained from the klebsormidium genome
project website (http:/ /www.plantmorphogenesis.bio.titech.ac.jp / ~algae_genome_project/
klebsormidium/index.html, accessed on 19 February 2022) [60]. Multiple sequence align-
ments of these amino acid sequences were conducted with the ClustalW of MEGA-X, and
the phylogenetic tree construction was performed with MEGA-X using the maximum
likelihood (ML) method and 1000 bootstrap [61]. The best-fit model we selected was
JIT+G+1[62].
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4.2. Plant Materials and Growth Conditions

Gransden 2004 (Courtesy Prof. Mitsuyasu Hasebe) was the wild-type (WT) Physcomitrium
(Physcomitrella) patens genetic material we used. All plant materials were grown on BCD
medium supplemented with 5 mM ammonium tartrate and 1 mM CaCl,. Plants were
grown at 25 °C under 16 h light photoperiod per 8 h dark photoperiod with light intensity

60-80 mol photons m~2 s~ 1.

4.3. Protoplast Transformation

Protoplast of P. patens were prepared from protonema which were continuously dis-
rupted with an electric stirrer every week. The overexpression vector pPOG1-A was
linearized using the restriction enzyme Mssl (Thermo Fisher Scientific, Waltham, MA,
USA). The transformants were obtained by transferring the linearized vector into wild-type
using polyethylene glycol (PEG)-mediated protoplast transformation [63].

4.4. PCR and Real-Time gRT-PCR Characterization of Overexpression Plants

Stable transgenetic lines were identified by PCR and qRT-PCR at both DNA and RNA
level. The transformants were initially screened at the DNA level using primers “F” and
“R”. Total RNA from P. patens tissues was extracted using TRIzol (Invitrogen, Carlsbad, CA,
USA) according to the instructions. cDNA synthesis was performed using a PrimeScript™
RT reagent Kit with gDNA Eraser (Takara, Dalian, China) according to the manufacturer’s
instructions. gqRT-PCR was performed using SYBR Premix Ex Taq II (Takara, Dalian, China)
and carried out on Bio-Rad CEFX96. The primer sequences for PCR and qRT-PCR are listed
in Supplementary Table S1.

4.5. Analysis of Gene Expression Patterns and Analysis of Expression by Stress Treatment

Expression pattern data were retrieved and visualized from the public database
Physcomitrella eFP Browser of BAR (http:/ /bar.utoronto.ca/, accessed on 19 February 2022).

4.6. Observation of Cell Ultrastructure

Leaves were cut into 1 mm? with a blade and immediately fixed with 3% glutaralde-
hyde overnight at 4 °C. Rinse the material by adding 0.1 M phosphate buffer (PBS buffer,
pH 7.2) every 30 min for 3 times. Subsequently, 1% osmium tetroxide was added for
sample fixation at 4 °C for 2 h. Continue rinsing three times for 20 min each. The materials
were continuous rinsed for 3 times and dehydrated in a serial ethanol gradient. After
embedded in Epon 812 resin, materials were sectioned and stained with 2% uranyl acetate
and lead citrate under EM UC7 ultramicrotome (Leica, Weztlar, Germany). The cellular
ultrastructure was observed under JEM-1400Plus transmission electron microscopy (JEOL,
Tokyo, Japan).

4.7. Observation of Cell Surface Structure

Leaves of the material were cut into 9 mm? with a blade and immediately fixed with
3% glutaraldehyde overnight at 4 °C. The rinsing, fixation, and dehydration procedures are
the same as previous mentioned. Samples were dried with a CO; critical-point drier. The
dried materials were mounted on aluminium stubs using tweezer and sputter-coated with
gold. Cell surface structure was observed by Zeiss Sigma 300 scanning electron microscopy
(Zeiss, Oberkochen, Germany).

4.8. Nile Red Staining

Gametophytes grown for 30 days were taken and placed in a certain volume of
Nile red working solution for staining in dark for 5 mins as previously described, with
appropriate modifications [64]. Lipid droplets were observed under Olympus FV1000
confocal microscope (Olympus, Tokyo, Japan). The emission filters for Nile red were
493-636 nm.
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4.9. Heat Stress Assay

Thirty-days old gametophytes of P. patens were used to perform a heat stress assay.
The wild-type plants and overexpression plants were treated at 40 °C for 18 h, followed by
a recovery at 25 °C for 4-5 days.

4.10. Measurement of Chlorophyll Fluorescence (Fv/Fm), Non-Photochemical Energy Dissipation
(NPQ), Electron Transport Rate (ETR), and Pigments Content

The plants to be tested were placed in the dark for 30 min. Relevant photosynthetic
parameters were determined using IMAGING-PAM (Walz, Effeltrich, Germany) and the
Imaging Win software (Walz, Effeltrich, Germany) as described previously [65]. Pigment
content was determined using the N, N-dimethylformamide (DMF) method, as described
previously [65].

4.11. Bioinformatics and Data Analysis

Wild-type and A-OE plants before and after heat treatment were used to extract
RNA. Samples for RNA sequencing (RNA-seq) were treated as previous description [66].
Differentially expressed genes (DEGs) between two samples were identified with the
criteria of “Fold change > 1.5” and “p value < 0.05”. Differentially expressed genes were
visualized with TBtools [67]. The dehydrated transcriptome data used in this study were
obtained from Dong et al. [46].

4.12. Statistical Analysis

All experiments were performed with three biological replicates. Student’s t-test was
used for hypothesis testing in statistics between two samples. Significant differences were
defined and indicated by asterisks *, **, and ***, corresponding to p-values < 0.05, <0.01,
and <0.001, respectively.

5. Conclusions

In conclusion, we revealed that PPRNHIA not only participates in the regulation
of growth development of P. patens plants, it also plays a crucial role in plant response
and tolerance to abiotic stresses such as heat, possibly by regulating the expression of
heat-related genes and causing the abnormal accumulation and the mobilization of lipid
droplets in the cytosol. Our data highlights the important role played by PpRNHIA in plant
heat stress response, providing a novel insight into the function of RNase H1s.
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Abstract: Histone deacetylases (HDACs), widely found in various types of eukaryotic cells, play
crucial roles in biological process, including the biotic and abiotic stress responses in plants.
However, no research on the HDACs of Fagopyrum tataricum has been reported. Here, 14 putative
FtHDAC genes were identified and annotated in Fagopyrum tataricum. Their gene structure,
motif composition, cis-acting elements, phylogenetic relationships, protein structure, alternative
splicing events, subcellular localization and gene expression pattern were investigated. The
gene structure showed FtHDACs were classified into three subfamilies. The promoter analysis
revealed the presence of various cis-acting elements responsible for hormone, abiotic stress and
developmental regulation for the specific induction of FFHDACs. Two duplication events were
identified in FtHDAG6-1, FtHDAG6-2, and FtHDA19. The expression patterns of FEFHDACs showed
their correlation with the flavonoid synthesis pathway genes. In addition, alternative splicing,
mRNA enrichment profiles and transgenic analysis showed the potential role of FtHDACs in cold
responses. Our study characterized FtHDACs, providing a candidate gene family for agricultural
breeding and crop improvement.

Keywords: FtHDACs; genome-wide; low-temperature responses; Tartary buckwheat

1. Introduction

Tartary buckwheat (Fagopyrum tataricum) is a pseudocereal that belongs to the genus
Fagopyrum within the Polygonaceae family. Tartary buckwheat is not only an essential
medicinal and edible crop, but also adapted to growing in adverse environments, such
as harsh climates and nutrient-poor soils [1]. Because of the high content of bioactive
flavonoids (rutin, anthocyanins, and quercetin), Tartary buckwheat is the preferred healthy
food for the “three-highs population” (high blood sugar, high cholesterol, and high blood
pressure) [2]. Additionally, flavonoids such as quercetin were found to fight against COVID-
19 [3]. In recent years, the research of Tartary buckwheat has become increasingly popular,
and the genome is constantly being sequenced and annotated [4-9]. More studies are being
conducted on Tartary buckwheat, especially on the synthesis of bioactive flavonoids. The
biosynthesis and accumulation of flavonoids are closely related to the living environment
in plants. Tartary buckwheat is thought to originate in the mountainous areas of northwest
China, and unique phenylalanine pathways have evolved to both respond to and adapt to
cold stress [1].

Inducing environmental changes on histone marks at certain loci are important
for studying plant stress responses [2]. Moreover, epigenetic editing is a new way of
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breeding crops [3]. Histone deacetylases (HDACs) are important epigenetic regula-
tors in eukaryotes and are involved in the deacetylation of histone lysine and arginine
residues of the H3 and H4 histone. Furthermore, HDACs are highly conserved in many
organisms [4,5]. In plants, histone deacetylation is carried out by three HDAC fami-
lies: RPD3/HDA1, SIR2, and the plant-specific HD2 family [6]. HDACs are associated
with transcriptional repression and gene silencing through the deacetylation of lysine
residues. The HDACs lack an intrinsic DNA binding domain and are recruited to target
genes through their interacting transcription factors and other large multiprotein tran-
scription complexes. The removal of the acetyl groups from histones by HDACs causes
tighter chromatin packing, which weakens the combination of the transcription factors
and DNA, and is involved in abiotic plant stress responses [7]. The histone deacety-
lation site, enzyme, and potential function are summarized, and are then associated
with transcriptional activation, histone deposition, and DNA repair [8]. HDACs have
been characterized in multiple plants, such as in Marchantia polymorpha [9], Arabidop-
sis [10], Zea mays [11], Oryza sativa [12,13], Camellia sinensis [14] and Gossypium spp. [15].
The HDAC gene family is widely involved in plant growth, development, and stress
responses. To continue, the function of HDAG®6 is involved in the morphogenesis of plant
roots [16], hypocotyl elongation [17], flowering [18,19], and senescence [20]. However,
the basic information and mechanism of HDACs in Fagopyrum tataricum remain unclear.
Alternative splicing events in FtHDACs are also an important aspect of understanding
Tartary buckwheat adaptation.

In this study, 14 HDACs were first identified from Fagopyrum tataricum, and they
were then comprehensively analyzed through the phylogenetic classification, gene struc-
ture and chromosomal location, domain organization, cis-acting elements, intraspecific
collinearity, protein 3D structure, alternative splicing events, and subcellular localization.
In addition, the gene expression patterns of FtHDACs were studied during different
developmental stages and cold treatments. Here, a fundamental understanding of FtH-
DACs is provided for Tartary buckwheat growth, development, and cold stress responses,
even in the flavonoid synthesis pathway. These results provide information on histone
deacetylation in Fagopyrum tataricum, while providing an essential candidate gene family
for crop improvement.

2. Results
2.1. Identification and Classification of FFHDACs Genes

In the present study, 14 FtHDAC genes were identified in Tartary buckwheat through
the BLASTp methods, including nine RPD3/HDA1s, two SIR2s, and three HD2s. The
results showed the basic information of the gene family, including renaming, genome
serial number, CDS lengths, protein length, amino acid number, and molecular weight,
equipotential point, Aliphatic index, and GRAVY (Table 1). In the FtHDAC family, the
protein length is between 183aa (FtHDAS) and 485aa (FtHDAG6-2), and the MW is between
20.68 (FtHDADS) and 56.18 kDa (FtHDA19). The predicted pl is between 4.11 (FtHDT2)
and 9.39 (FtHDADS). The aliphatic index was 46.23 (FtHDT3) to 119.34 (FtHDAS). The
predicted average hydrophilic coefficient (GRAVY) showed that FFHDAS5 and FtHDA14 are
hydrophobic proteins, and the others are hydrophilic proteins.
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Table 1. Basic information of HDACs gene family in Fagopyrum tataricum.

Amino . .

Gene Name Gene ID CDS bp A:iads M‘I‘\),z(g:l;ltar pl Alllrllﬁlea:m GRAVY
FtHDA6-1 FtPinG000668020 1428 475 53,654.75 5.39 70.78 —0.557
FtHDAG6-2 FtPinG000582460 1458 485 54,108.42 5.74 68.72 —0.530
FtHDA19 FtPinG000705950 1509 502 56,189.23 5.08 73.51 —0.492
FtHDA9 FtPinG000324040 1293 430 49,188.5 5.06 79.56 —0.398
FtHDA?2 FtPinG000223360 1092 363 39,980.06 8.44 98.87 —0.055
FtHDA5 FtPinG000450700 552 183 20,683.58 9.39 119.34 0.343

FtHDA14 FtPinG000269690 1299 432 46,834.56 6.10 91.23 0.035

FtHDAS8-1 FtPinG000633580 849 282 30,216.81 5.34 83.01 —0.191
FtHDAS-2 FtPinG000633540 1149 382 41,256.46 5.28 88.85 —0.128
FtSRT1 FtPinG000031830 1431 476 52,748.52 9.35 91.09 —0.209
FtSRT2 FtPinG000180810 1398 465 51,761.15 8.50 91.96 —0.136
FtHDT1 FtPinG000141150 771 256 27,833.64 5.10 58.67 —0.972
FtHDT?2 FtPinG000168350 645 214 23,549.38 411 66.07 —0.950
FtHDT3 FtPinG000710910 927 308 33,347.77 4.67 46.23 —1.202

Alignments of the full-length FtHDAC sequences were used to generate an unrooted
phylogenetic tree by MEGA7.0 software. The conserved structure and conserved domain
distribution was analyzed by the SMART and GSDS methods. The results showed that
the FIHDAC family is divided into three subfamilies with a typical subfamily domain. For
the largest subfamily, RPD3\HDA]I, all members have the conserved histone deacetylation
functional domain Hist_deacetyl, and each C terminal has the conserved glycine and
histidine aspartic residues. The FtSIR2 subfamily contains two genes, both of which have
functional SIR2 domains. The FtHD2 family contains three members, all of which have
conserved functional structures in the SCOP domain (Figure 1A).

The secondary structures of FFHDACS are comprised of an «-helix, extended chain,
and random coil. The FtHDT1 and FtHDT3 proteins had a large proportion of random-
coiled amino acids (>55%), followed by less a-helix (<20%). However, the a-helix of
FtHDADS accounted for 41.53% of the total. Individual proteins showed different secondary
structural properties (Table S4). The predicted 3D structures are shown in (Figure 1B).
The structures of FtHDAG6-1, FtHDA6-2, and FtHDA19 were similar, suggesting a shared
functionality. FtHD1, FtHD2, and FtHD3 were structurally similar, as were FtSRT1 and
FtSRT2, illustrating their functional redundancy (Figure 1B).

2.2. Conserved Protein Structure and Cis-Acting Element Prediction

The motifs of the three subfamilies of FFHDAC were analyzed by MEME analysis
to identify the putative motifs of the HDAC subfamilies in Fagopyrum tataricum, and all
members contained one distinct motif for each subfamily, verifying that they belonged to
the same subfamily, which further provided evidence for the classification of subfamilies
(Figure 2A). The result is the same as the phylogenetic tree analysis, most of the closely
related members share common motifs.
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Figure 1. Phylogenetic relationships, motif structure and three-dimensional protein structure of
FtHDACs. (A) Phylogenetic relationships and exon/intron structures of FtHDAC genes. The
different structural units are represented by different colors, respectively. (B) Models and ribbon
diagrams show the 3D domain structure of 14 FtHDACsSs proteins. Blue to red, N- to C-terminus.
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Figure 2. Conserved protein structure and cis-acting element prediction of FtHDACs. (A) Conserved
motifs of FFHDACs proteins using MEME, and details of the 18 conserved motifs shared among the
FtHDAC:s proteins. Each motif is indicated by a colored box numbered on the right. The length of the
motifs in each protein is shown as a proportion. Motif symbol and motif consensus also are shown.
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Cis-acting elements analysis showed that FtFHDACs are mainly involved in hormone
response elements (abscisic acid responsive element, MeJA responsive element, auxin
responsive element, and salicylic acid responsive element, gibberellin responsive element),
stress response elements (light responsive element, low temperature responsive element,
drought responsive element, anoxic specific responsive element, defense and stress re-
sponsive element), and functional control elements (flavonoid biosynthetic regulation
element, meristem expression regulation element, circadian control element, endosperm
development regulation element) (Figure 2B). In addition, the MYB and MYC binding
sites were also found, suggesting that the FtHDAC family might be regulated by specific
transcription factors.

2.3. Chromosomal Localization, Phylogenetic Analysis, and Analysis of Gene Duplication Events

The location of the FtHDACs gene family in the chromosome and the gene density
and gene duplication events among eight chromosomes was explored. Except for the
second chromosome, the FtHDACs distributed in the other seven chromosomes. Most of
the distribution was found on chromosome 6 with four HDAC genes (Figure 3A). The
two duplication events were presented in FtHDA6-1, FtHDA®6-2, and FtHDA19 to detect
the evolutionary relationship between them. The Ka/Ks of FtHDA6-1 was counted by
calculating the parameters Ks, Ka, and Ka/Ks ratio in TBtools. The numerical value was
0.11, indicating that the driving force between the evolution of the two genes was mainly
purifying selection. To understand the evolutionary relationships of FFHDACs with the
HDAC:s of other plants, a comparative analysis was conducted on the HDAC genes in
Fagopyrum tataricum, Arabidopsis, soybean, tomato, hairy fruit poplar, sweet orange, and
rice by MEGA7.0 to construct a phylogenetic tree. The results showed that the HDAC
family is highly conserved among the selected species. Most of the genes of the Fagopyrum
tataricum RPD3\HDA1 subfamily cluster were more closely related with dicots, such as
sweet orange and tomato, while the other two subfamilies are basically consistent with
monocot dicots, suggesting that FFHDAC genes present a different evolutionary history
and pathway (Figure 3B).

Furthermore, to explore the underlying evolutionary mechanisms of the FFHDAC fam-
ily, five representative angiosperm species, including some plants from legumes, Chenopo-
diaceae, cruciferas, Pedaliaceae, and Poaceae, were selected to construct comparative
syntenic maps with Fagopyrum tataricum. By conducting an interspecific collinearity visual-
ization of major cash crops, such as grasses, maize, and sorghum, the results showed that
the FtHDAC family exhibited more collinearity with legumes, indicating that HDACs are
more evolutionarily related between these species. However, it should be noted that they
are also closely related to quinoa, roidiaceae, and hemaraceae. The FtHDAC family lacked
correlation with maize sorghum, and they were not collinear (Figure 4).

2.4. Tartary Buckwheat Multiple Tissue Transcriptome Analysis

Using the Tartary Buckwheat Database (TBD), the relative expression of Fagopyrum
tataricum FtHDACs and part of the flavonoid synthetic genes in roots, stems, leaves, flowers,
and three fruit developmental stages was analyzed (Figure 5A, Table S2). The FtHDACs
gene family and flavonoid-synthesis-related genes presented different expression patterns.
For example, FtHDT?2 showed a high expression level in each tissue but a reduced expres-
sion at day 19 of fruit development (Figure 5A). Moreover, FtHDA19 had a high expression
in the roots, stems, and flowers, suggesting some function in these tissues. The flavonoid
synthesis-related genes showed different expression patterns during Tartary buckwheat
development (Figure S3).
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Figure 3. Chromosomal localization and Phylogenetic analysis of FtHDA6. (A) Distribution of
FtHDACs gene on Fagopyrum tataricum chromosomes, intraspecies collinearity and gene density.
(B) Phylogenetic tree construction of HDACs gene family from Fagopyrum tataricum (Ft), Arabidopsis
(At), Solanum lycopersicum (SI), Oryza sativa (Os), Populus trichocarpa (Pt), Citrus sinensis (Cs).
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70% bootstrap support are collapsed (replicated 1000 times). The different filling colors indicate
different gene subfamilies, and the length of the clade indicates the evolutionary distance.
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Figure 5. The tissue expression analysis of FtHDACs. (A) Expression patterns of FtHDACs genes
in various Tartary buckwheat tissues. RNA-seq expression data corresponding to FtHDACs were
retrieved from the Tartary Buckwheat Database (TBD) for further analysis. The RPKM (Reads Per
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The correlation analysis between the FIHDAC family genes and flavonoid synthesis
genes was performed (Figure 5B). There are many key enzymes in the flavonoid synthesis
pathway, playing with different roles (Figure S6). For instance, the PAL enzyme catalyzes
phenylalanine to produce cinnamic acid and coumaric acid plasma, a key enzyme linking
phenylpropane compounds and primary metabolism, and it is important roles for regula-
tion of flavonoid compound synthesis. The C4H enzyme is a single oxidative enzyme of the
CYP73 series in plant cytochrome P450, as the second enzyme in the plant phenylalanine
metabolism pathway, and it catalyzes the synthesis of coumaric acid by the substrate cin-
namic acid, with high catalytic vitality. The 4CL enzyme, the last enzyme in phenylalanine
metabolism in plants, catalyzes the generation of coumaric acid to COA ester. The CHS
enzyme is a member of the polyketide synthase family, which is the first enzyme in the
flavonoids synthesis pathway that is closely related to flavonoids and isoflavone synthesis,
and an important rate-limiting enzyme in the synthesis pathway. The CHI enzyme is also a
key enzyme in the flavonoids synthesis pathway that catalyzes the stereo-isomerization
of the chalcone to synthetize the associated (2S) -flavanones. There are 48 key enzymes
encoding genes involved in the flavonoid metabolism pathway in buckwheat [21]. The
other enzymes mentioned in Figure 5B function in a branch of the flavone synthesis path-
way. For example, DRF, ANS, ANR, LAR, F3'H and F3'5'H are key enzymes regulating
anthocyanin synthesis. FLS is involved in the synthesis of quercetin and rutin. The results
showed the significant negative correlation between FtHDA2, FtHDAS-2, and four CHS
(FtPinGG0008131000.01, FtPinG0003701300.01, FtPinG0003701500.01, and FtPinG0003710800.
01), suggesting the role of HDA2/8 in the synthesis of chalcone. Furthermore, there was
a significant positive correlation between FtSRT2 and FLS (FtPinG0006907000. 01), ANR
(FtPinG0007896600. 01), and LAR (FtPinG0000053800. 01), indicating FtSRT?2 is important
for flavonol and flavan synthesis. In addition, FtHDA15 displayed a significant positive
correlation with F3'H (FtPinG0008925900. 01), DFR (FtPinG0002371500. 01), and CHI (Ft-
PinG0002790600. 01). From these results, it can be predicted that the FtHDAC gene family
is important for regulating both the upstream and downstream effects of the flavonoid
synthesis pathway in Fagopyrum tataricum.

2.5. Alternative Splicing of FFHDACs at Low Temperature Treatment

To further analyze FtHDAC transcription at low temperatures, alternative splicing
events were analyzed. Previous transcriptomic data were used for analysis here [22].
The experiment included plants subjected to cold memory (4 °C for 6 h, then at room
temperature for 18 h, repeated four times, and then placed at 0 °C for 6 h), cold stock
(not acclimated, directly exposed to 0 °C for 6 h), and control groups with normal growth
condition. Qualitative statistics analysis of alternative splicing events was performed
separately for each sample using the AS profile software, and gene model was predicted by
Stringtie software (transcript.gtf). The results found that many types of alternative splicing
were present in the different cold treatment in Tartary buckwheat. Among these, the largest
number of alternative splicing events was observed in both the TSS and the TTS (Figure S1).
Further statistics of the alternative splicing of FtHDACs family showed different types of
alternative splicing (Figure S2), and the results showed FtHDAS-1, FtHDAS-2, FtHDA2, and
FtHDA9 differ in Control vs. Memory and Control vs. Shock, while FtSRT1 and FtHDA14
differ in Control vs. Memory, but not significantly. Moreover, we analyzed whether the
low-temperature responses of FtHDACs might instead be occurring through the differential
splicing of exons. The results showed that the A5SS (alternative 5’ splice site) of FFHDAS-2
occurred under cold shock treatment (S group) (p = 0.019) (Figure 6A), but there was no
significant difference (p = 0.089) under cold memory (M group) (Figure 6B), suggesting
the alternative splicing forms of FtHDAs respond to different low-temperature conditions.
The alternative splicing was confirmed by PCR analysis with FtHDAS-2 ORF primers
(Figure S8).
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Figure 6. Alternative splicing of FtHDAS-2 is associated with different low-temperature treatments.
Sashimi plot indicating the average RNA-seq read density and splice junction counts for each
genotype. (A) C group vs. S group. (B) C group vs. M group. C: living at room temperature always;
S: not acclimated, directly exposed to 0 °C for 6 h; M: 4 °C for 6 h, then at room temperature for 18 h,
repeated four times, and then placed at 0 °C for 6 h. C group (red) served as a negative control for
S/M group (orange) enrichment.

2.6. Subcellular Localization of the FFHDACs

To determine the location of FtHDACs functions, the transient gene expression ex-
periment was performed. We constructed vectors for pCAMBIA1300-FtHDAG6-1-eGFP,
pCAMBIA1300-FtHDA2-eGFP, and pCAMBIA1300-FtHDT2-eGFP fusion proteins, which
were infiltrated into tobacco leaves with the Agrobacterim tumefaciens strain GV3101. Three
lines of transiently transformed tobacco were obtained, including OE-FtHDA6-1, OE-FtHDA?2,
and OE-FtHDT2. Through subcellular localization and DAPI staining, the results showed
that all five genes were located in the nucleus. Additionally, the light fluorescence signal
was found on the cell membrane. (Figure 7).

GFP Bright filed DAPI Merge

Figure 7. The subcellular localization of FtHDA6-1, FtHDA2 and FtHDT2. Bars = 20 um.
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2.7. Low-Temperature Resistance Analysis of Dingku 1

Our previous studies identified Dingku 1 as a freezing-resistant variety [21], and the
role of FtHDAC in low-temperature resistance will be further explored here. First, the
three cold test groups were established: the control group (23 °C), cold memory group
(priming: 4 °C for 6 h, followed by 21 °C for 18 h, repeated for 4 days, then 0 °C for 6 h),
and cold shock (0 °C for 6 h directly, without priming). The transcriptome and metabolome
data of the three cold test groups were extracted and correlation analyses were performed
(Figure S4 and Supplementary Material S2). From the results of the joint analysis, an
interesting phenomenon was determined where the different HDACs had completely
opposite correlations with the metabolites. For example, FtHDA14 and FtHDA?2 exhibited
anegative correlation with chloride, vitexin, anthocyanin, apigenin, and kaempferol, which
is exactly the opposite of FtSRT1, FtHDA19, FtHDT2, and FtHDAS (Figure S4A). This
is also the same in the analysis of the correlation of FtHDAC with transcription factors.
For instance, FtHDA14, FtHDA2, FtHDA6-1, and FtHDA9 were exactly the opposite of
FtHDAS-1, FtSRT1, FtHDA19, FtHDT2, and FtHDAS-2 for the correlation with the MYB,
BHLH, NAC, and WRKY family genes (Figure S4B). These results illustrated the functional
differentiation of FtHDAC family genes, and the potential role played in cold responses
and tolerance.

To further explore the role of FtHDACs in low-temperature responses, 2-week
Fagopyrum tataricum Dingku 1 seedlings were treated at —4, 0, 4, 8, 12, and 16 °C for
3 h, then recovered at 23 °C for 36 h. Their fresh weight, electrical conductivity, SOD,
MDA, anthocyanin, and flavonoids were measured (Figure S5). The results showed that
seedlings presented more damage in —10 and —4 °C, which was reflected in the higher
ion leakage and MDA, lower SOD, and fresh weight. The contents of anthocyanins and
flavonoids of the Dingku 1 seedlings were the highest in the 0 °C treatment, indicating
that the suitable low-temperature treatment can stimulate and accumulate flavonoid
production to protect the activity of plant cells from the cold. Phenotypic analysis
showed a greater effect on the growth of Tartary buckwheat below 4 °C (Figure 8A).
Moreover, histone H3 acetylation levels responded to low-temperature stress, and the
H3 acetylation levels of Dingkul were measured at different freezing temperatures by
Western blotting. The results showed that H3 acetylation levels increased significantly
with the fall in temperature (Figure 8B), and under —4 °C treatment, the total protein
was ablated and showed less content.

The expression level of FtHDACs was tested by RT-qPCR; cold treatment conditions
were the same as described above (Figure 8C). The results showed that the expression
levels of FtSRT1, FtSRT2, FtHDAS, FTHDA6-1, and FtHDAG6-2 increased significantly as the
temperature decreased, indicating that these five genes are positive regulators in Dingku
1 cold responses. However, the expression levels of FtHDAS-2 and FtHDT1 decreased
significantly as the temperature decreased, indicating that these two genes play a negative
regulatory role in Dingku 1 when facing low-temperature stress.

To further investigate the function of FtHDACs, we constructed the overexpression
lines OE-AtHDA6 and OE-FtHDAG6-1, and they were identified (Figure 9B,C). Subse-
quently, the seedlings of four genotypes were frozen at —10 °C for 2 h then recovered
in room temperature for 2 days. The seedlings of axel-5 showed the worst tolerance in
phenotypes and ion leakage (Figure 9A,D); axel-5 (also called hda6-6) is a hda6é mutant
carrying a point mutation on an HDAG6 splicing site, and it is a mutant line commonly
used to study the function of HDAG6 [23]. The levels of mRNA in AtDREB1A, AtDREBI1B,
and AtDREBIC in the different transgenic lines were assessed. CBF (C-repeat binding
transcription factor/dehydrate responsive element binding factor, DREB) is the hub
of the plant CBF cold resistance pathway, which mainly regulates the expression of a
large number of downstream cold resistance genes, which is extremely important for
enhancing plant cold resistance ability. Its expression is also induced by other abiotic
stresses, such as, drought, salinity, mechanical injury, and osmotic pressure. The results
showed the expression of CBF increased dramatically in the cold treatment, especially in
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OE-AtHDAG6 and OE-FtHDAG6-1 lines. Interestingly, the expression of AtDREB1 reduced
in axel-5 when compared to the other lines (Figure 9E,F), and AtDREB1C gave the most
significant performance (Figure 9G).
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Figure 8. FtHDACs response to low temperature. (A) Phenotype of Dingku 1 displayed at different
low temperatures. (B) The seedling of Dingku 1 treated in different low temperatures for 3 h then
all recovered in 23 °C at 36 h. Western blot analysis of the change in the global histone 3 acetylation
levels after low temperature treatments. Histone H3 was used as an equal loading control. All
immunoblots were replicated three times for each sample from three independent experiments.
(C) mRNA enrichment analysis of Dingku 1 in different cold treatments was performed. Data are
presented as the means of three biological replicates (£SD). Different letters indicate significant
differences (p < 0.05, Tukey’s test).
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Figure 9. FtHDAG6-1 positively regulates cold tolerance. (A,D) Phenotypes and ion leakage of seedling
of WT, OE-AtHDAG6, OE-FtHDA6-1 and axel-5 under normal and cold stress conditions (—10 °C for
2 h, then recovery in 23 °C for 2 days). Data are presented as the means of three biological replicates
(£SD). The asterisks indicate significant differences, one-factor ANOVA (**p < 0.01, ***p < 0.005).
(B) Identification of transgenic Arabidopsis thaliana. (C) qRT-PCR identification the expression level of
HDAG6 gene in WT, axel-5, OE-FtHDA®6-1 and OE-FtHDAG6 genotypes. (E-G) Expression level of CBFs
in different transgenic Arabidopsis lines under normal (the control) and cold stress conditions (0 °C
for 3 days). Data are presented as the means of three biological replicates (£SD). Different letters
indicate significant differences (p < 0.05, Tukey’s test).
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3. Discussion

Epigenetic studies include DNA methylation, histone acetylation, ubiquitylation,
phosphorylation, and intracellular non-coding RNA regulation. These changes in chromatin
structure determine the gene expression by activating or silencing, thus adapting to the
external growth environment [24]. Histone acetylation modification is jointly regulated
by histone acetyltransferase (HAT) and histone deacetylase (HDAC) [25]. Histone lysine
acetylation is an important chromatin modification for the epigenetic regulation of gene
expression in response to environmental stress [26]. Histone deacetylation affects many
growth and developmental events in plants, such as the flowering stage, embryogenesis,
root hair development, abscisic acid, and salt reaction [27,28]. All histone modifications are
reversible, which may provide a flexible pathway to for regulating gene expression during
plant development and in response to environmental stimuli.

HDAC has been isolated from plants including Arabidopsis, rice, maize, soybean,
cotton and potato. Arabidopsis contains 18 HDACs, which can be divided into three families:
RPD3/HDA1, SIR2, and plant-specific HD2 [29]. Among them, the RPD Type 3 HDAC
serves to maintain chromatin states and regulate housekeeping gene activity in yeast,
Drosophila, elegans, and metazoans [30]. Members of the RPD3/HDA1 family can be further
divided into three categories [31]: Class I, including HAD6, HAD7, HAD9, and HAD19;
Class I Group HAD2; Class III, which contains HAD5, HAD15, and HAD18. The others
were HADS, HAD14, HAD10, and HAD17. The HD2 subfamily can be divided into
HD2A, HD2B, HD2C, and HD2D [32]. The SIR2 family HDAC is a nicotinamide adenine
dinucleotide (NAD)-dependent HDAC, and has two members of SIR2-like HDACs, SIR1,
and SIR2 [33]. HDACs are found to localize to membranes, nuclei, or nucleoplasmic
shuttling, with different functions depending on their localization. RPD3/HDA1 is the
largest subfamily in the HDACs family, and the family depends on Zn?*. Members of
this family all contain a typical histone deacetylase domain [34]. Its structural analysis
found that the HDAC structure of the family members is highly conserved, while the
other parts are poorly conserved. Therefore, it may be the main reason for the functional
differences between different members of the same family, and the protein activity of this
family member can be inhibited by triostatin (TSA).

Here, a total of 14 FtHDAC family genes were retrieved from the Tartary buckwheat
genome through HDACs conserved domains in Arabidopsis (Table 1). It is also composed
of three subfamilies, including nine RPD3/HDA1 subfamily genes, two SIR2 subfamily
genes, and three HD2 subfamily genes (Figure 1A). The characterization of the MEME
motif shows that it conforms to the basic structural compositions of the HDAC family
genes in plants. The prediction of cis-acting elements showed that the FFHDAC gene
promoters contained hormone responsive elements such as ABA and methyl Jasmonate,
light responsive elements, drought responsive elements, and low-temperature responsive
elements, suggesting that FFHDAC plays an important role in the growth and development
of Tartary buckwheat and in coping with various environmental changes (Figure 2). This
conclusion is also supported by previous reports in which HDACs play a critical role in
regulating abiotic stress responses. For example, histone acetylation changes in plant
responses to drought stress [35]. Arabidopsis HDAG is required for freezing resistance [36]
and salt stress [28,37].

The construction of interspecific collinearity can help researchers to better understand
the evolutionary relationship between FtHDACSs and the HDACs of other plant species
(Figures 3 and 4). The secondary structure of FFHDACS is helpful for understanding the
mechanism of its actions (Figure 1B). A tissue expression analysis showed that the expres-
sion level of the three FtHDT?2 subfamily members is relatively higher than other family
members during normal development (Figure 5A), especially in the flowers, roots, and
stems. It was inferred that these genes in the same clade with similar expression patterns
might play similar roles in physiological processes. AhHDA19 was specifically expressed
in the root and stem, and FtHD19 in Tartary buckwheat is greatly expressed in the root
and stem, showing a similar expression pattern, implying they might execute functions
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dominantly in the root and stem. Furthermore, the FtHDA2, FtHDA9, FTHDA6-1, FTHDAS-
1, FtHDAS, and FtRPD3/HDA1 subfamily members were highly expressed in the roots,
suggesting that these genes play an important role in root morphogenesis. Correlation
analysis revealed the potential relationship between FtHDACs and flavonoids synthesis
genes (Figure 5B). Seven types of alternative splicing have been observed in both humans
and rice (Oryza sativa), including intron retention, exon skipping, mutually exclusive exon,
alternative 5’ splicing, alternative 3’ splicing, alternative first exons and alternative last
exons [38]. In this study, the type of HDAS-2 alternative splicing is A5SS (alternative 5
splice site) (Figure 6). Alternative splicing is a possible “molecular temperature” that allows
plants to quickly adjust the abundance of functional transcripts to adapt to environmental
perturbations [39,40]. A preliminary analysis of subcellular localization was performed,
and the results revealed the nucleus localization of FFHDACs (Figure 7). The subcellular
localization of target genes occurs through transient transformation. Transient gene ex-
pression is an effective experimental tool for research on plant gene function [41]. Figure 7
shows the fluorescent signal that appeared on the membrane, but the function is unknown.
Arabidopsis HDAG6 does have the characteristics of cytoplasmic localization; for example,
HDAG interacts with FLD at the nuclear periphery [42]. BIN2 interacts with HDAG6 in
the cytoplasm and nucleus [43]. The following low-temperature responses of FtHDACs
have been discussed. Firstly, phenotype and histone acetylation of the Dingkul treated
at different low temperatures were determined, and the expression of FtHDACs was also
analyzed in at different low temperatures. Interestingly, the result showed that 16 °C was
the optimal growth temperature for Tartary buckwheat. Moreover, the low temperature
caused significant changes in the expression of FFHDACs when compared to room tempera-
ture (Figure 8). A stable transgenic Arabidopsis line of FtHDA6 was constructed to further
explore the freezing function of FFHDAC. The results revealed that FFHDAG6 showed a trend
to improve freezing resistance (Figure 9). Previous studies have conducted a systematic
analysis of the cooling tolerance mechanism in Tartary buckwheat [1], and our study fills
the gap in the mechanism of epigenetic regulation.

Histone acetylation plays a key role in plant development and the response to various
environmental stimuli by regulating gene transcription. It was revealed that Tartary buck-
wheat HDACs could be classified into three major subgroups: RPD3/HDA1, HD2-like,
and SRT, which is similar to Arabidopsis. Moreover, FFHDACS also carried the functional
catalytic domains and other conserved domains, as well as motifs similar to their counter-
parts in Arabidopsis. The function of FtHDAG®6 in low-temperature responses and flavonoid
synthesis pathways was predicted. In brief, the present study highlights the implication of
Tartary buckwheat HDACs in various developmental processes and low temperature stress
adaptation. In addition, this study also highlights the potential role of Tartary buckwheat
HDAG:s in flavonoid synthesis pathways. This study provides motivation for the investiga-
tion of the biological and cellular functions of histone acetylation, which will eventually
lead to the long-term improvement of agronomic characteristics and abiotic stress tolerance
in Fagopyrum tataricum.

4. Materials and Methods
4.1. Plant Growth, Cold Treatments, and Tissue Collection

Tartary buckwheat seeds (Dingku 1) were provided from the Qinghai Academy of
Animal Science and Veterinary Medicine of Qinghai University (Qinghai, Xining, China).
Tartary buckwheat and tobacco seedlings were cultured in greenhouses according to [21].
After 4-8 h of soaking the seeds in ddH,0, the seeds were disinfected using a 15% NaClO
solution and then placed in a culture dish with two layers of gauze. The culture dish was
moved to a greenhouse and cultured until germination. For the cold stress experiment,
2-week-old seedlings were treated in —4, 0, 4, 8, 12, and 16 °C for 3 h, and were all recovered
in 23 °C at 36 h. The cold treatment conditions of the transcriptome was mentioned
according to [21]. The seedling of the cold memory group (memory) was kept at 4 °C for
6 h, then at room temperature for 18 h, repeated four times, and then placed at 0 °C for 6 h.
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The cold stock (not acclimated) was directly exposed to 0 °C for 6 h, and control groups
experienced normal growth conditions. The leaves and roots of the samples were collected,
immediately frozen in liquid nitrogen, and stored at —80 °C.

4.2. Genome-Wide Identification of Fagopyrum Tataricum HDACs Genes

The genome sequence of the Tartary buckwheat genome was downloaded from the Tartary
Buckwheat Genome Project (http://mbkbase.org/Pinkul/) (accessed on 1 March 2020) [44].
Amino acid sequences of the Arabidopsis HDAC family genes were downloaded from the
TAIR website (https:/ /www.arabidopsis.org/) (accessed on 1 March 2020), then used as
queries in local BLASTP against the Tartary buckwheat genome (e-value = 1 x 10~19).
Furthermore, SMART (http://smart.embl-heidelberg.de/) (accessed on 1 March 2020) and
HMMER (https:/ /www.ebi.ac.uk/Tools/hmmer/search/phmmer) (accessed on 1 March
2020) were used to confirm the presence of the HDAC domain. The physicochemical
properties of the FFHDACs genes were predicted by the ExXPASy website (https://web.
expasy.org/compute_pi/) (accessed on 1 March 2020), including the protein size, molecular
weight (MW), isoelectric point (pl), and aliphatic and GRAVY index. In addition, the gene
structure was visualized by GSDS2. 0 (https:/ /gsds.gao-lab.org/) (accessed on 1 March
2020). The genome sequences and amino acid sequence of the FtHHDACs are presented in
Supplementary Material S1.

4.3. Conserved Protein Structure, Cis-Acting Element Prediction, and Protein 3D Structure
Analysis

The conserved motifs of the FFHDACsS protein sequences were analyzed via the online
Multiple Expectation Maximization for Motif Elicitation (MEME) version 4.11.1 (http://
meme-suite.org/tools/meme) (accessed on 1 March 2020) [45], and the maximum number
of motifs was set to 18. The 1200 bp upstream genomic DNA sequences were analyzed in
the PlantCARE (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/html/) (accessed
on 1 March 2020) database for cis-acting element prediction. The data was visualized by
TBtools [46]. The secondary protein structure was performed by PRABI (http://www.prabi.
fr/) (accessed on 1 March 2020). An automated protein structure building was conducted
by the Robetta (https:/ /robetta.bakerlab.org/) (accessed on 1 March 2020) program [47];
the data are showed in Table S3.

4.4. Phylogenetic Analysis, Genome Distribution, and Gene Duplication

The phylogenetic tree of the FtHDAC protein family was constructed in the Neighbor-
Joining method via the MEGA?7.0 software with 1000 replicated bootstrap values [48,49]
and the p-distance and pairwise gap deletion parameters engaged. The chromosomal
distribution of FtHDACs was built by the TBtools and Itol (https://itol.embl.de/) (ac-
cessed on 1 March 2020) [46]. The parameters (Ks-synonymous substitution rate and
Ka-nonsynonymous substitution rate) of the duplication events were computed by TBtools.
Amino acid sequences used for phylogenetic analysis are listed in Supplementary Material S1.

4.5. Alternative Splicing Analysis

ASprofile software was used to perform qualitative analysis statistics of alternative
splicing events for each sample on the gene model (transcript.gtf), predicted by Stringtie.
We performed the alternative splicing events analysis based on the gene structure annota-
tion information of Tartary buckwheat [22]. The rMATS is a computational tool for detecting
differential alternative splicing events from RNA-Seq data. Based on RNA-Seq data, IMATS
can automatically detect and analyze alternative splicing events corresponding to all major
types of alternative splicing patterns [50,51].

4.6. Transcriptome and RT-gPCR Analysis

The raw data RNA-seq of FtHDACs in different tissues (root, stem, leaf, flower, and
three-stage fruit) were retrieved from the Tartary Buckwheat Database (TBD) (http://
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shujuku.zuotukeji.net/) (accessed on 1 March 2020) (accessed on 1 March 2020) [52,53].
The correlation analysis was visualized via OmicStudio software and Tbtools; the data
are shown in Table S4. The heat map was generated using OmicStudio software (www.
omicstudio.cn) (accessed on 1 March 2020). For quantificational real-time PCR, the total
RNA was extracted using the RNA prep Pure Plant Plus Kit (Tiangen Biotech, Beijing,
China). Then, 2 ng RNA was used for the first strand of cDNA synthesis using reverse
transcriptase (Vazyme, R211-02, Nanjing, China). Real-time PCR amplification was carried
out with the Bio-Rad CFX96 system using SYBR Green I (Vazyme, Q711-02, Nanjing, China).
The reaction system contained 10 uL SYBR Master Mix bulffer, 0.4 pL each of the primers
(10 uM), 1 pL of template, and 8 pL ddHO. The thermal profile for gqRT-PCR was as
follows: pre-denaturation at 95 °C for 5 min; cycling stage at 95 °C for 10's, 60 °C for 30 s,
72 °C for 15 s, 40 cycles; melting stage at 95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s.
Three independent biological replicates were used in the analysis and the 2~(AAC) method
was applied for the analysis gene expression. Here, FtH3 was used as a reference gene to
normalize the expression level. The RT-qPCR primer sequences used in this paper are all
listed in Table S1.

4.7. Western Blot Assays

The tested seedling samples were ground, the total proteins were extracted, and spe-
cific proteins were detected as described [54]. Histone H3 was used as an equal loading con-
trol. The antibody in this study used in Western blotting was anti-H3K9K14K18K23K27ac
(ab47915, Abcam, Lot: GR137984-20, Cambridge, UK).

4.8. Construction of the Arabidopsis Transgenic Plants and Low Temperature Treatments

The sequence of HDA6-1 CDs was amplified and inserted into the pCAMBIA1300-
eGFP vector using a ClonExpress II One Step Cloning kit (Vazyme, C112-02) to generate
pPCAMBIA1300-FtHDA®6-1-eGFP constructs. The true recombinant plasmid was trans-
formed into Agrobacterium tumefaciens GV3101, then it was transferred into wild-type
Arabidopsis by the floral-dip method. The positive transgenic plants were obtained by resis-
tance screening (the selectable marker gene is hygromycin) and quantificational real-time
PCR identification. The target protein has been proven in transgenic lines by confocal fluo-
rescence microscopy (ZEISS/LSM880) (Figure S7) [55,56]. The genomic DNA of Arabidopsis
was isolated from leaves using the Plant Genomic DNA Extraction Kit (TiangenP5008,
China). For phenotypes and ion leakage analysis of low-temperature stress experiments in
transgenic plants, 2-week-old transgenic seedlings were treated in —10 °C for 2 h, and were
recovered in 23 °C at 3 days. For CBF gene expressional analysis of low-temperature stress
experiments in transgenic plants, 2-week-old transgenic seedlings were treated in 0 °C for
3 days, and total RNA was extracted, cDNA was reverse-transcribed, and subjected to the
qPCR assay.

5. Conclusions

We performed a comprehensive analysis of the HDAC gene family in Tartary buck-
wheat. A total of 14 FtHDAC genes, including nine FtRPD3/HDA1, three FtHD2s, and two
FtSIR2s, were genome-wide identified. The gene structure, chromosomal distribution,
motif prediction, cis-acting element prediction, phylogenetic relationship, 3D structure,
expression patterns, alternative splicing, subcellular localization, and heterologous ex-
pression were conducted and analyzed. Moreover, the expression pattern of FtHDACs
was shown in various tissues/organs to be involved in the developmental process. The
cis-acting element prediction and RNA-seq data indicated that the FtHDAC is involved
in low-temperature stress responses and flavonoids” synthesis. This conclusion was also
validated in FtHDAG®6 transgenic Arabidopsis thaliana, which indeed affects plant freezing
tolerance. According to the above results, the potential mechanism for the roles of
FtHDACsS in the regulation of flavonoids at low temperatures in Tartary buckwheat was
proposed (Figure 10). We first collated and analyzed the HDACs in Tartary buckwheat
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and attempts to discover the biological function of FEtHDACs. This result implies that
chromatin regulations are important for low-temperature tolerance and the flavonoid
synthesis of Tartary buckwheat.
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Figure 10. The proposed mechanism for the roles of FtHDACs in the regulation of low temperature
and flavonoids biosynthesis in Tartary buckwheat. The level of histone acetylation affects chromatin

conformation, and chromatin contraction and loosening regulate gene expression in response to low
temperature and accumulation of flavonoids in Tartary buckwheat.
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Abstract: Immune response in plants is tightly regulated by the coordination of the cell surface
and intracellular receptors. In animals, the membrane attack complex/perforin-like (MACPF) pro-
tein superfamily creates oligomeric pore structures on the cell surface during pathogen infection.
However, the function and molecular mechanism of MACPF proteins in plant pathogen responses
remain largely unclear. In this study, we identified an Arabidopsis MACP2 and investigated the
responsiveness of this protein during both bacterial and fungal pathogens. We suggest that MACP2
induces programmed cell death, bacterial pathogen resistance, and necrotrophic fungal pathogen
sensitivity by activating the biosynthesis of tryptophan-derived indole glucosinolates and the sali-
cylic acid signaling pathway dependent on the activity of enhanced disease susceptibility 1 (EDS1).
Moreover, the response of MACP2 mRNA isoforms upon pathogen attack is differentially regulated
by a posttranscriptional mechanism: alternative splicing. In comparison to previously reported
MACPFs in Arabidopsis, MACP2 shares a redundant but nonoverlapping role in plant immunity.
Thus, our findings provide novel insights and genetic tools for the MACPF family in maintaining SA
accumulation in response to pathogens in Arabidopsis.

Keywords: MACP2; membrane attack complex/perforin-like protein; pathogen infection; salicylic
acid signaling; indole glucosinolates

1. Introduction

As sessile organisms, plants have evolved sophisticated mechanisms to communicate
with surrounding microorganisms, including beneficial and pathogenic interaction. Plant
pathogens secrete effector proteins to suppress host immune responses during their colo-
nization [1,2]. Thus, plant cells are equipped with a variety of cell surface or intracellularly
localized receptor proteins that can recognize microorganisms and initiate downstream
immune responses to restrict pathogen proliferation [3]. In particular, cell surface recep-
tors, also known as pattern recognition receptors (PRRs), function in the recognition of
conserved pathogen-associated molecular patterns (PAMPs) and are able to trigger PAMP-
triggered immunity (PTI) responses during plant interactions with either nonpathogenic
or pathogenic microbes [3,4]. For example, PAMP receptors such as PRR FLAGELLIN
SENSING 2 (FLS2), chitin elicitor receptor kinase 1 (CERK1), and EF-Tu receptor (EFR)
recognize conserved microbial effectors, flagellin (or the minimal epitope flg22), fungal
chitin, and elongation factor thermo unstable (EF-Tu), respectively, in Arabidopsis [3,5].
Furthermore, PAMP receptors form heterocomplexes with coreceptors such as Brassinos-
teroid insensitive 1-associated kinase 1 (BAK1) to activate downstream responses under
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microbial infection [3]. In addition to PTI, plants exhibit counter-defense strategies to initi-
ate a locally rapid immune response to microbial-derived effectors through intracellular
nucleotide-binding domains and leucine-rich repeat-containing receptors (NLRs). Specifi-
cally, a typical NLR consists of a Toll/interleukin 1-receptor (TIR) or coiled-coil domain at
the N-terminus, leucine-rich repeats (LRR) at the C-terminus, and an internal nucleotide-
binding region [6,7]. The NLR-mediated strategy is characterized as effector-triggered
immunity (ETI) and is frequently linked with the hypersensitive response (HR) [8], a form
of programmed cell death (PCD) [9]. To date, HR has been considered an efficient and
immediate immune reaction in response to pathogen invasion, leading to rapid cell death
to limit pathogen proliferation at the entry site [10]. However, little is known about the
underlying mechanism of this response in plant immunity. Recent studies have suggested
that the plant defense hormone salicylic acid (SA) emerges as a pivotal signal to medi-
ate immunity-related HR, linking the activation of pathogenesis-related (PR) genes and
HR-induced PCD to confer resistance to pathogens [11-13]. In particular, plant mutants
with misregulation of the cell death pathway result in lesion-mimicking phenotypes and
the constant activation of SA signaling, HyO, accumulation, and PR genes [7,14,15]; these
materials are powerful tools for studying the underlying connection between PCD and
plant immunity [15].

While the HR can be a rapid response for containing disease progress at the site of
pathogen entry, mechanisms that cause microbial death remain to be investigated. In
recent years, mammalian pore-forming proteins have been found to target and lyse infected
microorganisms by forming the membrane attack complex (MAC), an oligomeric cylindrical
ring at the surface of target membranes [16]. Since then, phylogenetic analysis has indicated
that the conserved signature of the membrane attack complex and perforin (MACPF)
proteins, i.e., Y/S-G-T/S-H-X7-G-G (X), is present in both eukaryotic and prokaryotic
organisms to form the MACPF superfamily [17,18]. The members of this family have
been documented to play essential roles in diverse developmental processes and immune
responses [19]. MACPF proteins—which are related to cholesterol-dependent cytolysins
and are structurally similar to C6, C7, C8«, C8f3, and C9 complement system proteins [20]—
can form cellular membrane pores and perform biological functions [21,22]. The formation
of pore structures causes a breach of cellular integrity, ultimately inducing cell death by
allowing the free passage of molecules in/out of the corresponding cell [19]. Several
MACPF proteins have been structurally resolved with conserved MACPF oligomers and
varied C-terminal domains [23].

However, there is little information related to the biological function of plant MACPF
domain-containing proteins. In particular, several reports have indicated that MACPF
proteins play important roles in viral and bacterial infections and plant PAMP-triggered im-
munity [1,4,23]. Many plant MACPF genes have been identified in Arabidopsis [15], Poaceae
species [18], and cotton [24] and have been divided into four groups using phylogenetic
analysis and domain organization [18]. Several MACPF genes (such as C6, C7, C8c, C83,
and C9) have been experimentally identified in animals with functions in growth and
immunity [19,21,25-27]. The published transcriptomic data indicate that MACPF genes are
involved in plant growth, development, and response to biotic and abiotic stresses [18].
In contrast, few genes have been experimentally confirmed in plants. For example, in
Gossypium, silencing of the GhMACPF26 gene enhanced tolerance of cotton plants to cold
stress [24]. Arabidopsis constitutively activated cell death 1 (CAD1), localized to both the
plasma membrane and cytosol, is a salicylic acid (SA)-responsive protein, which plays
important roles in immunity-induced PCD [10,15,28] and could influence endophytic phyl-
losphere microbiota [29]. The cadl mutant shows a lesion phenotype that mimics HR and is
also regulated by chitin elicitors independent of the SA-mediated pathway [10]. Similarly,
another Arabidopsis membrane-localized necrotic spotted lesion 1 (NSL1) took part in SA-
mediated defense responses and PCD. The nsl/1 mutant showed spotted necrotic lesions,
retarded plant growth, and high accumulation of SA, thus activating the SA signaling
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pathway and linking PAMP-induced PCD to antimicrobial metabolism upon pathogen
attack [4,30].

A total of four MACPF proteins have been identified in Arabidopsis; however, in
addition to CAD1 and NSL1, the other two MACPFs have not been studied well. To this
end, we isolated two independent mutants of AtMACP2 (At4g24290) from Arabidopsis.
Phenotypic and genetic analysis suggested that MACP2 is involved in the SA-mediated
PCD response during pathogen infection and that the activation of SA signaling may
result from altered metabolism of tryptophan (Trp)-derived indole glucosinolates. Further
analysis indicated that MACP2 undergoes posttranscriptional regulation by alternative
splicing (AS), and the three spliced isoforms detected based on the database information
differentially respond to treatment with bacterial and fungal pathogens, implying distinct
responsive pathways derived from plant immunity.

2. Results
2.1. Characterization of T-DNA Insertional Mutants and Transgenic Overexpression Lines in MACP2

In Arabidopsis thaliana, besides the two reported proteins, NSL1 and CAD], the func-
tion of the other two MACPF-containing proteins, MACP1 (encoded by Atl1g14780) and
MACP2 (encoded by At4g24290), remain unknown. To explore the role of the MACP2 in
Arabidopsis thaliana, we bought two T-DNA insertional mutants (Figure 1A, B) of this gene
from TAIR and identified homozygotes. Amplification with primer pairs containing the
T-DNA fragment LBal showed obvious bands but showed a blank with primer pairs for
full-length MACP2 in mutants, which indicated that the mutants were exactly homozygous
T-DNA insertion mutants. RT-PCR showed that no full-length transcripts were present
in the corresponding KO-1 and KO-2 mutants (Figure 1C), indicating that these lines are
knockout mutants. Subsequently, transgenic lines introducing the MACP2-YFP construct
into the wild-type were generated at the same time. Clear bands of the vector contained
fragment amplification results (Figure 1D) and higher relative expression levels of MACP2
(Figure 1E); specific YFP-tagged MACP2 detection in MACP2-YFP(OE) plants via West-
ern blot analysis (Figure 1F) showed the correct MACP2-overexpression transgenic plants
we obtained.

2.2. Overexpression of MACP2-Accelerated Cell Death in Rosettes

To investigate whether disruption or overexpression of MACP2 shows linkage to SA,
ROS accumulation, and constitutive cell death, we examined the rosettes of 4-, 5-, and 6-
week-old wild-type, KO mutants, and OE transgenic plants using diaminobenzidine (DAB)
and trypan blue staining. Interestingly, as shown in Figure 2, trypan blue-stained lesions
displayed no significant differences at the fourth week and were apparently more severe
in the leaves of OE transgenic plants than in the wild-type, whereas this was reversed in
the KO mutants at the fifth and sixth weeks (Figure 2A). Meanwhile, OE leaves generated
higher levels of H,O, at the fifth and sixth weeks. This was indicated by the brown color
upon DAB staining compared with the wild-type control rather than the lower level of
H,0; in the KO mutants than wild-type plants in the same period (Figure 2B). These results
suggest that MACP2 promotes natural continuous cell death and ROS eruptions during
leaf senescence.

2.3. MACP2-Strengthened Plant Resistance to Bacterial Pathogens Relying on the SA Pathway

To address whether the overexpression of MACP2 affects the plant defense response to
bacterial pathogens, we conducted Pst DC3000 inoculation assays on four-week-old wild-
type, MACP2-KO mutants, and MACP2-OE plants. According to the results, the OE plants
showed a more tolerant phenotype than the wild-type when responding to Pst DC3000
infection (Figure 3A) and significantly repressed the bacterial population (Figure 3B), while
the KO mutants showed a more sensitive phenotype than the wild-type (Figure 3A,B).
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Figure 1. Characterization of T-DNA insertional mutants and transgenic overexpression lines in
MACP2. (A) Schematic depicting the MACP2 gene, indicating the T-DNA insertion site of MACP2-
KO-1 and MACP2-KO-2. (B) Identification of MACP2-KOs via PCR. The full-length MACP2 was
amplified with primer pair X52591 and X52592. The length-contained T-DNA sequence was amplified
via primer pair LBal and X52592 in KO-1, and KO-2. (C) Semiquantitative PCR of MACP2 in WT
and MACP2-KOs. The full-length MACP2 was amplified with primer pair X52591 and XS2592. The
ACTIN2 was amplified with primer pair ACTIN2-F and ACTIN2-R. (D) Identification in DNA level
of MACP2-YFP transgenic plants. MACP2 CDS was cloned into pFGC-RCS binary vector then the
expression cassette of MACP2-YFP was inserted into the Arabidopsis genome. UBQ10 and XS2489
were derived from the pFGC-RCS plasmid and MACP2 CDS, respectively. (E) Identification in RNA
level of MACP2-YFP transgenic plants. Transcriptional level of MACP2 in MACP2-OE-1 and MACP2-
OE-2 upregulated 3-5 times as that in wild-type. The data represent means from three independent
repeats. Statistical differences were identified using Student’s f test. ** p < 0.01. (F) Identification in
protein level of MACP2-YFP transgenic plants. Anti-GFP was used to recognize the specific YFP tag.
CBB represented Coomassie blue staining.
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Figure 2. Overexpression of MACP2 showed accelerated cell death in rosettes. Trypan blue staining
(A) and DAB staining (B) of wild-type, MACP2-KO mutants, and MACP2-OE rosettes after 4, 5,
and 6-week development. MACP2-OEs obtained more cell death lesions and higher levels of H,O,,
indicated by the brown color, than wild-type in the 5th and 6th weeks, while MACP2-KOs obtained
less cell death and lower levels of HyO, than wild-type. Bar = 1 mm.

In addition, we measured the endogenous SA levels in wild-type, KO mutants, and OE
transgenic lines during pathogen infection using liquid chromatography-mass spectrometry.
As shown in Figure 3C, in the CK group, the contents of SA and SAG were higher in the
OE plants but lower in the KO plants than in the wild-type (WT) plants. After Pst DC3000
treatment, although the SA content increased sharply in general, the SA and SAG contents
in OEs were significantly higher than those in the wild-type. In contrast, a reverse trend of
their content variation in response to Pst DC3000 treatment was found in the KOs.

On the basis of MACP2 promoting SA accumulation in response to bacterial pathogens,
we selected enhanced disease susceptibility 1 (EDS1), forming heterodimers with phy-
toalexin deficient 4 (PAD4) to promote SA accumulation [31], and to generate OE eds1-22
plants to further define the connection of the pathogen response and SA accumulation in
MACP2-OE plants. Then, we conducted Pst DC3000 inoculation assays in four-week-old
rosettes among different genotypes, including wild-type, OE, eds1-22, and OE eds1-22.
Disrupting the SA signaling pathway EDS1 suppressed the resistance phenotype to Pst
DC3000 in OE plants (Figure 3D,E). These results suggest that MACP2 strengthened plant
resistance to bacterial pathogens depending on the SA pathway in Arabidopsis.

2.4. MACP2-Weakened Plant Resistance Depending on the SA Pathway to Nectotrophic Fungal Pathogens

To explore whether the accumulation of SA in OE plants affected the response to
necrotrophic fungal pathogens, we conducted B. cinerea inoculation assays on four-week-
old wild-type, KO mutant, and OE plants. OE plants were hypersensitive to B. cinerea
infection compared to wild-type plants (Figure 4A,B), as confirmed by the larger lesion
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size in OE plants instead of the resistant phenotype, and the smaller lesion size in KO
plants (Figure 4A, B). Naturally, we also tested the contents of SA and SAG that were also
induced during fungal infection and accumulated in OEs (Figure 4C). B. cinerea infection
experiments were also carried out on OE eds1-22 plants and revealed that the absence of
the SA signal pathway EDS1 crippled the sensitive phenotype to B. cinerea in OE plants
(Figure 4D,E). These results suggest that MACP2 operates differentially in response to
bacterial and necrotrophic fungal pathogens.
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Figure 3. MACP2-strengthened plant resistance relying on SA pathway to the bacterial pathogen.
(A) Phenotypes of wild-type, MACP2-KOs, and MACP2-OE:s in response to Pst DC3000 infection.
Four-week-old wild-type, MACP2-KOs, and MACP2-OEs were infected with Pst DC3000 on leaf
surface and photographed 5 days after treatment. (B) Bacterial populations at 5 days postinoculation
in wild-type, MACP2-KOs, and MACP2-OEs leaves. The data represent means from three independent
repeats. Statistical differences were identified using Student’s t test. ** p < 0.01. (C) SA contents
detection of wild-type, MACP2-KO mutants, and MACP2-OEs adult plants during Pst DC3000
infection. The contents of SA and SAG were measured by LC-MS. The “g” in “ng/g” represents the
fresh weight. The experiments were biologically repeated three times with similar results. Error bars
represent SD (1 = 3 biological replicates). * p < 0.05, ** p < 0.01 by Student’s ¢ test. (D) Phenotypes of
leaves from 4-week-old wild-type, MACP2-OE, eds1-22, and MACP2-OE eds1-22 leaves in response to
Pst DC3000 infection. (E) Bacterial populations at 5 days postinoculation in wild-type, MACP2-OE,
eds1-22, and MACP2-OE eds1-22 leaves. The data represent means from three independent repeats.
Statistically significant differences were identified using Student’s f test. * p < 0.05, ** p < 0.01.
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Figure 4. MACP2-weakened plant resistance depending on SA pathway to fungal pathogen. (A) Phe-
notypes of leaves from 4-week-old wild-type, MACP2-KO mutants, and MACP2-OEs plants in
response to B. cinerea infection. Added B.c. on leaf surface and photographed 3 days after treat-
ment. (B) Relative lesion size of wild-type, MACP2-KOs, and MACP2-OEs leaves after 3 days of
B. cinerea infection. The lesion size was calculated by Image] and relative lesion size was calculated
by comparing the values from treated leaves versus mock leaves. Asterisks indicate significant
differences from the wild-type. ** p < 0.01 by Student’s f test. (C) SA contents detection of wild-type,
MACP2-KO mutants, and MACP2-OEs adult plants during B. cinerea infection. The contents of SA and
SAG were measured by LC-MS. The “g” in “ng/g” represented the fresh weight. The experiments
were biologically repeated three times with similar results. Error bars represent SD. n = 3 biologi-
cal replicates. ** p < 0.01 by Student’s t test. (D) Phenotypes of leaves from 4-week-old wild-type,
MACP2-OE, eds1-22, and MACP2-OE eds1-22 leaves in response to B. cinerea infection. (E) Relative
lesion size of wild-type, MACP2-OE, eds1-22, and MACP2-OE eds1-22 leaves after 3 days of B. cinerea
infection. Asterisks indicate significant differences from the wild-type. ** p < 0.01 by Student’s
t test.2.5. MACP?2 Differentially Modulates Plant Sensitivities to Fungal and Bacterial Pathogens via
the SA Signaling Pathway.
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To further investigate the difference between bacterial and fungal immunity caused
by MACP?2 overexpression, we detected the expression of genes related to SA-associated
defense responses, including PR1, PR5, ST1, and EDR2 [32-34], and JA-associated defense
responses, including PDF1.2a, PDF1.2b, VP51, and VPS2 [35] in rosettes. Consistent with the
phenotype resistant to bacterial pathogen in OE plants, the transcript levels of SA-associated
responsive genes in OE plants (with the exception of EDR2) showed a sharply upregulated
trend compared with the wild-type but displayed a significantly downregulated trend in
KO mutants. On the contrary, an inverse trend was observed for JA-related responsive genes
(Figure 5A), manifesting in significant upregulation in KO mutants but downregulation in
OEs. With the necrotrophic fungal pathogen (B. cinerea), the OEs displayed downregulation
of JA-responsive genes, and KOs showed fiercely higher expression than the wild-type.
In addition, SA-responsive genes were also induced slightly by B. cinerea and maintained
a higher expression level in OEs, resulting in a fungus-sensitive phenotype based on the
antagonizing role of SA and JA. Our results suggest that overexpression of MACP2 may
contribute to accelerated SA accumulation, thus activating the SA signaling pathway in
response to pathogen invasion.
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Figure 5. MACP2 differentially modulate plant sensitivities to fungal and bacterial pathogens via SA
signaling pathway. Heatmaps show the fold change of key regulators in SA and JA signaling pathways
in wild-type, MACP2-KO mutants, and MACP2-OEs plants after infection with Pst DC3000 (A) and B.
cinerea (B). The transcriptional profiles of relative gene expression values were analyzed using the TB
tools.

2.5. Alternatively Spliced Isoforms of MACP2 Are Differentially Expressed under Pathogen Treatment

To investigate the relationship between AS regulation of MACP2 and pathogen resis-
tance, we designed isoform-specific primers to explore the expression levels of these iso-
forms either under normal conditions or treatment with Pst DC3000 or B. cinerea (Figure 6A).
A total of three mRNAs can be detected for MACP2, named MACP2-1, MACP2-2, and
MACP2-3. Expression analysis using semiquantitative and real-time quantitative PCR
indicated that MACP2-1 and MACP2-3 were highly expressed in four-week-old rosettes
of the wild-type before any treatments (Figure 6B, C). Interestingly, Pst DC3000 induced
the expression of the MACP?2 locus, particularly through the transcription of MACP2-1,
but not the other two mRNA isoforms. In contrast, the transcript abundance of MACP2
was reduced in response to B. cinerea inoculation. Isoform-specific expression analysis
suggested that MACP2-1 and MACP2-2 contribute to this reduction, whereas MACP2-3
was elevated in comparison to untreated controls. Thus, the underlying mechanism of this
differential expression of MACP2 isoforms in response to different pathogens remains to
be further investigated.
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Figure 6. AS of MACP2 responded to fungal and bacterial pathogens. (A) Classification of three AS
of MACP2 gene. The blue represents exons and white represents introns. (B) Semiquantitative PCR
detection of full-length MACP2 and specific sequence of each AS (T1, T2, T3) in 4-week-old rosettes of
wild-type. The full-length of MACP2 was amplified with primer pair XS52591 and XS2592. The specific
sequences of AS were amplified with primer pairs MACP2-1 F/MACP2-1 R, MACP2-2 F/MACP2-2
R, and MACP2-3 F/MACP2-3 R, respectively. (C) qRT-PCR detection of common sequence (MACP2)
and specific sequence of each AS (T1, T2, T3) in 4-week-old rosettes of wild-type. The common
sequence of three AS was amplified with primer pair MACP2-F and MACP2-R. The specific sequences
of AS were amplified with primer pair mentioned in (B). The ACTIN2 was amplified with primer pair
ACTIN2-F and ACTIN2-R. Asterisks indicate significant differences from the wild-type. ** p < 0.01
by Student’s ¢ test. (D) qRT-PCR detection of AS responding to Pst DC3000 and B. cinerea after 3 days
of infection on 4-week-old rosettes of wild-type. Asterisks indicate significant differences from the
wild-type. * p < 0.05, ** p < 0.01 by Student’s ¢ test.

2.6. Indolic GS Contributed to Bacterial Resistance to MACP2-OE

To explore whether the increased SA contents in MACP2-OEs are related to tryptophan
(Trp)-derived glucosinolates, we examined the transcription level of six vital regulators in
GS biosynthesis in Arabidopsis plants, including MYB34, MYB51, MYB122 (involved in the
synthesis of indolic GSs), MYB28, MYB29, and MYB76 (related to the synthesis of aliphatic
GSs), and the level of GS contents, including the indolic GSs indol-3-ylmethyl-GS (I3M) and
1-methoxyindol-3-ylmethyl-GS (1-MOI3M), and the aliphatic GSs 4-methylsulfinylbutyl-GS
(4-MOSB), 5-methylsulfinylpentyl-GS (5-MSOP), and 8-methylsulfinyloctyl-GS (8-MSOO)
in wild-type, MACP2-KO mutants, and MACP2-OE plants rosettes after 3 days of Pst
DC3000 infection. The levels of indolic GS synthesis regulators (MYB34, MYB51, and
MYB122) and indolic GS species (I3M and 1-MOI3M) in response to Pst DC3000 infection
were significantly elevated in OE plants but significantly reduced in KO mutants (with
the exception of MYB51) compared to the wild-type (Figure 7A, B). In contrast, the tran-
scriptional level of aliphatic GS synthesis regulators (MYB28, MYB29, and MYB76) and the
levels of aliphatic GSs, including 4-MOSB, 5-MSOP, and 8-MSOQO, were not significantly
altered in OEs, while those related to aliphatic GSs and the levels of aliphatic GSs increased
in response to Pst DC3000 infection in general (Supplementary Figure S1). These findings
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indicate that MACP2 responds to pathogen infection in a tryptophan (Trp)-derived indole
glucosinolate-activated SA-dependent manner.
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Figure 7. Indolic GS contributed to bacteria resistance of MACP2-OE. (A) Heatmaps show the fold
change of key regulators in GS biosynthesis, containing MYB34, MYB51, and MYB122 in wild-type,
MACP2-KO mutants, and MACP2-OEs plants after Pst DC3000 infection. The transcriptional profiles
of relative gene expression values were analyzed using the TB tools. (B) Indolic GS contents of
wild-type, MACP2-KO mutants, and MACP2-OEs plants after Pst DC3000 infection. The contents
of indolic GS were measured by LC-MS. The experiments were biologically repeated three times
with similar results. Error bars represent SD. n = 3 biological replicates. Asterisks indicate significant
differences from the wild-type. * p < 0.05, ** p < 0.01 by Student’s ¢ test.

3. Discussion
3.1. Pleiotropic Function of MACPF Proteins in Plant Immunity and Programmed Cell Death

An orthologue search indicated that there are four MACPF proteins in Arabidopsis,
and two of them have been extensively studied in the past twenty years [19]. In this study,
we demonstrated that macp2 knockout mutants and MACP2-OEs display altered sensitivity
to bacterial and fungal pathogens (Figures 3 and 4), suggesting that MACP2 participates
in plant immunity responses to external pathogens. Interestingly, the knockout mutant
of CAD1 showed similar lesion mimic phenotypes [10,15,36], suggesting the activation of
immune responses in this knockout mutant. Previous genetic and physiological studies
have demonstrated that the cad1-1 mutant is resistant to the virulent bacterial pathogen Pst
DC3000 [15]. Similarly, the MACP2-OEs had a similar phenotype (Figure 3), showing fewer
lesions in comparison to the wild-type. The MACP2 shared 52.1% and 43.9% identity with
NSL1 and CAD]1, respectively [15]. The underlying mechanism of phenotypic variation
among these three MACPFs remains to be further investigated. One hypothesis that has
been proposed previously is that nonoverlapping functions of NSL1 and CAD1 may be
related to downstream defense-related R proteins [30]. At the molecular level, the cad1-5
mutant has been found to elevate PRI gene expression, the marker of plant immunity [15].
However, this hypothesis needs direct experimental evidence for further investigation.

Furthermore, the expression of NSL1 and CADI1 is not induced by biotic stress treat-
ments but is altered under abiotic stress conditions, suggesting that constitutive defense
responses of these Arabidopsis mutant lines may not be the primary function of these
MACEPF proteins [30]. Indeed, the massive production of reactive oxygen species (ROS)
through oxidative bursts during plant-pathogen interactions will trigger PCD in plants [37].
NSL1 has been proposed to disturb ROS production, thus impairing PCD during plant-
disease responses [30], whereas overexpression of MACP2 caused higher levels of H,O,
and profound cell death in rosette leaves (Figure 2).

In mammals, to form a transmembrane pore structure, MACPF domain-containing
proteins require the assisted assembly of other complement proteins [38,39]. However, no se-
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cretory peptide signal could be detected in the protein sequence of Arabidopsis MACPFs [15].
A previous study of NSL1 suggested that the metabolic imbalance detected in the nsl1
mutant may be the result of improper assembly of these pore structures [30]. By using
355- and native promoter-driven constructs, NSL1 was found to localize at the plasma
membrane in Arabidopsis. Similarly, the subcellular localization of CAD1 has been con-
firmed by fractionation and confocal microscopy approaches [15]. In this study, MACP2 is
a membrane-localized protein (Supplemental Figure S2), indicating that all three MACPFs
can be deployed by the plant immune system to the entry site as a defense mechanism
during host-microbe interactions. Unfortunately, there is little hard experimental evidence
to prove the formation of protein complexes by these MACPFs in plants. Our previous
study characterized MACPF genes in plants and revealed that several of those in Poaceae
participated in plant vegetative growth and environmental stress adaptation [18]. In addi-
tion, nonredundant phenotypes of CAD1 and NSL1 suggested that plant MACPFs may
function differently from their animal counterparts by assembling heteromeric complexes
themselves to create pore structures on cell membranes [15]. Furthermore, although NSL1
is localized at the cell membrane, it did not kill pathogens at the entry site, suggesting that
NSL1 has a differential mechanism in comparison to their animal orthologues. However,
further molecular and biochemical experiments are required to unravel the underlying
mechanism of plant MACPFs.

3.2. Plant Hormonal Signaling Is Critical to Influence MACP2-Mediated Disease Resistance

Plant hormones are important for all aspects of plant growth and physiology [40-43].
To unravel the molecular mechanism of MACP2-mediated PCD in plant immune responses,
the relationship between plant defense hormones and MACP2 were evaluated. Genetic
analysis of transgenic plants suggested that MACP2-mediated PCD is dependent on the
plant hormone SA (Figure 3), which is similar to the molecular mechanism of CAD1 [15]. It
has long been reported that the elimination of SA content could inhibit the expression of PR
genes and thus lower resistance to pathogen infection [44]. The cad1-1 mutant has a higher
level of SA content than the wild-types, and the introduction of the bacterial enzyme NahG
for SA degradation could rescue the PCD phenotype of cad1-1 [15]. Meanwhile, the SA
content increased significantly after treatment with both bacterial (Pst DC3000) and fungal
pathogens (B. cinerea).

Furthermore, NSL1-mediated PCD triggered by flg22 has been considered a potential
PAMP response and is characterized by the accumulation of SA and ROS, which are typical
MTI outputs in response to pathogen attacks [4,45]. In contrast, CAD1 has been proposed to
induce HR-related cell death by activating NLR signaling [36,46]. In this article, subsequent
analysis indicated that EDS1 is downstream of MACP2 to confer plant immune responses
(Figures 3 and 4). Similarly, most of the phenotypic and biochemical changes among
CADI1 transgenic lines are proposed to be dependent on EDS1-mediated signaling [15],
and approximately 90% of SA biosynthesis in plants is affected by EDS1-PAD4 signaling
in the cytosol and nucleus [47,48]. EDSI1 is a nucleocytoplasmic lipase-like protein that
is classified as a member of the NLR-TNL signaling pathway by forming heterodimers
with either phytoalexin deficient 4 (PAD4) or SAG101 [12,13]. Furthermore, the nsl1-3 pad4
double mutant did not show a hyperactive immunity phenotype, indicating that NSL1 is
guarded by NLR-TNL signaling [4]. In addition to SA biosynthesis activation, the EDS1-
PAD4 complex is able to induce the expression of genes involved in the cell death response,
such as PR1. In this study, the expression of PR1 and PR5 among transgenic Arabidopsis
MACP2-OEs correlated with SA levels, further validating that EDS] is responsible for
MACP2-mediated PCD. Nevertheless, except for EDS1, downstream signaling of MACPFs
in response to plant pathogens remains to be further investigated.

Intriguingly, a recent report demonstrated that the EDS1-PAD4 pair participates
in sphingolipid metabolism to trigger cell death in response to the fungal pathogen
B. cinerea [13]. The involvement of sphingolipids, especially long-chain ceramides, in
the MACP2-mediated PCD response is valuable for study. Furthermore, SA resists the

79



Int. J. Mol. Sci. 2022, 23, 8784

biotrophic pathogens living and reproducing on live host cells, whereas jasmonic acid
(JA) acts on necrotrophic pathogens that kill host cells for nutrition and reproduction.
Both of them play important but antagonistic signaling roles in pathogen responses [49].
EDS1-PAD4 signaling has been reported to play a negative role in response to B. cinerea, a
necrotrophic fungal pathogen that can activate the JA pathway in plants [50]. Thus, the
phenotypes of MACP?2 in response to B. cinerea could be explained (Figure 4), suggest-
ing that the repression of cell death in Arabidopsis effectively confers plant resistance to
B. cinerea. Similarly, JA accumulated in the cad]l mutant, and the JA/ethylene-induced gene
PDF1.2 was altered compared to wild-types [10]. Specifically, PDF1.2a and PDF1.2b were
differentially expressed in MACP2 transgenic lines in response to bacterial and fungal
pathogens (Figure 5), suggesting crosstalk between multiple plant hormonal signaling
pathways downstream of MACP2. Finally, different splice isoforms responded to bacterial
or fungal inoculation (Figure 6), indicating that the distinct response mechanism of MACP2
to bacterial and fungal pathogens can be controlled by posttranscriptional regulation, i.e.,
alternative splicing [51-55].

3.3. Glucosinolates Are Crucial Signal Messengers That Transduce Immunity-Triggered PCD
Downstream of MACPF Proteins

Previously identified EDS1-PAD4 signaling has been documented as a universal reg-
ulator of plant immunity, which also regulates multiple metabolic pathways of plant
hormones, phytoalexins (camalexin), and other secondary metabolisms (tocopherols and N-
hydroxypipecolic acid) [56]. In the study of NSL1, glucosinolates (GSs), an unsuspected role
of tryptophan-derived secondary metabolites, are pivotal messengers to initiate PCD by ac-
tivating SA biosynthesis in Arabidopsis [4]. Glucosinolates (sulfur- and nitrogen-containing
thioglucosides) show broad activity against insect herbivores and plant pathogens [57] and
are classified into three subcategories: aromatic GSs, methionine-derived aliphatic GSs
(AGSs), and tryptophan-derived indole GSs (IGSs) [58].

A pathogen-inducible myrosinase, penetration 2 (PEN2) involved in the biocon-
version of indole glucosinolates (IGSs) [59], plays an important role in PAMP-triggered
PCD in the absence of NSL1 [4]. PEN2 is responsible for releasing bioactive molecules
(e.g., isothiocyanates) with a wide range of toxicity to insects and plant pathogens [60]. In
particular, 4-methoxyindol-3-ylmethylglucosinolate (4MI3G, IGS against a broad spectrum
of fungal pathogens) is accumulated [61] under pathogen infection via PEN2 activity. In our
study, indolic GS species (I3M and 1-MOI3M) were highly accumulated in MACP2-OEs and
were less accumulated in MACP2-KOs in comparison to the levels of these compounds in
the wild-type plants (Figure 7), implying that IGs may function similarly as signal molecules
to connect MACP2 and downstream PCD responses. Furthermore, the conversion of I13G to
4MI3G has been proposed to be tightly regulated by the mitogen-activated protein kinase
(MAPK)-transcription factor (TF) cascade. The MPK3/MPK6-MYB34/51/122 cascade has
been suggested to participate in this regulation [62]. Here, the transcript abundance of three
R2R3-MYB TFs, MYB34, MYB51, and MYB122, was tested, showing a high correlation with
the content of I3M and 1-MOI3M in MACP2-KOs and MACP2-OEs (Figure 7). However,
the mechanism by which the EDS1-PAD4 pair triggers IGS biosynthesis remains elusive.
Further study of signal transduction downstream and the assembly mechanism of MACP2
will be informative because this is the general defense mechanism that plants possess to
restrict pathogen infection.

4. Materials and Methods
4.1. Plant Material, Growth Condition, and Treatment

Arabidopsis thaliana accession Columbia-0 (Col-0) was used as the wild-type line in this
study. MACP2-KO-1 (SALK_040186) and MACP2-KO-2 (SALK_052845C) were obtained
from The Arabidopsis Biological Resource Center (ABRC, USA, http:/ /www.arabidopsis.
org, accessed on 24 April 2015). The eds1-22 mutant used in this study has been described
previously [63]. For genetic analysis, the eds1-22 mutant was crossed with MACP2-OE to

80



Int. J. Mol. Sci. 2022, 23, 8784

generate OE eds1-22. For the seed germination assay, the Arabidopsis seeds were surface
sterilized with 20% bleach containing 0.1% Tween 20 (Sigma, P2287, St. Louis, MI, USA)
for 15 min, washed with distilled water 6 times, and then plated on 1/2 MS (Sigma,
M5519, USA) agar with 1% sucrose. The plates were incubated at 4 °C for 2 days and then
transferred to a greenhouse under a 16 h light/8 h dark photoperiod at 20 °C for 7 days
according to a previous study [64].

4.2. Plasmid Construction and Transgenic Plant Generation

All constructs were generated using the ClonExpress II One Step Cloning Kit (Vazyme,
C112, China). The gene-specific primers with 15 bp extensions homologous to the corre-
sponding vectors are listed in Supplemental Table S1.

To generate stable transgenic plants, MACP2 CDS was cloned into pUC119-YFP to
construct the expression cassette MACP2-YFP, which was cloned into the binary vector
PFGC-RCS via the same Ascl digestion site between the two vectors [65,66]. The expression
cassettes were subsequently introduced into wild-type Arabidopsis (Col-0) by Agrobac-
terium tumefaciens-medium transformation via the floral dip method [67] to generate
MACP2-YFP transgenic plants.

4.3. DAB and Trypan Blue Staining

Trypan blue staining and DAB staining were performed according to Xiao and
Chye [68]. For trypan blue staining, rosettes of 4-, 5-, and 6-week-old wild-type, MACP2-
Kos, and MACP2-OE plants were collected in 10 mL tubes and boiled for 5 min in trypan
blue staining buffer composed of 12.5% phenol (Thermo, K2599312, Waltham, MA, USA),
12.5% glycerol (Guangzhou Chemical Reagent Factory, Guangzhou, China), 12.5% lactic
acid, 48% ethanol (Guangzhou Chemical Reagent Factory, China) and 0.025% trypan blue.
The rosettes were incubated for 10 min at room temperature and then decolorized five
times in 70% chloral hydrate. For DAB staining, rosettes of 4-, 5-, and 6-week-old wild-type,
MACP2-Kos, and MACP2-OE plants were collected and incubated in 1 mg/mL DAB (Sigma,
D8001, USA) solution of 10 mM PBS (Vazyme, G101, pH 7.0, Nanjing, China) and 0.05%
Tween 20 at 37 °C in darkness overnight and subsequently decolorized in 95% ethanol at
65 °C 3 times every 2 h.

4.4. Pathogen Infection

Pathogen inoculation was carried out as previously described [69-71] with minor
modifications. The fungal pathogen Botrytis cinerea was maintained on V8 juice agar
medium at 25 °C in the dark for 10 days. Spore masses were collected and suspended in
Vogel buffer composed of 50 mM sucrose (Guangzhou Chemical Reagent Factory, China),
20 mM K,;HPO,4 (Damao Chemical Reagent Factory, China), 10 mM sodium citrate, 20 mM
(NH4)2504, 1 mM MgSO4 and 10 mM CaCl, (pH 5.0). More than 9 mature rosettes per
genotype from different 4-week-old plants were placed in petri dishes containing 0.6%
(w/v) agar. Each leaf was inoculated with 5 uL droplets containing 1.6 x 10° spores/mL of
B. cinerea suspension, incubated in the dark for 36 h, and then cultivated in a greenhouse
with a 16 h light/8 h dark photoperiod at 20 °C. The lesion diameter (mm) was calculated
using Image] software.

The bacterial pathogen P. syringae pv. tomato (Pst DC3000) was cultivated at 28 °C and
200 rpm in King’s medium B [70] containing rifampicin (New Probe, 50 mg/L, China). Then,
Pst DC3000 was collected by centrifugation and resuspended in 10 mM MgCl, at Agpp = 0.2.
Bacteria were then diluted 10 times to approximately 107 colony-forming units/mL in
10 mM MgCl, and 0.02% Silwet L-77 (New Probe, P001374, China) for inoculation. After
inoculation, the plants were kept in high humidity. To calculate the bacterial populations,
leaf discs (0.6 cm diameter) were collected from infected leaves, washed three times with
sterile water, and homogenized in 10 mM MgCl,, followed by applying appropriate di-
lutions on solid King’s B medium with rifampicin. All experiments were repeated three
times with similar results.
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4.5. SA Measurements

SA was extracted and measured as described previously [72,73]. Approximately
150 mg powdered tissue was weighed in a 2 mL centrifuge tube and extracted with 800 pL
of extraction buffer of 2-propanol/water/concentrated HCI (2:1:0.005, v/v/v) with internal
standards of 10 ng d4-SA (Sigma-Aldrich, USA). The mixtures were shaken mildly for
30 min at 4 °C, followed by adding 1 mL dichloromethane and shaking for an additional
30 min at 4 °C. The samples were then centrifuged at 13,000x g and 4 °C for 10 min.
Solvent (1 mL) from the lower phase was collected and dried using a nitrogen evaporator
with nitrogen flow. The samples were dissolved in a 200 uL mixture of 60% methanol
(Mreda, M042749, China) and 40% sterile ultrapure water. Quantitative analysis of SA was
performed via a chromatography (Shimadzu, Japan)-mass spectrometry (Triple TOF 5600,
AB SCIEX, USA) system according to Chen et al. [72].

4.6. RNA Extraction and RT-gPCR

Total RNA was extracted from 5- and 6-week-old Arabidopsis leaves referring to a
previous study [35]. Two milligrams of total RNA were extracted by HiPure Plant RNA
Mini kit (Magen, China) and converted into cDNA with the HiScript II QRT Super Mix kit
with gDNA Wiper (Vazyme). RT-qPCR assays (10 uL reaction volumes with gene-specific
primers, Supplemental Materials Table S1) were performed on a StepOne Plus Real-time
PCR System (Applied Biosystems) using ChamQ SYBR Color qPCR Master Mix (Vazyme,
China) and the following protocol: 95 °C for 5 min followed by 40 cycles of 95 °C for 15 s,
55°C for 15 s, and 72 °C for 30 s.

Primers for RT-PCR were described in both a previous publication and qPrimer DB
(https:/ /biodb.swu.edu.cn/qprimerdb/, accessed on 24 April 2015, [74]). Primers for
specific AS were designed in exon-exon junction, for which specificity was verified via
Primer-Blast software and amplified in restricted extension time to tule out genomic DNA
contribution. The efficiency of each primer pair was not evaluated and only comparisons
for each particular mRNA isoform under normal conditions or pathogen treatment were
compared to draw further conclusions. For calculation of relative transcription levels, the
delta of threshold cycle (ACt) values was calculated by subtracting the arithmetic mean
Ct values of the target genes from the normalizing ACTIN2. The relative transcription
level (2°"AACt) was calculated from three independent experiments. The fold change values
were visualized, illustrated, and standardized in a heatmap generated by the TBtools
package [75]. In the heatmap, the color represents the fold change value. The closer it is to
pink, the greater the fold change value.

4.7. GS Measurements

GSs were extracted and detected as described previously [35,76] with minor modi-
fications. Frozen leaf samples (120 mg) were ground with a glass rod in 1.2 mL ice-cold
MeOH/H,O0 (70:30, v/v) and incubated at 80 °C for 15 min. The homogenate was cen-
trifuged at 3500 x g and 4 °C for 10 min, and the supernatant was filtered through a 0.22 pm
filter for analysis. Chromatography (Shimadzu, Japan)-mass spectrometry (Triple TOF
5600, AB SCIEX, USA) was used to detect and analyze the GS contents according to Liao
et al. [35]. Quantification was performed using three technical replicates. Experiments were
repeated three times with similar results, and five plants of each genotype were collected
for one technical replicate.

4.8. Protein Isolation and Immunoblot Analysis

For total protein extraction, 4-week-old Arabidopsis seedlings grown in soil were
ground in liquid nitrogen and homogenized in ice-cold protein extraction buffer of 50 mM
sodium phosphate (pH 7.0), 200 mM NaCl, 10 mM MgCl,, 0.2% {3-mercaptoethanol (West-
gene, WG0482, China), and 10% glycerol, and supplemented with protease inhibitor cocktail
(Roche, 04693132001) according to Xia et al. [77]. The samples were placed on ice for 30 min
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and centrifuged at 4 °C at 12,000 g for 10 min. The supernatant was transferred to a new
microfuge tube before electrophoresis.

For immunoblot analysis, clarified extracts were subjected to SDS-PAGE and trans-
ferred to a Hybond-C membrane (Cytiva, 10600002, USA). Specific anti-GFP (Abmart,
M20004S, 1:5000, China) antibody was used in the protein blotting analysis.

4.9. Statistical Analysis

The significance of the difference between 2 groups was determined using Student’s
t test. The level of statistical significance is indicated by asterisks (* p < 0.05 and ** p < 0.01).
The numbers of samples are indicated in the figure legends.

5. Conclusions

Collectively, this study reveals the molecular mechanism of the Arabidopsis MACPF
domain-containing protein MACP2 in the plant immune response. The natural PCD, bacte-
rial pathogen resistance and necrotrophic fungal pathogen sensitivity observed in MACP2-
OEs is possibly mediated by the activation of IGSs and endogenous SA biosynthesis through
the EDS1 signaling pathway. These findings provide a genetic framework and knowledge
base to study the biochemical function of plant MACPF proteins in future works.
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Abstract: Grain size is an important component of quality and harvest traits in the field of rice
breeding. Although numerous quantitative trait loci (QTLs) of grain size in rice have been reported,
the molecular mechanisms of these QTLs remain poorly understood, and further research on QTL
observation and candidate gene identification is warranted. In our research, we developed a suite
of F, intercross populations from a cross of 9311 and CG. These primary populations were used
to map QTLs conferring grain size, evaluated across three environments, and then subjected to
bulked-segregant analysis-seq (BSA-seq). In total, 4, 11, 12 and 14 QTLs for grain length (GL), grain
width (GW), 1000-grain weight (TGW), and length/width ratio (LWR), respectively, were detected on
the basis of a single-environment analysis. In particular, over 200 splicing-related sites were identified
by whole-genome sequencing, including one splicing-site mutation with G>A at the beginning of
intron 4 on 050330841800 (9GL3.3), producing a smaller open reading frame, without the third and
fourth exons. A previous study revealed that the loss-of-function allele caused by this splicing site
can negatively regulate rice grain length. Furthermore, gTGW2.1 and gqGW2.3 were new QTLs for
grain width. We used the near-isogenic lines (NILs) of these GW QTLs to study their genetic effects
on individuals and pyramiding, and found that they have additive effects on GW. In summary, these
discoveries provide a valuable genetic resource, which will facilitate further study of the genetic
polymorphism of new rice varieties in rice breeding.

Keywords: rice; grain size; QTL; BSA-seq; splicing; additive effects

1. Introduction

Rice (Oryza sativa L.) is one of the crucial and staple cereal crops in the global village
and provides over 21 percent of the food needed by humankind [1]. There are many
advantages (published genome sequence, smaller genome size, high efficiency of genetic
transformation technology, and rich genetic resources) of rice, making it one of the most
popular model plants for studying plant biology, especially among monocotyledons [2]. In
2050, the global population is forecast to increase to 9.7 billion, and we will require more
food to sustainably feed the world [3]. To address the food crisis, it is particularly important
to increase the yield of rice and other food crops.
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Effective tiller number per plant, grain number per tiller, and grain weight are the key
factors controlling rice yield. Grain weight is predominantly controlled by grain shape [4].
To date, several major quantitative trait loci (QTLs) and genes controlling grain size have
been cloned and characterized (http:/ /www.gramene.org/; accesed on 12 August 2021),
most of which play a role in affecting the yield and appearance quality in rice [1,2]. These
QTLs and genes, which encode different kinds of proteins, regulate grain size by affecting
cell expansion and proliferation in the seed coat or the growth of the endosperm [5].

It has been reported that there are a few genes that affect grain size by controlling cell
proliferation [5]. GW2 is a RING-type E3 ubiquitin ligase that negatively controls grain
width by anchoring substrates to proteasomes, to regulate the proteolytic process [6]. GW5
is an important gene for controlling grain width and regulating the ubiquitin—proteasome
pathway [7]. Moreover, GS3 is a part of the G protein signaling pathway, which is associ-
ated with rice grain size [8,9]. gGL3 regulates grain length antagonistically and contains
two Kelch motifs that are necessary and sufficient for the negative regulatory function of
OsPPKL1 [10]. SG1I functions in the elongation of seeds, by decreasing cellular proliferation
and reducing responses to brassinolides (BRs) [11]. SMG1 encodes a mitogen-activated
protein kinase kinase 4 (OsMKK4), which regulates cell proliferation and grain size in
rice. OsMKK4 may act as a linkage factor between the BR and MAPK pathways in grain
development [12]. OsMKKK10, OsMKK4, and OsMAPK6 work in a common signaling
pathway, to regulate the grain size of rice by enhancing cell proliferation [13]. OsUBP15/LG1
affects grain width by regulating cell proliferation, and a ubiquitin-specific proteasel5 that
it encodes has deubiquitination activity. The results of genetic analysis indicated that GIW2
and LG1 have some relationship in affecting rice grain width [14]. All of these genes affect
grain size by controlling cell proliferation. In addition, several genes affect grain size by
controlling cell expansion [5]. OsBRI1 (d61) encodes a putative BR receptor kinase that has
a regulatory effect on rice growth and development [15]. SRS5 is an alpha-tubulin protein
and independently controls cell elongation in the BR signaling pathway [16]. GL7 and
its negative regulator together regulate longitudinal cell elongation [17]. G52/OsGRF4 is
a transcription factor that enhances grain weight and yield, primarily by regulating cell
expansion [18]. OsmiR396 could not regulate the expression of mutated OsGRF4, and Os-
GRF4 directly interacts with OsGIF1. Thus, there is an OsmiR396-OsGRF4-OsGIF1 module
that regulates grain size [19]. As a plant-specific transcription factor, GLW?7 affects cell size by
controlling cell expansion in the grain hull [20]. WT'G1 encodes a functional deubiquitinating
enzyme and affects cell expansion in spikelet hulls, to determine grain size [21].

Alternative splicing (AS) mainly regulates plant development and stress responses at
the posttranscriptional level and is one of the molecular mechanisms through which plants
regulate their gene interaction network [22,23]. Omics technologies have been diffusely
used to explore plant growth, organization development, and molecular
characteristics [24-26]; these technologies provide large amounts of information and can
be used to look for alternative splicing sites. Genome-wide transcriptome mapping has
shown that the range of alternative splicing in plants ranges from 42 to 61%. During differ-
ent stages of plant development and responses to environmental stress, many genes can
produce different alternative splicing products to participate in particular developmental
processes and responses to various environments [27]. Previous studies have found that
approximately 48% of rice genes show alternative splicing patterns [28]. In rice, AS partici-
pates in the circadian clock [29], grain quality [30], grain size [31], and so on. Some important
stress-response genes of AS, experienced in response to stress, are conserved in different plant
species [32-34].

In our study, we compared the whole-genome sequence of CG (a colossal grain rice)
with that of Nipponbare and found many differences. Among them, AS may play an
important role in the particularly large phenotypic differences between CG and the other
japonica rice. Meanwhile, we constructed an F, population using a cross between 9311
and CG, to locate QTLs correlated with grain size. In light of the QTL mapping results, we
developed a series of different grain size NILs, by successively backcrossing and selfing CG
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with 9311 as the recurrent parent. The objective of developing these NILs was to analyze the
additive and positive effects on the traits. In the future, the results of the current research
will be useful for exploring new genes related to grain size.

2. Results
2.1. Phenotypic Variation and Correlation Analysis

The two parents, 9311 and CG, showed highly significant differences in all grain-
related traits (GL, GW, LWR, and TGW). The grain size of CG and 9311 hybrid F; plants
was large and full, indicating that the large-grain phenotype was superior to the small-grain
phenotype (Table 1; Figure 1). CG had an extra-large grain size per 1000-grain weight (over
65 g) in comparison to 9311 (approximately 32 g). For the other grain-related traits, there
was also a significant difference between the parents in all environments (Table 1). This
result also indicates that CG can show good yield traits of grain in different environments.
All grain-related traits of the Fy.3 populations exhibited a typical and continuous normal
distribution in the three investigated environments (Figure 2), indicating a quantitative
inheritance suitable for QTL identification. For all grain-related traits, transgressive inheri-
tance was found in all Fy.3 populations. Nevertheless, the plants produced by transgressive
inheritance exhibited more extreme grain-related traits in Jining, demonstrating that these
grain-related phenotypes were potentially regulated by the environment.

To explore the correlations between these traits, we analyzed the Pearson correlation
coefficient of the F, population traits using IBM SPSS Statistics 26. GL and GW displayed
significant positive correlations with TGW. However, LWR and TGW showed no significant
correlations (Table 2).

Table 1. Phenotypic values of grain size in F,.3 populations.

. Parents F».3 Families 5 o
Trait Env. CG 9311 Mean + SD Range Skewness Kurtosis Wy (%)
15]N 13.92 ** 9.66 11.33 £ 0.96 9.18-15.24 0.340 0.431
GL (mm) 18HN 13.42 *x** 9.55 11.35 +0.96 9.51-14.75 0.445 0.037 97.7
19HUN 13.98 **** 9.81 10.59 £ 0.92 8.60-13.91 0.470 0.458
15]N 4.24 *xx* 2.78 328 £0.38 2.43-4.55 0.214 —0.189
GW (mm) 18HN 4.22 #xxx 2.85 3.46 £ 0.33 2.76-4.50 0.542 —0.188 98.5
19HUN 4.31 #x* 2.81 3.05+0.31 2.44-3.95 0.478 0.062
15]N 3.29 *** 3.48 3.48 +£0.39 2.30-4.81 0.182 0.003
LWR 18HN 3.18 *** 3.36 3.31+0.37 2.42-4.33 —0.007 —0.239 93.9
19HUN 3.25 et 3.49 3.50 +0.41 2.49-4.67 0.256 0.015
15]N 69.25 **** 32.15 4271 +£7.57 22.00-64.34 —0.048 —0.303
TGW (g) 18HN 65.00 **** 32.25 4523 +£6.22 31.30-70.10 0.385 0.776 90.6
19HUN 67.09 **** 31.58 44.83 £ 6.35 28.86-67.50 0.470 0.469

15]N, Jining 2015; 18HN, Hainan 2018; 19HUN, Hunan 2019. GL, grain length (mm); GW, grain width (mm);
LWR, length/width ratio; TGW, thousand-grain weight (g); SD, standard deviation; Env. represents environments;
h2), represents broad-sense heritability. Student’s t-test was used to generate p values; *** p < 0.001; **** p < 0.0001.

2.2. Identification of TGW QTLs Using QTL-Seq

The NGS-based high-throughput sequencing of the two parental genotypes, B-pool
and S-pool, resulted in 34,835,652, 31,949,878, 127,452,818, and 110,758,536 high-quality
short reads, covering 89.34-96.92% of the Nipponbare reference genome (Table S1). GATK
software was used to analyze the SNPs in the results. Finally, we obtained 640,595 high-
quality SNPs from polymorphisms in two parents and homozygotes for each parent. The
A (SNP index) and SNP index were computed using these SNPs. The average SNP index
across a 100-kb genomic range was calculated for the S-pool and B-pool using a 1-kb sliding
window and mapped by genome location, then A (SNP index) was calculated between
the two extreme bulk samples (Figure 3). A 95% (blue) confidence level was chosen as the
screening threshold, and windows larger than the threshold were selected as our candidate
intervals. Three regions were detected on chromosome 2, two regions were detected on
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chromosome 3, and three regions were detected on chromosome 5. As a result, these regions
may contain major QTLs controlling TGW. Nevertheless, these regions contained abundant
candidate SNPs, which made it difficult to find candidate genes responsible for TGW.
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b c d e
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Figure 1. Grain size of two parents and F; individuals derived from the cross between CG and
9311. (a) Grain phenotypes of 9311, F;, and CG, Bar, 1 cm. (b—e) Grain length, width, thickness, and
1000-grain weight of 9311, F1, and CG. Student’s ¢-test was used to generate p values; **** p < 0.0001.
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Figure 2. The frequency of the four grain traits in the F, population. The frequency of grain length,
width, length/width ratio, and 1000—grain weight in the F, population.
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Table 2. Phenotypic correlation between four grain traits (GL, GW, TGW, and LWR) of the F,3
populations across three environments.

Trait Env. GL GW TGW LWR
15N 1
GL 18HN 1
19HUN 1
15]N 0.385 ** 1
GW 18HN 0.163 * 1
19HUN 0.241 ** 1
15N 0.740 ** 0.631 ** 1
TGW 18HN 0.751 ** 0.627 ** 1
19HUN 0.790 ** 0.708 ** 1
15N 0.339 ** —0.728 ** —-0.114% 1
LWR 18HN 0.603 ** —0.683 ** 0.046 1
19HUN 0.536 ** —0.682 ** —0.027 1

*p <0.05, ** p < 0.01 Env. represents environments; 15]N, 18HN, and 19HUN represent Jining in 2015, Hainan in

2018, and Hunan in 2019, respectively.

SNPIndex

S\P ndex

A(SNPindex)
[

Ghromosome

Figure 3. SNP-index Manhattan plot of B-pool, S-pool, and A (SNP-index) from the BSA analysis.
SNP-index graphs of (a) big-grain bulk and (b) small-grain bulk. (c¢) A(SNP-index) graph. The
X-axis shows the position of the 12 chromosomes and the Y-axis shows the SNP-index (a,b) and
A (SNP-index). The blue line is the screening threshold at a 95% confidence level. SNPs are set to
different colors to help distinguish chromosomal boundaries.
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2.3. QTL Mapping of Grain Size in F, Populations

In the Fy.3 population, up to forty-one QTLs for rice grain size were detected separately
in each environment and spread on eight chromosomes (Table S2; Figure 4). Each QTL
explained 2.35% to 53.61% of the phenotypic variance.
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Figure 4. Distribution of identified quantitative trait loci (QTL) for grain size and grain weight on
genetic linkage maps in F, populations. The marks denote peak positions of QTL; 15]N, 18HN, and
19HUN represent Jining in 2015, Hainan in 2018 and Hunan in 2019, respectively. Numbers on the
left side are the genetic distances between two flanking markers with the unit centiMorgan (cM).

For GL, four QTLs were discovered on only chromosome 3 across the three tested
environments (Table S2; Figure 4). This finding suggested that chromosome 3 is the key
chromosome controlling grain length. The major QTL gGL3.2 overlapped in three environ-
ments, accounting for 22.23-53.61% of the phenotypic variation. Another major QTL, gGL3.4,
explained 12.11% and 11.17% of the phenotypic variation in the two environments, separately.
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For GW, 11 QTLs were mapped on chromosomes 2, 3, 4, 5, and 8 (Table S2; Figure 4).
Among them, four QTLs were expressed across two environments, and seven QTLs were
specific to one location. The proximity of the two QTL (gGW2.1 and qGW2.2) regions
indicated that they might represent one QTL detected in different environments. Three
major QTLs on chromosome 2 (qGW2.1, qGW2.2 and gGW2.3) were identified and explained
9.82-48.61% of the phenotypic variance. Moreover, three major QTLs on chromosome
5 (gGWb.1, qGW5.2 and qGW5.3) were detected and revealed high LOD scores ranging from
10.34 to 23.27.

For the LWR, a total of 14 QTLs were found and distributed on four chromosomes,
with PVEs of 2.51-33.68% (Table S2; Figure 4). Among them, three QTLs (JLWR2.2, gLWR3.2
and gLWR5.3) were significant in multiple environments, and only one QTL, gLWR5.3, was
identified across all three environments. In a single environment, the largest number of
QTLs was identified in Jining in 2015.

For TGW, 12 QTLs were mapped on chromosomes 1, 2, 3, 5, 8, and 9 (Table S2; Figure 4).
qTGW3.2 and qTGW5.1 were consistently observed in multiple environments, and others
were environment-specific QTLs. A major QTL, gTGW3.2, was constantly resolved in all
three environments, explaining 24.01-33.47% of the phenotypic variance.

It is worth noting that some QTLs were located in nearly the same region (Table S2).
The area between RM12674 and RM3501 on chromosome 2 was connected with gGW2.1,
qGW2.2, gLWR2.2, gTGW2.2 and gTGW?2.3; and the hereditary effects of these QTLs might
all result from the major gene GW2 and other new minor genes. Combined with the results
of whole-genome sequencing, it was found that a 1-bp deletion resulted in a premature stop
codon in exon 4 of GW2. DNA sequencing also showed this difference in GW2 between CG
and 9311. Based on the sequencing results and EnsemblPlants (http://plants.ensembl.org;
accessed on 16 May 2021) data, we predicted the amino acid sequences of GW2 in the
coding regions of 9311, CG and Nipponbare (Figure S1). Other major QTLs for GL (gGL3.3,
qGL3.4, gLWR3.5, gTGW3.4 and gTGW3.5) were located in the same region as GL3.3. We also
found base mutation-induced alternative splicing of OsSK41/0OsGSK5 in whole-genome
sequencing results. These results are consistent with those previously published [31]. These
results also demonstrated the accuracy of the high-throughput sequencing results.

2.4. Construct NIL and Analysis of Additive Effects of Some QTLs

To assess the adjustment effects of several adjacent QTLs on chromosome 2, we
developed four NILs in the BC3F5 population by marker-assisted selection (Figure 5a).
NIL-0 (similar to 9311), NIL-1 (containing gLWR2.1/gTGW2.1), NIL-2 (4GW2.1 and qGW2.2),
and NIL-3 (qGW2.1, gGW2.2 and gGW2.3) had positive additive effects on grain width
(Figure 5b,c). Thus, compared to NIL-0, NIL-2 and NIL-3 had significantly increased grain
width, by 22.9% and 33.2%, respectively. The 1000-grain weights of the two were almost
the same and more than 33% higher than that of NIL-0, which might be due to the slightly
longer grain length of NIL-2 compared to NIL-3 (Figure 5f,g). Moreover, we constructed
NIL-1 using the tightly-linked molecular markers RM5780 and RM12674. Although the
locus in NIL-1 was not detected in grain width alone, it still increased grain width, and we
suspected that it might be a minor QTL covered by GIW2.

2.5. Candidate Gene Analysis of the gTGW2.1 Target Region

Since this locus was a minor QTL, we could only perform fine mapping by combining
the constructed NIL-1 with high-throughput sequencing. To avoid missing the possible
mutation sites, we expanded the screening range and finally selected 5,350,000-5,780,000 bp
on chromosome 2 as the candidate interval for gTGW2.1. SNPs and InDels existing in
the above interval were screened by whole-genome sequencing results, and the genes at
the loci causing frameshift, nonsynonymous, or alternative splicing were preferentially
selected as candidate genes; 39 genes were finally screened (Table S3).
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3. Discussion
3.1. Strategy: An Efficient and Economical Approach for QTL Mapping

Rice yield is closely related to grain size. A few QTLs of rice grain size have been
detected and characterized [35]. Previously, traditional BSA was shown to be an elegant
method to detect molecular markers that are closely related to QTLs or target genes for
an assigned phenotype [36]. It should be noted that the practicality of DNA markers is
the major factor constraining their usefulness. Moreover, genotyping of the bulked DNAs
expends considerable energy and money.

In recent years, high-throughput sequencing technologies have been gradually applied
to map genes. Combining high-throughput sequencing and BSA has been shown to be
an effective and economical method for QTL mapping [37]. Some successful studies have
been reported in rice [37-40].

In this study, we not only used SNPs obtained by high-throughput sequencing tech-
nology for primary mapping of grain weight, but also developed the detected InDels into
molecular markers, which contributed to marker-assisted selection and fine mapping of
the newly discovered QTLs.

3.2. Novel QTLs Are Identified for Grain Size

Considering the great difference in grain size between CG and 9311, we used the F;
population to map QTLs in different environments. Finally, up to 41 QTLs related to grain
size were detected in these populations. We contrasted corresponding and colocalized QTLs
with previously reported QTLs for similar or identical traits, according to the physical
positions of markers closely associated with the base linkage map. Most of the QTLs
detected in our study were found to be located at similar or identical chromosomal regions
as previously reported [6,7,10,31,41]. gGW2.1 and qGW2.2 affect grain width and are
linked to RM12857 (8.6 Mb) and may be identical to GW2 (8.1 Mb) [6]. gGL3.3 and gGL3 4,
which affect grain length, are linked to RM16200 (35.6 Mb) and may be the same as GL3.3
(354 Mb) [31]. We verified these reported major QTLs using whole-genome sequencing results.

Furthermore, comparing the other QTLs in the three regions, we regarded some of
them as having the same loci. For instance, gGL3.2, gLWR3.2, gLWR3.3 and 4TGW3.2 were
mapped to the same location as OsPPKLI [10]. gGW5.1, gLWR5.1, gLWR5.2 and gTGWb.1
were mapped to the same location as GS5 [41]. gGW5.2, qGW5.3 and qLWR5.3 were mapped
to the same location as GW5 [7].

In addition, we identified two valuable new loci (gTGW2.1 and gGW2.3) and fine
mapped one of them. There are many candidate genes related to rice growth and devel-
opment in gTGW2.1. For example, Os02g0202000 (OsWR1) is an ethylene response factor
that regulates wax synthesis and drought tolerance [42]. Os02¢0202400 (OsBT1) encodes an
ADP-glucose transporter protein that controls the synthesis of starch during grain develop-
ment [43]. 050250202800 encodes the FAR1 domain-containing protein. In Arabidopsis, FAR1
and its homologue FHY3 have crucial functions in plant growth and development [44].

The above QTLs showed stability in different genetic backgrounds and environ-
ments and could be used for MAS. The detected alleles are crucial for NILs based on
the 9311 genetic background in biodiversity research and molecular breeding. A number
of the major QTLs will be further applied for fine mapping, cloning, and analysis of their
genetic mechanisms.

3.3. Alternative Splicing in the Mutant CG

We compared the whole-genome sequencing results with the Nipponbare refer-
ence genome and identified 222 splicing sites, including the published gene OsGSK5
(Figure 6; Table S54). OsGSK5 can encode a GSK3/SHAGGY-like kinase and negatively
affect GL and TGW by regulating cell size and number. Other splicing sites may also have
some functions in regulating rice growth and development and responding to stress.
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CG with the Nipponbare reference genome.

Whole-genome and transcriptome datasets of different rice varieties can serve as a
powerful resource for the biological interpretation of trait-related loci, splicing isoform
ratios and phenotypic results to help produce high-yielding rice varieties [45]. In future
studies, transcriptome datasets of CG can be used to verify these splicing sites. We will
use The Rice Annotation Project Database (https:/ /rapdb.dna.affrc.go.jp/; accessed on
22 May 2021) to analyze and predict the function of the genes where these splicing sites
reside. Furthermore, the splicing variants between CG, 9311 and Nipponbare were detected
by a semiquantitative technique, and their phenotypic effects on different rice varieties

were determined.
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3.4. NIL-3 Is a Possibly Beneficial Resource for Rice Breeding

The results of planting in Hainan showed that the plant height and the heading stage
of NIL-3 were significantly different from those of other NILs, which may be due to the
presence of a gene near §GW2.3 that controls plant height and heading stage (Figure 5d,e).
In subsequent studies, we will construct a near-isogenic line of this locus, which will be
used to locate genes controlling grain width and heading stage.

Yangdao 6 (9311) is a single cropping indica rice variety with disease resistance,
high quality, and high yield. The combinations of Yueyou 938, Guangliangyou 6, and
Liangyoupeijiu were bred with Yangdao 6 as the male parent, which also had a good
quality, high yield, and disease resistance and presented good prospects for popularization
and application. These results indicate that a high level of inbred lines might be beneficial
for improving the level of hybrid rice breeding. The NIL-3 constructed in this study, not
only greatly shortened the growth period of 9311, but also promoted grain shape and yield,
which may provide germplasm resources for superior rice breeding and improvement.

4. Materials and Methods
4.1. Plant Materials

We found a colossal grain rice (CG) of the japonica rice variety Azucena background,
which was mutagenized with ethyl methane sulfonate (EMS) to produce a mutant library
for screening large grains. After the seed of CG was harvested and planted for multiple
generations, its grain phenotype became stable.

For the QTL analysis, an F, population was derived from a cross between the japonica
cultivar CG and the indica cultivar 9311 (small, slender grains). The seeds of the F;
population were planted in different times and places, while 305 F, plants were harvested
in Jining in 2015, 183 F; plants were reaped in Hainan in 2018, and 192 F, plants were
successfully self-pollinated in Hunan in 2019, respectively.

From the BC3F5 generation, four corresponding NILs were screened by molecular
marker-assisted selection (MAS).

4.2. Phenotypic Measurements and Heritability Estimation

In this study, four grain size traits were measured for all populations: grain length (GL;
mm), grain width (GW; mm), length/width ratio (LWR), and 1000-grain weight (TGW; g).
Grain length, grain width, length /width ratio, and 1000-grain weight were estimated using
50 grains randomly chosen from grains of individual plants. These traits were calculated
by the average of three replicated measurements using Wanshen SC-G automatic seed test
analysis and a 1000-grain weight instrument. In addition, descriptive statistics, such as
kurtosis and skewness, were procured for F, using the statistical functions of Microsoft
Excel 2013, and statistical analysis, such as Student’s t test, was conducted using SPSS
statistics 26.0 for Windows (IBM, Armonk, NY, USA).

The broad-sense heritability (h%;) for each trait was estimated according to a previously
described method [46].

4.3. Acquisition and Analysis of BSA Data

We extracted DNA samples from rice leaves and constructed two DNA pools for
Pool-seq, according to a previously described method [37,47]. Among them, there was little
change in pool size. We constructed two DNA pools (large pool and small pool) using
50 plants from the 2015 Jining experiment. The average sequencing depth of sequencing
libraries was over 10x for the parental pools and over 40x for the two descendant pools.

Library construction and analysis of BSA data were performed using Novogene
(Novogene, Beijing, China). Detailed sequencing and analysis methods can be found in
previous descriptions [37,48-50].
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4.4. DNA Extraction, Molecular Marker Development and PCR Protocol

We extracted total genomic DNA samples from individual plants using the cetyl-
trimethyl-ammonium bromide (CTAB) method. Subsequently, the DNA samples were
dissolved in double-distilled HyO. The quality was determined by 1% agarose gel mixed
with ethidium bromide.

The insertion/deletion primers (InDels) were developed using Primer 5.0 based on
polymorphisms between the whole-genome sequences of CG and 9311. Primers for am-
plifying gene fragments were also developed using Primer 5.0. A total of 482 simple
sequence repeat (SSR) molecular markers were downloaded from the Gramene website
(http:/ /www.gramene.org/archive; accesed on 17 June 2015) and tested with population
and parents for polymorphism. However, only 119 of them could be used for QTL mapping
and screening target lines for developing near-isogenic lines (NILs).

Total genomic DNA samples were diluted to 100 ng/pL, and PCR amplification was
enforced by Vazyme’s protocol with 2x Taq Master Mix (Dye Plus) in a 15-uL reaction
volume. Denatured amplified products were then separated on 4% polyacrylamide gels
with ethidium bromide.

4.5. Construction of Genetic Linkage Maps and QTL Analysis

In light of the genotype of the F, population, QTL IciMapping 4.2 software with the
MAP function was used to map QTLs based on 3 years of phenotypic data.

QTL analysis was carried out by the Inclusive Composite Interval Mapping of Additive
(ICIM-ADD) module within QTL IciMapping 4.2. The chromosomal location figures of
NILs and AS sites were drawn by Mapchart 2.32 [51]. The arguments for detecting putative
QTLs and additive QTLs were set according to a previously described method [52].

5. Conclusions

Grain size is an important part of quality and harvest traits in rice breeding. Increasing
rice yield and ensuring food security are together considered the direction of our future
efforts [3]. The QTLs detected in this study will be helpful to elucidate the molecular
mechanism of grain size adjustment. In particular, NIL-3 will provide breeding material
for superior rice. Furthermore, SNPs identified at splice sites or splicing-related proteins in
the present study may play an important role in particularly large phenotypic differences
between CG and the other japonica rice.
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Abstract: Poor grain filling of inferior spikelets, especially in some large-panicle rice varieties, is
becoming a major limitation in breaking the ceiling of rice production. In our previous studies,
we proved that post-anthesis moderate soil drying (MD) was an effective way to promote starch
synthesis and inferior grain filling. As one of the most important regulatory processes in response to
environmental cues and at different developmental stages, the function of alternative splicing (AS)
has not yet been revealed in regulating grain filling under MD conditions. In this study, AS events at
the most active grain-filling stage were identified in inferior spikelets under well-watered control (CK)
and MD treatments. Of 16,089 AS events, 1840 AS events involving 1392 genes occurred differentially
between the CK and MD treatments, many of which function on spliceosome, ncRNA metabolic
process, starch, and sucrose metabolism, and other functions. Some of the splicing factors and starch
synthesis-related genes, such as SR protein, hnRNP protein, OsAGPL2, OsAPS2, OsSSIVa, OsSSIVD,
OsGBSSII, and OsISA1 showed differential AS changes under MD treatment. The expression of
miR439f and miR444b was reduced due to an AS event which occurred in the intron where miRNAs
were located in the MD-treated inferior spikelets. On the contrary, OsAGPL2, an AGPase encoding
gene, was alternatively spliced, resulting in different transcripts with or without the miR393b binding
site, suggesting a potential mechanism for miRNA-mediated gene regulation on grain filling of
inferior spikelets in response to MD treatment. This study provides some new insights into the
function of AS on the MD-promoted grain filling of inferior spikelets, and potential application in
agriculture to increase rice yields by genetic approaches.

Keywords: alternative splicing; microRNA; moderate soil drying; inferior spikelets; rice

1. Introduction

Rice (Oryza sativa L.) is a staple food for more than half of the world’s population.
However, its current levels of production cannot meet the demand driven by rapid popu-
lation growth and economic development [1]. Hence, there is an urgent need to improve
global rice production. China officially launched the Super Rice Breeding Program in 1996,
aiming to cultivate new rice varieties with a high yield [2]. However, most of the super
rice cultivars failed to achieve the high yield, mainly due to the poor grain filling of the
later-flowering inferior spikelets [34].

The inferior spikelets flower later, exhibit a slower rate of increase in dry weight
during grain development, and have a lower grain weight [4]. Many measures, such as
moderate soil drying (MD) irrigation [5-7], rising CO, concentration, and applications
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of plant hormones [8-10] have been used to improve the grain filling of inferior grains.
The main component of rice endosperm is starch, and defects in starch synthesis will
usually lead to incomplete grain filling. Four classes of enzymes, including ADP-glucose
pyrophosphorylase (AGP), starch synthase (SS), starch branching enzyme (SBE), and starch
debranching enzyme (DBE) are the most important enzymes in rice grain filling, which
determine the grain weight and starch quality [11,12]. Numerous sources have shown
that the manipulation of the starch biosynthesis pathway by modern molecular genetic
techniques will alter the grain filling. It is also well demonstrated that grain filling is
sensitive to different environmental cues [13,14], of which MD treatment has been proven to
be a highly effective means of increasing inferior grain filling and grain yield by improving
the key enzymes in sucrose-to-starch conversion [5,6,15]. The enzyme activities, especially
sucrose synthase (SUS) and AGP in the inferior spikelets, are significantly enhanced by MD
treatment, resulting in am improved inferior grain filling rate, grain weight, and yield [7,16].
Antagonism or synergistic interaction between ABA, ethylene, GA, and IAA play a critical
role during grain filling under MD treatment [5,7,9]. Although it has been demonstrated
that MD treatment regulated the hormonal balance, which thus played facilitatory roles
during the grain filling in the inferior spikelets, the critical mechanism underlying the
regulation of starch biosynthesis has yet to be well established.

Alternative splicing (AS), a process that generates multiple distinct transcripts from a
single multi-exon gene, is prevalent in plants and responds to environmental changes and
stress treatments [17,18], including ultraviolet (UV) irradiation [19], temperature stress (cold
and heat) [20,21], and cadmium stress [22]. As an important factor in gene regulation, AS is
an emerging research area related to post-transcriptional regulation [23], and significantly
affects crop growth and development. For instance, the pre-mRNA splicing of the OsFCA
gene controls the developmental switch from the vegetative to the reproductive phase in
Arabidopsis [24]. In addition, the Waxy gene encodes a granule-bound starch synthase that
is necessary for the synthesis of amylose in endosperm. Alternative splicing, caused by a
single mutation in the 5’ splice site of Waxy, results in a reduced level of amylose [25,26].
Most recently, AS of OsGS1;1 affected grain filling by regulating the amylose content and
sugar metabolism [27]. These studies indicate that AS affects plant development and is also
involved in regulating grain filling.

MicroRNAs (miRNAs), another post-transcriptional regulation mechanism, can be clas-
sified as either intergenic miRNAs or intronic miRNAs [24]. In animals, pre-mRNA splicing
has been shown to participate in both intergenic and intronic miRNA processing [28,29].
This mechanism has also been conducted in plant miRNA primary transcripts [30,31].
MiRNAs play roles usually through regulating their target genes [32], which would be
interrupted by the AS-induced disruption of miRNA binding sites [33]. It was shown that
the additional regulation conferred by alternative splicing may link spliceosome activity
to the regulation of certain miRNA-target interactions [33]. Recent works suggest that
miRNAs, including miR1861, miR1432, and miR397, contribute to grain filling by regulating
the starch synthesis and phytohormone biosynthesis in response to MD treatment [34-37].
However, the function of AS and its interaction with the miRNAs induced by MD treatment
in regulating grain filling has not been reported. The aim of the present investigation was
to identify AS events and the regulatory mechanism of grain filling in rice inferior spikelets
under MD treatment at the most active stage of grain filling. We expect to propose a
mechanism of MD-induced AS and its interaction with miRNAs in regulating the grain
filling of inferior spikelets.

2. Results

2.1. AS Events of Rice Inferior Spikelets in Response to Moderate Soil Drying during Grain Filling
RNA-seq and small-RNA analysis at the most active grain filling stage (9 days after

anthesis (DAA)) revealed that both starch synthesis and phytohormone biosynthesis are

both regulated directly by MD treatment and indirectly regulated through differentially

expressed miRNAs in inferior spikelets in response to MD treatment [7,34]. Another
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significant advantage of RNA-seq analysis is that differences in splicing can be detected
from the sequences of the various transcripts. In this study, rMATS was utilized to identify
the frequency of the different classes of differential splicing in rice inferior spikelets in
response to MD treatment during grain filling.

There are several AS mechanisms, including skipped exon (SE), alternative 5 splice
site (A5SS), alternative 3’ splice site (A3SS), mutually exclusive exon (MXE), and retained
intron (RI) (Figure S1, Supplementary Materials). Each of these AS events can result in
distinct transcripts, and hence diverse biological functions. The AS events of the rice infe-
rior spikelets were analyzed using the rMATS software (http:/ /rnaseq-mats.sourceforge.
net/index.html; Version 4.1.0, accessed on 11 July 2022). As shown in Figure 1A and
Table S1, Supplementary Materials, large numbers of AS events (CK, 14,264; MD, 15,788)
were detected in the rice inferior spikelets during grain filling. Intriguingly, all of the AS
types, including SE, A5SS, A3SS, MXE and RI, were significantly increased under MD
treatment. Moreover, SE represented the largest proportion of AS events, at 45.57%. The
percentages of MXE, A5SS, RI, and A3SS over the total AS event types were 2.42%, 12.38%,
17.44%, and 22.18%, respectively (Figure 1B).
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Figure 1. Summary of AS type of rice inferior spikelets under CK and MD conditions. (A) Number
of the identified AS events. SE, skipped exon; A5SS, alternative 5’ splice site; A3SS, alternative 3/
splice site; MXE, mutually exclusive exon; RI, retained intron; (B) Summary of AS type, represented
as percentages.

2.2. MD-Induced AS Might Be Involved in Regulating Grain Filling of Rice Inferior Spikelets

On detailed analysis of the AS events, we found that the known AS events were
the major event of rice inferior spikelets, accounting for 85.89% of the total AS events
(Figure 2A). A total of 1840 differentially alternative splicing (DAS) events involving
1392 genes between the CK and MD treatments in inferior grains were obtained (Figure 2B).
Compared with all of the AS types (Figure 1B), the percentages of A3SS and A5SS of
DAS types increased by 8.25-9.14%, while MXE, RI, and SE had a 1.31-14.40% reduction
(Figure 2C), suggesting that the AS events in inferior spikelets showed various susceptibili-
ties to MD treatment.

Gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis (Figure 2D,E) were performed to identify the potential functions of
these DAS genes. Of these, based on the GO database, the GO terms in the DAS genes
were enriched in functions of biological process, including “Branched-chain amino acid
metabolic process”, “Hexose metabolic process”, “Starch metabolic process”, “ncRNA
metabolic process”, “Monosaccharide metabolic process”, “Starch biosynthetic process”
and “RNA processing” (Figure 2D). The KEGG analysis of the DAS genes revealed that
most of the genes were enriched in functions of “metabolism” and “genetic information
processing”. “Other glycan degradation”, “RNA transport”, “Spliceosome” and “Starch
and sucrose metabolism” were the most enriched KEGG pathways (Figure 2E). We then
investigated the DAS genes related to the spliceosome pathway (Figure S2, Supplemen-
tary Materials), which showed that the parts of the splicing factor encoding genes and
the RNA recognition motif containing proteins were affected in the MD-treated grains
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(Figure S2, Supplementary Materials), such as serine/arginine-rich (SR) protein subfamily
gene (LOC_Os07g47630), RS domain with zinc knuckle protein (RSZ) subfamily gene
(LOC_0Os02g54770), plant-specific SC35-like splicing factor (SCL) (LOC_Os12g38430), het-
erogeneous nuclear ribonucleoprotein particle (hnRNP) protein gene (LOC_0Os02g12850),
and pre-mRNA-splicing factor SF2 (LOC_Os01g21420) (Figure 3). All of those genes may
greatly alter the protein isoforms in comparison with the control group, and function
as essential factors for constitutive and alternative splicing [38—40], which might in turn
explain the increase in the AS events under MD treatment (Figure 1).
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Figure 2. Identification of DAS events and most enriched GO and KEGG pathways of DAS genes in
inferior kernels in the comparison of CK and MD at 9 DAA. (A) Proportion of known AS in all AS
events; (B) Proportion of DAS in all AS events; (C) Summary of DAS type, represented as percentages;
(D) The top 20 most enriched GO pathways of DAS genes; (E) The top 20 most enriched KEGG
pathways of DAS genes. Several prominent signaling pathways were annotated with red arrow.

Given the GO and KEGG analysis results and the essential role of starch metabolism
in grain filling, we focused on the DAS events of the starch synthesis-related genes and
found that several DAS genes involved in starch synthesis had several AS forms under CK
and MD treatments (Figure 4; File S1). ADP-glucose pyrophosphorylase genes (OsAGPL2,
LOC_0Os01g44220; OsAPS2, LOC_Os08g25734), key genes in regulating starch synthesis
and grain filling [41] were reported that allosteric regulation on translated proteins of those
genes has altered the catalytic activity of the cytoplasmic AGPase and starch biosynthe-
sis [42]. In the present study, the several AS forms of the AGPase genes were identified
under CK and MD treatments, including the known and novel AS events (Figure 4; File S1).
Furthermore, several variants of other starch synthase-related gene transcripts, including
OsAGPL2, OsAPS2, starch branching enzyme gene (OsSBEI, LOC_Os06g51084), granule-
bound starch synthase gene (OsGBSSII, LOC_Os07g22930), soluble starch synthase genes
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(OsSSIVa, LOC_0Os01g52250; OsSSIVh, LOC_0Os05g45720), phosphoglucose isomerase
gene (OsPgi, LOC_Os08g37380), isoamylase gene (OsISA1, LOC_Os08g40930; OsISA3,
LOC_0Os09g29404) and glucan phosphatase gene (OsSEX4, LOC_Os03g01750). These
results indicated that the promotion of starch biosynthesis by MD treatment in inferior
spikelets was partially mediated by the MD-induced AS during grain filling.
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Figure 3. Quantitative visualization (Sashimi plot) of some DAS events of spliceosome pathway
genes of rice inferior spikelets in the comparison of CK and MD at 9 DAA. (A) LOC_01g21420;
(B) LOC_02g12850; (C) LOC_02g54770; (D) LOC_05g30140; (E) LOC_06g14470; (F) LOC_07g47630;
(G) LOC_08g01840; (H) LOC_11g47760; (I) LOC_12g38430. Each track visualizes the splicing event
within the biological replicates for the CK (orange) and MD (red) treatment samples. Count values
on curved lines describe the coverage within the splice junction. The left scale presents the coverage
depth in the range of the AS region. IncLevel are presented on the right side for each track. AS
models are indicated below the figure.
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Figure 4. Quantitative visualization (Sashimi plot) of some DAS events of starch synthesis-related
genes of rice inferior spikelets in the comparison of CK and MD at 9 DAA. Known AS events
(A-H) and novel AS events (I-K) of starch synthesis-related genes in inferior kernels under CK and
MD treatments. (A) LOC_01g44220; (B) LOC_08g25734; (C) LOC_06g51084; (D) LOC_07g22930;
(E) LOC_05g45720; (F) LOC_08g37380; (G) LOC_08g40930; (H) LOC_09g29404; (I) LOC_01g44220;
(J) LOC_01g52250; (K) LOC_03g01750.

2.3. MD-Induced AS Event Influenced Primary miRNA Expression

The biogenesis of miRNAs relies on the coupled interaction of Pol-II-mediated pre-
mRNA transcription and intron excision [43], during which the accurate splicing of the
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intron is critical for the efficient processing of the mRNA [21]. For this reason, we identified
all of the RI-type AS events and the related intronic miRNAs in the inferior spikelets of
rice under MD treatments. Hundreds of the RI-type AS events are organized in each
chromosome, four of which identified a significant association between the AS events
and intronic miRNAs (Figure 5). MiR439f, miR1847, miR444b, and miR1867 are located
within the intronic regions of LOC_Os01g35930, LOC_Os01g36640, LOC_0s02g36924, and
LOC_0Os03g53190, respectively (Figure 5). The expression of miR439f and miR444b were
reduced in MD-treated inferior spikelets, detected by small RNA-seq in our previous
study (Figure 54, Supplementary Materials) [34]. Those intronic miRNAs putative targets
were predicted in previous studies [34,44], including MADS-box family gene (MADS)
genes, AP2-like ethylene-responsive transcription factor genes, NAC domain-containing
protein genes, and other transcription factors or genes. A granule-bound starch synthase
gene (OsGBSSII) was found to be regulated by miR1867, as revealed by the 5-RACE and
degradome analysis [45]. These results indicate that AS acts as a regulatory mechanism for
the miRNA processing in response to MD treatment, and might regulate grain filling via
their target genes.

0Mb 4.80Mb 9.6Mb 14.4Mb 19.2Mb 24Mb 28.8Mb 33.6Mb 38.4Mb 43.2Mb
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Figure 5. Distribution of RI-type AS events and the related intronic miRNAs in inferior spikelets of
rice under CK and MD treatments. The location of the RI-type AS events with intronic miRNAs are
indicated with red stars.

2.4. Identification of miRNA Binding Sites Disturbed by AS of Rice Inferior Spikelets under
Moderate Soil Drying Post-Anthesis

Plant miRNAs recognize their target mRNAs through perfect or near perfect base
pairing, which can be blocked by disrupting the miRNA binding sites (MBS) by AS [33,46].
OsAGPL2, a key gene in regulating starch synthesis, has seven different transcripts with a
varying length of 5 UTR (ranging from 218 bp to 600 bp) by AS (Figure 6). Based on the
transcriptome results and AsmiR tools (http:/ /forestry.fafu.edu.cn/bioinfor/db/ASmiR/;
accessed on 1 April 2022), there was an AS region in the interval of 25,354,183-25,355,073
bp on Chrl at the 5 UTR of OsAGPL2 that contains a functional binding site for miR393b.
Several alternatively spliced transcripts of rice inferior spikelets do not contain the MBSs.
Therefore, the miR393b-OsAGPL2 interaction network in rice spikelets might be disrupted
by AS on the binding sites under CK and MD treatments, which could be a potential novel
mechanism of MD-promoted grain filling of inferior spikelets.
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3. Discussion
3.1. DAS Events in Response to MDD Treatment Participate in Starch Biosynthesis and Contribute
to Increased Grain Filling in Inferior Spikelets

The AS of the pre-mRNAs from multiexon genes allows organisms to increase their
coding potential and regulates the gene expression through multiple mechanisms. AS
is involved in most of the plant processes, including plant growth, development, and
responses to external cues [47]. The function of AS on grain filling and yield has been a
research hotspot for many years [26,27,48-52]. A single mutation at the 5'splice site of
Waxy affects the alternative splicing of its pre-mRNA, resulting in the reduced levels of
amylose [25]. The AS of OsbZIP58 may contribute to heat tolerance, and have an effect
on some of the starch-hydrolyzing «-amylase genes during grain filling [52]. Alternative
splicing of OsLG3b has also been reported to control grain length and yield in rice [50].
WhenTaGS3 undergoes AS, it produces five splicing variants, resulting in opposite effects
on grain weight and grain size [51]. Recently, a study also demonstrated that the AS of
GS1,1 affects grain amylose content and sugar metabolism in rice [27]. In the present study;,
a total of 1840 DAS events, including OsbZIP58, OsLG3b, and OsAGPL2, were identified
under CK and MD treatments in inferior spikelets (File S1), suggesting that the AS events in
response to MD treatment also participate in starch biosynthesis and contribute to increased
grain yield.

Furthermore, by analyzing the GO and KEGG signaling pathways of the DAS genes,
starch biosynthetic and sucrose metabolism were also represented in the most enriched
KEGG pathways (Figure 2D,E), including OsAGPL2, OsAPS2, OsSSIVa, OsSSIVb, OsGBSSII,
OsISA1, etc. In rice seed endosperm, the cytosolic AGP isoform, the OsAGPS2b/OsAGPL2
complex, catalyzes the limiting step and plays a key role in starch synthesis [41,53]. SSIV
is considered important for the initiation of starch granules [54]. OsISA1 is one of the
most important genes determining the starch structures in rice grains, which is directly
involved in the synthesis of amylopectin [55]. These results indicate that the MD promotion
of starch synthase and biosynthesis was mediated partially by the MD-induced AS during
grain filling.

108



Int. J. Mol. Sci. 2022, 23,7770

3.2. AS of Pre-mRNAs of Splicing Factors Increases the Complexity of Inferior Grain Filling
Response to MD Treatment

SR proteins and hnRNP proteins are the main families of splicing factors, which
guide spliceosomal components and thereby the spliceosome to the respective splice
sites [47,56,57]. They are essential splicing factors required for both constitutive and
alternative splicing [17]. Several reports indicate that various biotic and abiotic stresses
influence the AS of pre-mRNAs of many spliceosomal proteins. The SR proteins, in
particular, undergo extensive alternate splicing [17,18,20]. Accumulating evidence suggests
that manipulating SR protein expression subsequently alters the splicing of other pre-
mRNAs, including SR pre-mRNAs [17,57]. In this study, the spliceosome pathway was
also one of the most enriched pathways in the inferior spikelet under MD conditions
(Figure 2E), leading to an increase in the AS events. The spliceosome-related genes undergo
AS to produce multiple transcripts under MD treatments, including SR protein subfamily
genes, RSZ subfamily genes, plant-specific SCL subfamily genes, and other splicing factors
genes (Figure 3). This result may also in turn explain the increase in the AS events under
MD treatment (Figure 1). Thus, the MD-induced AS of pre-mRNAs of splicing regulators
increases the complexity of gene regulation, which may also contribute to the increased
grain filling in the inferior spikelets.

3.3. MD-Induced AS Provides a Mechanism for the Regulation of miRNAProcessing, Leading to
Increased Grain Filling in Inferior Spikelets

The AS of pre-mRNAs are widespread in eukaryotes, and generate different mature
RNA isoforms from the same primary transcript, ensuring the proper expression of the
genome and the higher proteome diversity [33]. Several intronic miRNAs have been
discovered in plants [58,59], some of which have potential AS isoforms that may be affected
by the AS events triggered under specific conditions [58,60]. The miR400 case nicely
illustrates this issue, providing direct evidence that AS acts as a regulatory mechanism for
miRNA processing [21]. In this study, we identified all of the RI-type AS events containing
miRNAs. Four relating events particularly attracted our attention (Figure 5). MiR439f,
miR1847, miR444b, and miR1867 are located within the intronic regions of its host, whose
expressions were reduced in MD-treated inferior spikelets (Figure 54, Supplementary
Materials), indicating that intronic splicing may regulate the miRNA expression in response
to MD treatment. Recently, growing evidence has demonstrated that the miRNAs also play
crucial roles in controlling grain filling [34,35,44,61]. As reported previously, miR1867 was
highly expressed during grain filling, and can regulate the genes implicated in the starch
synthesis pathways in rice [45]. Therefore, we conclude that the MD-induced AS provides a
possible mechanism for the regulation of microRNA processing, which may also contribute
to the increased grain filling in inferior spikelets.

3.4. AS of Target Genes Increases the Complexity of miRNAs Regulation of Starch Biosynthesis

As key post-transcriptional regulators, miRNNAs regulate their target genes by binding
to the complementary MBS in the target mRNAs. A higher frequency of AS at MBSs and
alternatively spliced MBSs enhances the regulatory complexity of the miRNA-mediated
gene networks [33]. For example, AS produces multiple SPL4 mRNA isoforms, with or
without the binding site for miR156, resulting in an accelerated rate of flowering induction
and significantly fewer adult leaves [33]. Os01g31870.8, one of the shortest transcript
variants of OsNramp6, were downregulated by miR7695, which was the only transcript
containing MBSs complementary to miR7695 [62]. OsAGPL2, a AGPase gene, plays a
pivotal role in starch biosynthesis in higher plants, whose activity is directly determined
by the population of the allosteric regulation [42]. The genomic data indicated that seven
transcript variants of OsAGPL2 were produced by alternative splicing (Figure 6). Among the
various OsAGPL2 splice variants, only three transcript variants contained complementary
sites for miR393b-derived small RN As, which were located at the 5 UTR region of those
transcript variants. All of those results indicate that the AS of OsAGPL2 may attenuate
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miR393b-mediated gene regulation and ultimately lead to altered levels of enzyme activity.
Furthermore, the miR393-overexpressed transgenic lines have smaller seed size compared
with the wild type [63]. The expression of miR393b-3p was also reduced by MD treatment
in the inferior spikelets [34]. Thus, the MD-induced AS of MBS increases the complexity of
the miR393b-OsAGPL2 gene regulation and function on starch biosynthesis regulation.

4. Materials and Methods
4.1. Plant Material and Experimental Design

The plant materials and growth conditions were described in detail in our previous
article [7]. Briefly, the experiment was conducted in a greenhouse in the normal rice growing
season in Changsha, China. Nipponbare (Nip) was used in this study. The seedings were
raised at a hill spacing of 0.2 mx 0.2 m and two seedings per hill. Fertilizer and pesticide
treatments were applied, according to normal agricultural practices, as described previously
by Zhang et al. [16]. All of the plants were maintained well-watered up to 6 DAA. The soil
water potential was monitored in the MD treatment with two tensiometers (Institute of
Soil Science, Chinese Academy of Sciences, Nanjing, China) installed at a depth of 30 cm.
The pots were not irrigated until the soil water potential reached —25 kPa. The CK plants
were used as a blank control. The inferior kernels from each treatment were sampled
at 9 DAA with three biological replicates, and preserved in a refrigerator at —80 °C for
RNA sequencing.

4.2. RNA-seq Analysis

The RNA sequencing and analysis were performed by Majorbio Bio-pharm Technol-
ogy Co., Ltd. (Shanghai, China). The data were analyzed on the online platform Majorbio
Cloud Platform (www.majorbio.com; accessed on 1 November 2020). Briefly, the total
RNA was extracted using Plant RNA Purification Reagent, according to the manufac-
turer’s instructions (Invitrogen, Carlsbad, CA, USA). The construction of the sequencing
libraries, analysis, qualification, and paired-end RNA-seq sequencing were described by
Teng et al. [7]. The transcriptomic data were submitted to the NCBI, and the relevant
accession number is PRJNA728244.

4.3. Alternative Splicing Analysis

The rMATS software with default settings was used to detect the differential al-
ternative splicing events from RNA-seq data [64]. The online platform PlantSPEAD
(http://chemyang.ccnu.edu.cn/ccb/database/PlantSPEAD; accessed on 1 November
2020) was used to perform the splicing factors” analyses [65]. The mRNA-Seq alignment
files generated by HISAT2 (http:/ /ccb.jhu.edu/software/hisat2 /index.shtml; accessed on
1 November 2020) were used as an input for the rMATS analysis. The rice genome annota-
tion project (http:/ /rice.plantbiology.msu.edu/; accessed on 1 November 2020) was used
as a reference, with default parameter settings. Finally, the rIMATS was used to calculate the
p-value for the AS events among the different treatments. The DAS events were extracted
with a p-value < 0.05. Splicing models of some of the DAS events were exported from the
rMATS software and processed. To visualize the rMATS results and splicing model of DAS
events, Majorbio Cloud Platform was used.

4.4. GO and KEGG Pathway Analyses

In addition, functional enrichment analysis, including GO and KEGG was performed to
identify which DAS genes were the top 20 most enriched in GO (http:/ /www.geneontology.
org/; accessed on 1 April 2022) and KEGG (http://www.genome.jp/kegg/; accessed on
1 April 2022) database, compared with the whole-transcriptome background.

5. Conclusions

Taken together, the RNA-sequencing and small RNA-sequencing were used to reveal
the interaction between AS and miRNAs in inferior spikelets under moderate soil drying.
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The results show that post-anthesis moderate soil drying differentially affected the AS of
genes, many of which function on spliceosome and starch and sucrose metabolism. The
MD-induced AS could be a potential mechanism modulating the expression of intronic
miRNAs and their function on grain filling. Alternatively, the AS of MBSs is also a plausi-
ble mechanism for miRNA-mediated gene regulation on inferior grain filling under MD
treatment. To summarize, this study expands our understanding of the AS function on the
MD-promoted grain filling of inferior spikelets.
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Abstract: Alkaloids are a class of nitrogen-containing alkaline organic compounds found in na-
ture, with significant biological activity, and are also important active ingredients in Chinese herbal
medicine. Amaryllidaceae plants are rich in alkaloids, among which galanthamine, lycorine, and
lycoramine are representative. Since the difficulty and high cost of synthesizing alkaloids have been
the major obstacles in industrial production, particularly the molecular mechanism underlying alka-
loid biosynthesis is largely unknown. Here, we determined the alkaloid content in Lycoris longituba,
Lycoris incarnata, and Lycoris sprengeri, and performed a SWATH-MS (sequential window acquisition
of all theoretical mass spectra)-based quantitative approach to detect proteome changes in the three
Lycoris. A total of 2193 proteins were quantified, of which 720 proteins showed a difference in
abundance between LI and Ls, and 463 proteins showed a difference in abundance between Li and Ls.
KEGG enrichment analysis revealed that differentially expressed proteins are distributed in specific
biological processes including amino acid metabolism, starch, and sucrose metabolism, implicating a
supportive role for Amaryllidaceae alkaloids metabolism in Lycoris. Furthermore, several key genes
collectively known as OMT and NMT were identified, which are probably responsible for galan-
thamine biosynthesis. Interestingly, RNA processing-related proteins were also abundantly detected
in alkaloid-rich LI, suggesting that posttranscriptional regulation such as alternative splicing may
contribute to the biosynthesis of Amaryllidaceae alkaloids. Taken together, our SWATH-MS-based
proteomic investigation may reveal the differences in alkaloid contents at the protein levels, providing
a comprehensive proteome reference for the regulatory metabolism of Amaryllidaceae alkaloids.

Keywords: alkaloids; galanthamine; Lycoris; metabolism; SWATH-MS

1. Introduction

Lycoris spp. Amaryllidaceae is found in tropical and temperate regions, especially
in China and Japan. It has long been widely used as folk medicine to treat various dis-
eases [1,2]. Lycoris bulbs are used as traditional Chinese herbal medicine to treat sore throat,
abscess, cancer, suppurative wound, poliomyelitis, mastitis, otitis media, ulcer, and neu-
rodegenerative diseases [3]. According to the “Compendium of Chinese Materia Medica”,
Lycoris also works in detoxifying, diminishing inflammation, pain relief, and diuresis [4].
Alkaloids are the main medicinal chemicals in the bulbs of Lycoris plants. Alkaloids are
heterocyclic nitrogen compounds and have significant biological activities in human health
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applications. For example, the application in medicine is morphine, which has a powerful
analgesic and sedative effect in clinical practice. Diterpenoid alkaloids isolated from Ranun-
culaceae were found to have antibacterial properties [5,6]. Carbohydrate alkaloids extracted
from Solanum nigrum berries are medically used in the prevention of HIV infection and
AIDS-related intestinal infections [7,8]. More than 600 alkaloids with various structures
have been isolated from Lycoris plants including galanthamine, lycoramine, and lycorine
thus far and have a variety of biological activities including anticancer, anti-inflammatory,
anti-plasmodium, and antibacterial activities [3,9].

Galanthamine is a representative alkaloid of Lycoris, which is a selective, long-acting,
reversible, and competitive acetylcholinesterase inhibitor. Symptomatic treatment for
AD slows the progression of the disease and helps relieve memory loss [10]. Recently,
transcriptomic and metabolomic analyses of L. radiata were performed to investigate the
biosynthesis of galanthamine in different organs. It was found that LrNNR, LrN4OMT,
and LrCYP96T were highly expressed in bulbs, which is consistent with the observation
that more galanthamine is present in bulbs than in roots and leaves [11]. Functional
characterization of the lycoris phenylalanine ammonia-lyase gene (LrPAL) revealed that
LrPAL may be the limiting factor for the biosynthesis of galanthamine [12]. On the other
hand, NpNBS condenses tyramine and 3,4-DHBA into norbelladine which is the first step
in benzylisoquinoline alkaloid biosynthesis [13]. In addition, recombinant LIOMT catalyzes
norbelladine to generate 4’-O-methylnorbelladine and overexpression of LIOMT in Lycoris
longituba could increase the galanthamine content [14,15]. To date, previous research on the
biosynthesis of galanthamine only focused on a few key genes, and the whole biosynthetic
pathway of galanthamine in plants has not been comprehensively investigated particularly
for the metabolism regulatory network from the perspective of proteome level.

This study was conducted by SWATH-MS technology to explore the proteome of
Lycoris. SWATH-MS is a specific data-independent-acquisition (DIA)-based method and
is emerging as a technology that combines deep proteome coverage capabilities with
quantitative consistency and accuracy [16]. SWATH overcomes the problem of stochasticity
in data-dependent acquisition (DDA), making the detection results more reproducible and
consistent. The wider coverage and higher detection sensitivity will further provide more
ways to verify the function of the target protein in plants, which makes SWATH-MS a
huge prospect in plant proteomics research [17]. In this study, the relative quantitative
comparison of proteins among three groups of Lycoris samples with different alkaloid
contents was carried out by quantitative proteomics technology based on SWATH-MS,
and a total of 2193 proteins were detected. The differentially expressed proteins among
the three groups were enriched in the amino acid metabolism pathway, galanthamine
synthesis pathway, and sucrose metabolism pathway. Analysis of bioinformatics data will
offer considerable information on the proteome among the three Lycoris with different
alkaloid contents, and also provide deeper insights into the molecular mechanisms of
Amaryllidaceae alkaloid’s regulatory metabolism. In summary, our SWATH-MS-based
proteomics study can provide new insights into the mechanism of alkaloid-regulated
metabolism in Amaryllidaceae at the protein level, and provide new ideas for the yield
enhancement of alkaloid biosynthesis in the future.

2. Results
2.1. SWATH-MS-Based Proteomic Analysis among Three Species of Lycoris with Different
Alkaloid Content

To further investigate the biosynthesis of Amaryllidaceae alkaloids in Lycoris species,
we performed a SWATH-MS-based proteomic analysis of Lycoris longituba (LI), Lycoris
incarnata (Li), and Lycoris sprengeri (Ls) with different alkaloid contents. The three Lycoris
materials were collected from the Institute of Botany, Chinese Academy of Sciences, Jiangsu
Province, China. Among them, the total content of alkaloids in L/ was the highest, whereas
in Ls was the lowest (Figure 1B).
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Figure 1. Phenotype of samples and alkaloid contents of three kinds of Lycoris species. (A) The
three kinds of plant materials: Lycoris longituba, Lycoris incarnata, and Lycoris sprengeri. They were
collected from the Institute of Botany, Chinese Academy of Sciences, Jiangsu Province, China
(32.05° N, 118.83° E) in late March when the leaves were growing vigorously (Bars = 3 cm). (B) The
total content of three alkaloids in Lycoris longituba was the highest, whereas that in Lycoris sprengeri
was the lowest.

We selected three groups of samples as biological replicates for proteomic analysis.
The correlation coefficient of the samples within the group and the principal component
clustering results strongly reflected the high reliability of the appropriate sampling and
suitability for subsequent analysis (Figure S1A). A total of 2193 proteins were quantified,
and the group with the lowest alkaloid content Ls served as the control group. Proteins
with a fold change above 2 or below 0.5 (p < 0.05) were considered differentially expressed
proteins (DEPs) in this study. As shown in the volcano diagram, 485 upregulated proteins
and 235 downregulated proteins were detected in LI compared with Ls, whereas 288
upregulated proteins and 175 downregulated proteins were detected in Li (Figure 2A). The
cluster heatmap showed significant changes in protein abundance. When we compared L/
with Ls, red and green colors, respectively, indicated upregulation and downregulation;
when we compared Li with Ls, red and blue colors, respectively, indicated upregulation and
downregulation (Figure S1C,D). This suggests that some crucial regulators or pathways
have been induced, potentially affecting the biosynthesis of Amaryllidaceae alkaloids
in Lycoris.
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Figure 2. The overview and functional classification by KEGG and MAPMAN BIN.of DEPs. (A) The
volcano picture shows the distribution of differentially expressed proteins with different fold changes.
(B) Venn diagram shows the number of differential proteins compared between the two groups.
(C) KEGG pathway classification was performed on the differential proteins of the 2 groups and
enriched in the top 10 pathways. Amino acid biosynthesis, starch, and sucrose metabolic pathways
are significantly activated. (D) MAPMAN BIN categorization of DEPs; blue and red represent

down-regulated and up-regulated proteins, respectively.
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2.2. Functional Classification of DEPs

KEGG pathway classification was performed on the two groups’ differential proteins
and enriched in the top 10 pathways in order to quickly view the pathways that affect the
biosynthesis of Amaryllidaceae alkaloids in Lycoris. For example, amino acid biosynthesis
and starch and sucrose metabolic pathways were significantly activated and may be in-
volved in contributing to the biosynthesis of Amaryllidaceae alkaloids in Lycoris (Figure 2C).
Subsequently, we used the MapMAN BIN system to functionally classify the differentially
expressed proteins into two groups. For example, compared with Ls, all differential proteins
were assigned to 32 functional categories in LI, including “protein metabolism”, “RNA
processing and transport”, “signal transduction”, and other categories which constitute
the main part of differential proteins, indicating these proteins have a great impact on the
biosynthesis of Amaryllidaceae alkaloids in Lycoris. Among these, 21 of the 26 proteins
involved in amino acid metabolism were downregulated. In the following sections, these
upregulated or downregulated proteins will be mapped to different physiological and
biochemical pathways, and the correlation between these biochemical pathways and the
biosynthesis of alkaloids will be discussed (Figure 2D).

2.3. Effects of Amino Acid Metabolism on the Biosynthesis of Amaryllidaceae Alkaloids in Lycoris

Amino acids are closely related to the synthesis of plant alkaloids, and the nitrogen
in complex alkaloids comes from amines derived from amino acid metabolism [18]. The
amines contributing to alkaloid biosynthesis are derived from various amino acids, and are
divided into two categories including polyamines and aromatic amines. Tyrosine is the pre-
cursor of multiple alkaloid families, including benzylisoquinolines (BIAs), Amaryllidaceae
alkaloids, and betalains. TyrDC from Amaryllidaceae alkaloid biosynthesis has recently
been discovered, it enables the incorporation of tyramine into the structures [15].

Through previous analyses of KEGG and MAPMAN BIN, we integrated the identi-
fied proteins embedded into different amino acid biosynthesis pathways by KEGG and
MAPMAN BIN analysis (Table S1). Proteins with significant changes in abundance were
enriched in the biosynthesis of alanine, aspartate, glutamate, cysteine, methionine, and
arginine (Figure 3), of which alanine and arginine are the raw materials for the biosynthesis
of plant alkaloids. Conversely, various alkaloids can negatively regulate the biosynthesis of
glutamate in cells [19].

We detected a total of 38 differential proteins in the amino acid metabolism pathway,
mainly concentrated in the biosynthesis and metabolism pathways of amino acids such as
alanine, arginine, and cysteine. Among them, 18 genes were upregulated in L], 12 genes
were upregulated in Li, and 8 genes were upregulated in Ls. In general, the highly expressed
proteins were mainly concentrated in LI, which was consistent with the highest alkaloid
content of LI, implicating that amino acid metabolism is closely related to the biosynthesis
of Amaryllidaceae alkaloids in Lycoris.
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Figure 3. Amino acid metabolism is closely related to the biosynthesis of Amaryllidaceae alkaloids in
Lycoris. We detected a total of 38 differential proteins in the amino acid metabolism pathway. The
highly expressed proteins were mainly concentrated in LI, which was consistent with the actual
detected trend of alkaloid content of the three varieties.
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2.4. Important Genes Involved in the Galanthamine Biosynthesis Pathway for Alkaloids Production
in Lycoris

Galanthamine is a unique isoquinoline alkaloid and competitive acetylcholinesterase
inhibitor that has broad prospects for future medical applications. The difficulty and high
cost of synthesizing galanthamine have been the major obstacles to industrial production.
The biosynthetic pathway of Gal has recently been elucidated including phenylalanine am-
monia lyase (PAL), cinnamic acid-4-hydroxylase (C4H), coumaric acid 3-hydroxylase, tyro-
sine decarboxylase (TYDC), desmethylbelladine synthase (NBS), desmethylbelladine 40-O-
methyltransferase (OMT), desmethoxymalidine synthase (CYP96T1), and N-methyltransferase
(NMT) [15,20]. OMT is a methyltransferase that is involved in the biosynthesis of many
alkaloids. For example, OMT has been shown to be responsible for multiple substrate and
region-specific methylation in the roots of G. flavum and the biosynthesis and metabolism
of plant alkaloids [21,22]. NMT is also a methyltransferase that has been shown to catalyze
phenylisoquinoline alkaloids, one biosynthetic precursor of morphine [23]. In this study,
we detected ten differentially expressed proteins among the three Lycoris species in the
biosynthetic pathway of galanthamine. Among them, three proteins collectively known
as OMT probably catalyzed norbelladine into 4’-O-methylnorbelladine and subsequently
oxidized to N-demethylnawedine, further reduced to N-demethylgalanthamine. Seven
other identified proteins known as NMT are probably responsible for the methylation of
N-demethylgalanthamine to galanthamine (Figure 4).
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Figure 4. Candidate genes responsible for the biosynthesis of galanthamine in Lycoris.
189251_c7_gl.p1 and 175950_c0_g1.p1 and other genes upregulated in LI, which provide the raw
material for the biosynthesis of galanthamine, consistent with the highest galanthamine content in LI.

2.5. Other Pathways Related to the Amaryllidaceae alkaloids in Lycoris

According to our MapMAN BIN system results, some proteins were detected to be
enriched in starch and sucrose metabolism pathways suggesting a reciprocal regulation
between alkaloids and sugar metabolism on the seasonal variation of alkaloids and total
polyphenol contents, showing a contrasting tendency in sugar content and tissue devel-
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opment [24] (Figure 5A). Likewise, some proteins showed differences in abundance in
secondary metabolic pathways, which are likely to contribute to the biosynthesis of alka-
loids. For example, the upregulated 187456_c3_g1.p1 and 189251_c7_g1.p1 in LI participate
in the biosynthesis of sinapyl alcohol, resulting in an increase in the alkaloid raw material
sinapyl alcohol, which would eventually lead to a rise in alkaloid content [25] (Figure 5B).
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Figure 5. Potenial pathways contribute to the biosynthesis of Amaryllidaceae alkaloids in Lycoris.
(A) Some proteins were detected to be enriched in starch and sucrose metabolism pathways sug-
gesting a reciprocal regulation between alkaloids and sugar metabolism. (B) In secondary metabolic
pathways, the up-regulated 187456_c3_g1.p1 and 189251_c7_g1.p1 in LI participate in the biosynthesis
of sinapyl alcohol, resulting in an increase in the alkaloid raw material sinapyl alcohol. Eventually,
this leads to a rise in alkaloid content.
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3. Discussion
3.1. Advanced High-Throughput Omics Technology Facilities the Elucidation on the Regulatory
Metabolism of Lycoris Species

Multiple-omics technologies have been extensively applied to various aspects of Ly-
coris research. Transcriptome analysis facilities the identification of key regulatory genes
involved in anthocyanin metabolism during flower development in Lycoris radiata [26].
Proteomic analysis helps us better understand the molecular mechanism of L. radiata devel-
opment and provides valuable information about the proteins involved in the development
and stress response of other Lycoris genera [27]. Multi-omics such as transcriptomic and
metabolomic analyses reveal that exogenous methyl jasmonate regulates galanthamine
biosynthesis in Lycoris longituba seedlings; furthermore, anthocyanin biosynthesis, steroid
biosynthesis, and R2R3 MYB TFs may play vital regulatory roles in petal color development
in L. sprengeri [15,28]. Therefore, we used innovative SWATH-MS quantitative proteomics
to investigate the molecular regulatory network of Amaryllidaceae alkaloids metabolism
in Lycoris, which provides a new strategy for the future exploration of the biosynthesis
and function of secondary metabolites. Furthermore, single-cell-based omics reveals that
alkaloids are localized in Catharanthus roseus stem and leaf tissues [29], which would be an
effective strategy to determine intercellular localization of alkaloids from different tissues in
Lycoris, thus understanding the mechanism of alkaloids biosynthesis at the cellular level. A
flow cytometry study of the nuclear DNA contents of Lycoris species (Amaryllidaceae) with
different chromosome numbers revealed that the Lycoris genome contains approximately
30 G [30]. Since the Lycoris genome is so large and undiscovered, Pacbio’s new revolu-
tionary long-read length sequencing system, revio, will significantly reduce sequencing
costs, and is expected to be applied to the Lycoris genome, thus providing a high-quality
map of the Lycoris genome and providing a scientific basis for the metabolic regulatory
mechanisms in Lycoris.

3.2. Candidate Genes Responsible for the Biosynthesis of Amaryllidaceae alkaloids in Lycoris

Seeking some target proteins among the differentially expressed proteins is nec-
essary to illuminate the biosynthesis process of Amaryllidaceae alkaloids in Lycoris.
Here, we collected five candidate proteins with dramatically increasing abundances
(fold changes > 100), as shown in Table 1. Representatively, non-specific lipid-transfer
protein 3 (LTP3: TRIBITY_DN163977_c0_g2.p1) exhibited 118.2-fold upregulation in LI and
173.7-fold upregulation in Li. Plant lipid transfer proteins (LTPs) exhibit the ability to trans-
fer lipids between membranes in vitro and have been shown to promote the production
of abscisic acid (ABA) production, thereby stimulating the accumulation of alkaloids in
cells [31]. Interestingly, crosstalk was detected between the JA and abscisic acid (ABA)
signaling pathways in the regulation of tobacco (Nicotiana tabacum) alkaloid biosynthe-
sis [32]. Therefore, further research is needed to explore secondary metabolites which can
regulate the biosynthesis of Amaryllidaceae alkaloids through the ABA signaling pathway.
In short, further genetic and molecular strategies with bioinformatics analysis will confirm
the roles of these candidate proteins related to the biosynthesis of Amaryllidaceae alkaloids
in Lycoris.
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3.3. RNA Processing Related Proteins May Contribute to the Biosynthesis of Amaryllidaceae
alkaloids in Lycoris

RNA processing includes mRNA capping, splicing, cleavage, and polyadenylation,
which participates in various key cellular processes and probably plays an important role
in the biosynthesis of alkaloids. It was recently discovered that two potent anticancer
alkaloids SANG and CHEL could directly bind to single-stranded RNAs, which reveals
the fundamental structural and calorimetric aspects of the interaction of the natural ben-
zophenanthridine alkaloids with single-stranded RNAs, facilitating the development of
next-generation alkaloid therapeutics targeting single-stranded RNA [33]. Coincidentally,
the polyadenylate [poly(A)] tail of mRNA was also found to have recently been identified
as a potential drug target due to its important role in translational initiation, maturation,
and stabilization of mRNA, and production of alternative proteins in eukaryotic cells. Some
small molecular alkaloids with isoquinoline groups can bind to poly A with high affinity
to form self-structures. It provides a reference for the development of novel bio-base
molecules targeting poly(A) structures [34].

Eukaryotic pre-mRNAs are spliced to form mature mRNA. Alternative splicing greatly
expands the transcriptomic and proteomic diversities related to physiological and devel-
opmental processes in higher eukaryotes. Alternative splicing is a posttranscriptional
regulatory mechanism that generates multiple protein isoforms from a single gene through
the use of alternative splice sites during splicing. However, the biosynthesis of alkaloids
is a special metabolic pathway in plants, in which many genes have alternative splicing
at different developmental stages and under stress conditions [35]. The finding of PR3b
splicing regulation by JA/ET and NIC loci in Burley 21 is valuable to the genetic studies
of low-alkaloid mutants and could provide clues to unravel the mechanisms by which
JA/ET-signaling pathways regulate PR protein gene splicing [36]. Homoharringtonine
(HHT) is a natural alkaloid with potent antitumor activity, which regulates the alternative
splicing of Bel-x and Caspase 9 through a PP1-dependent mechanism, revealing a novel
mechanism underlying the antitumor activities of HHT [37]. However, its role in the
biosynthesis of galanthamine remains unclear. Interestingly, we found nine differentially
expressed proteins related to RNA processing in the tested data in Table 2. This indicates
that RNA processing is an important step in the biosynthesis of Amaryllidaceae alkaloids
in Lycoris, and further experimental investigations are needed for functional validation.
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4. Materials and Methods
4.1. Plant Materials

Plant materials of the three Lycoris varieties Lycoris longituba, Lycoris incarnata, and
Lycoris sprengeri were collected from the Institute of Botany, Chinese Academy of Sciences,
Jiangsu Province, China (32.05° N, 118.83° E) in late March when the leaves were growing
vigorously (Figure 1A). Voucher specimens of Lycoris longituba (0653969), Lycoris incarnata
(0653959), and Lycoris sprengeri (0653967) were deposited at the herbarium in the Institute
of Botany, Chinese Academy of Sciences. The bulb samples with similar diameters and
specifications to the three Lycoris varieties were selected, chopped, mixed well, and frozen
at —70 °C.

4.2. Protein Extraction for Proteomic Analysis

Tissue samples were first ground into a powder with liquid nitrogen and added to
an appropriate volume of lysis buffer (2.5% SDS/100 mM Tris-HCI, pH = 8.5), sonicated
in an ice-water bath for 15 min and centrifuged at 16,000x g for 20 min until clarified.
The protein in the supernatant was precipitated by the acetone method. After washing
with acetone and drying, 8 M urea/100 mM Tris-HCI solution (pH 8.0) was added to
the protein precipitate to fully dissolve the protein. The samples were centrifuged at
12,000 g for 15 min, the supernatant was collected, dithiothreitol (DTT) was added to a
final concentration of 10 mM, and the samples were incubated at 37 °C for 1 h to perform a
reduction reaction to open disulfide bonds. Then, iodoacetamide (IAA) was added to a final
concentration of 40 mM, and an alkylation reaction was performed at room temperature in
the dark to block sulfhydryl groups. An appropriate volume of 100 mM Tris-HCl solution
(pH 8.0) was added, the Bradford method was used to quantify the protein concentration,
the urea concentration was diluted to below 2 M, and trypsin was added to each of the
samples according to the ratio of protein amount trypsin amount =50:1, and incubated at
37 °C overnight with shaking. The next day, TFA was added to terminate the digestion
and the pH value of the solution was adjusted to approximately 6.0. The solution was
centrifuged at 12,000 g for 15 min and a homemade C18 cartridge was used for desalting.
The desalted peptide solution was dried by a centrifugal concentrator and then stored
frozen at —20 °C for on-board detection.

4.3. SWATH-MS Analysis

The SWATH methods were used for subsequent MS-analysis using Triple TOF 5600
(Sciex) LC/MS system. The prepared peptide samples were first bound to the trap column
and then separated by the analytical column (45 min gradient, 60 min total duration). Two
mobile phases used to establish the analytical gradient were buffer A-0.1% (v/v) formic
acid, 5% DMSO in H,O, buffer B-0.1% (v/v) formic acid, and 5% DMSO in acetonitrile.
During SWATH scanning, each scan cycle consisted of one MS1 scan (ion accumulation time
250 ms, scan range 350-1500 m/z) and 100 variable window MS2 scans (ion accumulation
time 33 ms, scan range 100-1800 m/z).

4.4. Alkaloid Extraction and Quantification

Galanthamine, lycoramine and lycorine were purchased from Shanghai TCI Develop-
ment Co. Their characteristics have been described previously [38]. A total of 0.2 g of bulb
samples of Lycoris longituba, Lycoris incarnata, and Lycoris sprengeri were taken to be tested,
freeze-dried, and ground into powder. Extraction was performed by sonication with 2 mL
ethanol (70% high-performance liquid chromatography (HPLC)-grade) for 30 min. After
centrifugation at 12,000 rpm for 10 min, the supernatant was taken and dried under vac-
uum. The samples were redissolved in 1 mL 0.1% formic acid-acetonitrile (v/v = 95/5) for
liquid phase analysis [15]. Waters ACQUITY UPLC BEH C18 column (150 mm X 2.1 mm,
1.7 um) was used as the liquid chromatography column and the separation was conducted
using 0.1% formic acid (v/v) (A) and acetonitrile (B) with a 6-min linear gradient of 5-60%
B at a flow rate of 0.2 mL/min. Quantification of galanthamine, lycoramine, and lycorine
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used 288 — 231, 290 — 189, 288 — 146 (m/z) transition reactions respectively. Experiments
were conducted with three independent biological replicates. Least-significant difference
test (LSD, p < 0.05) was used to compare the means. Different letters represent significant
differences between groups (n = 3, p < 0.05).

4.5. Data Analysis

The mass spectrum files obtained by SWATH scanning are processed by DIA-Umpire
to obtain secondary mass spectrum files that are used for database search. TPP software,
Comet, and X!tandem search engines were used to search the database, and the search
results were used as the spectral library for subsequent target extraction. The algorithm
used for SWATH targeted extraction quantification is OpenSWATH. The test results were
screened with 1% FDR.

The protein quantitative intensity information obtained by SWATH analysis was
used for difference comparison and T-test analysis after log2 transformation, data filling
(imputation algorithm in Perseus software), and data normalization. Differential proteins
were screened by fold difference (Ratio) and BH-corrected p-value (P.adjust). Proteins
with a fold change above 2 or below 0.5 (p < 0.05) were considered differentially expressed
proteins (DEPs) in this study. In the bioinformatics analysis, the DEPs identified were
used for the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis by
the clusterProfiler R package, and pathways of KEGG enrichment analysis results were
drawn with reference to the KEGG mapper [39]. After the DEPs were compared with the
homologous proteins in Arabidopsis thaliana, the MapMAN BIN system was used for
functional classification.

5. Conclusions

Amaryllidaceae plants are rich in alkaloids such as galanthamine (Gal), lycoramine
(Lycm), and lycorine (Lyc) with a variety of biological activities, including anticancer, anti-
inflammatory, anti-plasmodium, and antibacterial activities. In this study, three alkaloids
profiling of Lycoris longituba (LI), Lycoris incarnata (Li), and Lycoris sprengeri (Ls) were
determined, and a comprehensive proteomic analysis was carried out with the aim of
investigating the regulatory metabolism of Amaryllidaceae alkaloids in Lycoris species. The
significant proteome changes in amino acid metabolism, starch, and sucrose metabolism,
and galanthamine biosynthesis strengthen our understanding of the regulatory metabolism
of Amaryllidaceae alkaloids in Lycoris. Additionally, we have also identified important
candidate genes involved in the galanthamine biosynthesis pathway of alkaloid production
in Lycoris. Taken together, we have offered new thoughts on the use of SWATH-MS to
explore the regulatory metabolism of Amaryllidaceae alkaloids, providing a new strategy
for the future exploitation of alkaloids.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms24054495/s1.

Author Contributions: Conceptualization, Q.L. and K.L.; methodology, C.L.; formal analysis, C.Z.
and Y.C.; data curation, Y.Z. and L.Y.; writing—original draft, M.T.; writing—review and editing,
M.C. and F.Z,; visualization, M.T. and C.Z.; funding acquisition, Q.L. and K.L. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Shanghai Rising-Star Program, China (No. 20QB1404100),
Jiangsu Agricultural Science and Technology Innovation Fund [CX(21)2023], the National Natural
Science Foundation of China (31801889, 32002067), Natural Science Foundation of Jiangsu Province
(BK20221334), the Natural Science Foundation of Jiangsu Province (SBK2020042924), and the Shanghai
Sailing Program (Project No. 20YF1442800).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

128



Int. J. Mol. Sci. 2023, 24, 4495

Data Availability Statement: The data presented in this study are available upon request. The MS
data have been deposited to the ProteomeXchange Consortium via the iProX repository with the data
set identifier PXD040341.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hayashi, A.; Saito, T.; Mukali, Y.; Kurita, S.; Hori, T. Genetic variations in Lycoris radiata var. radiata in Japan. Genes Genet. Syst.
2005, 80, 199-212. [CrossRef] [PubMed]

Wang, L.; Yin, Z.-Q.; Cai, Y.; Zhang, X.-Q.; Yao, X.-S.; Ye, W.-C. Amaryllidaceae alkaloids from the bulbs of Lycoris radiata. Biochem.
Syst. Ecol. 2010, 38, 444-446. [CrossRef]

Cao, Z.; Yang, P.; Zhou, Q. Multiple biological functions and pharmacological effects of lycorine. Sci. China Chem. 2013, 56,
1382-1391. [CrossRef] [PubMed]

Jin, Z. Amaryllidaceae and Sceletium alkaloids. Nat. Prod. Rep. 2016, 33, 1318-1343. [CrossRef] [PubMed]

Attaur, R.; Choudhary, ML.L. Diterpenoid and steroidal alkaloids. Nat. Prod. Rep. 1997, 14, 191-203.

Omulokoli, E.; Khan, B.; Chhabra, S.C. Antiplasmodial activity of four Kenyan medicinal plants. J. Ethnopharmacol. 1997, 56,
133-137. [CrossRef]

Sethi, M.L. Inhibition of Reverse Transcriptase Activity by Benzophenanthridine Alkaloids. |. Nat. Prod. 1979, 42, 187-196.
[CrossRef]

McMahon, J.B.; Currens, M.J.; Gulakowski, R.J.; Buckheit, R W,, Jr.; Lackman-Smith, C.; Hallock, Y.F,; Boyd, M.R. Michellamine
B, a novel plant alkaloid, inhibits human immunodeficiency virus-induced cell killing by at least two distinct mechanisms.
Antimicrob. Agents Chemother. 1995, 39, 484-488. [CrossRef]

Nair, J.J.; van Staden, J. Antiplasmodial constituents in the minor alkaloid groups of the Amaryllidaceae. South Afr. |. Bot. 2019,
126, 362-370. [CrossRef]

Heinrich, M. Chapter 4—Galanthamine from Galanthus and Other Amaryllidaceae—Chemistry and Biology Based on Traditional
Use. In The Alkaloids: Chemistry and Biology; Cordell, G.A., Ed.; Academic Press: Guelph, ON, Canada, 2010; Volume 68,
pp- 157-165.

Park, C.H.; Yeo, H.].; Park, Y.E.; Baek, S.-A.; Kim, J.K,; Park, S.U. Transcriptome Analysis and Metabolic Profiling of Lycoris radiata.
Biology 2019, 8, 63. [CrossRef]

Jiang, Y.; Xia, N.; Li, X,; Shen, W.; Liang, L.; Wang, C.; Wang, R.; Peng, F.; Xia, B. Molecular cloning and characterization of a
phenylalanine ammonia-lyase gene (LrPAL) from Lycoris radiata. Mol. Biol. Rep. 2011, 38, 1935-1940. [CrossRef] [PubMed]
Singh, A.; Massicotte, M.A.; Garand, A.; Tousignant, L.; Ouellette, V.; Bérubé, G.; Desgagné-Penix, I. Cloning and characterization
of norbelladine synthase catalyzing the first committed reaction in Amaryllidaceae alkaloid biosynthesis. BVIC Plant Biol. 2018,
18, 338. [CrossRef] [PubMed]

Li, Q.; Xu, J.; Yang, L.; Zhou, X.; Cai, Y.; Zhang, Y. Transcriptome Analysis of Different Tissues Reveals Key Genes Associated
With Galanthamine Biosynthesis in Lycoris longituba. Front. Plant Sci. 2020, 11, 519752. [CrossRef] [PubMed]

Li, Q;; Xu, J.; Zheng, Y,; Zhang, Y.; Cai, Y. Transcriptomic and Metabolomic Analyses Reveals That Exogenous Methyl Jasmonate
Regulates Galanthamine Biosynthesis in Lycoris longituba Seedlings. Front. Plant Sci. 2021, 12, 713-795. [CrossRef] [PubMed]
Gillet, L.C.; Navarro, P; Tate, S.; Rost, H.; Selevsek, N.; Reiter, L.; Bonner, R.; Aebersold, R. Targeted Data Extraction of the
MS/MS Spectra Generated by Data-independent Acquisition: A New Concept for Consistent and Accurate Proteome Analysis*.
Mol. Cell. Proteom. 2012, 11, 0111.016717. [CrossRef] [PubMed]

Ludwig, C.; Gillet, L.; Rosenberger, G.; Amon, S.; Collins, B.C.; Aebersold, R. Data-independent acquisition-based SWATH-MS
for quantitative proteomics: A tutorial. Mol. Syst. Biol. 2018, 14, e8126. [CrossRef] [PubMed]

Chen, D.; Shao, Q.; Yin, L.; Younis, A.; Zheng, B. Polyamine Function in Plants: Metabolism, Regulation on Development, and
Roles in Abiotic Stress Responses. Front. Plant Sci. 2019, 9, 1945. [CrossRef] [PubMed]

Campisi, A.; Acquaviva, R.; Mastrojeni, S.; Raciti, G.; Vanella, A.; Pasquale, R.D.; Puglisi, S.; Iauk, L. Effect of berberine and
Berberis aetnensis C. Presl. alkaloid extract on glutamate-evoked tissue transglutaminase up-regulation in astroglial cell cultures.
Phytother. Res. 2011, 25, 816-820. [CrossRef]

Desgagné-Penix, I. Biosynthesis of alkaloids in Amaryllidaceae plants: A review. Phytochem. Rev. 2021, 20, 409—431. [CrossRef]
Hawgkins, K.M.; Smolke, C.D. Production of benzylisoquinoline alkaloids in Saccharomyces cerevisiae. Nat. Chem. Biol. 2008, 4,
564-573. [CrossRef]

Chang, L.; Hagel, ].M.; Facchini, PJ. Isolation and Characterization of O-methyltransferases Involved in the Biosynthesis of
Glaucine in Glaucium flavum. Plant Physiol. 2015, 169, 1127-1140. [CrossRef]

Grobe, N.; Ren, X.; Kutchan, TM.; Zenk, M.H. An (R)-specific N-methyltransferase involved in human morphine biosynthesis.
Arch. Biochem. Biophys. 2010, 506, 42—-47. [CrossRef] [PubMed]

Kudo, Y.; Umemoto, K.; Obata, T.; Kaneda, A.; Ni, S.-r.; Mikage, M.; Sasaki, Y.; Ando, H. Seasonal variation of alkaloids and
polyphenol in Ephedra sinica cultivated in Japan and controlling factors. J. Nat. Med. 2022, 77, 137-151. [CrossRef] [PubMed]
Hua, L.; Chen, J.; Gao, K. A new pyrrolizidine alkaloid and other constituents from the roots of Ligularia achyrotricha (Diels) Ling.
Phytochem. Lett. 2012, 5, 541-544. [CrossRef]

129



Int. J. Mol. Sci. 2023, 24, 4495

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wang, N.; Shu, X.; Zhang, F.; Zhuang, W.; Wang, T.; Wang, Z. Comparative Transcriptome Analysis Identifies Key Regulatory
Genes Involved in Anthocyanin Metabolism During Flower Development in Lycoris radiata. Front. Plant Sci. 2021, 12, 761862.
[CrossRef] [PubMed]

Jiang, X.; Chen, H.; Wei, X.; Cai, J. Proteomic analysis provides an insight into the molecular mechanism of development and
flowering in Lycoris radiata. Acta Physiol. Plant. 2021, 43, 4. [CrossRef]

Yang, F; Li, C.H.; Das, D.; Zheng, Y.H.; Song, T.; Wang, L.X.; Chen, M.X,; Li, Q.Z.; Zhang, ]. Comprehensive Transcriptome and
Metabolic Profiling of Petal Color Development in Lycoris sprengeri. Front. Plant Sci. 2021, 12, 2540. [CrossRef]

Yamamoto, K.; Takahashi, K.; O’Connor, S.E.; Mimura, T. Imaging MS Analysis in Catharanthus roseus. In Catharanthus roseus:
Methods and Protocols; Courdavault, V., Besseau, S., Eds.; Springer US: New York, NY, USA, 2022.

Jiang, Y.; Xu, S.; Han, X.; Wang, R.; He, ].; Xia, B. Investigation of nuclear DNA contents of Lycoris species (Amaryllidaceae) with
different chromosome number by flow cytometry. Pak. ]. Bot. 2017, 49, 2197-2200.

Gao, S.; Guo, W,; Feng, W,; Liu, L.; Song, X.; Chen, ].; Hou, W.; Zhu, H.; Tang, S.; Hu, J. LTP3 contributes to disease susceptibility
in Arabidopsis by enhancing abscisic acid (ABA) biosynthesis. Mol. Plant Pathol. 2016, 17, 412-426. [CrossRef]

Lackman, P.; Gonzédlez-Guzman, M.; Tilleman, S.; Carqueijeiro, I.; Pérez, A.C.; Moses, T.; Seo, M.; Kanno, Y.; Hikkinen, S.T.; Van
Montagu, M.C.E,; et al. Jasmonate signaling involves the abscisic acid receptor PYL4 to regulate metabolic reprogramming in
Arabidopsis and tobacco. PNAS 2011, 108, 5891-5896. [CrossRef]

Basu, P.,; Suresh Kumar, G. Small molecule-RNA recognition: Binding of the benzophenanthridine alkaloids sanguinarine and
chelerythrine to single stranded polyribonucleotides. J. Photochem. Photobiol. B Biol. 2017, 174, 173-181. [CrossRef] [PubMed]
Kumar, G.S.; Giri, P. Isoquinoline alkaloids and their binding with polyadenylic acid: Potential basis of therapeutic action.
Mini-Rev. Med. Chem. 2010, 10, 568-577.

Lam, PY,; Wang, L.; Lo, C.; Zhu, E-Y. Alternative Splicing and Its Roles in Plant Metabolism. Int. J. Mol. Sci. 2022, 23, 7355.
[CrossRef] [PubMed]

Ma, H.; Wang, F.; Wang, W.; Yin, G.; Zhang, D.; Ding, Y.; Timko, M.P.; Zhang, H. Alternative splicing of basic chitinase gene PR3b
in the low-nicotine mutants of Nicotiana tabacum L. cv. Burley 21. J. Exp. Bot. 2016, 67, 5799-5809. [CrossRef]

Sun, Q.; Li, S.; Li, J.; Fu, Q.; Wang, Z; Li, B.; Liu, S.-S.; Su, Z.; Song, J.; Lu, D. Homoharringtonine regulates the alternative splicing
of Bcl-x and caspase 9 through a protein phosphatase 1-dependent mechanism. BMC Complement. Altern. Med. 2018, 18, 164.
[CrossRef]

Qing-Zhu, L.; Zhang, Y.; Zheng, Y.; Yang, L.; Cai, Y. Simultaneous Determination of Three Alkaloids in Lycoris spp.by UPLC-
QTRAP-MS/MS. |. Instrum. Anal. 2018, 37, 211-216.

Yu, G.; Wang, L.-G.; Han, Y,; Han, Y. clusterProfiler: An R package for comparing biological themes among gene clusters. OMICS
J. Integr. Biol. 2012, 16, 284-287. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

130



S International Journal of
Molecular Sciences

Review

Alternative Splicing and Its Roles in Plant Metabolism

Pui Ying Lam *(0, Lanxiang Wang %3, Clive Lo *

Citation: Lam, P.Y.; Wang, L.; Lo, C.;
Zhu, E-Y. Alternative Splicing and Its
Roles in Plant Metabolism. Int. ]. Mol.
Sci. 2022, 23, 7355. https://doi.org/
10.3390/1jms23137355

Academic Editors: Melvin J. Oliver,
Bei Gao and Moxian Chen

Received: 8 June 2022
Accepted: 28 June 2022
Published: 1 July 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/).

and Fu-Yuan Zhu 2

Center for Crossover Education, Graduate School of Engineering Science, Akita University,

Tegata Gakuen-machi 1-1, Akita City 010-8502, Akita, Japan

Co-Innovation Center for Sustainable Forestry in Southern China, College of Biology and the Environment,
Nanjing Forestry University, Nanjing 210037, China; amelia0610@163.com (L.W.); fyzhu@njfu.edu.cn (E-Y.Z.)
CAS Key Laboratory of Quantitative Engineering Biology, Shenzhen Institute of Synthetic Biology,
Shenzhen Institute of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, China

School of Biological Sciences, The University of Hong Kong, Pokfulam, Hong Kong, China; clivelo@hku.hk
Correspondence: lam@gipc.akita-u.ac.jp

Abstract: Plant metabolism, including primary metabolism such as tricarboxylic acid cycle, glycolysis,
shikimate and amino acid pathways as well as specialized metabolism such as biosynthesis of pheno-
lics, alkaloids and saponins, contributes to plant survival, growth, development and interactions with
the environment. To this end, these metabolic processes are tightly and finely regulated transcription-
ally, post-transcriptionally, translationally and post-translationally in response to different growth and
developmental stages as well as the constantly changing environment. In this review, we summarize
and describe the current knowledge of the regulation of plant metabolism by alternative splicing, a
post-transcriptional regulatory mechanism that generates multiple protein isoforms from a single
gene by using alternative splice sites during splicing. Numerous genes in plant metabolism have
been shown to be alternatively spliced under different developmental stages and stress conditions. In
particular, alternative splicing serves as a regulatory mechanism to fine-tune plant metabolism by
altering biochemical activities, interaction and subcellular localization of proteins encoded by splice
isoforms of various genes.

Keywords: alkaloids; alternative splicing; ascorbate; phytohormones; lipids; metabolism;
phenylpropanoids; plants; starch; terpenoids

1. Introduction

Metabolism is made up of networks of biochemical reactions that produce a diverse
array of organic compounds in living organisms. In plants, metabolism can be catego-
rized as primary metabolism and specialized metabolism. Primary metabolism such as
tricarboxylic acid cycle, glycolysis, shikimate, lipid and amino acid pathways generates
low-molecular-weight organic molecules directly involved in basic life functions and is
essential for growth, development and survival of plants [1]. On the other hand, special-
ized metabolism, which is also known as secondary metabolism, comprises metabolic
processes that are not absolutely essential for growth of plants. Specialized metabolites
are natural phytochemicals synthesized from primary metabolic pathways [2] and were
once considered as byproducts, waste products or detoxification products of primary
metabolism [3]. Well-known plant-specialized metabolites include phenolics, alkaloids,
terpenoids, saponins, etc.

In response to different growth and developmental stages as well as for adaptation to
environmental changes, metabolism in plants is tightly regulated at different molecular
levels. These include transcriptional regulation; post-transcriptional modifications such as
alternative splicing, RNA methylation [4], RNA editing [5], and mRNA decay; translational
regulation; post-translational modifications such as protein phosphorylation, methylation
and acetylation [6], ubiquitination, and protein turnover. Understanding these regulations
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will establish the foundation for molecular breeding or bioengineering to improve plant
growth, yield and biomass production as well as enhance plant stress resistance.

Bibliometric analyses through keyword co-occurrence network analysis and burst
word detection analysis of the Web of Science Core Collection database reveal that studies
of alternative splicing in the last decade are mainly associated with various processes and
conditions such as stresses, seed development and circadian clock (Figure 1). However,
research on the relationship between alternative splicing and plant metabolism has seldom
been reported or explored in detail. In this review, we focus on the roles of alternative splic-
ing, an understudied yet potentially important regulatory mechanism in plant metabolism.
We first briefly introduce the occurrence of alternative splicing in plants. We then describe
and update the current understanding of the roles of alternative splicing in regulating
metabolism of starch, lipid, photorespiration, ascorbate, auxin, jasmonates, terpenoids,
alkaloids and phenylpropanoids in plants, with specific examples of how alternative splic-
ing regulates gene functions and metabolism (Table 1), and recommend future research
directions.
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Figure 1. Analysis of keywords in Web of Science Core Collection database from January 2012 to
May 2022. (a) Keyword co-occurrence network analyzed by BibExcel and Pajek. Nodes represent
keywords. Node size represents the frequency of keywords that appear. Node colors represent
modularity. (b) Burst keyword analysis. Length of colored boxes represents burst status duration.
Colors represent burst strength. Bibliometric analysis was carried out by retrieving citation data on
topic search using query: “TS = (alternative splicing OR splicing factor) AND plant AND (metabolism
OR metabolic OR metabolize)” and was further analyzed by CiteSpace (https://citespace.podia.com,
accessed on 1 June 2022).

2. Alternative Splicing and Its Roles in Plants
2.1. Gene Splicing Machinery in Plants

Most plant genes contain introns, which are non-coding sequences interrupting ex-
ons that have to be removed from pre-mRNA by a process called splicing. Pre-mRNA
splicing is performed and controlled by a ribonucleoprotein complex called spliceosome
and other spliceosome-associated proteins [7,8]. So far, two types of spliceosomes have
been described [7,9,10]. U2 spliceosomes that are composed of five small nuclear RNA
(snRNA) subcomplexes (U1, U2, U4, U5 and U6) represent the major type [7,9,10]. The
minor and rare U12 spliceosome also consists of five snRNA, including U11, U12, U4atac,
U5 and Uséatac [10]. Both types mainly recognize and splice the exon-intron junctions
that harbor 5'-GT-AG-3’ sequences [10]. Accordingly, for assembly of spliceosomes, a 5’
splice site with a conserved GT sequence and a 3’ splice site with a conserved AG sequence
as well as a conserved A nucleotide at 18 to 40 nucleotides upstream of the 3’ splice site
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and a polypyrimidine tract after branch point are required [11]. Meanwhile, non-snRNA
splicing factors, including serine-/arginine-rich proteins and heterogeneous nuclear ri-
bonucleoproteins (hnRNPs), are also known to assist localization of splicing enhancers
and suppressors, thereby regulating the selection of splice sites by spliceosomes [7,12,13].
Numerous studies suggest that mutations of spliceosomal proteins have led to altered
alternative splicing as well as growth and developmental defects, including embryonic
lethality, abnormal flower and leaf morphology, early flowering, defects in seed maturation
and/or hypersensitivity to abscisic acid [14-18]. Apparently, spliceosomes govern accurate
splicing, which is essential for normal plant growth and development. During splicing,
two transesterification reactions occur, excising introns and joining exons [19]. The detailed
process of splicing was reviewed elsewhere previously [7,20].

2.2. Alternative Splicing in Plants

Alternative splicing refers to the generation of multiple splice isoforms (mRNA tran-
scripts) from a single gene due to the use of different splice sites [21]. Such a process largely
expands the coding capacity of genomes [22,23] and is believed to be a post-transcriptional
regulatory mechanism in response to developmental and environmental changes. The
existence of alternative splicing was initially uncovered in some plant species in the early
1980s [24-27] and was later found to be a common phenomenon in different living or-
ganisms, including plants [21]. For example, in Arabidopsis (Arabidopsis thaliana) and rice
(Oryza sativa), it was estimated that at least 42% and 48% of intron-containing genes are
alternatively spliced, respectively [28,29]. Several types of alternative splicing events have
been reported in plants. These include exon skipping, intron retention, alternative 5’ splic-
ing (alternative donor site), alternative 3’ splicing (alternative acceptor site), alternative
5" and 3’ splicing (alternative position), mutually exclusive exon, alternative first exon
and alternative last exon (Figure 2a) [21,22,30]. Among these, intron retention is the most
prevalent type of alternative splicing event that takes place in plants [21,28,30].

In plants, alternative splicing is regulated by several factors. For example, the
concentration and compositional ratio of splicing factors was suggested to mediate al-
ternative splicing [31]. In addition, structure of chromatin, including DNA methyla-
tion and histone modifications, may affect accessibility and elongation speed of RNA
polymerase II as well as the recruitment of splicing factors, thus mediating splicing
outcomes [31-33]. Alternative splicing mediates gene expression or functions at both
RNA and protein levels. At RNA level, alternative splicing may affect mRNA stability and
result in nonsense-mediated mRNA decay due to frame shift mutations and formation of
premature stop codons [30,34,35]. At protein level, alternative splicing may impact trans-
lation efficiency [36], subcellular location [37], biological and/or biochemical functions
and interaction [38] of proteins translated. Alternative splicing is a regulatory mechanism
during stress defense and development of plants [39]. With the development of high
throughput RNA sequencing techniques and proteomic approaches such as sequential
window acquisition of all theoretical mass spectra (SWATH-MS) and alternative splicing-
related bioinformatic platforms such as PlantSPEAD for alternative splicing analysis and
validation [40,41], numerous genes in plants have been uncovered to be alternatively
spliced when subject to stresses such as pathogen infection [38,42,43], herbivore attack [44],
high-temperature stress [45-47], cold stress [48], salt stress [49,50], iron and phosphate
deficiencies [51], flooding [52,53] and drought [54]. They are also detected in various
developmental stages, functioning in the regulation of circadian rhythm [55], wood forma-
tion [56], flowering [57,58] and fruit ripening (Figure 2b) [59].
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Figure 2. Alternative splicing and its regulation on metabolism in plants during stress responses and
development. (a) Common types of alternative splicing events in plants. Boxes: exons; horizontal
lines: introns; (b) regulation of alternative splicing by stresses and developmental stages. Stresses that
regulate alternative splicing are indicated in purple. Developmental stages that regulate alternative
splicing are indicated in navy blue.

3. Current Understanding of the Roles of Alternative Splicing in Plant Metabolism
3.1. Overview

Regarding our knowledge on alternative splicing in plant metabolism, recent studies
have mostly focused on global evaluation of the extent of alternative splicing, particularly
on detecting alternative splicing events and types. From these research studies, numerous
genes of plant metabolisms have been reported to be alternatively spliced under different
developmental stages and stress conditions. However, the precise physiological and
biochemical meanings of the presence of different splice isoforms of these genes have only
been partially understood.

3.2. Primary Metabolism
3.2.1. Starch Metabolism

Starch is a primary carbon source in human and animal diets [60]. Together with
sucrose, starch serves as the major product of photosynthesis and the primary energy
storage in plants. Starch is composed of amylose and amylopectin, which are both formed
by polymerization of glucose [60]. Starch metabolism, including its biosynthesis and degra-
dation, controls the storage and release of carbon in plants [61]. Thus, starch metabolism
defines the quality and yield of cereal grains and other food crops, serving as an important
constituent in agriculture and biorefineries.
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Cold stresses induce alternative splicing of genes related to starch metabolism. For
example, under cold stress, genes related to starch and sugar metabolism in tea plants
(Camellia sinensis) are alternatively spliced and show correlation with various sugar accu-
mulation, likely conferring resistance towards cold stress [62].

Alternative splicing alters subcellular localization and catalytic activities of starch-
branching enzyme (SBE), which functions in determining chain length and branch point
frequency of amylopectin in Phaseolus vulgaris L. [37]. This is achieved by using alternative
first exons and translation start sites of the pre-mRNA of SBE for protein translation [37].
Consequently, an isoform (LF-PvSBE2) harboring an N-terminal plastid targeting sequence
that is targeted to both starch granule and cytosol and another isoform (PvSBE2) with a
truncated N-terminus that leads to cytosolic localization are generated [37]. Interestingly,
the altered N-terminus also affects substrate binding affinity and catalytic efficiency of the
enzyme [37].

Alternative splicing has been found to mediate starch metabolism in plants by con-
trolling the expression abundances of different splice isoforms of transcriptional factors.
For example, in Arabidopsis, the transcription factor indeterminate domain 14 (IDD14)
mediates starch accumulation by activating Qua-Quine Starch (QQS) [63], which is involved
in starch degradation [64]. Under cold stress, a splice isoform IDD14f that lacks DNA
binding domains was induced [63]. IDD14{ binds to the full-length functional isoform
IDD14« and inhibits its DNA binding ability, resulting in reduced transcription of QQS
and altered starch accumulation [63]. On the other hand, rice OsbZIP58, a basic leucine
zipper transcription factor that is highly and specifically expressed in endosperm, me-
diates grain filling by regulating the expression of starch biosynthetic and hydrolyzing
genes [65,66]. The truncated isoform OsbZIP58f is induced under heat stress and displays
lower transactivation activity than the full-length isoform OsbZIP58«, thus fine-tuning
starch accumulation and grain filling during heat stress [65].

Alternative splicing regulates fruit ripening associated with starch metabolism in
banana (Musa acuminate) (Figure 3a) [67]. An R1-type MYB transcription factor, namely
MaMYBI16, is spliced through alternative 5 splicing, exon skipping and alternative 3’
splicing, generating two isoforms [67]. The full-length isoform MaMYB16L binds to
the promotors of genes involved in starch degradation, including isoamylases (MalISA2),
B-amylase (MaBAM?7) and «-amylases (MaAMY3), as well as positive master ripening
regulator dehydration-responsive element-binding factor (MsDREB2), suppressing their
expressions [67]. By contrast, the short isoform MaMYB16S could not bind to these promot-
ers due to the lack of a DNA binding domain, but could bind to MaMYB16L and inhibit
its DNA binding and transactivation activities [67]. During fruit ripening, MaMYBI16L is
downregulated, while MaMYB16S is upregulated, hence promoting starch degradation
and fruit softening [67].

3.2.2. Lipid Metabolism

Lipids are primary metabolites essential for plants. As a major constituent of mem-
branes, lipids make up 5-10% dry weight of plant vegetative cells [68]. In seeds, lipid
storage is an energy reserve for securing the survival of young seedlings after germina-
tion [69]. They are also consumed as food by humans and animals as well as used as
biofuels in the biorefinery industry [70].

Phosphatidic acid is an intermediate for the generation of membrane lipids and stor-
age lipids [71]. It is also involved in various cellular processes such as signal transduction
in response to stimuli, secretion and membrane trafficking [71]. In plants, diacylglycerol
kinase (DGK) catalyzes the conversion of diacylglycerol to phosphatidic acid [72]. Alterna-
tive splicing generates two splice isoforms of DGK in tomato (Solanum lycopersicumy), both
harboring DGK catalytic activity [72]. The full-length isoform delineated as LeCBDGK
harbors a calmodulin-binding domain at the C-terminus and could bind to calmodulin [72],
which is a calcium ion binding regulatory protein that could be activated by calcium
ion [73]. In response to calcium ion, LeCBDGK is translocated from soluble cell fraction to
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membrane fraction [72]. On the other hand, the truncated isoform LeDGK1 that lacks the
calmodulin-binding domain is insensitive to calcium ion [72]. Thus, alternative splicing
regulates the generation of calcium-sensitive and -insensitive DGK isoforms, providing
flexibility in response to calcium ion [72].
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Figure 3. Examples of plant metabolism regulated by alternative splicing. (a) Regulation of tran-
scription factor MaMYB16 in banana by alternative splicing and its roles in starch metabolism;
(b) regulation of CsLIS/NES in tea plants by alternative splicing and its roles in linalool and neroli-
dol biosynthesis; (c) regulation of CmbHLH2 in chrysanthemums by alternative splicing and its
roles in anthocyanin biosynthesis and floret coloration; (d) regulation of JASMONATE ZIM-domain
(JAZ) repressor in tea plants by alternative splicing and its roles in jasmonate-mediated flavonoid
biosynthesis.
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Biosynthesis of triacylglycerol, the major form of energy storage in seed oil crops,
requires diacylglycerol acyltransferase (DGAT) in the Kennedy pathway [74]. In peanuts
(Arachis hypogaea), AhRDGAT1 is regulated by alternative splicing in an organ-dependent
manner [75]. Except the two truncated splice isoforms AhDGAT1.2 and AhDGAT1.4, all
the other five isoforms are functional and could complement the free fatty acid lethality
phenotype of a triacylglycerol-deficient Saccharomyces cerevisiae strain [75]. However, the ac-
tual contribution and biochemical meanings of these isoforms on triacylglycerol production
and storage in peanuts remain unclear.

WRINKLED1 (WRI1), which belongs to the APETALA2/ethylene-responsive element
binding protein transcriptional factor family, acts as a master regulator for triacylglycerol
biosynthesis in plants [76]. In castor bean (Ricinus connunis L.), both of the two splice
isoforms, RcWRI1-A and RcWRI1-B, which differ by three amino acids in length, are
functional, with RcWRI1-B appearing to be more active [77]. RcWRI1-A is expressed in
all plant tissues, whereas RcWRI1-B expression is specific to seeds [77]. Thus, alternative
splicing likely plays a regulatory role to improve lipid biosynthesis in castor bean seeds.

3.2.3. Photorespiration

Photorespiration is a pathway to recycle the toxic product, 2-phosphoglycolate, formed
when ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) utilizes oxygen instead
of carbon dioxide [78]. As a competitive pathway for carbon dioxide fixation that causes
carbon, nitrogen and energy loss, photorespiration is a major target for bioengineering to
improve plant growth and yield [78]. As the intermediates of photorespiration are also
toxic, glycolate-glyoxylate metabolism exists for detoxification to maintain normal plant
growth [78].

Hydroxypyruvate reductase (HPR) converts hydroxypyruvate to glycerate in glycolate-
glyoxylate metabolism [79]. In pumpkin (Cucurbita sp.), two splice isoforms of HPR (HPR1
and HPR2) are generated by alternative 5’ splicing [79]. Compared with HPR1, HPR2
lacks a targeting sequence for peroxisome localization [79]. Accordingly, HPR2 is cytosolic,
whereas HPR1 is localized in peroxisomes [79]. In darkness, HPR1 and HPR2 are both
weakly expressed [79]. Under light, HPR2 but not HPR1 is strongly induced [79]. Therefore,
light regulates alternative splicing of HPR with specific cellular localization. It remains
unclear whether the two HPRs harbor the same catalytic ability.

3.2.4. Ascorbate Metabolism

Ascorbate, a downstream metabolite of D-glucose, D-mannose and /or myo-inositol,
is the most abundant water-soluble antioxidant in plants [80]. It scavenges and regulates
the level of hydrogen peroxide, a reactive oxygen species, in plant cells by reduction in the
ascorbate/glutathione cycle (or Asada—Halliwell pathway) through the action of ascorbate
peroxidase (APX) [81]. Consequently, ascorbate and hydrogen peroxide are converted
into monodehydroascorbate and water, respectively, and recycled in the pathway [73,74].
Due to its antioxidant activities and health-promoting effects, ascorbate is considered an
important food component in human diets [82].

Early studies suggested that chloroplastic APXs are regulated by alternative splicing
developmentally in some plant species [83,84]. In pumpkin, the stromal APX that lacks a
putative membrane-spanning domain in the C-terminus is a splice isoform of the thylakoid-
bound APX, which is formed as a consequence of alternative 3’ splicing [83]. Similarly,
stromal and thylakoid-bound APXs are produced from a single gene by alternative splicing
in spinach (Spinacia oleracea), but these isoforms are generated by intron retention and/or
alternative last exon [84-86]. A putative splicing regulatory cis-element upstream of the
acceptor site of intron 12 in this spinach APX was found to be crucial for the selection
of splice sites, but the exact nuclear protein(s) that interact with this cis-element and the
regulatory mechanism remain unknown [87]. Interestingly, the stromal and thylakoid-
bound APXs in Arabidopsis, rice and tomato are encoded by separate genes [80,88,89].
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Alternative splicing regulates wild emmer wheat’s (Triticum turgidum ssp. Dicoccoides)
wheat kinase start] (WKS1) resistance gene that confers resistance to Puccinia striiformis f. sp.
tritici (Pst), the causal agent of stripe rust, through catalyzing phosphorylation of thylakoid-
bound APX [90,91]. When inoculated with Pst under high temperatures, the full-length
isoform WKS1 that harbors a START domain at the C-terminus is upregulated, whereas the
major splice isoform WKS2 that lacks the START domain is downregulated [90,91]. WKS1
can be translocated to chloroplasts where it binds, phosphorylating the thylakoid-bound
APX, reducing its activity and ability to detoxify hydrogen peroxide [90]. It was proposed
that this would eventually lead to cell death after several days, considerably longer than
R-genes-triggered hypersensitive responses which restrict pathogen growth in the host [90].
By contrast, WKS2 appears to be non-functional and is unable to bind or phosphorylate
APX [90]. Hence, WKS1, but not WKS2, is a candidate isoform that confers resistance
towards Pst and could be introduced to wheat (Triticum aestivum), a close relative of wild
emmer wheat and a major food crop, by transgenic approaches [90].

3.3. Phytohormones
3.3.1. Auxin Metabolism

Auxin is a major phytohormone that regulates plant growth and development by
mediating cell division, elongation and differentiation [92]. Its roles in apical-basal polarity
and responses to tropisms have been extensively studied [93,94]. Auxin metabolism
includes biosynthesis, conjugation and degradation [92]. Our current understanding of
auxin biosynthesis suggests the existence of multiple pathways in plants [95].

In the proposed auxin biosynthetic pathways, a family of YUCCA proteins, which
are flavin-dependent mono-oxygenases, catalyzes the conversion of tryptamine to N-
hydroxytryptamine in the tryptophan-dependent pathway [95,96]. As a result of alternative
splicing, two isoforms of YUCCA4 are formed in Arabidopsis [96]. YUCCAA4-1 is cytosolic
and is detectable in all tissues [96]. By contrast, YUCCA4-2, which harbors a predicted C-
terminal hydrophobic transmembrane domain, is inserted into the endoplasmic reticulum
membrane and is specific in flowers [96]. Both isoforms harbor the expected YUCCA4
catalytic activities [96]. Taken together, alternative splicing regulates subcellular localization
of YUCCA4, which may lead to compartmentation of auxin biosynthesis [96].

3.3.2. Jasmonate Metabolism

Jasmonates, including jasmonic acid as well as its precursor and derivatives, are a
group of phytohormones that regulate plant growth and development, especially under
biotic and abiotic stresses [97]. For example, jasmonates mediate senescence and leaf
abscission and inhibit seed germination [98]. Jasmonates are derived from linolenic acid
and are structurally similar to eicosanoids in mammals [98].

In poplar (Populus tomentosa), alternative splicing fine-tunes the molecular mecha-
nism of leaf senescence [99]. PtRD26 is a NAC transcription factor that acts as a positive
regulator for leaf senescence [99]. The downstream genes that PtRD26 regulates include
several senescence-associated NAC family transcription factors, proteins related to chloro-
phyll degradation and lysine catabolism as well as lipoxygenase 2 (LOX2) for jasmonate
biosynthesis and 1-aminocyclopropane-1-carboxylic acid synthase 6 (ACS6) for ethylene
biosynthesis [99]. Alternative splicing of PtRD26 by intron retention occurs during leaf
senescence, generating the truncated splice isoform PtRD26'R [92]. PtRD26R could in-
teract with several senescence-associated NAC family transcription factors and repress
their DNA binding affinity, resulting in the delay of age-, dark- and PtRD26-induced leaf
senescence [99].

Lipoxygenase (LOX) catalyzes the oxygenation of polyunsaturated fatty acids for
further jasmonate biosynthesis [100]. In tea plants, six out of eleven LOX genes are differen-
tially regulated by alternative splicing [100]. During feeding by tea geometrids, infection
by Glomerella cingulate, cold stress and jasmonate treatment, the corresponding CsLOX
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truncated isoforms are induced [100]. It was suggested that these splice isoforms might
regulate LOXs by competing or compensating with the full-length isoforms [100].

3.4. Primary and Specialized Metabolism
Terpenoid Metabolism

Terpenoids, which include all compounds derived from isopentenyl diphosphate
(IPP) and dimethylallyl diphosphate (DMAPP), are a large family of primary and spe-
cialized metabolites found in all living organisms [101,102]. They are structurally diverse
compounds commonly categorized as hemiterpene (Cs), monoterpenes (Cyg), sesquiter-
penes (Cy5), diterpenes (Cy), sesterterpenes (Cps), triterpenes (Czg) and tetraterpenes
(Cyq0) [103,104]. Terpenoids have diverse functions in plants. For example, they act as
phytohormones [105] and also serve as signals for attracting pollinators [106], avoiding her-
bivores [107] and mediating interactions among plants [108]. Terpenoids have a wide range
of applications in human diets and the food industry. Volatile terpenoids such as linalool
and nerolidol contribute to the odor of teas [109,110]. Terpenoids including bixin, lycopene
and astaxanthin are widely used as colorants in the food industry [111]. Terpenoids in herbs
and spices help in preserving food due to their microbicidal and insecticidal activities [112].
Some terpenoids also harbor pharmaceutical and health-promoting effects against cancer,
inflammation and infectious diseases [103,104].

Various transcriptomic studies have revealed that terpenoid biosynthetic genes are
regulated by alternative splicing in different tissues and stress conditions. For instance,
terpenoid biosynthetic genes are regulated by alternative splicing in different tissues of
Ginkgo biloba [113], Sichuan pepper (Zanthoxylum armatum) [114], Artemisia argyi [115] and
Lindera glauca [116]. They are also alternatively spliced under drought and heat stress in tea
plants [117].

Terpene synthases are a family of enzymes catalyzing the committed steps for gen-
erating isoprene, monoterpenes, sesquiterpenes, diterpenes and triterpenes [102,118]. In
Dong Ling Cao (Isodon rubescens), alternative 3’ splicing of a type I terpene synthase IrKSL3
generates two splice isoforms with different biochemical activities [119]. Using copalyl
diphosphate as a substrate, the full-length IrKSL3 produces miltiradiene as the sole product,
whereas the splice isoform IrKSL3a that harbors a deletion of six amino acids could si-
multaneously generate isopimaradiene and miltiradiene [119]. These results illustrate that
alternative splicing could influence product outcomes in enzyme-catalyzed reactions [119].

Biosynthesis of linalool and nerolidol also requires terpene synthase [120]. Two
splice isoforms of terpene synthase could be detected in tea plants (Figure 3b) [120]. The
full-length isoform CsLIS/NES-1 is localized in chloroplasts, functioning as a linalool
synthase [120]. The splice isoform CsLIS/NES-2 with an N-terminal truncation is cytoso-
lic, acting as a nerolidol synthase [120]. As both isoforms are bifunctional in catalyzing
the in vitro generation of linalool and nerolidol from geranyl diphosphate and farnesyl
diphosphate, respectively, the difference in their subcellular localizations likely contributes
to the discrepancy of their in planta biochemical functions [120]. In addition, expression of
CsLIS/NES-1 and CsLIS/NES-2 was differentially regulated [120]. CsLIS/NES-1 is induced by
jasmonates, whereas CsLIS/NES-2 expression level is higher in flowers than in leaves [120].

Phylloquinone, which is also known as vitamin Ky, is a prenylated naphthoquinone [121].
In most photosynthetic plants, phylloquinone serves as an electron acceptor in photosys-
tem I [122] and an electron carrier for disulfide bond formation in proteins essential for
photosystem II assembly [123]. Dietary consumption of phylloquinone is beneficial for
human health due to its roles in maintenance of bones [124], blood coagulation [125] and
prevention of cardiovascular diseases [126]. Isochorismate synthase (ICS) converts choris-
mate from the shikimate pathway to isochorismate, a key intermediate for the biosynthesis
of phylloquinone [127]. Poplar (Populus trichocarpa) ICS undergoes extensive alternative
splicing, producing at least 37 splice isoforms that represent approximately 50% of total ICS
transcripts [128]. Most splice isoforms are formed from intron retention and/or alternative
3’ splicing and harbor premature stop codons [128]. This is in contrast to Arabidopsis AtICS1
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that predominantly generates a full-length transcript [128]. Accordingly, it was proposed
that alternative splicing of ICS was recruited independently during evolution [128]. Populus
ICS mainly functions in phylloquinone biosynthesis, which can be maintained at a low
functional transcript level [128], whereas Arabidopsis AtICS1 is predominantly involved
in the biosynthesis of stress-induced salicylic acid, which could also be synthesized from
isochorismate [129].

3.5. Specialized Metabolism
3.5.1. Alkaloid Metabolism

Alkaloids are specialized metabolites that harbor at least one nitrogen atom in their
heterocyclic rings [130,131]. They could be further classified into different groups according
to their backbone structures [131]. Most of them are generated from amino acids: pheny-
lalanine, tyrosine, tryptophan and ornithine [132]. In plants, some alkaloids are toxins
involved in defense against pathogens [133], insects [134] and herbivores [135]. Owing
to their excellent toxicity and pharmaceutical activities, alkaloids have been extensively
exploited for poisoning and medical uses [136,137]. Well-known examples of alkaloids
include caffeine, morphine, strychnine and nicotine.

Monoterpene indole alkaloids, a group of alkaloids generated from the combina-
tion of tryptophan and terpenoid precursors, are mainly distributed in Apocynaceae,
Loganiaceae and Rubiaceae [138]. To generate the active substrate for biosynthesis of
monoterpene indole alkaloids, strictosidine 3-D-glucosidase (SGD) catalyzes deglycosyla-
tion of strictosidine to release the highly reactive aglycone [139]. In Madagascar periwinkle
(Catharanthus roseus), alternative last exon splicing generates a full-length isoform SGD
with glucosidase activities and another isoform shSGD harboring a truncated C-terminus
and lacking glucosidase activities [139]. shSGD interacts with SGD and disrupts mul-
timerization of SGDs, which, in turn, inhibits the SGD deglycosylation activities [139].
Thus, generation of a pseudo-enzyme by alternative splicing of SGD serves as a regulatory
mechanism to fine-tune monoterpene indole alkaloid biosynthesis [139].

Allantoin is a nitrogen-rich ureide compound generated from degradation of purines [140].
In plants, its biosynthesis requires transthyretin-like (TTL) protein [140]. The two isoforms
of TTL in Arabidopsis, which are generated by alternative 3’ splicing, harbor similar in vitro
catalytic activities with different subcellular localizations [140]. An internal peroxisomal
targeting signal present in the long isoform TTL!~ is missing from the short isoform
TTL?~ [140]. Exploration of TTLs in other plant species suggests that alternative splicing of
internal peroxisomal targeting signal appears to be a conserved regulatory mechanism in
angiosperm [140].

3.5.2. Phenylpropanoid Metabolism

Phenylpropanoids and their downstream metabolites such as flavonoids, monolig-
nols/lignin, stilbenoids, lignans and suberin are phenolic compounds derived from the
amino acids phenylalanine and/or tyrosine [141,142]. Their biosynthesis and regula-
tion have been extensively studied due to their functions in cell wall structure [143,144],
anti-oxidation [145,146], UV protection [147,148], determination of fruit and flower col-
ors [149,150], defense against pathogens [151,152] and herbivores [153,154] and fertil-
ity [155,156], as well as their contribution to human activities such as biomass utiliza-
tion [157], nutrition [158] and breeding [159]. Depending on the types of phenylpropanoids
and plant species, some of the phenylpropanoids are constitutively accumulated, while
some of them are induced by stresses [151]. Their accumulation is often correlated to stress
tolerances [151].

Biosynthetic genes in phenylpropanoid and its downstream pathways are regulated
by alternative splicing during plant development. For example, in kiwifruit (Actinidia chi-
nensis), several structural genes for anthocyanin biosynthesis, including chalcone synthase
(CHS), flavanone 3-hydroxylase (F3H), dihydroflavonol-4-reductase (DFR), anthocyanidin
synthase (ANS) and uridine diphosphate (UDP)-glucosyltransferase (UIGT) are regulated
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by alternative splicing during fruit development and ripening [160]. In tea plants, a series
of genes involved in phenylpropanoid, anthocyanin and monolignol biosynthesis is also
alternatively spliced in cultivars that harbor purple or green tender shoots [161], through-
out leaf development [162] and in different tissues [81]. Similar observations were found
in G. biloba, in which alternative splicing regulates flavonoid biosynthetic genes and their
transcription regulators in different tissues [163].

Alternative splicing also regulates phenylpropanoid and its downstream pathway
genes during stress conditions. In sorghum (Sorghum bicolor), upregulation and alter-
native splicing of flavonoid and phenylpropanoid biosynthetic genes occur upon in-
fection of Colletotrichum sublineola, the causal agent of anthracnose [65]. In Arabidopsis,
phenylpropanoid biosynthetic genes such as phenylalanine ammonia lyases (PAL) and
4-coumarate CoA ligases (4CL) as well as the downstream monolignol biosynthetic genes
such as hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase (HCT)
and coniferaldehyde 5-hydroxylase (CAId5H) are alternatively spliced during iron defi-
ciency [51]. These are expected to be related to the excretion of phenylpropanoids, which
could chelate iron, to the rhizosphere [51]. Collectively, these works suggest that alternative
splicing potentially plays crucial roles in mediating phenylpropanoid biosynthesis in plants
under both biotic and abiotic stresses.

Alternative splicing is a regulatory mechanism that governs anthocyanin production
and floret colors in some plant species under different conditions. For instance, tempera-
tures during flower bud emergence affect anthocyanin biosynthesis and floret coloration in
chrysanthemums (Chrysanthemum morifolium) [164]. The temperature-dependent coloration
was found to be attributed by alternative splicing of a basic helix-hoop-helix transcription
factor gene CmbHLH?2 (Figure 3c) [164]. The red ray florets generate a full-length functional
CmbHLH2F!!, whereas the white ray florets produce a truncated CmbHLH25""* due to
alternative position and exon skipping [164]. Unlike CmbHLH2Ful, CmbHLH25M0" fajls to
interact with the MYB transcription factor CmMYB6 or activate anthocyanin biosynthetic
genes [164]. A similar example was reported in peach (Prunus persica), which produces
flowers of different colors on the same tree [165]. It was found that white flowers generate
a truncated non-functional ANS by alternative splicing [165]. Hence, different cultiva-
tion conditions induce alternative splicing of the key genes for anthocyanin biosynthesis,
thereby impacting floret colors.

Anthocyanin biosynthesis in higher plants is typically activated by the MBW (MYB-
basic helix-loop-helix protein-WD40 repeat; MYB-bHLH-WDR) protein complexes [166].
In rapeseed (Brassica napus L.), BnaPAP2 is an MYB transcription factor required for regu-
lating anthocyanin biosynthesis [167]. Alternative splicing generates different BnaPAP2.A7
isoforms with opposite functions [167]. The full-length BnaPAP2.A7-744 harbors all the
essential domains of MYB and could interact with a bHLH protein in vitro [167]. The
splice isoforms BnaPAP2.A7-910 and BnaPAP2.A7-395 are truncated and cannot interact
with bHLH proteins [167]. Although the exact molecular mechanism is still unknown,
BnaPAP2.A7-910 and BnaPAP2.A7-395 downregulate flavonoid biosynthetic genes when
overexpressed in Arabidopsis, suggesting that their roles as suppressors are in opposition to
the function of the full-length BnaPAP2.A7-744 as an activator [167]. Thus, alternative splic-
ing provides a mechanism to balance the positive and negative regulations of anthocyanin
biosynthesis in rapeseed.

JASMONATE ZIM-domain (JAZ) repressor, a negative regulator of diverse jasmonate
responses including flavonoid biosynthesis [168], is regulated by alternative splicing in tea
plants which produces three JAZ splice isoforms (Figure 3d) [169]. The full-length isoform
CsJAZ1-1 is localized in nucleus, whereas the truncated isoforms CsJAZ1-2 and CsJAZ1-3,
which lack the 3’ coding sequences, are localized in both nucleus and cytoplasm [169].
In the absence of jasmonates, CsJAZ1-1 and CsJAZ1-2, but not CsJAZ1-3, competitively
bind to CsMYC2, a positive regulator of flavonoid biosynthesis [170], thereby inactivating
CsMYC2 and repressing flavonoid biosynthetic genes such as dihydroflavonol reductase
(DFR) and leucoanthocyanidin dioxygenase (LDOX) [169]. In the presence of jasmonates,
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CsJAZ1-3 interacts with CsJAZ1-1 and CsJAZ1-2, preventing their binding to CsMYC2
and eventually leading to their degradation. Consequently, repression of CsMYC2 and
flavonoid biosynthesis was released [169]. Collectively, alternative splicing coordinately

regulates jasmonate-mediated flavonoid biosynthesis in tea plants [169].

Table 1. Genes related to plant metabolism that are regulated by alternative splicing.

Type of Metabolic

Gene Alternatively

Metabolism Pathways Species Spliced Spliced Isoforms and Their Functions References
. Starch-branching LF-PvSBE2: long form, targeted to starch granule and cytosol
Phaseolus vulgaris L. enzyme (SBE) PvSBE: truncated, targeted to cytosol (371
Arabidopsis . IDD14 o full-length, activates Qua-Quine Starch (QQS)
o ops! Indet t gty
(Arabidopsis ndeterminate IDD14f3: truncated, lacks DNA binding domains, inhibits DNA [63]
. domain 14 (IDD14) g -
thaliana) binding ability of IDD14 o
Starch OsbZIP58: full-length, mediates grain filling by regulating the
metabolism Rice (Oryza sativa) OsbZIP58 expression of starch biosynthetic and hydrolyzing genes [65]
OsbZIP58(3: induced under heat stress, displayed a lower
transactivation activity than the full-length isoform OsbZIP58 &
( MaMYBI16L: full-length, binds to the promotors and activates
Banana (Musa involved in starch degradation
4 MaMYB16L genes involve s g 67
acuminate) a MaMYB16S: truncated, binds to MaMYB16L, inhibits its DNA [67]
binding and transactivation activities
) LeCBDGK: full-length, harbors DGK catalytic activity, harbors a
Tomato (Sylunum D{acylglycerol calmodulin-binding domain, could bind to calmodulin [72]
Iycopersicum) kinase (DGK) LeDGK1: truncated, harbors DGK catalytic activity, lacks a
Lipid calmodulin-binding domain, could not bind to calmodulin
metabolism .
Peanuts (Arachis Diacylglycerol AhDGAT1.1, AhDGAT1.3, AhDGAT1.5, Ahl?GATl.() and
hypogaea) acyltransferase AhDGAT1.7: harbor DGAT activities [75]
Primary vpes (DGAT) ARDGAT1.2 and AhDGAT1.4: truncated, lack DGAT activities
metabolism Castor bean WRINKLED1 RcWRI1-A: functional, less active, is expressed in all tissues [77]
(Ricinus connunis L.) (WRI1) RcWRI1-B: functional, more active, expression specific to seeds
HPR1: full-length, harbors a targeting sequence for peroxisome
L Pumpkin Hydroxypyruvate localization, localized in peroxisomes, induced under light
Photorespiration (Cucurbita sp.) reductase (HPR) HPR1: truncated, lacks a targeting sequence for peroxisome [79]
localization, localized in cytosol, weakly expressed in dark and
under light
Thylakoid-bound APX: harbors a putative membrane- spanning
Pumpkin Ascorbate domain in the C-terminus, localized in thylakoid 83]
(Cucurbita sp.) peroxidase (APX) Stromal APX: lacks a putative membrane-spanning domain in
the C-terminus, localized in stroma
Thylakoid-bound APX: harbors a putative membrane- spanning
Ascorbate Spinach (Spinacia Ascorbate domain in the C-terminus, localized in thylakoid [84-86]
metabolism oleracea) peroxidase (APX) Stromal APX: lacks a putative membrane-spanning domain in
the C-terminus, localized in stroma
WKSTI: full-length, harbors a START domain at the C-terminus,
" . upregulated under high temperature and when inoculated with
Whea‘t (Triticum Wheat kmas'e startl Pst, translocated to chloroplast, binds, phosphorylates and
turgidum ssp. (WKSI) resistance reduces the activity of thylakoid-bound APX [90]
Dicoccoides) gene WKS?2: lacks the START domain, downregulated under high
temperature and when inoculated with Pst, non-functional,
unable to bind or phosphorylate APX
o ) YUCCA4-1: lacks a predicted C-terminus hydrophobic
Auxin Amb’@l’“? Flavin-dependent transmembrane domain cytosolic, expressed in all tissues
metabolism (Arab{dopszs mono-oxygenase YUCCA4-2: harbors a predicted C-terminus hydrophobic (9]
thaliana) (YUCCA4) transmembrane domain, inserted into endoplasmic reticulum
membrane; expressed in flowers
PtRD26: full-length, activates several senescence-associated
NAC family transcription factors, proteins related to
Phytohormone chlorophyll degradation, lysine catabolism, lipoxygenase 2
Poplar (Populus NAC transcription (LOX2) for jasmonate biosynthesis and 99
tomentosa) factor (PtRD26) 1-aminocyclopropane-1-carboxylic acid synthase 6 (ACS6) for [99]
]asmonfite ethylene biosynthesis
metabolism PtRD26: truncated, interacts with several senescence-associated
NAC family transcription factors and represses their DNA
binding affinity
) Full-length isoform: predominant during normal conditions
Tea plants (Camellia Lipoxygenase (LOX) Truncated splice isoforms: induced during feeding by tea [100]

sinensis)

geometrids, infection by Glomerella cingulate, cold stress and
jasmonate treatment
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Table 1. Cont.

Type of Metabolic . Gene Alternatively . . .
Metabolism Pathways Species Spliced Spliced Isoforms and Their Functions References
IrKSL3: full-length, produces miltiradiene as the sole product
Dong Ling Cao Terpene synthase from copalyl diphosphate [119]
(Isodon rubescens) (IrKSL3) IrKSL3a: shorter, simultaneously generates isopimaradiene and
miltiradiene from copalyl diphosphate
Primary and Terpenoid CsLIS/NES-1: full-length, localized in chloroplast, functions as
Specialized peno ; linalool synthase, induced by jasmonates
. metabolism Tea plants (Camellia Terpene synthase a Y 4 Yy Jast . R
metabolism sinensis) (LIS/NES) CsLIS/NES-2: harbors a truncated N-terminus, localized in [120]
cytosol, functions as a nerolidol synthase, expression is higher
in flowers than in leaves
Poplar (Populus Isochorismate Populus ICS ur_lde‘rgoes extensive alternative sph‘cmg, prod;lces
. at least 37 splice isoforms that represent approximately 50% of [128]
trichocarpa) synthase (ICS) .
total ICS transcripts
Madagascar . L1 SGD: full-length, harbors glucosidase activities
.9 Stictosidine . .
periwinkle B-D-glucosidase shSGD: harbors a truncated C-terminus, lacks glucosidase [139]
(Catharanthus %SGD) activities, interacts with SGD, disrupts multimerization of SGD,
Alkaloid roseus) inhibits deglycosylation activities of SGD
metabolism . R . .
Arabidopsis o TTL'": long isoform, har?:)ors an internal peroxisomal
(Arabidopsis Transthyretln—.hke . _ targeting Slgl"lal ) [140]
thaliana) (TTL) protein TTL>": short isoform, lacks an internal peroxisomal
targeting signal
Basic CmbHLH2!!: full-length, expressed in red ray florets, interacts
Chrysanthemum helix-hoop-helix with CmMYB6 and activates anthocyanin biosynthetic genes
(Chrysanthemum Loop CmbHLH2%": truncated, expressed in white ray florets [164]
P transcription factor X . s EXp . y e
o morifoliun) (CmbHLH?) cannot interact with CmMYB6 or activate anthocyanin
Specialized biosynthetic genes
metabolism
Peach (Prunus Anthocyanidin Full-length ANS: functional, generates red flowers [165]
persica) synthase (ANS) Truncated ANS: non-functional, generates white flowers
Phenylpropanoid BnaPAP2.A7-744: full-length, harbors all the essential domains
metabolism of MYB, could interact with bHLH protein, activates flavonoid
Rapeseed (Brassica MYB transcription biosynthetic genes [167]
napus L.) factor (BnaPAP2) BnaPAP2.A7-910 and BnaPAP2.A7-395: truncated, cannot
interact with bHLH protein, downregulates flavonoid
biosynthetic genes
CsJAZ1-1 and CsJAZ1-2: full-length (CsJAZ1-1) and truncated
) JASMONATE (CsJAZ1-2), bind to C'SMYBZ, resul'ting in inactivation of
Tea plants (Camellia ZIM-domain (JAZ) flavonoid biosynthetic genes [169]
sinensis) repressor CsJAZ1-3: truncated, binds to CsJAZ1-1 and CsJAZ1-2 in the

presence of jasmonates and prevents their binding to CsMYB2,
resulting in activation of flavonoid biosynthetic genes

4. Conclusions and Future Directions

Owing to the advancement of high-throughput third-generation RNA sequencing
technique, omics analyses and related technology in the past decades, full-length transcripts
can be efficiently obtained, providing valuable information regarding regulation of genes
by alternative splicing [171,172]. Thus far, a diverse array of genes in plant metabolism
that are regulated by alternative splicing has been determined in different developmental
stages and/or stress conditions. Some specific examples of how alternative splicing fine-
tunes various metabolic pathways in plants by altering biochemical activities, interaction
and/or subcellular locations of proteins encoded by different splice isoforms of genes have
also been provided. Altogether, these findings could advance our understanding of post-
transcriptional regulation of plant metabolism for coping with stresses and modulating
growth and development.

Remaining tasks ahead include functional characterization of all alternatively spliced
isoforms for each gene and determination of their involvement in regulating different
metabolic processes. Meanwhile, conservation of alternative splicing of a particular gene in
metabolic processes in the plant kingdom, if any, and to what extent, may indicate evolu-
tionary significance of metabolic pathways and reveal mechanisms underlying alternative
splicing. Furthermore, it is known that epigenetic modifications, such as DNA methylation,
regulate alternative splicing in animals [173]. It has also been shown recently that mRNA
methylation, such as methylation of adenosine at the N6 position (m®A), alters the occur-
rence of alternative splicing events and expression of splice isoforms in Arabidopsis [174].
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Currently, it remains to be examined whether epigenetic modification serves as another
level of regulation for plant metabolism through mediating alternative splicing.

Studies of the roles of alternative splicing in regulating plant metabolism will provide
essential foundational information that could open up new avenues for bioengineering.
Current approaches of overexpression, downregulation and knockout mutation usually
only consider the predominant splice isoforms of target genes available in public databases.
With the knowledge of different splice isoforms, including their differences in biological and
biochemical functions and/or subcellular localization, the potential of bioengineering could
be largely extended through overexpression, downregulation or knockout via CRISPR/ cas9-
mediated mutagenesis of specific isoforms of a gene of interest, thus fine-tuning the desired
metabolic processes in plants. In fact, specific suppression of targeted splice isoforms of
SGD and shSGD was successfully achieved in C. roseus by virus-induced gene silencing
previously [139]. Overall, these will provide new insights into improvement of plant
performance, yield and utility through bioengineering.
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Abstract: In recent years, host-microbiome interactions in both animals and plants has emerged as
a novel research area for studying the relationship between host organisms and their commensal
microbial communities. The fitness advantages of this mutualistic interaction can be found in both
plant hosts and their associated microbiome, however, the driving forces mediating this beneficial in-
teraction are poorly understood. Alternative splicing (AS), a pivotal post-transcriptional mechanism,
has been demonstrated to play a crucial role in plant development and stress responses among diverse
plant ecotypes. This natural variation of plants also has an impact on their commensal microbiome. In
this article, we review the current progress of plant natural variation on their microbiome community,
and discuss knowledge gaps between AS regulation of plants in response to their intimately related
microbiota. Through the impact of this article, an avenue could be established to study the biological
mechanism of naturally varied splicing isoforms on plant-associated microbiome assembly.

Keywords: alternative splicing; plant genotype; plant-microbe interaction; microbiome assembly;
post-transcriptional regulation; proteogenomics

1. Introduction

The interaction between host plants and their commensal microbiome has become
a research hotspot in recent years. As sessile organisms, plants have evolved a series of
mechanisms to cope with changing environments [1,2]. In fact, the interaction between
plant immunity and the plant microbiota is bidirectional, with plants, microbiota, and
the environment forming a complex system and working together to coordinate the plant
microbiota. An increasing number of researchers have suggested that those plant-associated
microorganisms can be studied together with their host plants as one combined holobiont
in the field [3]. Benefits from adequate mutualistic interactions will improve plant growth
and soil productivity, inhibit pathogen propagation, enhance plant tolerance to adverse
environments, and accelerate nutrient recycling in fields [4], ultimately providing an
effective way for agriculture to increase crop yield in a sustainable manner [5].

Influencing factors that affect this mutualistic interaction have been extensively re-
ported, including internal and external factors in both plants and microorganisms [6].
Specifically, there is a growing body of evidence that plant genetics information is crucial
in response to microbial colonization, extending the knowledge of plant biology to other
disciplines such as microbiology and ecology [7]. Studies using different plant ecotypes or
cultivars have been conducted to unravel the underlying mechanism of this interaction [3].
For example, plants decode genetic information to determine the composition of root
exudates [8], root architecture [9], or ingredients for the microbiome assembly to respond at
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its surface or rhizosphere. Current reports aim to understand the diversity and dynamics
of indigenous microbial communities coupled with the identification of core microbiota or
keystone species [3]. However, most of the studies are descriptive, paying little attention to
the underlying mechanism to mediate this interaction [1,3].

In addition, plants can translate their genetic differences by adjusting the repertoire
of proteins they express in response to surrounding abiotic and biotic factors. One post-
transcriptional regulatory mechanism, notably alternative splicing (AS), has emerged as a
pivotal process for plants, to adapt to changing environments by significantly increasing
proteome diversity or fine-tuning transcript abundance [10]. To date, approximately 95% of
human intron-containing genes undergo AS regulation and up to 35% of human diseases
are related to mutations that can affect splicing [11,12]. Importantly, single nucleotide
polymorphisms (SNPs) observed at a splice site will affect the expression of certain tran-
script isoforms, thus resulting in phenotypic diversity in research on human diseases [13].
In plants, 60-83% of intron-containing genes undergo AS [14]. Natural variation of AS,
identified as splicing quantitative trait loci (functions of sQTLs) [15], and its contribution to
plant traits has been observed by using population-level transcriptome analyses, providing
evidence for linking genetic variants to plant trait variation [16-18]. However, which
function of sQTLs contribute to plant-microbe interactions is poorly understood. To this
end, we first introduce the current progress of these research questions in this review article.
Then, we discuss the possible mechanism to connecting diverse plant ecotype—-phenotype
linkages, splicing isoforms, and commensal microbiomes. In addition, we discuss further in-
vestigation using modern high-throughput omics technology to identify target plant alleles
that can modulate interactions between host plants and their intimately related microbiota.

2. Ecotype-Specific Microbial Community in Plants
2.1. Host Maintanence of Commensal Microbiome

The microbial community is a crucial environmental component, as approximately
10 billion microorganisms are present in every gram of soil [19]. The interaction between
plants and microorganism communities is a vital driver of ecosystem functioning [20] and
can affect the maintenance of agricultural ecosystems [21]. These microorganisms will form
complex co-associations with plants and have necessary roles in promoting the productiv-
ity and health of the plant type in natural environments. In particular, plant-associated
microbiota and plants from a ‘holobiont’, and evolutionary selection among microbes and
plants contributes to the steadiness of an ecosystem [22,23]. Host-associated microbial
communities have a crucial role in shaping the health and fitness of plants [24]. Diverse
microbial communities colonize plant surfaces and tissues, and beneficial microbial groups
provide plants with a large array of life supporting functions such as resilience to organic
phenomena and abiotic stresses, growth promotion, and nutrient acquisition [25,26]. It is
well known that many beneficial microorganisms in the soil after planting plants will enrich
the roots of the plants [27]. Plants and microorganisms work together as an important
part of plant growth and illustrate the importance of plant hosts; however, there is a need
to better understand the governing plant-microorganism interactions at the community
level and explore their potential agricultural application value. It was found that the
composition of microbial communities among different plants is diverse in bulk soils under
different vegetation covers [28]. Furthermore, the field bacterial community structure in
the bulk and inter-root soils with different plant diversity treatments was examined, and
significant differences in bacterial communities were observed in both bulk and inter-root
soils [29]. In recent years, culture-independent high-throughput sequencing has greatly
expanded the repertoire of microorganisms known to reside in and on plants [30-32]. Plant
growth-promoting rhizobacteria (PGPR) are gradually attracting public research attention.
If we visualize an ideal agricultural picture, crops produced should be equipped with
disease resistance, salt tolerance, drought tolerance, serious metal stress tolerance, and
higher nutritional value. One way is to use soil microorganisms (bacteria, fungi, algae,
etc.) to achieve this goal [33]. Soil microbial populations are immersed in a framework
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of interactions known to have an effect on plant fitness and soil quality. Cooperative
microbial activities may be exploited as a low-input biotechnology to assist sustainable,
environmentally friendly, agro-technological practices. Among these potential soil mi-
croorganisms, PGPR bacteria are the most promising research targets. PGPR could also be
used to enhance plant health and promote the plant growth rate without environmental
contamination [34]. There have also been deeper developments in recent years regarding
the separation of PGPR, which also has a positive effect on plants. The most remarkably
studied bacteria in relation to biocontrol are members of the genera Pseudomonas spp., Bacil-
lus spp., Azospirillum spp., and Streptomyce spp. [35-37]. For example, Bacillus thuringiensis
is renowned as a good bioinsecticidal bacterium, and acyl homoserine lactone lactonase cre-
ated by B. thuringiensis can open the lactone ring of N-acyl homoserine lactone, a signature
molecule within the bacterial quorum-sensing system [38]. The capacity of microorganisms
to rescue plants” capacity of stress has been recently studied [39-41]. For example, wheat
microbiome bacteria can relieve plant stress, and a compound secreted by the bacteria
(phenazine-1-carboxamide) directly affects the activity of fungal protein FgGenb5, a histone
acetyltransferase. This results in deregulation of simple protein acetylation at H2BK11,
H3K14, H3K18, and H3K27 in F. graminearum, as suppression of fungal growth, virulence,
and mycotoxin biogenesis [41]. Therefore, the associated degree of antagonistic bacteria
can inhibit the growth and virulence of a plant pathogenic fungus by manipulating fungi
simple protein modification. Strains of Chitinophaga spp., Chryseobacterium spp., Flavobac-
terium spp., Microbacterium spp., Pseudomonas spp., Sphingomonas spp., Stenotrophomonas
spp., and Xanthomonas spp. are typically found to complement plant responses to totally
different pathogen/pest attacks. However, the benefits of microorganisms on plants may
occur via two modes. For example, a change in the structure of the inter-root microbiome
would give the common tomato the property of resistance to wilt. The model dicot plant
Arabidopsis thaliana specifically promotes three bacterial species within the rhizosphere
upon foliar defence activation by the mildew pathogen Hyaloperonospora arabidopsidis [42].
2,4-diacetylphloroglucinol (Phl) produced by Pseudomonas on roots of wheat grown in a soil
suppressive to take-all of wheat. Phl-producing fluorescent Pseudomonas are key elements
of the natural biological control that operates in take-all-suppressive soils [43]. Recruitment
of microbes, via plant hosts, could have evolved to prime plant defence communication
pathways and inhibit the expansion and virulence of pathogens that consequently ame-
liorate plant stresses [44—46]. This suggests that plant hosts largely determine the changes
in plant microbial communities. Therefore, we believe that plants depend on microorgan-
isms to bring them positive effects, and they have unique ways to ‘communicate’. These
works need to be explored continuously and need more research to explore important
research implications.

2.2. Function of Microbiome in Plant Defense and Immune Systems, Corollary of the Relationship
between Plant Active and Passive Immunity

The plant microbiome is not static: its structure and therefore the provided host
functions in response to stresses and environmental stimuli [47-50]. Recent studies suggest
that the changes within the microbiome are not merely passive responses of plants, but
rather a consequence of millions of years of coevolution [39—41,45,51].

Emerging evidence has indicated that plant-associated microbiomes are closely related
to plant health [52] and the helpful features of plant-associated microbes will boost the
immune responses in plants against biotic/abiotic environmental constraints [53,54]. In
high abundance, beneficial microbes directly inhibit pathogens by producing antimicro-
bial compounds. However, beneficial microbes can also inhibit pathogens indirectly by
stimulating the immune system of plants, a development referred to as induced systemic
resistance (ISR) [55]. Two forms of systemic immunity triggered by plant-microbe interac-
tions, systemic acquired resistance (SAR) and ISR, are classified due to differences in the
site of induction and the manner in which the microbes are induced. Both SAR and ISR
influence growth regulator crosstalk towards enhanced defence against pathogens, which
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affects the composition of the plant microbiome. ISR inducers include PGPR, such as Pseu-
domonas spp., Bacillus spp., streptomyces spp., and plant growth-promoting fungi (PGPF),
as well as Trichoderma spp. and Serendipita indica (formerly Piriformospora indica) [56-59].
In plants, interaction with beneficial microbes of the microbiome will additionally result
in the activation of the plant’s system, not least in the form of ISR. Reciprocally, the com-
position of the plant microbiome is influenced by plant immunity, which we call active
immunity. This appears to be only determined by two main mechanisms thus far: direct
microbe-microbe interactions and stimulation or priming of the plant immune system. For
instance, a molecule secreted by the Pseudomonas piscium ZJU60 strain, which was isolated
from infected wheat head, antagonizes the flora Fusarium graminearum by inhibiting its
simple protein acetyltransferases [41]. The ability to antagonize other microbes, together
with pathogens, may be a common attribute in bacteria isolated from the Arabidopsis leaf mi-
crobiome [60]. These studies all suggest that plant microbiota are a rich source of pathogen
antagonists that act through direct inhibition [61].

Plant-pathogen interactions are mediated by the interplay of multifaceted processes,
which are expedited by pathogen- and plant-oriented molecules [62,63]. Pathogens and
commensal microbes that survive competition with different soil and plant-associated
microbes then encounter the plant innate system, principally microbe-associated molecular
patterns (MAMPs), triggered immunity (MTI), and effector triggered immunity (ETI), two
layers of molecular defence referred to within the advanced zigzag defence model [64]. PTI
and ETI both depend on SA, and each induce a systemic, SA-dependent defence response
that is known as systemic acquired resistance (SAR) [65-67]. SAR may be a durable style of
resistance against a broad spectrum of (hemi-)biotrophic pathogens [68].

The vital next step, currently, is to check these molecular mechanisms and unravel
how commensal microbes move with plant immunity under various plant conditions. Such
interactions between the system and microbiome are likely critical for plant defence against
diverse stresses and influence host microbiota associations. Evidently, internal secretion
signalling pathways of jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) and their
interactions are crucial in regulating plant defences and their associated microbiota [69,70].
Biotrophic and hemi-biotrophic pathogens that depend upon living host tissues and cells
are fended off chiefly through SA-dependent immune mechanisms. Other findings show
that the diversity of the endophytic microorganism community in Arabidopsis leaves is in
response to the associated degree of activation of the SA signalling pathway [70] and SA
signalling is involved in the modulation of root microbiota.

Taken together, unravelling the interactions between plant defence systems, micro-
biomes, and environmental factors will be an essential next step for understanding plant
selection of microbes and immune modulation shifts of plant microbiota of various envi-
ronmental conditions.

2.3. Plant Hosts Selectively Recruit Microbes via Ecotype Specificity

In light of growing concern over the threat of water and nutrient stress facing terres-
trial ecosystems, particularly those used for agricultural production, increased emphasis
has been placed on understanding how abiotic stress conditions influence the composition
and functioning of the root microbiome and its ultimate consequences for plant health.
However, under abiotic stress conditions, the composition of root microorganisms will
change accordingly, which will be reflected in changes in root secretions. Although there
are many conclusions about abiotic stresses on microbial community alteration, in recent
years, attention has gradually shifted to the genotype differences of plant hosts. Following
the appearance of next-generation sequencing, many studies have characterized the rhizo-
spheric wheat microbiome and investigated the influence of the compartment (thizoplane
vs. endosphere), crop management, or wheat genotypes on the diversity and structure
of those complicated microbial communities [71-74]. For many crops, studying soil mi-
crobial structure is indisputably the most necessary issue in crop management and plant
genotype research. A number of studies have demonstrated that plants confirm changes
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of the microbial community under the same environmental conditions. There are many
studies on the effect of different genotypes of the same plant on microorganisms (Table 1).
The importance of genotype—environment interactions is in the structural assembly of
plant microbiomes. For example, the reference plant Arabidopsis thaliana demonstrates that
host cultivars (genotypes) mediate a weak but measurable impact on the root-associated
microbiota [75]. Plant genotypes and soil have specific effects on the wheat rhizosphere
microbial community [76]. The effect of plant genotypes on the inter-root microbial com-
munity of maize showed that the two genotypes had a significant effect on the inter-root
microbial community of maize [77]. Lamit investigated different cottonwood genotypes
supporting different aboveground fungal communities [78]. Jiang et al. investigated the
inter-root bacterial community of 12 Rabbiteye blueberry (RB) cultivars and demonstrated
that inter-rooting from plant cultivars affects the bacterial association network [79]. Micro-
bial community (SMC) structure and root turnover were assessed in two contrasting Lolium
perenne cultivars (AberDove and S23), and microbial communities with differences were
discovered [80]. Hou et al. found significant differences in the composition of inter-root
bacterial communities of different rice varieties under metal contamination conditions [81].
A significant genotypic variation in rhizosphere microbial communities in rice plants was
reported [82]. Huang et al. showed significant differences in the inter-root microbial com-
munities of two varieties of kale-type oilseed rape [83]. By analysing the soil samples of
three different peony species, it was found that the microbial community structure was
greatly influenced by the peony species [84]. Zhou et al. found significant differences in
the inter-root microbial communities of four cucumber varieties [85]. A comparison of
different genotypes of soybean [5], winter wheat [86], and maize [4] also revealed that the
bacterial community structure differed among cultivars.

All of this evidence suggests that microbial communities change in response to changes
in hosts, so a hypothesis has been proposed that plants will recruit different microorganisms
by releasing different root secretions based on their own demand recruitment to relieve
stress on their own growth or when they encounter stressful environments. Specifically, a
mechanism employed by plants is the ‘cry for help’ strategy [87], a phenomenon whereby
plants experiencing abiotic, pest-induced, or pathogen-induced stresses recruit helpful
microbes/traits from the environment by employing a range of chemical stimuli to boost
their capacity to combat stresses [88,89]. For example, some soils conditioned by take-all
disease-infected wheat may lead to less take-all in future generations [43]. By studying
the composition and metabolic potential of inter-root bacterial communities of different
common bean (Phaseolus vulgaris) cultivars with different levels of resistance to the fungal
root pathogen Fusarium (Fox), differences in microbial composition between susceptible
and nonsusceptible cultivars and higher network complexity of resistant cultivars were
found. Pseudomonadaceae and Bacillaceae had a high abundance in the rhizosphere of
the Fox-resistant cultivar. Breeding for Fox resistance in common bean could have co-
selected other unknown plant traits that support the next abundance of specific helpful
microorganism families in the rhizosphere with functional traits that reinforce the primary
line of defence [90]. Microbiome structures differed between the two tomato cultivars
and transplantation of rhizosphere microbiota from resistant plants suppressed disease
symptoms in susceptible plants. Comparative analyses of rhizosphere metagenomes from
resistant and susceptible plants enabled the identification and assembly of a flavobacterial
genome that was much more abundant in the resistant plant, which could suppress R.
solanacearum-disease development in a susceptible plant [45]. Thus, on the far side of
classical ‘adapt or migrate’ strategies, accumulating evidence suggests that plants use the
‘cry for help’ strategy as a full-of-life method that enables them to learn from microorganism
associations under stresses. The host is the subject, and it is unclear in what way they
recruit microorganisms; therefore, mining the mechanism of plant-microbe interactions
will be an important part of future plant breeding. However, this theory still needs more
evidence to prove it.
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Table 1. A comparison of some representative microbial communities of different genotypes and a

comparison of alternative splicing of plants of different ecotypes is summarized.

Plant Varieties

Genotype Varieties

Region

Reproductive Stages

Result

Apache (AP), Bermude (BM),
Carstens (CT), Champlein

Senegal, Cameroon,

Plant genotypes and soil have
specific effects on the wheat

Wheat (CED, Cl}eyenne Y, Ru.bl.Sko France, and Italy Harvest season rhizosphere microbial
(RB), Soissons (SS), Terminillo .
™ community.
Zhefu No. 7, hereafter: HA, Slcg:rlrflCg;ttiiﬁfz;eiﬁi:f_;got?e
Rice Xiangzaoxian No. 45, Zhejiang Province, China Harvest season Po s
bacterial communities of
hereafter: LA - . L
different rice varieties.
Kwangan (KA),
Soybean Poongsannamul (PS), Jeonju, South Korea R1, R3, R5, and R7 Influenced by the variety and
Poongwon (PW), growth stage.
and Taekwang (TK)
Eltan, Finch, Hill81, Lewjain, Wheat c1.11t1vars are involved in
shaping the rhizosphere
Winter Wheat Madsen, Pullman, Late May to early by differentially altering the
P1561722, P1561725, WA, USA. June, 2010 and 2014 bacterial OTUs consistent]
PI561726 and PI561727 cte oo consistently
across different sites.
The bacterial community
. Zhengdan 958 (ZD), Gaoneng . . . structure in bulk soil of different
Maize 1(G1), and Gaoneng 2 (G2) Hebei province, China 18 September 2017 cultivars was significantly
different.
The rhizosphere from the plant
Rabbiteye Clearly clustered into three Lishui, Nanjing province, cultivars exertefi substap t1.a1
. Harvest Season effects on bacterial association
blueberry groups (BRI, BRII, and RBIII). China .
networks and putative keystone
species.
More abundant in the resistant
Resistant varieties and . plant rhizosphere microbiome
Tomato non-resistant varieties Seoul, Republic of Korea. Harvest season than in that of the susceptible
plant.
Different levels of resistance to
Resistant varieties and Anhembi municipality, the fungal root pathogen
Bean Harvest season

non-resistant varieties

Sao Paulo, Brazil

Fusarium (Fox), differences in
microbial composition.

Unique Splicing
Plant Varieties Genotype Varieties quantitative trait Reproductive Stages Result
loci (sQTL)

A role for differential isoform

Arabidopsis thaliana 666 geographmally distributed 6406 / _ usagein regulatmg thgse
diverse ecotypes important processes in diverse

ecotypes of Arabidopsis.

Maize kernels from The importance of AS in
Maize 19,554 / diversifying gene function and

368 inbred lines

regulating phenotypic variation.

2.4. Emerging Factors That Are Responsible for Microbe Recruitment

It is not surprising that various active genes of the soil microbiota play important roles
in competition or cooperation with other microbes. Microorganisms synthesize completely
different products that affect microbe-microbe interactions. Distinct and numerous gene
clusters for biosynthesis of natural products have been identified in plant-associated mi-
croorganisms [91,92]. Additionally, the organic chemistry diversity of root exudates was
analysed for alterations within the presence or concentrations of metabolites (metabolomics)
to determine how root exudation drives stress-induced microbiome assembly. The key
metabolic compounds are isolated from the rhizosphere for potential and tested in vitro for
interactions with plant microorganism symbionts and pathogens and, in turn, plant health.
The addition of various exudate mixtures to plant monocultures increased microorganism
diversity. Some studies also found that higher plant diversity was associated with higher
microbial diversity. Major challenges remain, such as analysis of root exudation in natural
settings, mostly due to the chemical quality of various soil types. A few plant products that
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affect the rhizosphere microbiome are known. For example, 2,4-diacetylphloroglucinol [50],
peroxidases and oxylipins [93], benzoxazinoids [94], phenylpropanoids [95], flavonoids [93],
coumarins [96], triterpenes, mucilage [97], and aromatic compounds [98] are reported to
attract microbes that benefit plant defence and nutrition. However, how these compounds
are synthesized and how they regulate the microbe interplay, along with their underlying
biochemical mechanisms, remains to be explored. Although each plant produces exu-
dates, the number and composition of root exudates vary. First, exudation is outlined
by the genotype of the host. Nineteen Arabidopsis root metabolic patterns and their vari-
ability between plants and naturally occurring germplasm were analysed, and for some
secondary metabolites, the ratio of total plant-to-plant variability was high and signifi-
cant [99]. Exudation is modulated by abiotic stresses: the amounts of exuded amino acids,
sugars, and organic acids modified in maize fully grown in phosphate-, iron-, nitrogen-, or
potassium-deficient conditions [100]. Additionally, phosphate-deficient Arabidopsis plants
exhibit hyperbolic coumarin and oligolignol exudation [101], and coumarin exudation
is significantly reduced in ABCG37-deficient plants [102], serious metal-treated poplar
(Populus tremula) iatrogenic organic acid exudation, and zinc-deficient wheat hyperbolic
phytosiderophore exudation [103]. Differential exudation could be a plausible mechanism
that plants might modulate their interaction with microbes. All of this evidence suggests
that under different stresses the root secretions of plants are altered, and it is not difficult
to speculate that the microbial community is altered accordingly. However, research on
the secretion mechanism of plant inter-root secretions and the discovery of key loci for the
recruitment of microorganisms remains a challenge.

3. Ecotype-Prone Splicing Events Are Good Candidates to Study
Plant-Microbe Interactions

3.1. Pre-mRNA Alternative Splicing and Splicing Regulators of Plant Immunity

Most eukaryotic genes are interrupted by introns. Therefore, an important step in gene
expression is the removal of introns through the splicing of precursor mRNA transcripts
(premRNAs). Emerging evidence has indicated that plant-associated microbiomes are
engaged with plant health and the helpful features of plant-associated microbes will boost
the immune responses in plants against biotic/abiotic environmental constraints. Recent
progress in high outturn sequencing of ribonucleic acid and bioinformatics tools to research
AS events [104-107] at a genome-wide scale have shown that AS is a vital part of host
transcriptome reprogramming in response to microorganism and viral infection in several
plant species. In plants, varied reports have primarily focused on AS analysis in model
plant species or nonwoody plants, resulting in a notable lack of research on AS in woody
plants [108]. Alternative splicing (AS) enhances transcriptome malleability and proteome
diversity in response to various growth and stress cues, which places AS at the crossroads
of adaptation and environmental stress response [109,110]. However, some people are
also working on different ways to improve these bottlenecks regarding AS. For example,
Chen et al. presented the plant splicing-related protein expression and annotation database
PlantSPEAD, introducing the information on their annotations, sequence information,
functional domains, protein interaction partners, and expression patterns in response to
abiotic stresses, from a dozen existing databases and the literature [111]. Furthermore, the
SWATH-MS approach is characterized by a data-independent acquisition (DIA) method
followed by a unique targeted information extraction approach [112]. SWATH-MS pro-
teomics is applied for a range of large-scale profiling studies in plants, moving from model
plant species to various plants without reference ordination annotation [113]. Within the
field of discovery proteomics, alternative splicing is an emerging research area associated
with posttranscriptional regulation. SWATH-MS could be applied to specifically establish
peptides translated from splicing junctions [114]. This is also a direction worthy of further
study in the future.

Plant immune receptors belonging to the receptor-like kinase (RLK) family play impor-
tant roles in the recognition of microbial pathogens and activation of downstream defence
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responses. The function of RLKs in plant immune responses involves specific phosphoryla-
tion events within and outside the structural domain of the kinase, which leads to altered
kinase activity and consequently to immune signalling. The function of several RLKs in
pathogen resistance has been extensively studied in model plants with simpler genomes
(e.g., rice and Arabidopsis). Examples include XA21 from rice [115,116] and PR5K from
Arabidopsis [117]. The contribution of resistance to powdery mildew infection in durum
wheat has been found by studying the expression and role of TtdLRK10 L-1 in wheat
defence against powdery mildew infection and by identifying the intron putative MYB
binding site (MYB-BS) in the positive role in the expression and function of TtdLRK10
L-1. Nucleotide binding site/leucine-rich repeat (NBS-LRR) and serine/threonine ki-
nase (STK) genes are unit two of the known categories of resistance (R-) genes in plants
and occur in massive multigene families. Some receptor-like kinases (RLKs) with ser-
ine/threonine were similar to both cytoplasmic RLKs, such as Pto, and RLKs with LRR,
S-locus, lectin-like, and thaumatin-like extracellular binding-domains [118]. By analysing
kinase domain-targeted isolation of defence-related receptor-like kinases (RLK/Pelle) in
Platanus x acerifolia: phyletic and structural, we see that some RLKs have indeed been
involved in the expression of phenotypic plasticity and are therefore a decent candidate for
investigations into pathogen resistance [119].

PremRNA splicing plays an important role in the regulation of plant immunity medi-
ated by the RLKs SNC4 and CERK1. Plant surface pattern receptors are variably spliced to
produce different transcripts that respond to pathogen infestation by influencing down-
stream signalling. Bacterial flagellin 2 (FLS2) is a classical PRR receptor protein that detects
conserved bacterial flagellin 2 (FLS2) in plants, sensing external bacterial infestation. Flag-
ellin perception in Arabidopsis works through recognition of its extremely conserved
N-terminal epitope (flg22) by flagellin-sensitive 2 (FLS2) to initiate a series of immune
responses. In nine families of dicotyledons, FLS2 was shown to undergo AS of its first
exon. Point mutations and gene swaps indicated that the position and potency of exitron
splicing primarily relied on the nucleotide sequences of FLS2 genes. The position and
efficiency of splicing depend mainly on the FLS2 nucleotide sequence of FLS2; exon of FLS2
is spliced via an intron-mediated enhancement (IME), which regulates the accumulation of
transcriptional products. Some ATs have the potential to encode suppressors for the FLS2
pathway, and transformed transcripts can encode FLS2 pathway repressors that affect FLS2-
mediated reactive oxygen species production. This study reveals that alternative splicing
finely regulates the pattern of receptor recognition and thus influences the downstream
disease resistance response [120]. The receptor-like cytoplasmic kinase BIK1, a component
of the FLS2 immune receptor advanced, not solely positively regulates flg22-triggered
calcium influx; it conjointly directly phosphorylates the NADPH oxidase RbohD at specific
sites in an exceedingly calcium-independent manner to enhance ROS generation. However,
at present, the relationship between some cytoplasmic kinases such as BIK1 and AS is
unknown [121].

The Arabidopsis thaliana NPR1 loss-of-function mutant PR gene expression is reduced,
and the ability to develop SAR loses the capacity to develop SAR. The backfill nprl mutant
to obtain the SNC (suppressor of nprl-1, constitutional) series of mutants can restore both
abilities to some extent [122]. The Arabidopsis thaliana mutant SNC4 1D contains an RLK
SNC4 (the NPR1-1 suppressor, CONSTITUTIVE4) gain-of-function mutation, which leads
to constitutive activation of the defence response. Identification of two conserved shearing
factors, SUA (ABI3-5 repressor gene) and RSN2 (SNC4-1D essential gene), are necessary to
construct a defence response by mutating the snc4 1D mutant.

In SUA and RSN2 mutants, SNC4 shearing is altered, and further analysis showed
that SUA and RSN2 are important receptors for shearing CERK1 (an essential receptor for
PAMP, titin inducible receptor kinase 1). The precursor mRNA is sheared in the receptor-
like kinase protein kinase SNC4 and CERK1-mediated regulation of plant immunity [123].
All these directly or indirectly express the key role played by alternative splicing in plant
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defence. Alternatively, spliced transcripts in plants result in profound changes in their gene
expression patterns throughout developmental growth.

Interestingly, we found that AS events seem to have specificity across various plant
species or in response to a variety of stressful environments. For resistance to different
pathogenic bacteria, independent splice variants are also formed. IR was the most common
AS pattern observed in Paulownia tomentosa [124]. Exon skipping was the primary AS
pattern in Populus throughout salt stress, suggesting a completely different tree species
produce different AS types to cope with constant stress. Apparently, an alternative acceptor
is the major AS pattern when camellia sinensis is treated with drought and heat stress [125].

Arabidopsis RPS4 senses and is resistant to the Avr Rps4-expressing strain Pst. DC3000,
and RPS4 undergoes variable splicing to produce six different transcripts. After infesta-
tion, RPS4 expression was upregulated in intact transcripts, whereas clonally incomplete
transcripts could not backfill the resistance of the deficient RPS4 plants to Pst. DC3000,
suggesting that only intact RPS4 transcripts are resistant to Pst [126]. In tobacco, the N
gene specifically recognizes a 50 kD decapping enzyme protein (p50) of Tobaccomosaic
virus (TMV) and selectively shears the N gene [127,128]. Different tree species manufacture
completely different AS varieties to cope with a similar stresses. Curiously, an alternate ac-
ceptor is the major AS pattern when C. sinensis is treated with drought and heat stress [125].
Comparisons of gene structures from 67 plant species, protein domains, promoter regions,
and conserved splicing patterns indicated that plant U1-70KSs are unable to preserve their
preserved molecular function across plant lineages and play a very important practical role
in response to environmental stresses [129]. A total of 4388 unique proteins were identified
and quantified, among which 542 proteins showed vital abundance changes upon Pb(II)
exposure, and differentially expressed proteins (DEPs) that were primarily distributed in
the lignin and flavonoid synthesis pathways were powerfully activated upon Pb exposure,
indicating their potential roles in Pb detoxification in poplar [130].

There are fewer reports related to alternative splicing, but it is easy to see that con-
served AS events seem to be consistently present, including the feature that alternative
splicing is specific under different stresses as well as under different species. We have
also previously summarized the changes in microbial communities under different plants
and different stresses, and it is unclear how the release of phytohormones relates to AS,
including the recruitment of their preferred microbes by plants, so we speculate that AS
may have its own unique splicing.

3.2. Genome-Wide Association Analyses of Splicing Quantitative Trait Loci (sQTLs) in Plants

Although AS is pervasive, the genetic basis for differential isoform usage in plants
is increasing, widespread natural variation in AS has been observed in plants, and how
AS is regulated and contributes to phenotypic variation is poorly understood. One study
performed genome-wide analysis in 666 geographically distributed diverse ecotypes of
Arabidopsis thaliana to spot genomic regions (splicing quantitative trait loci (sQTLs)) that
regulated differential AS, and observed enrichment for trans-sQTLs (trans-sQTL hotspots)
on chromosome regions. Many sQTLs were enriched, including the circadian clock, flow-
ering, and stress-responsive genes, suggesting the potential role of differential isoform
usage in controlling these necessary processes among diverse ecotypes of Arabidopsis [15].
The presence of widespread variation in diverse ecotypes of Arabidopsis at genetic level
has been widely reported. For example, epithiospecifier protein (ESP) is responsible for
diverting glucosinolate hydrolysis from the generation of isothiocyanates to that of ep-
ithionitriles or nitriles and thereby negatively affecting the capacity of the plant to defend
itself against certain insects. Some studies have shown that ESP expression is regulated
differently between the two A. thaliana ecotypes [131]. Comparison of AS in three pheno-
typic variants of maize revealed the importance of AS in diversifying gene function and
regulating phenotypic variation as well [132] (Table 1).
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3.3. Crosstalk between Plant Ecotype-Specific Splicing and Their Commensal Microbiome

Increasing evidence has suggested that the splice sites were also differentially selected
among various plant ecotypes. Although the effect of genotypic variation on splice site
determination among plant ecotypes is less reported, the sQTLs identified in several
studies provide fundamental evidence to support this finding. Subsequently, an intriguing
hypothesis has been proposed that the splicing variation among plant ecotypes may further
influence the recruitment of the plant commensal microbiome by affecting crucial factors
involved in secondary metabolism, root exudate secretion, and plant immune responses,
etc. However, the role of these differential splice sites present among various plant ecotypes
during the interaction of plants and their microbiomes remains unclear (Figure 1).
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Figure 1. Summary model and research gaps among plant ecotypes, commensal microbiota, and
alternative splicing-associated quantitative trait loci. Ecotype-specific microbial recruitment, and hy-
pothesized relationship between plant induced alternatively spliced genes. Different plants, different
genotypes, and different stresses will all release different root secretions and recruit microorganisms
according to their needs to build their own unique communities in response to certain biotic or
abiotic stresses. There is much evidence that PRRs in many plants are associated with AS. However,
with different stresses, different plants have different preferences for AS, and different ecotypes of
plants have differences in sQTLs that are enriched in flowering and stress response genes. Therefore,
we speculate that alternative splicing is somehow associated with expression shape regulation and
microbial recruitment, and plant-induced gene expression.

4. Conclusions and Future Perspective

In recent years, the study of plant microbiome interactions has become a hotspot
in scientific research. Increasing evidence suggested that alternative splicing plays a
pivotal role in plant-microbiome interactions, a dynamic process controlled by both factors
generated by plants and microorganisms. Specifically, in this review article, we discussed
the recruitment mechanism of commensal microbiome by plant hosts and proposed that
the differential recruitment of the microbiome observed among plant ecotypes is closely
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linked to their splicing quantitative trait loci (sQTLs) identified from these plant ecotypes.
For instance, a deep understanding of the genetic linkage between AS and secretion of
root exudates for microbiome recruitment will be the key to mastering changes in plant
ecology and plant breeding. However, further investigations are required to validate this
hypothesis and proof of its value to form the new research direction in this field.

To this end, studies of both host and microbiome aspects are necessary to unravel
the underlying mechanism between plant-microbiome interactions. In the host aspect
particularly, the propensity for AS varies under different stress conditions, and unique
splice variants are developed to fight against different pathogens. AS triggers intracellular
defence signals and mass expression of defence genes, yet the interactions between different
plant-associated symbionts and the plant immune system are unknown. Plants recruit
microbes in a ‘call for help’ strategy, with different species recruiting different microbes
and susceptible versus resistant species recruiting different microbial communities. One
major challenge is going to be to research root exudation in natural settings. Due to the
chemical complexity of soil, exudation is historically analysed in aquacultural culture, an
environment distant from many natural settings of plant microbiome studies. In addition,
new technologies are needed for high-throughput screening of functional microorganisms
that can be targeted to reveal the impact of core microorganisms on the inter-root biota and,
in turn, on plant health. With further understanding of root morphology and secretions,
the core strains involved may alter the engineering or breeding of plants with altered talent
to act against pathogens. This must be complemented with an improved understanding
of the substrate preferences of plant-associated microbes, their interactions, and also the
mechanisms which profit the plant. Although research on alternative splicing in plant
disease resistance has been ongoing, there are still many unanswered questions about the
role of alternative splicing in plant immunity.

Regarding commensal microbes, with the evolution of host-microbe interactions,
microorganisms have evolved evolutionary strategies for manipulating host AS machinery
to disrupt host immunity, and alternative splicing is involved in the mechanism of R-Avr
interactions. Whether this mechanism is widespread in multiple species and in disease-
resistance systems in which different microorganisms interact with plants has not been fully
explained. The mechanism of alternative splicing in the R-Avr interaction, and whether it
is widespread in multiple species and in different microbe-plant interactions in the disease
resistance system, is also not fully understood; nor are the functional mechanisms of R
proteins and subcellular localization. In the future, we need to investigate the functional
mechanism, subcellular localization, and interaction with the target protein Avr to further
expand our understanding of the molecular mechanism of plant resistance.
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Abstract: Alternative splicing is an important mechanism for regulating gene expressions at the post-
transcriptional level. In eukaryotes, the genes are transcribed in the nucleus to produce pre-mRNAs
and alternative splicing can splice a pre-mRNA to eventually form multiple different mature mRNAs,
greatly increasing the number of genes and protein diversity. Alternative splicing is involved in the
regulation of various plant life activities, especially the response of plants to abiotic stresses and is also
an important process of plant growth and development. This review aims to clarify the usefulness of
a genome-wide association analysis in the study of alternatively spliced variants by summarizing the
application of alternative splicing, genome-wide association analyses and genome-wide association
analyses in alternative splicing, as well as summarizing the related research progress.

Keywords: alternative splicing; GWAS; QTL; proteogenomics; Zea mays L.

1. Introduction

During gene expressions, a process may occur that results in the acquisition of different
proteins starting from a single gene. This process, commonly known in biological sciences
as alternative splicing (AS), occurs when certain exons are included or excluded from
the final form of the mRNA produced by the gene. This process is an important way
to achieve functional diversity of genes and explains that the existing diversity of the
transcriptome and proteome exceeds the actual number of genes present in the genome of
a given species [1]. Although its occurrence varies across the plant and animal kingdoms,
it remains key to understanding growth, health and disease, as well as evolution and
adaptations across species. Alternative splicing is involved in all stages of plant growth and
development and plays an important role in seed development and flowering transition.
Alternative splicing is also involved in the process of plant stress resistance, mainly playing
a key role in abiotic stresses such as drought, extreme temperature and salinity.

At present, there are many methods to study alternative splicing variants: the RT-PCR
method [2]; the expression sequence tag and cDNA sequence analysis method [3]; and
single-molecule sequencing technology [4]. Genome-wide association analyses have been
widely used in animal and plant research since they were first proposed. A population-level
genome-wide association analysis has many advantages such as a wide detection range and
high accuracy. Currently, in plants, a genome-wide association analysis is mainly used to
locate genes or QTLs corresponding with a few complex traits. However, there are relatively
few related studies on its alternative splicing in plants. The following is an overview of
alternative splicing, genome-wide association analyses and the application of genome-wide

167



Int. ]. Mol. Sci. 2022, 23, 4201

association analyses in alternative splicing, aiming to highlight the application value of
genome-wide association analyses in alternative splicing research.

2. Alternative Splicing: A Ubiquitous Regulatory Mechanism in Eukaryotes
2.1. Definition and Classification of Alternative Splicing

Alternative splicing is a regulatory mechanism that has been developed by organisms
during evolution. It is a process by which pre-mRNA selects different splicing sites,
excises introns and joins different exons together to generate multiple mature mRNA
splicing isoforms [5,6]. A widespread natural variation in alternative splicing is observed
in organisms, a process that increases the diversity of their transcriptomes and proteomes
to improve survival. Alternative splicing events mainly include intron retention (IR),
an alternative 5’ splice site (AE5’), an alternative first exon (AFE), exon skipping (ES),
an alternative 3’ splice site (AE3’) and an alternative last exon (ALE). In addition, there
is a more complex type called mutually exclusive alternative splicing of exons (MEE)
(Figure 1) [7,8]. Alternative splicing is ubiquitous in eukaryotes. In plants, the predominant
form of alternative splicing is intron retention [9-11]. In dicots, nearly 60% of Arabidopsis
genes contain introns [12]. Among monocots, more than 70% of the intronic genes in rice
give rise to different isoforms [11]. In maize, more than 50% of the genes are alternatively
spliced; the genetic structure leading to a natural variation in alternative splicing is relatively
simple and the cis-regulation effect is much higher than the trans-regulation effect [13].
This demonstrates that alternative splicing is essential for regulating the gene expression
in plants.
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Figure 1. Alternative splicing species.

2.2. Generation Mechanism of Alternative Splicing

The splicing process in organisms requires the participation of the spliceosome and its
formation requires the complex synergy of various trans-acting factors. This includes the
participation of more than 150 proteins such as snRNPs, U1, U2, U4/U6 and U5 [14]. The
splicing process in the nucleus is mainly accomplished by two consecutive steps of transes-
terification. In the first transesterification reaction, the 5’ end of the intron is connected to
the A base on the branch site to form a lariat structure. In the second transesterification
reaction, the 3’ splice site is cut open, the left and right exons are connected by phos-
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phodiester bonds and the intron is released in the form of a lariat and quickly degrades
(Figure 2) [15-17]. Alternative splicing is primarily regulated by cis-acting elements and
trans-acting factors.

Exon 1 Intron Exon 2
5' Ca k—#G.M 3' Primary transcript
Exon 1 Exon 2

5" Ca

Exon 1 Exon 2
5 Cap- :EA;—A ./A 3' Lariat formation

Lariat < : / """""""""" > Degradation

FA 3' Nucleophilic attack at 5" end of intron

Exon 1 Exon 2
5 Cap-OH rrrrrrrrrrrrrrrr > }LG—-#A 3' Cut at 3' end of intron
Exon 1 Exon 2

5 Cap——-//-A Ligation of exons
Figure 2. mRNA splicing mechanism.

RNA-binding proteins can regulate alternative splicing. For example, most S-serine, R-
arginine (SR) proteins exist only in the nucleus, but a few can shuttle back and forth between
the nucleus and cytoplasm. Typically, SR proteins primarily bind to exon splicing enhancers,
promoting splicing by recruiting spliceosome proteins [18]. In contrast, heterogeneous
nuclear ribonucleoprotein( hnRNP) family proteins antagonize the action of SR proteins by
binding to exon splice silencers or intron splice silencers, thereby inhibiting splicing [9,19].

In addition, epigenetic factors regulate alternative splicing. Transcription and alterna-
tive splicing are not independent processes, as co-transcription (where RNA polymerase II
acts as a link between transcription and splicing) can occur. The chromatin structure and hi-
stone modifications mainly affect RNA polymerase and splicing factors to regulate mRNA
splicing. Furthermore, DNA methylation, the RNA secondary structure and non-coding
RNAs also affect alternative splicing [9,16,20-23].

2.3. Output of Alternative Splicing

Importantly, alternative splicing increases the diversity of life [24,25]. Alternative
splicing of genes can lead to the production of many isoforms, which indirectly leads to
an increase in the diversity of proteins produced by translation. Furthermore, nonsense-
mediated mRNA decay can affect alternative splicing by regulating mRNA stability [26-28].
In addition, alternative splicing competitively inhibits the function of transcription factors
through a polypeptide interference mechanism and negatively regulates the expression
of genes [29]. Finally, alternative splicing can also regulate the gene expression through
miRNA, cutting and degrading the mRNA or blocking mRNA translation [30-32]. The
detailed alternative splicing process in plants is shown in Figure 3.
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Figure 3. Alternative splicing process.

2.4. Biological Function of Alternative Splicing in Plants

Alternative splicing is involved in the regulation of various plant life activities, espe-
cially the response of plants to abiotic stresses, and is also an important process of plant
growth and development.

2.4.1. Alternative Splicing Is Involved in the Regulation of Plant Growth and Development

Alternative splicing occurs in all stages of plant growth and development, mainly in
the seed development stage and the flowering transition stage. GRMZM2G104658 encodes
a kinase of an unknown function that is alternatively spliced in three tissues of the seed,
embryo and endosperm during the seed development, leading to its transition called a
regulatory protein with a binding site that plays a role in seed development. NAC tran-
scription factor 109 (NACTF109; GRMZM2G014653) is a regulator of abscisic acid, which is
alternatively spliced during embryo development to regulate the ABA content in seeds and
thus regulate seed dormancy. LEAF RUST 10 DISEASE-RESISTANCE LOCUS RECEPTOR-
LIKE PROTEIN KINASE-LIKE (LRK10L, GRMZM2G028568) is alternatively spliced during
the endosperm development, thereby assisting the ability of maize to regulate environ-
mental stress during the developmental stages (Table 1) [33]. Pan et al. [34] showed that a
reduced expression of ZmSmk3 resulted in the defective splicing of mitochondrial nad4,
resulting in mitochondrial damage, impaired embryonic and endosperm development
and a smaller grain size. Xie et al. [35] analyzed the results of RNA sequencing of maize
endosperm and identified 30 genes with intron retention that may be involved in maize
endosperm development. Xiu et al. [36] found that EMP16 affected mitochondrial nad2
intron 4 splicing, thereby affecting embryogenesis and endosperm development in maize.
Chen et al. [37] concluded that ZmnMAT3 caused empty husks by regulating the splicing
of mitochondrial group II introns during maize kernel development.

An important repressor of Arabidopsis flowering, FLOWERING LOCUS C (FLC), un-
dergoes alternative splicing after vernalization [38]. The splicing factor AtU2AF65b is
involved in the ABA-mediated regulation of the flowering time in Arabidopsis by splicing
the FLC pre-mRNA [39]. As a splicing factor, SKI-interacting protein can affect the flower-
ing time by regulating alternative splicing of splicing of early flowering (SEF) pre-mRNA
in Arabidopsis [40].

2.4.2. Alternative Splicing and Abiotic Stress in Plants

When the living environment changes, the property of plant sessile growth determines
that plants must respond to environmental stress by adjusting their own physiological
state. Alternative splicing plays an important role in this process. The abiotic stresses
faced by plants include drought, extreme temperature and salinity. Abiotic stress can cause
alternative splicing of related functional genes to produce gene products with different
functions in plants, which are then used to combat abiotic stress.
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Thatcher et al. [33] found that drought-induced AS in maize (Zea mays L.) mainly
occurred in the leaves and ears; 1060 and 932 AS events were identified in those tissues,
respectively. Under normal developmental conditions of the maize leaves, there were
relatively few morphological changes and few differences in developmental splicing. How-
ever, under drought-treated conditions, the splicing events in the maize leaves increased.
As the drought progressed, the splicing events gradually increased. This suggests that
alternative splicing responds to abiotic stress. A transcriptome analysis of maize seeds,
embryos and endosperm at different developmental stages revealed that GRMZM2G104658
is an unknown kinase that is highly alternatively spliced and produces nine different
known transcripts in three tissues. GRMZM2G104658 reduces isoform 1 and increases
isoform 7 in three tissue types the maize seed, embryo and endosperm resulting in a
protein with regulatory functions. However, its role in seed development requires further
investigation. CORONATINE INSENSITIVE1 (COI1; GRMZM2G353209) is a jasmonic acid
component involved in the stress response. Under drought conditions, COI1 produces
isoforms containing Leu-rich repeat regions, resulting in an increased leaf sensitivity to jas-
monic acid. HSP93-V (GRMZM2G009443) has increased Clp domain-containing transcripts
under drought stress, which can increase protein degradation. Monodehydroascorbate
reductase4 (MDAR4; GRMZM?2G320307) encodes a monodehydroascorbate reductase that
removes hydrogen peroxide. Under drought stress, MDAR4 increases hydrogen peroxide
in response to stress through selective splicing. RNA-binding protein-defense related 1
(BRN1; GRMZM2G005459) regulates drought stress as a splicing factor. BRN1 undergoes
alternative splicing under drought stress and participates in the splicing of other genes in
response to stress. U2AF65A (GRMZM5G813627) is a U2 small nuclear ribonucleoprotein
cofactor. U2AF65A undergoes drought stress with altered splicing patterns, encompassing
isoforms of all three RNA recognition motifs (RRMs) in response to stress. The expression
level of the splicing factor PRP18 (GRMZM2G102711) is closely related to alternative splic-
ing in response to drought. Under well-watered conditions, the expression level of this
gene was reduced. However, under drought conditions, the expression of this gene was
greatly increased and the splicing of the ears and leaves significantly increased (Table 1).
Tian et al. [41] demonstrated that the variable splicing of ZmCCA1 was affected by the
maize tissue type, as well as the photoperiod and drought stress. Alternative splicing of this
gene mediated the response of the maize to heat and drought stress (Table 1). Li et al. [42]
found that a high temperature enhanced alternative RNA splicing in maize and amplified
the plant response to heat stress. An elevated temperature increased the frequency of major
patterns of alternative splicing (AS) and particularly retained introns and skipped exons.

The Arabidopsis clock gene CCA1 is alternatively spliced to generate CCA13. CCA1p
interferes with the formation of the dimers of CCA1 and LHY, thereby inhibiting their
transcription [43]. Yang et al. [44] demonstrated by methods such as RNA-seq that the
Arabidopsis circadian clock not only controls the transcription of genes, but can also affect
their post-transcriptional regulation by affecting alternative splicing. DREB2s in rice are
dehydration response element (DRE)-binding proteins that regulate the expression of
downstream genes involved in the drought response. Under normal growth conditions,
OsDREB2B is mainly transcribed to produce OsDREB2B1. When rice is subjected to drought
stress or exposed to a high temperature, OsDREB2B is mainly transcribed to produce
OsDREB2B2, indicating that the resistance of rice to drought stress is affected by alternative
splicing [45].
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Table 1. Summary of splicing-associated genes [33,41].

Gene ID Gene Name Gene Function
GRMZM?2G353209 coIl Response to drought stress
GRMZM2G009443 HSP93-V Heat shock protein
GRMZM2G320307 MDAR4 Removes hydrogen peroxide
GRMZM2G005459 BRN1 Salicylic acid responsive
GRMZMb5G813627 U2AF65A Splicing factor
GRMZM2G104658 Seed development
GRMZM2G014653 NACTF109 Abscisic acid (ABA) synthesis regulator
GRMZM2G028568 LRK10L Endosperm development

CCA1 [41] Drought response

Alternative splicing has been shown to play a role in a variety of plant processes
including seed germination and the transition to flowering. Alternative splicing is also
thought to play an important role in abiotic stress processes including drought, extreme
temperature and salinity.

3. Overview of a Genome-Wide Association Analysis
3.1. Definition and Principles of a Genome-Wide Association Analysis

Due to the presence of a large number of SNPs in the genome, these variants are often
used as molecular markers for a genome-wide association analysis (GWAS). A control
analysis or correlation analysis at a genome-wide level can be achieved, which assists in the
identification of genetic variations affecting complex traits. This method was first proposed
in 1996 by Neil Risch and Kathleen Merikangas [46]. Klein et al. were the first to use this
method to identify polymorphisms associated with age-related macular degeneration [47].
Since then, it has been applied to research on human diseases such as coronary heart
disease [48], obesity [49] and type 2 diabetes [50]. In addition, an association analysis is
widely used in plants as a popular method for understanding complex quantitative traits
in natural populations.

There are two methods for the identification of plant quantitative trait loci (QTLs):
a linkage analysis and an association analysis. Compared with a linkage analysis, which
is based on a population construction, GWAS is based on a linkage disequilibrium (LD),
which makes full use of the historical recombination accumulated during plant evolution
to correlate genotypes and phenotypes. This increased recombination increases the genetic
diversity of the population, which greatly improves the accuracy of the localization and
reduces the tedious work of group building [51].

LD is a measure of the degree of correlation between two markers. Similar to chromo-
somal linkage, when two linked markers recombine, the linkage state between the two is
broken and a linked or independent state appears in the population. This recombination
contributes to the LD between the two markers [52,53]. The strength of the LD is closely as-
sociated with the accuracy of a GWAS. Generally, the breakdown of the LD across different
species is used to accurately determine the gene positions within the species during the
association analysis. For example, the attenuation distance of Arabidopsis is approximately
250 kb, that of rice is approximately 100 kb and that of maize is only approximately 1 kb,
thus association analyses in maize can reach the gene level [52,54].

3.2. General Pipeline of a GWAS in Plants

The process of GWAS research can be roughly divided into five steps (Figure 4).
First, an appropriate association group is selected. A GWAS in crops can directly use
natural variations within populations. When constructing a population, it is necessary
to select materials with rich genetic variations, large morphological differences, broad
genetic bases and regional representativeness. The sample size is generally approximately
300 to 500 individuals. Second, the phenotype of the target trait needs to be investigated.
To reduce the influence of environmental and natural factors, the examination of pheno-

172



Int. ]. Mol. Sci. 2022, 23, 4201

types requires repeated experiments in multiple locations over many years. Third, the
genotyping of the whole genomes of associated populations is performed using methods
such as SNP arrays or resequencing. Fourth, the use of software such as STRUCTURE
to analyze the population structure of the associated groups reduces the problem of high
false-positive rates in the GWAS. Finally, analysis software such as TASSEL can be used to
perform the GWAS on the genotypes and phenotypic traits of associated populations and
to obtain loci that are significantly related to the phenotypic traits, which is conducive to
the determination of subsequent candidate genes and the development of linked markers.
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Figure 4. Schematic diagram of the GWAS process.

3.3. Progress of the GWAS in Maize Research

With the completion of the maize genome sequencing and the construction of multiple
association groups, maize has become a model plant for association analyses. Maize has
its own unique genetic characteristics and rich genetic diversity. In recent years, a GWAS
has been widely used in the genetic analysis of various functional genes in maize. The
following summarizes the application and research progress of the GWAS in maize in
recent years.

There has been progress in the use of a GWAS in maize growth and development
research. Liu et al. [55] genotyped 263 maize inbred lines using the SNP50 BeadChip maize
array and confirmed that 4 SNPs were significantly associated with the starch content.
Among the four candidate genes, Glucose-1-phosphate adenylyltransferase (APS1) was thought
to be an important regulator of the starch content in the grain. Zheng et al. [56] performed a
GWAS of 248 different maize inbred lines. It was found that the maize inbred lines showed
an obvious natural variation regarding the grain quality under different environments.
Further research identified a total of 29 genes related to the grain quality. Lu et al. [57]
performed a GWAS of the total above-ground biomass and dry matter of different organs in
412 maize inbred lines. As a result, 1103 candidate genes were identified, after which a total
of 224 genes detected by various GWAS models were considered to be of high confidence.
Zhang et al. [58] studied the flowering traits in 310 maize inbred lines. Three flowering
traits were mapped to SNP molecular markers through a GWAS. The results showed that
there were 22 SNP markers associated with DTT (days to tasseling) and 234 candidate
genes were identified near these SNP markers. Dong et al. [59] used an Illumina PE150
sequencer to perform the whole genome resequencing of 80 maize core inbred lines and
obtained 1,490,007 SNPs for the subsequent association analysis. After two years of the
GWAS, 10 SNP loci were significantly associated with the grain fat content. Six candidate
genes were found in the linkage disequilibrium region of the most significant SNP site and
may be closely related to the anabolism of fat.
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In addition, a GWAS has been applied to the study of the maize stress response.
Zhang et al. [60] studied the phenotypes associated with seed germination at a low tem-
perature of 10 °C in 5 out of 300 maize inbred lines. Based on the FarmCPU model in the
GWAS, 15 significant SNPs were identified that were associated with seed germination un-
der cold stress and three of them were associated with multiple characteristics. Ma et al. [61]
performed a GWAS on 305 maize inbred lines under salt stress and identified 7 significant
SNPs; 120 genes were obtained by searching the LD regions of these loci. These 120 genes
were analyzed by transcriptome data and GRMZM?2G333183 and GRMZM?2G075104 were
identified as the key genes in response to salt stress. Xiang et al. [62] performed a GWAS on
maize seedlings in arid environments and found 83 genetic variants that might be related
to drought tolerance in seedlings. They then analyzed these variant loci and identified
42 candidate genes. The ZmVPP1 gene, encoding vacuolar-type H* pyrophosphatase, had
the largest phenotypic contribution as indicated by the peak GWAS signal.

In summary, we found that the application of a GWAS in the genetic analysis of
functional genes in maize could help us to obtain information regarding a large number
of genes related to maize growth and development such as grain quality, grain fat syn-
thesis, grain starch content, plant flowering traits and biomass. Several genes related to
maize resistance were also found; for example, genes related to cold stress, salt stress and
drought stress. The acquisition of these genes may help to improve the yield of maize from
two aspects of plant growth and development, as well as providing an improvement in
stress resistance.

4. Application of a GWAS in Alternative Splicing Studies

The expression of intracellular genes is inseparable from alternative splicing and is
a key link in the central dogma of the transmission of genetic information from DNA to
proteins. A differential splicing analysis describes the difference in the use of alternatively
spliced transcripts between two or more samples. When the differential splicing analysis
is performed at the population level, it can be used to assess the genetic factors involved
in differential splicing changes. We refer to the sites of genetic variation that regulate the
alternative splicing variants as splicing quantitative trait loci (sQTLs) [13]. A GWAS based
on a linkage disequilibrium has been widely used to examine complex quantitative trait
loci from the transcriptional level to the metabolic level and even to the level of complex
agronomic traits and epigenetics. Researchers have analyzed splicing-level RNA-seq data
using genome sequence and gene annotation information to identify the quantitative trait
loci that control genetic variations at the genome-wide level.

With the development of sequencing technology and bioinformatics, researchers have
used quantitative genetics to study the genetic variation of gene expressions. However,
there are few reports on the genetic regulatory mechanism of plant alternative splicing
variations. The following summarizes the progress of the GWAS in plant alternative splicing
variation research and compares it with animal-related research to provide a reference for
the application of a GWAS in plant alternative splicing variation research. It may contribute
to the in-depth study of a GWAS in the study of plant alternative splicing.

In plant research, there are relatively few reports on AS using GWAS methods. In
Arabidopsis, Yoo et al. [63] investigated sQTLs in 141 Arabidopsis individuals by a GWAS.
The study identified 1694 candidate sQTLs. These candidate sQTLs were then interpreted
using 107 trait-related published SNPs. As a result, 96 candidate sQTLs were identified that
could explain the mechanism of trait-related SNPs. Among them, 25 sQTLs that affect the
high differential expression of alternative splicing target exons between genotypes were
further screened. They are distributed on different chromosomes and are associated with
the growth, flowering and stress of Arabidopsis thaliana. Khokhar et al. [64], through a
GWAS of 666 geographically distinct Arabidopsis ecotypes, found that trans-sQTLs were
abundantly accumulated on chromosome 1. In addition, sQTLs co-localized with trait-
associated SNPs were also identified. Among them, a large number of sQTLs were enriched
in the genes that regulate the stress response, as well as flowering and the circadian clock,
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mediating the expression of multiple genes including circadian clock-associated 1 (CCA1),
late elongated hypocotyl (LHY), phytochrome-interacting factor 5 (PIF5) and b-box domain
protein 19 (BBX19). It indicated that the existence of differential isoforms is important
in the regulation of different ecological types in Arabidopsis. An analysis of alternative
splicing types also showed that although all types of AS contributed to sQTLs, intron
retention (IR) was more prevalent than any other AS type. Yu et al. [65] identified a total
of 764 genotype-specific splicing (GSS) events in rice—salt tolerance studies. Among them,
five genes were significantly associated with the Na* content. Ultimately, OsNUCI and
OsRAD23 emerged as the most likely candidate genes with splice variants. In studies of
alternative splicing in maize, Mei et al. [66] analyzed AS differences between B73 and
Mo17 via a linkage population. Chen et al. [13] used mixed linear models in a GWAS
and combined 1.25 million SNPs to identify the sQTLs in 368 maize inbred lines. By
performing an LD analysis of the associated SNPs in each gene detected by the sQTLs
and examining and screening for changes in the splicing rate for each specific sQTL (rate
of splicing difference exceeding 5%), a total of 19,554 unique sQTLs corresponding with
6570 genes were detected. The AS types involved in each sQTL were then analyzed. In total,
20,317 sQTL-related AS events were identified with IR being the most common (36%). In
addition, the results of a functional enrichment analysis of the genes mapped to the sQTLs
showed that the genes with alternative splicing variants mainly functioned in the cells
and were involved in protein metabolism and RNA processing and binding in response to
external environmental stimuli.

The use of a GWAS is more common in the study of alternative splicing in animals
than in plants, especially in the study of human diseases. For example, existing GWAS
studies have identified the existence of a large number of SNPs that are closely related
to breast cancer (BC); these SNPs are mostly located in non-coding regions, suggesting
a regulatory function. Machado et al. [67] identified BC-related SNPs through screening
and the analysis of the genotype and expression data of breast tissue samples from the
GTEXx project and finally identified four sQTLs. Saharali et al. [68] performed RNA-seq
on 376 whole blood samples from different individuals in the COPD (chronic obstructive
pulmonary disease) Genetic Study. Through the GWAS linear model, 561,060 specific
SNPs were identified and were closely related to 30,333 splice sites, which corresponded
with 6419 genes. A GWAS has also been used to study various diseases including human
multiple sclerosis [69], gliomas [70] and placental disorders [71]. The GWAS-related sQTLs
are summarized in Table 2.

Table 2. Summary of GWAS-associated sQTLs.

SNP rsID SNP Location Gene References
rs11249433 chrl SRGAP2D [67]
rs11552449 chrl DCLRE1B [67]
rs11552449 chrl PHTF1 [67]
rs6504950 chrl?7 STXBP4 [67]
rs931794 chrl5 CHRNA5 [68]
rs2202507 chr4 GYPE [68]
rs10470936 chr4 FAM13A [68]
rs2843128 chrl CDK11A [68]
rs4788084 chrlé SULT1A2 [68]
rs7740107 chr6 L3MBTL3 [69]
157572263 chr2 C20rf80 [70]
rs2699247 chr?7 SEC61G [70]
rs11216924 chrll TMEM?25 [70]
GRMZM2G041223 chr2 ZmGRF8 [13]
GRMZM2G171365 chr9 ZmMADS1 [13]
GRMZM2G348551 chr6 sugary2 [13]
GRMZM2G005887 chrl Cys2 [13]
LOC_Os04g52960 chr4 OsNUC1 [65]
LOC_0Os09g24200 chr9 OsRAD23 [65]
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Combined with the research progress of the GWAS in maize in Section 2 and the study
of the GWAS in plant alternative splicing variations in this section, it was found that the
application of a GWAS in plants can be divided into two categories. First, a GWAS can be
used to map several genes or QTLs corresponding with complex traits such as the mapping
of plant growth, as well as development-related genes and stress resistance-related genes.
Second, a GWAS can also be used to study alternatively spliced variants in plants. Through
the detection and screening of the splicing ratio at the whole genome level, a large number
of SNP variant sites related to alternative splicing have been found and these sites were
associated with the corresponding traits. This contributes to our analysis of the possible
regulatory mechanisms of alternative splicing to assess the contribution of the relevant
phenotypic variation.

A comparison between the animal- and the plant-related studies revealed that the
genetic structure of alternatively spliced variants in plants is simpler than in animal studies.
In the regulation of splicing events, the proportion or priority of cis-acting and trans-acting
factors detected by a GWAS is different in plants. For example, in Arabidopsis, the trans-
acting elements are more abundant than the cis-acting elements [64]. However, in maize,
alternative splicing is preferentially regulated by various cis-acting elements and cis-sQTLs
explain more splicing variations than trans-sQTLs [13]. A GWAS is widely used in the
study of alternative splicing in animals and has a relatively complete system. However, few
studies in plants suggest that the application of a GWAS in the study of plant alternative
splicing variants needs to be further explored. It may be possible to guide experimental
research on plants with the help of existing research models in animals.

5. Conclusions and Prospects

Alternative splicing is common in eukaryotes. Relevant research advances in plants
have shown that it plays a role in the growth and development of a variety of plants
including seed germination and flowering. It also plays an important role in abiotic stresses
such as drought, extreme temperature and salinity.

The application of a GWAS in the genetic analysis of the functional genes in maize
showed that a GWAS can be used as a means of mapping genes or QTLs corresponding
with complex traits; a large number of genes related to growth and development can be
mapped through a GWAS such as grain quality, flowering and biomass, as well as the
location of the genes related to stress responses (for example, salt stress, drought stress and
low temperature stress). The acquisition of these genes helps to improve plants in terms of
the plant growth process and stress resistance.

The application of a GWAS in plant alternative splicing can assist with quickly obtain-
ing a large number of sQTLs in the whole genome of plants. These sQTLs with different
traits can then be associated through identification and screening. The sQTLs associated
with plant flowering, the circadian clock and other growth and development aspects dis-
tributed on different chromosomes, as well as the sQTLs associated with stress response,
were obtained.

Due to advances in chip technology and sequencing technology, the cost of whole
genome sequencing and gene chip technology should decrease and a GWAS may be
more widely used in the study of alternative splicing variants. In addition, based on
the application and development of proteomics such as SWATH-MS in plants [72,73], a
GWAS may be combined with proteomics to further study the relationship between gene
alternative splicing and trait regulations to discover the relevant regulatory networks to
provide a theoretical basis for the treatment of animal diseases and increase crop yields.
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