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Abstract: YT521-B homology (YTH) domain-containing RNA-binding proteins (YTPs) are important
N®-methyladenosine (m°A) readers that have crucial roles in determining the destiny of m® A-modified
RNAs, which are the most widespread RNA modifications in eukaryotes. Tomatoes (Solanum
Iycopersicum L.) hold significant importance in both dietary consumption patterns and scientific
inquiries. While the YTP gene family has been characterized in tomatoes, their specific reactions to
the low temperature and waterlogging stresses remain to be elucidated. In our study, nine tomato
SIYTPs could be divided into five subclasses, YTHDFa-c and YTHDCa-b. After gene cloning and
measuring their expression levels under stress conditions, it was revealed that SIYTP8 exhibited
increased sensitivity to low-temperature treatment, while the expression levels of SIYTP9 were
notably upregulated in leaf tissues subjected to waterlogging conditions. As members of the YTHDFc
subfamily, SIYTP8 and SIYTP9 are both localized in the cytoplasm. Nevertheless, overexpression
(OE) of SIYTPS8 increased the sensitivity of tomato plants to low-temperature treatment, which was
manifested by a higher accumulation of malondialdehyde (MDA) and hydrogen peroxide (H,O,)
and a weaker reactive oxygen species scavenging ability compared to wild-type (WT) tomatoes.
However, in comparison to WT plants, the leaves of SIYTP9 OE tomatoes showed higher chlorophyll
content and a stronger reactive oxygen species scavenging ability after 3 days of waterlogging
treatment, thereby increasing the resistance of tomatoes to waterlogging stress. Moreover, in order to
investigate the possible molecular mechanisms underlying their responses to the low temperature
and waterlogging stresses, the transcription factors and interacting protein networks associated with
SIYTP8/9 promoters and proteins were also predicted, respectively. These results could fill the gap in
the understanding of tomato YTPs in response to the low temperature and waterlogging stresses,
while also providing a theoretical and experimental basis for subsequent studies on their molecular

mechanisms.
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1. Introduction

There are more than 170 kinds of modifications on RNA molecules, such as
N 6—me’rhyladenos'me (m®A), N 1—me’chyladenosine (m'A), and N4—acetylcytidine (ac*Q) [1].
Among them, the functions of the m®A modification are better documented than other
modifications. Nonetheless, the m® A modification is the most common and widespread
post-transcriptional modification in eukaryotic RNAs [2]. The functional role of the RNA
mPA modification relies on the involvement of its writers (m°A methyltransferases), readers
(proteins responsible for m® A binding and recognition), and erasers (m°®A demethylases) [3].
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Writers and erasers determine the presence and dynamics of m°A, leading to differential
levels of the RNA m°A modification across different growth stages and in response to
varying environmental conditions [4]. The precise regulation of m®A on RNA metabolism
is also dependent on both direct and indirect recognition by proteins known as m®A readers.
YT521-B homology (YTH) domain-containing RNA-binding proteins (YTPs) represent a
class of RNA mPA readers, with their YTH domain being identified as directly interacting
with the m® A molecule through an ‘aromatic pocket’. In this structural arrangement, two or
three tryptophan residues effectively encase the m°A site [5]. The YTH domain, consisting
of approximately 150 amino acids, exhibits a high degree of conservation among diverse
eukaryotic organisms, including mammals (humans), fungi (yeast), and plants [5].

In humans and other mammals, there are five YTPs that can bind with the m°A
modification in RNAs. These YTPs can be divided into five subclasses, i.e., YTHDFa-c
(YTH domain-containing family protein a-c) and YTHDCa-b (YTH domain-containing
protein a-b) [6-11]. Subcellular localization varies among members of different subclasses.
YTHDF proteins (DFa, DFb, and DFc) are located in the cytoplasm and consist of a C-
terminal YTH domain along with a substantial low-complexity region. Studies have
demonstrated that YTHDFs have the capacity to interact with all m®A sites present in
mRNA. YTHDCa is predominantly localized in the nucleus and features a central YTH
domain in conjunction with several other functional domains. Conversely, YTHDCb is
a nucleocytoplasmic protein that includes a C-terminal YTH domain as well as a DEAD-
box RNA helicase domain. YTHDCa is known to interact with specific m°®A sites within
mRNAs and noncoding RNAs, while YTHDCb predominantly interacts with m®A-modified
noncoding RNAs [12].

Plant genomes are characterized by a higher abundance of YTPs in comparison to
other eukaryotes, with Arabidopsis containing 13 YTPs (Arabidopsis thaliana) [13], rice
having 12 YTPs (Oryza sativa) [14], tomatoes possessing 9 YTPs (Solanum lycopersicum) [15],
and wheat exhibiting 39 YTPs (Triticum aestivum) [16]. Among the 13 Arabidopsis YTPs,
ECT2 (AT3G13460.1; EVOLUTIONARILY CONSERVED C-TERMINAL REGION 2, which
was named before the identification of the YTH domain in plants) was initially identified
as an m®A reader and has been demonstrated to interact with ECT3 (AT5G61020.1) and
ECT4 (AT1G55500.5) in the cytoplasm. This interaction enhances the m6A—binding affinity
and demonstrates genetic redundancy in Arabidopsis [17]. In accordance with their spatial
proximity, ECT3 demonstrates a significant overlap in target genes with ECT2. Moreover,
the collective action of ECT2, ECT3, and ECT4 serves to stabilize the m® A-modified mRNAs
they target. However, it is noteworthy that this stabilization process does not exert an
influence on the translation process, thereby indicating a post-transcriptional regulatory
role of these proteins in modulating mRNA abundance [18,19]. A recent investigation
revealed that ECT1 (AT3G03950.3) undergoes liquid-liquid phase separation (LLPS) to
generate cytosolic biomolecular condensates, namely processing bodies and stress granules,
in response to salicylic acid (SA) or bacterial pathogens. This process enables the sequestra-
tion of SA-induced m®A modification-prone mRNAs by ECT1 within these condensates,
subsequently promoting their degradation [20]. In addition to the model plant Arabidopsis,
analogous proteins have been identified in other plant species, exemplified by MhYTP2
in apple, as documented by Guo et al. [21]. Similarly, in tomatoes, the genes SIYTH1 and
SIYTH?2, encoding hypothetical RNA m°A readers, have been found to exert discernible
impacts on plant growth and fruit morphology [22,23]. These findings shed light on the
conservation and functional significance of m®A-associated proteins across diverse plant
taxa, which play crucial roles in plant development as well as in responses to both biotic
and abiotic stresses.

Tomato (Solanum lycopersicum L.) is one of the most widely cultivated vegetables
globally, which is also a frequently used model plant used in scientific research. Low
temperature and waterlogging stress severely affect the quality and yield of tomatoes. To
our knowledge, the functions of tomato YTP family members in low temperatures and
waterlogging stress responses have not been thoroughly analyzed. Thus, the aim of this
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study was to explore the key SIYTP gene family members participating in chilling and
waterlogging stress responses. After the identification of SIYTP gene family members in the
tomato genome, gene cloning and qRT-PCR will be conducted to measure their expression
patterns under these stress conditions. Subcellular localization experiments can reveal
the cellular compartments where the key SIYTP members exert their biological functions.
Through the genetic transformation of tomatoes, transgenic plants could be obtained to
verify the effect of SIYTP expressions on tomato resistance. These results could fill the gap
in the understanding of tomato YTPs in response to low temperatures and waterlogging
stress, while also providing a theoretical and experimental basis for subsequent studies on
the molecular mechanisms and assistance of tomato resistance breeding.

2. Materials and Methods
2.1. Identification and Analysis of the SIYTP Gene Family

The sequences of the 13 identified AtYTPs were acquired from the Arabidopsis genome
database TAIR (https:/ /www.arabidopsis.org/, accessed on 13 May 2024), while those of the
tomato genome were obtained from the Sol Genomics Network (https:/ /solgenomics.net/,
accessed on 13 May 2024). Then, SIYTPs were detected through two iterations of BLASTP
analysis conducted using TBtools [24]. Following this, the ExXPASy was utilized to calculate
the coding sequence (CDS) length, isoelectric point (pl), and molecular weights (MWs) of
all the forecasted SIYTPs [25]. The chromosomal coordinates for the SIYTP genes were
extracted from the GFF3 reference file of the tomato genome. Utilizing TBtools software
(v2.096) in conjunction with the tomato genomic annotation GFF3 file, the positional
mapping of SIYTP genes onto chromosomes was performed [24]. Gene numbers per 300 kb
of chromosomes are shown on each chromosome with different colors.

A neighbor-joining (NJ) phylogenetic tree was generated for the full-length sequences
of AtYTPs and SIYTPs using MEGA?7.0 with 1000 bootstrap replicates. Additionally, a
multiple sequence alignment of all SIYTPs was conducted using MEGA?.0. Moreover, NCBI
Batch CD-Search and TBtools were utilized to analyze and visualize the gene structures and
conserved domains [24,26]. To identify conserved motifs in the genes, the MEME program
(https:/ /meme-suite.org/meme/, accessed on 13 May 2024) was employed with specific
parameters. The optimum motif width was set between 15 and 50, while the number of
repetitions was either zero or one. Additionally, a maximum number of 10 motifs was
identified [27].

Prediction of promoter cis-acting elements was carried out using PlantCARE [28]. To
gain an insight into the potential function of SIYTPs under various stress responses, we
reviewed the available expression data obtained from tomato microarray chip experiments
(https:/ /genevestigator.com/, accessed on 13 May 2024). Expression data were collected
from and visualized via the Genevestigator website [29].

2.2. Plant Growth and Treatments

Seeds of Micro-Tom (S. lycopersicum cv. Micro-Tom) were obtained from State Key
Laboratory of Crop Stress Biology for Arid Areas/Shaanxi Key Laboratory of Apple,
College of Horticulture, Northwest A&F University (Yangling, Shaanxi, China). Micro-Tom
seedlings were cultivated in the walk-in plant growth chamber at the Horticultural college
of Northwest A&F University (34°20' N, 108°24’ E). Seedlings were grown in plastic pots
(7 x 7 cm) filled with soil/perlite/vermiculite (4:1:1, v:v:v). Light intensity was set to
660 pmol m~ s7! and characterized by a 16 h day and 8 h night cycle, with a day /night
temperature regimen of 25 °C/20 °C. Roots, stems, and leaves were harvested from 30-day-
old seedlings for quantitative real time polymerase chain reaction (qQRT-PCR) analysis. For
chilling treatment, 30-day tomato seedlings were transferred to a growth chamber with a
low-temperature (4 °C) environment for 48 h, maintaining light intensity and photoperiod
unchanged. Leaf samples for qRT-PCR were collected at 0, 3, 6, 9, 12, 24, and 48 h after
chilling treatment. After that, seedlings were transferred to the growth conditions before
treatment for 48 h, and recovery (R) leaf samples were collected. Waterlogging treatment
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was administered using plastic trays filled with water to fully immerse the entire 30-day
tomato seedlings, ensuring that the water level remained less than 1 cm above the apex
of the plants. The light intensity, day and night cycle, and growth temperature remained
unchanged. Then, after 0, 1, 3, and 5 days of waterlogging treatment, the leaves of tomatoes
were collected for RNA extraction and qRT-PCR.

The growth conditions and stress treatment methods for the transgenic plants were
maintained consistent with the above description. For chilling treatment, 0 and 48 h leaf
samples were used to detected physiological indexes; for waterlogging treatment, 0 and
3 d leaf samples were used.

2.3. Gene Clone and qRT-PCR

The RNA extraction process from Micro-Tom leaves involved the utilization of the
FlashPure Plant Total RNA Mini Kit (R019, GeneBetter Life Science, Beijing, China) as per
the guidelines outlined by the manufacturer. To clone genes, the initial step involved the
synthesis of first-strand cDNA using the RevertAid First Strand cDNA Synthesis Kit (K1622,
Thermo Scientific, https:/ /www.thermofisher.cn/, accessed on 13 May 2024). Primers for
gene cloning were designed using Primer Premier 6.0 (Table S1). For qRT-PCR, cDNA
synthesis was conducted according to the manuscript instruction of the PrimeScript"
RT Reagent Kit with gDNA Eraser (Perfect Real Time) (RR047A, Takara, https://www.
takarabiomed.com.cn/, accessed on 13 May 2024). Then, qRT-PCR was conducted with
TB Green® Premix Ex Taq"" 1 FAST qPCR (CN830A, Takara, https:/ /www.takarabiomed.
com.cn/, accessed on 13 May 2024) via the LightCycler 96/LightCycler 480 System (Roche
Diagnostics; Indianapolis, IN, USA). SIACTIN (Solyc11g005330) was used as the reference
gene. Gene-specific primers are shown in Table S1.

2.4. Subcellular Localization

The online resource “Bio-Analytic Resource for Plant Biology” (BAR) at http:/ /bar.
utoronto.ca (accessed on 13 May 2024) was utilized to anticipate the subcellular localization
of the SIYTPs [30].

Subsequently, the coding sequences (CDSs) of SIYTP8 and SIYTP9 were cloned into the
plant expression vector pCambia2301, with the inclusion of a GFP label. Briefly, the CDSs
of genes were firstly amplified with vector construction primers listed in Table S1, and
then homologous recombination reactions were conducted with a linearized pCambia2301
empty vector using the Hieff Clone® Universal One Step Cloning Kit (10922ES50, Yeasen,
https:/ /www.yeasen.com/, accessed on 13 May 2024). Recombinant plasmids were trans-
formed into E. coli (DH5«) for amplification and sequencing validation. pCambia2301-
SIYTP8, pCambia2301-SIYTP9-1, and pCambia2301-SIYTP9-2 were transformed into
Agrobacterium tumefaciens (strain GV3101). Tobacco (Nicotiana benthamiana) seedlings were
grown under a 16 h photoperiod at 22 °C in a growth chamber. Verification of the appro-
priate Agrobacterium strain for infecting 5-week-old tobacco leaves was conducted. After
infection and growth for 48 h at 22 °C, the leaf specimens were placed onto glass slides
and examined under a fluorescence microscope (Olympus; Japan) equipped with a 20
objective lens. The detailed experimental procedure used is the one outlined in the study
by Wang et al. [31].

2.5. Tomato Transformation

Recombinant plasmids obtained at 2.4 were applied to the tomato transformation pro-
cess. Then, the GV3101 strain containing pCambia2301-SIYTP8 and pCambia2301-SIYTP9-2
were used to infect Micro-Tom tomato cotyledons at Shanghai Weidi Biotechnology Co.,
Ltd. (https://www.weidibio.com/, accessed on 13 May 2024). The antibiotic kanamycin
(50 mg-L~1) was used to screen potential transgenic plants, followed by identification at
the DNA level using GUS gene primers (Table S1) [32]. Then, potential transgenic lines dis-
playing a segregation ratio of 3:1 were singled out, and transgenic lines at the homozygous
T; stage were subsequently validated through qRT-PCR.
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2.6. Measurement of Stress-Related Physiological Indexes

Relative electrolyte leakage (REL) from leaves was determined following the protocol
established by Guo et al. [33] using an electrical conductivity meter (DSS-307; SPSIC,
Shanghai, China). The detection of chlorophyll concentration was carried out following
the methods established by Wang et al. [34]. Moreover, the concentrations of MDA and
H,0, as well as and the activities of SOD, CAT, and POD were tested following the
established protocols and using the Malondialdehyde (MDA) Test Kit (MDA-2-Y, Comin,
http:/ /www.cominbio.com/index.html, accessed on 13 May 2024), Hydrogen Peroxide
(Hy0O,) Test Kit (HyO,-2-Y, Comin), Superoxide Dismutase (SOD) Test Kit (SOD-2-Y, Comin),
Catalase (CAT) Test Kit (CAT-2-W, Comin), and Peroxidase (POD) Test Kit (POD-2-Y,
Comin), respectively.

For MDA concentration testing, 100 mg tomato leaves were ground in the extraction
solution. After centrifugation, 0.2 mL of the supernatant was mixed with the reaction
solution. After incubation at 95° C for 30 min, measurements of the absorbance at 532 nm
(As3p) and 600 nm (Agyy) were conducted. MDA content can be calculated from the
difference between Aszy, andAggp.

For HyO; concentration testing, 100 mg tomato leaves were ground in the extraction
solution. After centrifugation, all the supernatants were combined with the reaction
solution and labeled as the test group, and a control group was set up without the addition
of any supernatants. After incubation at room temperature for 5 min, their absorbance at
415 nm was measured. The concentration of HyO, can be calculated from the difference in
absorbance at 415 nm between the test group and the control group.

For SOD activity, 100 mg tomato leaves were ground in the extraction solution. After
centrifugation, we mixed 50 pL of supernatants with the reaction solution and simulta-
neously set up a control group without the addition of supernatants. After incubation at
room temperature for 30 min, their absorbance at 450 nm was measured. SOD activity can
be calculated from the difference in absorbance at 450 nm between the test group and the
control group.

For CAT activity, 100 mg tomato leaves were ground in the extraction solution. After
centrifugation, the supernatants were retained. First, 150 uL of the supernatants was
added to the sample group, added to a reaction solution, and left at room temperature
for 10 min; on the other hand, the reaction solution was first added to the control group,
followed by the supernatants, and the absorbance value was measured immediately, with
the wavelength set at 405 nm. CAT activity can be calculated by determining the difference
between the test group and the control group.

For POD activity, 100 mg tomato leaves were ground in the extraction solution. After
centrifugation, 50 uL the supernatants and 950 pL of the reaction solution were mixed, and
the absorbance values A; at 1 min and A, at 2 min were recorded at 470 nm (with a time
interval of 1 min between A; and A1). POD activity can be calculated by determining the
difference between A; and A,.

2.7. Prediction Transcription Factors and Interacting Proteins

Transcription factors that could bind with SIYTP gene promoters and proteins that
have interact with SIYTPs were predicted using PlantRegMap and STRING (https:/ /string-
db.org/, accessed on 13 May 2024), respectively, with S. lycopersicum being designated as
the target species [35,36].

3. Results
3.1. SIYTP Family Member Identification and Analysis

A total of nine SIYTPs were identified via two rounds of BLASTP in the S. lycopersicum
genome. These SIYTP genes were renamed according to their gene IDs (Tables S2 and S3).
The largest YTP (SIYTP5) had a 706 aa (77.2 KDa) and the smallest one (SIYTP2) only had a
369 aa (41.1 KDa). SIYTPs were located on five chromosomes. SIYTP5/9s were localized on
chromosomes 1, SIYTP4/7s on chromosomes 2, SIYTP6 on chromosomes 5, SIYTP1/2/3s on
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chromosomes 8, and SIYTP8 on chromosomes 12 (Figure S1). Three SIYTP genes, namely
SIYTP1, SIYTP2, and SIYTP3, were clustered within a genomic region spanning 200 kb on
chromosome 8 (Figure S1).

The evolutionary relationships and classifications of tomato SIYTPs were elucidated
through a phylogenetic tree constructed using the protein sequences of 13 AtYTPs and
9 SIYTPs (Figures 1 and S2). Similar to animals, tomato SIYTPs were divided into 5 subfamilies,
which comprise YTHDFa (SIYTP5), YTHDFb (SIYTP6), YTHDFc (SIYTP8/9), YTHDCa
(S1IYTP4/7), and YTHDCb (SIYTP1/2/3). It is worth noting that members of the same
subfamily also share similarities in their gene (exon/intron) structures. Overall, tomato
SIYTP gene family members typically exhibited a range of 6 to 9 exons (Figure S3).
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Figure 1. Unrooted phylogenetic tree of YTPs from Solanum lycopersicum and Arabidopsis thaliana.
YTPs were divided into five subclasses, YTHDCa, YTHDCb, YTHDFa, YTHDFb, and YTHDFc.
The phylogenetic tree was generated utilizing the neighbor-joining algorithm, with 1000 bootstrap
iterations used to ascertain the robustness of the tree topology. The scale bar corresponds to a
3.0 genetic distance.

The protein sequence of members of the SIYTP family, combined with MEME anal-
ysis and protein domain identification, offers valuable information on the evolutionary
dynamics of gene families and reinforces the phylogenetic classification (Figures 54-57).
A web-based MEME analysis was conducted to detect novel motifs within the cohort of
nine SIYTPs. Ten conserved motifs were identified, and each SIYTP was found to possess
between four and eight of these motifs (Figures 54 and S5). SIYTPs in the same subfamily
shared similar motifs. Motifs 1/2/3 were included in every SIYTP. Others were unique to
one or few subclasses. However, all SIYTPs contained only one YTH domain. In addition,
other protein domains also appeared in these SIYTP proteins, i.e., the CPSF30 protein
domain (Figure S6). Within the YTHDFa-c subgroup of the SIYTP proteins, it was observed
that the YTH domain represents the sole identifiable module located at their C-terminus
(Figure S6). In the YTHDCa group of the SIYTP proteins, they exhibited a YTH domain at
their middle region and zinc finger repeats (YTH1 superfamily domain). In the YTHDCb
group of the SIYTP proteins, they exhibited a YTH domain at their N-terminus region,
and SIYTP?2 also exhibited a DUF3568 superfamily domain. YTH domain contained about
110-150 amino acid residues. Sequence alignments revealed that the SIYTP protein YTH do-
mains share 69.57% identity. These YTH domains contain three a-helixes and six (3-sheets
(Figure S7). In SIYTP1/2/3/5/6/8/9, the aromatic cage is constituted by tryptophan
residues exclusively, which are denoted as WWW. Conversely, in SIYTP4/7, the aromatic
cage comprises tryptophan and tyrosine residues, which are noted as WWY. (Figure S7).

The cis-regulatory motifs appeared in the promoter sequences of the SIYTPs that
were examined. These cis-regulatory elements are associated with environmental stimuli,
hormonal signaling pathways, developmental processes, photo-responsive mechanisms,
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transcription factor binding sites, and various biological functions. Environmental stress
(low temperature, anaerobic stress, drought) and hormone response (ABA, MeJA, SA, GA,
auxin) related to cis-acting elements are listed in Figure S8 and Table S4.

3.2. Expression Levels of SIYTPs in Different Tomato Tissues and under Various Stresses

To confirm the tissue expression of the SIYTP genes, their expressions in three different
tissues (root, stem, and leaf) were analyze via qRT-PCR (Figure 2a). The expression levels
of all SIYTPs are relatively higher in leaves than those in stems and roots. To comprehen-
sively understand the functions of SIYTPs, we also downloaded tomato microarray chip
data via Genevestigator. The expression data of 14 Micro-Tom tissues/organs at different
developmental stages and of 10 Micro-Tom flower and fruit tissues/organs at different de-
velopmental stages were included in our analysis. The results revealed that SIYTP2/3/4/5/9
genes are expressed at different levels in the 14 tissues/organs at different developmental
stages, especially SIYTP9 (Figure S9). In the 10 Micro-Tom flower and fruit tissues/organs
at different developmental stages, SIYTP2/3/5/9 genes are expressed in all these tissues
(Figure S10). In addition, SIYTP2/3/4/5/6/7/8/9 genes exhibit different expression patterns at
various tomato growth and developmental stages (Figure S11). The different expression
patterns of tomato SIYTP genes in different tissues and developmental stages shed light on
their functional differences.
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Figure 2. Expression patterns of SIYTP genes and subcellular localizations of SIYTP8 and SIYTP9.
(a) The differential expression levels of representative SIYTP genes in tomato roots, stems, and leaves.
Scale bar represents relative expression levels. The average expression values were determined
based on a minimum of three independent biological replicates and were normalized relative to
the expression in root tissues. (b,c) Heatmap showing the expression of SIYTP genes in response to
low-temperature stress in tomato leaves (b) and in response to waterlogging stress in tomato roots,
stems, and leaves (c); scale bar represents relative expression levels. The average expression values
were determined from a minimum of three independent biological replicates relative to the expression
level at day 0. (d) Subcellular localization of SIYTPS, SIYTP9-1, and SIYTP9-2. Confocal microscopy
images of Nicotiana benthamiana epidermal leaf cells co-expressing with GFP alone, SIYTP8-GFP,
SIYTP9-1-GFP, and SIYTP9-2-GFP, respectively. From left to right, columns show GFP fluorescence,
bright-field, and merged images. Scale bars = 20 pm.
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To investigate whether SIYTPs participate in waterlogging and chilling stresses, wild-
type (WT) Micro-Tom tomatoes were treated as described in the Materials and Methods
section. Expression levels of SIYTP3/5/7/8/9 increased in chilling treated leaves (Figure 2b).
As Figure 2c shows, SIYTP3/5/7/8/9 increased expression patterns in waterlogged roots,
SIYTP7/9 in stems, and SIYTP6/7/8/9 in leaves. Among them, SIYTP8 and SIYTP9 genes
respond most notable to the low temperature and waterlogging stresses, respectively.
To gain an insight into the potential functions of SIYTPs under other stress responses,
we reviewed the available expression data obtained from the Genevestigator microarray
chip experiments database. Regarding N-rich treatment, SIYTP2/3/4/5/6/9 genes showed
decreased expression levels (Figure S12). For NaCl treatment, SIYTP2/3/4/6/9 genes show
increased expression levels and the SIYTP5 gene shows a decreased expression level
(Figure S13). For pathogen infection, SIYTP2/3/4/6/9 genes showed decreased expression
levels (Figure S14). The aforementioned results unveiled variations in the expression levels
of the SIYTP genes under diverse treatment conditions, suggesting that they probably
participate in distinct stress responses. Specifically, SIYTP8 exhibited heightened expression
levels in response to low-temperature stress, while SIYTP9 displayed prominent expression
patterns under waterlogging conditions. The two YTHDFc subgroup genes, SIYTP8 and
SIYTPY, were specifically targeted for a detailed examination in the present study due to
their notable responsiveness.

We then cloned coding regions of the nine SIYTP genes. However, only the SIYTP3-9
genes that were obtained and aligned with the downloaded sequence from tomato the
genome database were analyzed (Table S3). Most of them had a 100% identify fit with
the downloaded ones. Interestingly, we obtained two form transcripts of the SIYTP9 gene.
Figure S15 shows the sequence alignment schematic of SIYTP9’s two transcripts, SIYTP9-1
and SIYTP9-2, which we cloned from Micro-Tom tomato leaves. The SIYTP9-2 transcript has
a 45 bp length sequence insertion in the 190 bp location, compared to the SIYTP9-1 transcript.
Nevertheless, subcellular localization results showed that SIYTP8, SIYTP9-1, and SIYTP9-2
were all present in cytoplasm (Figure 2d), which is in line with the subcellular localization
characteristics of the members of the YTHDFc subgroup. Furthermore, bioinformatic
analysis based on the SIYTP3-6 amino acid sequences suggested that all of them could be
located on the nucleus (Figure 516).

3.3. Overexpression of SIYTP8 Changes the Chilling Resistance of Tomato

Tomato SIYTPS, in the entire SIYTP gene family, shows the most significant response
to low-temperature stress (Figure 2b). In order to investigate the specific function of SIYTP8
in the low-temperature stress response, we overexpressed SIYTPS in tomatoes (Figure 517)
and compared the phenotypes of the overexpressing (OE) lines with those of WT plants
after treatment. The SIYTP8 OE plants and the WT plants exhibit similar phenotypes at
normal temperature conditions; however, after 48 h of low-temperature treatment, the OE
plants show a more severe leaf curling, indicating that they have a higher sensitivity to
cold stress compared to WT plants (Figure 3a). Moreover, to assess membrane damage
under low-temperature stress conditions, REL and MDA concentrations in leaves were
detected and analyzed. Consistent with the phenotypic results, at a normal temperature
condition, there were no significant differences between the SIYTP8 OE and WT tomato
leaves in terms of their REL and MDA content. However, after chilling treatment, both the
REL (Figure 3b) and MDA contents (Figure 3c) of the leaves in the SIYTP8 OE plants were
significantly higher than those in WT tomatoes.
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Figure 3. Overexpression of the SIYTP8 gene increased the sensitivity of tomato plants to low-
temperature stress. (a) Phonotype of wild-type (WT) and SIYTP8 overexpression (OE) lines under
25 °C and 4 °C conditions. Scale bars = 2 cm. (b—g) Stress-related physiological index measurements,
including relative electrolyte leakage (REL) (b), malondialdehyde (MDA) concentration (c), hydrogen
peroxide (HyO,) concentration (d), catalase (CAT) activity (e), superoxide dismutase (SOD) activity
(f), and peroxidase (POD) activity (g). Error bars indicate the standard error of three biological
replicates. *, **, *** and ns (no significance) are indicated by p < 0.05, p <0.01, p < 0.001, and p > 0.05
(two tailed t-test), respectively.

Low-temperature stress has been observed to trigger the accumulation of reactive
oxygen species (ROS) within plant tissues and cells, leading to oxidative damage. As
Figure 3d shows, the accumulation of H,O, in OE plants is significantly higher than that in
WT leaves. However, in relation to the enzymatic activities of the three enzymes related
to the removal of reactive oxygen species, although there is no significant difference in
CAT activity between OE and WT plants (Figure 3e), the activities of SOD and POD in
transgenic plant lines are significantly lower than those in WT tomatoes (Figure 3f,g). It is
worth noting that there are no significant differences in the HO, content and activity of
the three enzymes between OE and WT tomatoes under normal conditions (Figure 3d—g).
The above experimental results further indicate that tomatoes the overexpress the SIYTP8
gene are more sensitive to low temperatures than WT plants, with a greater accumulation
of oxidative substances and weaker reactive oxygen species’ scavenging ability.

Meanwhile, the effect of Arabidopsis YTP genes on trichome development prompted
us to investigate the impact of SIYTPS8 gene expression on tomato trichomes [13]. WT and
SIYTPS transgenic tomato cotyledons and true leaves were collected for a microscopic
observation of the number and length of trichomes on the epidermis (Figure S18a). After
statistical analysis, it was found that the length of trichomes on the cotyledons of OE
lines showed no significant difference compared to those of WT tomatoes (Figure S18b).
However, there was a significant decrease in the number of trichomes on the midsection
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of the cotyledons in SIYTP8 OE plants (Figure S18c). In addition, we also measured the
length of trichomes on the midsection of their true leaves. Compared to the WT plants,
the SIYTPS transgenic tomatoes showed a significant decrease in trichome length on true
leaves (Figure S18d). Therefore, the overexpression of SIYTPS§ gene leads to a reduction in
trichome length and density, which can be considered as one of the morphological reasons
for the decreased chilling resistance in tomatoes that overexpress SIYTPS.

3.4. Overexpression of SIYTP9-2 Increases Waterlogging Resistance of Tomatoes

In the waterlogging stress treatment conducted in this study, the SIYTP9 gene showed
the most pronounced response. For genes with multiple transcript variants, the longest
transcript is often considered the primary transcript. Thus, three OE tomato lines of SIYTP9-
2 genes were obtained through genetic transformation (Figure S17). After waterlogging
treatment, WT plants exhibited a higher degree of leaf yellowing compared to SIYTP9-2 OE
tomatoes (Figure 4a,b). Figure 4c also indicates that the accumulation of MDA in transgenic
plants after waterlogging treatment is significantly lower than that in WT plants, although
there is no significant difference between SIYTP9 OE-1 plants and WT tomatoes, which
may be caused by the lower SIYTP9-2 overexpression levels comparing to OE-2 and -3 lines
(Figures 4c and 517).
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Figure 4. Overexpression of the SIYTP9-2 gene increased the resistance of tomato plants to water-
logging stress. (a) Phonotype of WT and SIYTP9-2 OE lines under normal and waterlogging stress
conditions. Scale bars =2 cm. (b—g) Stress-related physiological index measurements, including
chlorophyll concentration (b), MDA concentration (c), HyO, concentration (d), CAT activity (e), SOD
activity (f), and POD activity (g). Error bars indicate the standard error of three biological replicates.
*,**, % and ns (no significance) are indicated by p < 0.05, p <0.01, p < 0.001, and p > 0.05 (two tailed
t-test), respectively.
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Similarly, in terms of the accumulation and scavenging of ROS, there was no signifi-
cant difference between SIYTP9-2 OE and WT tomatoes under normal growth conditions.
However, after waterlogging treatment, the OE lines showed a significantly lower ROS
accumulation and a significantly higher ROS scavenging capacity compared to WT plants,
with a lower hydrogen peroxide accumulation and higher CAT, SOD, and POD activities
(Figure 4d-g). Although there was no significant difference in the activities of SOD and
POD enzymes in the leaves of the OE-1 and OE-2 plants, respectively, compared to WT
tomatoes after waterlogging treatment (Figure 4f,g), the above experimental results still
indicate that the overexpression of the SIYTP9 gene enhances the tomato plant’s resistance
to waterlogging stress to some extent.

3.5. Prediction of Transcription Factors Binding with SIYTPS8 or SIYTP9 Promoter and Interaction
Proteins of SIYTP8 and SIYTP9

The cis-acting elements modulate the accurate onset and efficacy of gene transcription
by interacting with TFs. Therefore, we predicted the potential TFs which may regulate the
transcription of SIYTPs (Figure 5a, Table S5). Figure 5a shows the predicted transcription
factors of SIYTP8 and SIYTP9. For SIYTPS, there are four key TFs, including two MYB TFs,
one ARF family protein, and one Dof family protein, which are related to plant hormone
(auxin, SA, and ABA) signaling and abiotic stress (salt and drought) responses. Regarding
SIYTPY, there are three TFs, including one MYB TF, one ARF family protein, and one
NAC family protein, which are related to auxin signaling, ABA signaling, and cold stress
responses. The prediction of TFs binding to promoters and their potential involvement in
stress or external stimuli further reflects the functions of SIYTPS and SIYTP9 in response to
adverse stresses.

Proteins always need to interact with other proteins to perform their functions. There-
fore, we predicted the potential interaction proteins of SIYTPs and constructed a protein—
protein interaction (PPI) network of SIYTP8 and SIYTP9 (Figure 5b, Table S6). We discovered
that there are 12 proteins (P1-12) that have a relationship with SIYTP8 or SIYTP9 (Figure 5b).
Among them, P1-P5 indirectly interact with SIYTP9, and most of them (P2-P4) are RNA he-
licase; P6-8 proteins both interact with SIYTP9 and SIYTP8. P6-7 are 3'-5'-exoribonuclease
family proteins, and P8 is a ubiquitin-specific protease. P9-12 could only interact with
SIYTPS8, and P9-10 are mRNA methylation-related proteins. P11-12 are related to post-
transcription and protein translation processes, with P11 being poly(A)-specific ribonu-
clease and P12 being a negative translation regulator. These results indicates that SIYTP8
and SIYTP9, as m®A readers, can participate in many RNA co- and post-transcription-level
regulatory processes, such as RNA helicase, mRNA methylation, and RNA decay.

a ve A& OF IS

SIYTP8 gene

Auxin Salicylic acid Abscisicacid Cold Saltstress Drought

SIYTP9 promoter N

SIYTP9 gene

Figure 5. Cont.



Horticulturae 2024, 10, 522

12 0f 18

b @ Name

Gene ID

Function

P1  Solyc049011380.2.1  Zinc-finger domain protein

P2  Solyc05g047520.2.1  RNA helicase

P3  Solyc01g103080.2.1 RNA helicase

P4  Solyc12g017860.1.1  RNA helicase

P5  Solyc019095480.2.1 3'-5'-exoribonuclease family protein
P6  Solyc079g052340.2.1  3'-5'-exoribonuclease family protein
P7  Solyc10g018520.1.1  3'-5'-exoribonuclease family protein
P8  Solyc079g063650.2.1  Ubiquitin-specific protease 14

P9  Solyc08g066730.2.1  mRNA adenosine methylase

P10  Solyc03g112520.2.1 mRNA methylation related protein
P11 Solyc019007840.2.1 Poly(A)-specific ribonuclease

P12  Solyc01g090780.2.1 Negative translation regulator

— Experimentally determined

— Textmining — From curated databases

Figure 5. Predicted gene expression networks of SIYTP8 and SIYTP9. (a) Predicted transcription
factors (TFs) binding with SIYTPS or SIYTP9 promoters. Black lines represent promoters. Dark blue
and red strips represent genes. Colored rectangles represent predicted TFs binding with promoters.
Lines with the same color link phytohormones or stresses with these TFs, indicating that each TF
can influence gene expressions under specific phytohormone stimulation and/or stress conditions.
(b) Predicted interacting proteins of SIYTP8 and SIYTP9. Regulation network between SIYTP8/9 and
potential binding proteins is shown on the left. Table on the right lists gene IDs and the functions
of these proteins. Interactions among them are obtained from protein homology, experiments, text
mining, and/or from curated databases, which are presented by different colored lines.

4. Discussion
4.1. SIYTP Family Member Identification and Analysis

In line with previous studies, there are nine SIYTP members in the tomato genome,
which are all divided into five subcategories (YTHDFa-c and YTHDCa-b), although they are
named differently (Figure 1) [15,37]. Moreover, YTP family members can also be divided
into these five subfamilies in Arabidopsis (A. thaliana) [13], apple (Malus domestica) [38],
and alfalfa (Medicago sativa) [39]. Nevertheless, not all plants contain all the YTP subgroup
members. The absence of YTHDCb proteins in common wheat and rice is in accordance
with the previous hypothesis that there are no group-b YTHDCs in the monocotyledon
lineage, indicating that this version of the YTH motif was lost in the common ancestor of
monocotyledons [16,40].

Moreover, the positioning of the YTH domain in YTP sequences also exhibits dif-
ferences between tomatoes and animals. The most significant disparity is manifested
by the YTH domain of tomato YTHDCDb subclass SIYTPs (SIYTP1/2/3) being located at
their N-terminus, while the YTH domain is located at the C-terminus of human YTHDCb
(Figure S6) [12]. Human YTHDCDb is also characterized by the presence of a DEAD-box
RNA helicase domain, which facilitates the unwinding of 5'-UTR regions and enhances
the translational efficacy of the respective gene [41,42]. In the plant kingdom, YTPs con-
taining the DEAD-box RNA helicase domain have not been reported. Consequently, it
remains uncertain whether the unwinding activity associated with YTPs is essential for
their recognition of the m®A modification. Nevertheless, the tomato SIYTP4 protein con-
tains a Cytadhesin P30 superfamily domain, which determines its function in the control
and choice of the polyadenylation site [43].

The YTH structural domain is crucial for the recognition of m®A modifications, as it
specifically recognizes and interacts with methylated adenosine by means of an aromatic
cage created by its critical amino acid residues [11,44]. In human YTHDFa, the positively



Horticulturae 2024, 10, 522

13 0f 18

charged pocket is constructed by the side chains of tryptophan (W411), tryptophan (W465),
and tryptophan (W470) [11]. In this study, we found that the aromatic cage in YTHDFa-
¢ subclass SIYTPs (SIYTP5/6/8/9) and that in YTHDCb subclass SIYTPs (SIYTP1/2/3)
comprises WWW (Figure S7). On the other hand, the aromatic cage is formed by tryptophan
(W377), tryptophan (W428), and leucine (L439) in human YTHDCa [11]. However, the cage
in the YTHDCa subclass SIYTPs (SIYTP4/7) comprises WWY (Figure S7). The analyses
suggested that plant YTHDCs may exhibit distinct m® A-binding characteristics compared
to animal YTHDCs.

4.2. Expression Patterns of SIYTP8 and Its Function in Tomato Low-Temperature Stress Resistance

The expression level of SIYTPS is higher in tomato stems and leaves than in the roots
(Figure 2a). The expression trend of SIYTPS in roots, stems, and leaves is consistent in
the literature [37]. Moreover, its expression level in flowers and fruits is even higher
than in stems and leaves, indicating that it plays a role in the function of reproductive
organs of tomatoes [37]. SIYTPS, as a member of the YTHDFc subfamily, has a subcellular
localization in the cytoplasm (Figure 2d). In mammals, subcellular localizations vary among
members of different subclasses, with the YTHDCa subclass members being localized in
the cell nucleus, while members of other subclasses (YTHDCb and YTHDFa-c) can all be
detected in the cytoplasm [45]. Arabidopsis AtECT2, AtECT3, and AtECT4 are extensively
studied m®A readers, which play important biological roles in leaf development and stem
elongation processes as well as being the members of the YTHDFa subclass, and they
are all localized in the cytoplasm [13,17,46]. Moreover, AtCPSF30-L is a protein localized
within the nucleus. It exhibits the capacity to identify and interact with precursor RNAs
containing m® A modifications, subsequently modulating the polyadenylation process [44].

Besides acting as the RNA m®A modification reader, Arabidopsis ECT2 plays an
indispensable role in the normal development of trichomes in the leaf epidermis [40].
Although the overexpression of tomato SIYTP8 does not affect the morphology of the
tomato leaf trichome, it alters the length or density trichome in the cotyledon or true
leaves (Figure S18). Tomato SIYTPS, in the entire SIYTP gene family, shows the most
significant response to low-temperature stress (Figure 2b), and its overexpression makes it
more sensitive to cold stress in tomatoes (Figure 3). We speculate that the low-temperature
sensitive phenotype is to some extent caused by the changes in the density and length of
surface trichomes.

Similarly, Shen et al. also pointed out that the expression level of the SIYTP8 (SIYTHDF3B)
gene significantly increased after 48 h of low-temperature treatment and was also signif-
icantly upregulated after heat treatment [15]. Moreover, Yin et al. reported that SIYTPS
(SIYTH4) has a downregulated expression after ABA treatment and an unregulated expres-
sion after MeJA treatment [37]. AtYTH10 (At3G17330, AtECT6) is the homology gene of
SIYTPS in Arabidopsis, which has a heat stress response expression pattern [14]. Moreover,
other Arabidopsis YTP members (At1g79270; AtECTS) also show significant upregulated
expression levels in low-temperature conditions [14]. In alfalfa (Medicago sativa), the most
significant increase in the expression of MsYTH occurs in MsYTH2 and MsYTH14 under
cold stress, whereas under salinity conditions, MsYTH?2 is predominantly expressed [39].
Moreover, not only do m®A readers exhibit a relationship with the chilling stress response
but also the m® A modification. For example, Vicente et al. characterized diverse functions
of the cellular m® A RNA methylome in adapting to cold stress, with a predominant focus
on chloroplasts, where it played a crucial role in maintaining photosynthetic stability [47].
Wang et al. elucidated the pivotal contribution of the m®A modification in modulating
growth under low-temperature conditions and proposed a potential mechanism involving
translational regulation in Arabidopsis’s response to low-temperature stress [48].



Horticulturae 2024, 10, 522

14 0f 18

4.3. Expression Patterns of SIYTP9-2 and Its Function in Tomato Waterlogging Stress Resistance

There are two transcripts of SIYTPI9—SIYTP9-1 and SIYTP9-2—which suggests that
there may be alternative splicing events after SIYTP9 gene transcription (Figure S15). Due
to the principled nature of the quantitative design of their primers, it is impossible to
distinguish the expression levels of the two transcripts; thus, the gene expression of SIYTP9
represents the expression levels of the two transcripts. The expression level of the SIYTP9
gene gradually increases in the roots, stems, and leaves (Figure 2c). The expression pattern
of the SIYTP9 (SIYTHDF3A) gene, as reported by Shen et al., also shows a gradual increase
in the roots, stems, and leaves. Moreover, it was exhibited the highest expression level
is in immature fruits [15]. However, Yin et al. reported that its highest expression levels
occur in the roots, among all the tissue/organs that were detected, which may be caused
by differences in the growth status of the plants [37]. Neither of these studies found the
two transcripts of SIYTP9. As a member of the YTHDFc subfamily, SIYTP9, is also localized
in the cytoplasm (Figure 2d). Furthermore, SIYTP9-1 and SIYTP9-2 display no differences
in their subcellular localizations, indicating that there may be some functional relevance
and complementarity present between them.

After waterlogging stress treatment was conducted in this study, the SIYTP9 gene
showed the most pronounced response (Figure 2c). Additionally, the overexpression of
SIYTP9-2 gene enhanced the plant’s resistance to waterlogging stress (Figure 4). Yin et al.
reported that SIYTP9 (SIYTH1) could respond to GAj3 treatment [37]. Moreover, Shen et al.
also found that SIYTP9 (SIYTHDF3A) does not respond to cold treatment, but its expression
increases significantly after heat treatment [15]. In line with the literature, the homologous
gene of SIYTPY in Arabidopsis thaliana, AtYTH6 (At1g79270; AtECTS), is able to respond to
osmotic stress, besides high salinity treatment [14]. For other YTPs, both apple MhYTP1
and MhYTP2 can be induced by various stresses, e.g., waterlogging, water deficits, and
high salinity [49].

4.4. Prediction of Transcription Factors Binding with SIYTP8 or SIYTP9 Promoter and Interaction
Proteins of SIYTPS8 and SIYTP9

There are numerous predicted TFs that can bind with the promoters of SIYTP8 or
SIYTP9, which can respond to phytohormones and abiotic stress, such as cold, drought,
and high salinity stresses (Figure 5a). The prediction of transcription factors binding to
promoters and their potential involvement in stress or external stimuli further reflects the
functions of SIYTP8 and SIYTP9 in response to adverse stresses.

Moreover, among the potential interaction proteins of SIYTPs and the constructed PPI
network, P9-12 could only interact with SIYTPS8, with P9-10 being mRNA methylation-
related proteins. P11-12 are related to post-transcription and protein translation processes,
with P11 being poly(A)-specific ribonuclease and P12 being a negative translation regulator
(Figure 5b). In Arabidopsis thaliana, the m®A methyltransferase complex consists of two core
methyltransferases, mRNA adenosine methylase (MTA) and MTB, along with various
accessory subunits including FK506-BINDING PROTEIN 12 KD INTERACTING PROTEIN
37KD (FIP37), VIRILIZER (VIR), and HAKAI [50]. P9 (solyc08g066730) is the core subunit
of the m®A writer, MTA, which can catalyze the methylation of specific adenosine sites on
mRNA. P10 (Solyc03¢112520) is FIP37. Consequently, Shen et al. also revealed that FIP37
and VIR play a crucial role in stabilizing the methyltransferases MTA and MTB within the
m®A methyltransferase complex, serving as essential subunits for sustaining the complex’s
functionality [50].

P11-12 are both CCR4-NOT transcription complex subunits. P11 is CCR4-associated
factor 1. In both yeast and mammals, the CAF1 protein is a member of the evolutionarily
conserved CCR4-NOT complex, which serves a crucial function in regulating transcription
and mRNA degradation [51]. In Capsicum annuum, CaCAF1 is essential for both plant
development and defense mechanisms [52]. Similar to this is AtCAF1 in A. thaliana, which
also plays a role in plant development and defense mechanisms, while exhibiting mRNA
deadenylating activity [52]. P12 is the CCR4-NOT complex component NOT1 and acts
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as a scaffold protein in the CCR4-NOT complex, and it obtains such a role by interact-
ing with various NOT proteins and CAF1. Arabidopsis NOT1 (AtNOT1) is involved in
modulating RNA-directed DNA methylation and transcriptional silencing through its role
in promoting Pol IV-mediated siRNA generation [53]. Additionally, AtNOT1 is a crucial
protein required for the correct development of pollen and has the capacity for conducting
germination [54,55].

The predicted protein—protein interaction results above indicate that SIYTP8 and
SIYTPY, as readers of m°A, can recognize m®A modifications on RNA and interact with
RNA m®A methylation and post-transcription-related proteins, thereby modifying the
expression levels of specific target genes in response to external environmental stimuli and
stress signals.

5. Conclusions

In this study, nine SIYTPs were identified in tomatoes (S. lycopersicum) and could be
divided into five subclasses. Among them, SIYTP8 and SIYTP9, as members of the YTHDFc
subfamily, could respond to cold and waterlogging stress, respectively. Furthermore, the
overexpression of SIYTP8 or SIYTP9 could alter the resistance of tomatoes to corresponding
stress. The predicted protein—protein interaction results indicate that SIYTP8 and SIYTP9,
as readers of m°A, can recognize m®A modifications on RNA and are predicted to be able
to interact with RNA m®A methylation and post-transcription-related proteins, thereby
altering the expression of target genes in response to external environmental and stress
signals. A detailed molecular mechanism is worth exploring and verifying with further
experiments. Future research should focus on the functions of SIYTP8 and SIYTP9 in other
stress responses, functional differences of the two transcripts of the SIYTP9 gene, as well as
the potential roles of other SIYTPs in plant stress resistance.
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