'.\' frontiers
in Plant Science

ORIGINAL RESEARCH
published: 04 June 2021
doi: 10.3389/fpls.2021.687826

OPEN ACCESS

Edited by:
Kevin Begcy,
University of Florida, United States

Reviewed by:

Jing-Ke Weng,

Whitehead Institute for Biomedical
Research, United States

Michal Lieberman-Lazarovich,
Agricultural Research Organization
(ARQ), Israel

*Correspondence:
Gang Lu
glu@zju.edu.cn

Specialty section:

This article was submitted to
Plant Abiotic Stress,

a section of the journal
Frontiers in Plant Science

Received: 30 March 2021
Accepted: 12 May 2021
Published: 04 June 2021

Citation:

Yang D, Xu H, Liu'Y; Li M, Ali M,

Xu Xand Lu G (2021) RNA
N6-Methyladenosine Responds

to Low-Temperature Stress in Tomato
Anthers. Front. Plant Sci. 12:687826.
doi: 10.3389/fpls.2021.687826

Check for
updates

RNA N6-Methyladenosine Responds
to Low-Temperature Stress in
Tomato Anthers

Dandan Yang', Huachao Xu', Yue Liu’, Mengzhuo Li', Muhammad Ali', Xiangyang Xu?
and Gang Lu™3*

" Department of Horticulture, Zhejiang University, Hangzhou, China, ¢ College of Horticulture, Northeast Agricultural
University, Harbin, China, ® Key Laboratory of Horticultural Plant Growth, Development and Quality Improvement, Ministry
of Agricultural, Zhejiang University, Hangzhou, China

Cold stress is a serious threat to subtropical crop pollen development and induces
yield decline. N6-methyladenosine (mPA) is the most frequent mRNA modification
and plays multiple physiological functions in plant development. However, whether
mBA regulates pollen development is unclear, and its putative role in cold stress
response remains unknown. Here, we observed that moderate low-temperature (MLT)
stress induced pollen abortion in tomato. This phenotype was caused by disruption
of tapetum development and pollen exine formation, accompanied by reduced m®A
levels in tomato anther. Analysis of m®A-seq data revealed 1,805 transcripts displayed
reduced mPA levels and 978 transcripts showed elevated mPA levels in MLT-stressed
anthers compared with those in anthers under normal temperature. These differentially
mBA enriched transcripts under MLT stress were mainly related to lipid metabolism,
adenosine triphosphatase (ATPase) activity, and ATP-binding pathways. An ATP-binding
transcript, SIABCG31, had significantly upregulated m8A modification levels, which was
inversely correlated to the dramatically downregulated expression level. These changes
correlated with higher abscisic acid (ABA) levels in anthers and disrupted pollen wall
formation under low-temperature stress. Our findings characterized m8A as a novel layer
of complexity in gene expression regulation and established a molecular link between
mSA methylation and tomato anther development under low-temperature conditions.

Keywords: abscisic acid, m®A, moderate low temperature, pollen development, tomato anther

INTRODUCTION

In flowering plants, male reproductive development is vulnerable to abiotic stress (Al Mamun
et al,, 2010; De Storme and Geelen, 2014; Sharma and Nayyar, 2016; Kiran et al., 2019). Frequent
temperature fluctuations cause male sterility in most crops, leading to lower fruit and seed set and
final yield (Pacini and Dolferus, 2019). The male gametogenesis of plants depends on a series of
complicated processes that lead to the development of premeiotic pollen mother cells into mature
pollen grains. The male gametogenesis stage most sensitive to temperature stress is the transition
from tetrad to uninucleate microspore (Kim et al., 2001; Oliver et al., 2005; Oda et al., 2010).
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Increasing evidence indicates that male sterility induced by
low- or high-temperature stresses is linked to tapetal dysfunction.
The tapetum is the innermost sporophytic cell layer of the anther
wall; it provides nutrients and precursors for microsporogenesis
and pollen wall formation through programmed cell death
(PCD)-triggered degradation (Ma, 2005; Ariizumi and Toriyama,
2011). The tapetum is the most susceptible to temperature
fluctuations at the young microspore stage (Miiller and Rieu,
2016). For instance, heat stress induces premature tapetum
degeneration in Arabidopsis thaliana (Baron et al., 2012), rice (Ku
et al.,, 2003), and wheat (Omidi et al., 2014). Conversely, cold
stress disturbs tapetum development by delaying or inhibiting
tapetal PCD (Liu et al., 2019). Various signaling pathways
play pivotal roles in tapetum development and degeneration
processes, including hormone and sugar signaling (Wang et al.,
1999; Sun et al, 2019). Oliver et al. (2007) reported that
in rice, male gametogenesis occurring under low-temperature
stress, increased abscisic acid (ABA) levels and suppressed the
expression of the tapetum-specific cell wall invertase (CWIN),
OsINV4, and monosaccharide transporter genes, OSMST8 and
OSMST?7. These expression changes interfere with tapetum PCD
and lead to pollen abortion (Oliver et al., 2007).

As sessile organisms, plants have developed a variety
of responses to tolerate environmental stress, including
transcriptional, post-transcriptional, and post-translational
regulatory processes (Barrero-Gil and Salinas, 2013; De Storme
and Geelen, 2014; Guerra et al, 2015; Zhu, 2016). Post-
transcriptional modifications based on RNA alternative
splicing, processing, and modification shape the transcriptome
in response to abiotic stress. While, N6-methyladenosine
(mPA), a methylation at the N6 position of adenosine, is the
most abundant internal mRNA modification, which plays an
important role in post-transcriptional gene expression regulation
(Yue et al,, 2015) by affecting RNA splicing (Liu et al., 2015;
Xiao et al,, 2016), stability (Wang et al., 2014; Du et al,, 2016),
translation (Zhou et al., 2015), and export (Roundtree et al,
2017). m®A methylation is recognized by RNA-binding proteins
(readers), and its levels are dynamically modified by RNA
methyltransferases (Writers) and demethylases (Erasers) (Yue
et al, 2019). Recent evidences demonstrated that m°A also
participates in plant responses to various abiotic stresses. In
Arabidopsis, changed m®A deposition affects RNA secondary
structure under salt stress, resulting in increased stability of
mRNA transcripts of abiotic stress response genes (Kramer
et al., 2020). Additionally, ALKBH6 (eraser) mutation results in
increased salt, drought, and heat stress sensitivity during seed
germination (Huong et al., 2020).

In Arabidopsis, m®A levels vary across tissues, with a
high m8A/A ratio occurring in flowers (Zhong et al., 2008).
MTA (one of the earliest discovered methyltransferases in
Arabidopsis) disruption results in embryo development arrest
at the globular stage (Zhong et al., 2008). Furthermore, the
ALKBH10B demethylase (eraser) affects floral transition by
regulating mRNA mCA of key flowering genes (Duan et al., 2017).
In rice, OsFIP (writer) regulates early microspore degeneration
during male gametogenesis (Zhang et al., 2019). The tomato
ALKBH?2 participates in fruit ripening by affecting the stability of

a DNA demethylase gene, SIDML2, via m®A modification (Zhou
et al., 2019). These findings suggest that m®A plays essential roles
in regulating reproductive developmental processes. However,
whether and how mC®A participates in temperature stress
response during the plant male reproductive stage remain elusive.

Tomato is one of the most widely cultivated subtropical
vegetable crops in the world and its fruits and seeds are mainly
derived from sexual reproduction. Because of its tropical origin,
tomato is extremely sensitive to low temperature. In this study,
we used m®A sequencing to analyze changes in m®A methylation
in response to moderate low-temperature (MLT) stress during
tomato anther development. We found that m®A methylation
was prevalent in tomato anther mRNA but that the levels declined
upon MLT stress. Furthermore, MLT stress directly affected m®A
methylation abundance on a set of transcripts that regulate
corresponding gene expression involved in anther development.
Finally, we demonstrated that the decreased expression of an
ATP-binding transcript, SSABCG31, was inversely correlated with
its high m®A deposition, which resulted in high ABA in MLT-
stressed anthers. The decrease in SIABCG31 expression may
also participate in aberrant pollen coat formation after low
temperature exposure. Overall, we demonstrated that mRNA
m®A modification was associated with anther development under
low-temperature conditions.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The tomato (Solanum lycopersicum) cultivar “Micro-Tom”
provided by the Tomato Genetics Resource Center (University
of California, Davis), was used in all experiments. Plants were
grown in controlled chambers with 25°C + 1/20 £ 1°C
(normal temperature, NT), 16/8-h light/dark cycles, 300 pmol
photons m~2 s~ light intensity, and 60%-70% relative humidity.
Six-week-old flowering plants were exposed to a 10°C/10°C
(day/night) MLT treatment for 6 days and then moved back to
NT for recovery.

Pollen Phenotypic Analysis and Light
Microscopy

The development stages of the tomato anther are closely
correlated to the flower bud size (Brukhin et al., 2003), which
were roughly classified into six different stages (I-VI) according
to semithin section observation as previously described (Peng
et al,, 2013; Chen et al., 2018). The anther at tetrad stage (stage
IT) were randomly marked with color strings before exposure to
low temperature, because the tetrad stage is the most sensitive to
ambient temperatures (Paupiere et al., 2017; Begcy et al., 2019).
The samples (anther at stages I-VI) harvested immediately after
6 days of MLT treatment were named MLT. Then the MLT-
stressed plants were moved back to NT for recovery growth.
The samples (anthers stages III-VI) developed from the marked
tetrad anther at different time intervals that corresponded to time
taken by tetrad anther to reach next different anther stages (stages
I11-VT) were named MLTR.
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Mature pollen grain viability was determined using Alexander
staining (Alexander, 1969). Scanning electron microscopy (SEM)
was performed as previously described (Chen et al, 2018).
Semithin section analysis was performed according to a previous
report (Chen et al., 2018) with minor modifications. Briefly,
the samples were fixed for 12 h at 4°C with 0.1 M phosphate-
buffered saline (PBS) (pH 7.2) containing 2.5% glutaraldehyde
(v/v). Subsequently, they were washed thrice with 0.1 M PBS,
followed by soaking in 1% osmic acid (v/v) for 1-2 h. Specimens
were rewashed thrice with 0.1 M PBS and then dehydrated
through a gradient ethanol series. Further, we embedded and
polymerized the specimens in Spurr’s resin, and cut them into 2-
pwm-thick sections, which were stained with 1% methylene blue.
Sections were observed and photographed under a Nikon Eclipse
90i microscope (Nikon, Japan). Terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assays
were performed with the TUNEL Apoptosis Detection Kit
(Roche, Switzerland) according to the manufacturer’s protocol
and using 10-pm paraffin sections of anthers at different stages.
Furthermore, fluorescence signals were analyzed using Nikon’s
confocal laser scanning microscope, A1-SHS (Nikon, Japan).

RNA Isolation and qRT-PCR Analyses

Immediately after 6 days of MLT stress, anthers (about 0.5 g,
>15 plants for each sample) at the six different stages (I-VI)
were manually sampled and subjected to total RNA isolation
using the Total RNA Kit II (OMEGA, United States). First-
strand cDNA was synthesized using the PrimeScript™ RT
reagent kit (Takara, Japan). Quantitative RT-PCR reactions
were performed using SYBR® Green Realtime PCR Master Mix
(Toyobo, Japan). Reactions were run on Bio-Rad CFX96 (Bio-
Rad, United States) in triplicate technical replicates and with
SIUbi3 as the endogenous control. Ct values were recorded and
normalized with the 2742¢ method (Livak and Schmittgen,
2001). The experiment was repeated as three independent
biological replicates. Primers used for qRT-PCR analysis are listed
in Supplementary Table 1.

Quantitative Analysis of m®A in Total RNA
The total RNA m°A levels were determined with the EpiQuik™
m®A RNA Methylation Quantification Kit (Colorimetric)
(Epigentek, United States) following the manufacturer’s
instructions. Briefly, RNA was bound to strip wells using RNA
high binding solution. RNA m®A modification was captured
and detected with capture and detection antibodies. Signals were
enhanced and quantified colorimetrically by determining the
absorbance at 450 nm using a microplate spectrophotometer
with three technical replicates. Both negative and positive control
RNA samples (m®A 2 pg/mL) were provided with the kit. The
standard curve was generated using the positive control sample.
All experiments were performed three independent times.

High-Throughput m®A Sequencing

m®A-seq was performed as previously described (Dominissini
et al.,, 2013). The anthers (about 0.5 g) at the tetrad stage from
NT- and MLT-treated plants (n > 15 plants for each sample) were
collected to extract the total RNAs. Three biological replicates of

m6A RIP sequencing were performed. RNA quality was checked
with the Agilent 2100 bioanalyzer (Agilent, United States) and
using gel electrophoresis. Separation of mRNAs from total
RNAs and sequencing of immunoprecipitated mRNA and pre-
immunoprecipitated mRNA (input control) was performed at
Novogene Biotech (Beijing, China) using an Illumina HiSeq 4000
system. Sequence data were deposited into the NCBI Sequence
Read Archive under accession BioProject ID: PRJAN713408.
A total of 23-29 million clean reads were produced from each
library, and more than 95% of the reads were uniquely mapped
to the tomato reference genome (Tomato Genome Consortium,
2012). The MACS software was used to identify m®A peaks
in immunoprecipitated samples using the corresponding input
sample as the control. The strict cutoff criterion with assigned
false discovery rate < 0.05 was applied to obtain high-confidence
peaks (Zhang et al, 2008). Only peaks captured in all three
biological samples were considered as confident peaks and used
for further analysis. The de novo motif identification of the m6A
peak data was carried out using the HOMER (hypergeometric
optimization of motif enrichment) software (version 4.7') to
obtain their position and accurate motif regions. Visualization
analysis of m®A peaks was performed using the Integrated
Genome Browser (Helt et al., 2009). All m®A modification
sites were assigned to different transcription regions covering
transcription start site (TSS), 5 untranslated region (UTR),
coding sequence (CDS), 3'UTR, and intron. The gene expression
level was calculated using RPKM method (Reads Per Kilobase
per Million mapped reads). Differential m®A peaks between NT
and MLT anthers were determined using the m®A site differential
algorithm (Meng et al., 2013) with a P-value < 0.05. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of were performed to identify the
biological processes involving the differentially modified genes.

Quantification of Endogenous ABA

Levels

Measurement of endogenous ABA was performed as previously
reported (Chen et al., 2018) with minor modifications. Fresh
anthers (about 0.5 g) at the tetrad stage were collected from
NT and MLT plants (>15 plants for each sample) and ground
into a powder in liquid nitrogen with a mortar and pestle. For
each sample, 100 mg of powder was homogenized using 1 mL
ethyl acetate spiked with d6-ABA (OlchemIm, Czechia). Samples
were then agitated for 10 min and centrifuged at 13,000 g for
20 min at 4°C. The supernatant was collected and dried in N;
gas. Dried samples were resuspended in 0.2 mL of 60% (v/v)
methanol and then centrifuged at 13,000 g for 10 min at 4°C.
The supernatant sample was filtered through a 0.22-pm nylon
membrane and analyzed using HPLC/MS-MS on an Agilent 1290
Infinity HPLC system coupled with an Agilent 6460 Triple Quad
LC/MS device (Agilent, United States). Agilent Zorbax XDB C18
columns (150 mm x 2.1 mm, 3.5 pm) were used to perform
the HPLC analysis. Three independent biological replicates were
performed for each sample.

'http://homer.ucsd.edu/homer/
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Statistical Analysis

All experiments were conducted in randomized complete block
design. Mean values were used to represent the data of at
least three independent experiments. The statistical differences
between treatments were verified using two-tailed Student’s
t-tests.

RESULTS

Impact of MLT Stress on Tomato Pollen

Development

To investigate tomato pollen development response to low-
temperature stress, flowering tomato plants were treated with
MLT (10°C/10°C) for 6 days and then moved to normal growing
conditions for recovery. Plants continuously grown under NT
(25°C/20°C) were used as controls (Supplementary Figure 1A).
Surprisingly, after 6 days of MLT treatment, pollen viability
was similar in control and stressed plants, reaching 95.0%
(Figures 1A,B). Tomato reproductive organ development nearly
ceases when the ambient temperature is below 12°C (Criddle
et al., 1997). Therefore, the anther development may be delayed
and cease under MLT-stress. We determined the viability of
mature pollen grains developed from marked anthers at the
tetrad stage after MLTR. Strikingly, pollen viability decreased
by 95.8% after MLTR (Figures 1A,B). We also examined
pollen morphology using SEM. Under NT, pollen had an
elliptical shape and grain surface was densely microperforated
and granulated with three germination ditches (Figure 1C).
Conversely, 97.9% of MLTR-stressed pollen grains were highly
shriveled and aggregated. The pollen grain surface was smooth,
lacking granulation and germination ditch (Figures 1C,D). To
monitor the dynamic response to MLT stress, we generated
transverse semithin sections of anthers at different developmental
stages and assessed their morphology. Under NT, tapetal cells
formed a regular layer surrounding the locules at tetrad stage,
which subsequently underwent PCD, gradually degenerating
until disappearing completely at binucleate stage (Figure 1E).
Anther morphology did not differ between MLT and NT plants,
except for few pollen grain abortions at mature pollen stage
(Figure 1E). However, under MLTR-stress, at early uninucleate
stage, anther chambers were irregular and harbored numerous
shriveled microspores, and tapetal cells became vacuolated. More
importantly, tapetal cell degeneration was incomplete even at
the binucleate stage, contributing to pollen grain abortion at the
mature stage (Figure 1E). To further investigate the timing of
tapetal cell degeneration in pollen development, we performed
TUNEL assays on different stage anthers from plants grown
under NT or MLTR conditions. Under NT, TUNEL signals
were first detected on tapetal cells at the tetrad stage. They
gradually intensified from the early to late uninucleate stage
and finally disappeared at the binucleate stage (Supplementary
Figure 1B). However, under MLTR, TUNEL signals appeared at
the uninucleate stage and became weaker at the binucleate stage,
suggesting that tapetal cells PCD was delayed (Supplementary
Figure 1B). Our data show that pollen development was sensitive

to low temperature and that plants exposed to MLT stress had
pollen sterility, characterized by changes in tapetum development
and exine deposition.

MLT Stress Influences m®A Levels and
mO8A-Related Gene Expression in Tomato
Anthers

To determine whether m®A participates in tomato anther
development and responds to suboptimal temperature stress,
we performed colorimetric m®A quantification assays in plants
grown under NT and MLT. Under NT conditions, overall
RNA mCA levels were slightly lower at the tetrad stage than
at the pollen mature cells (PMC) stage. m®A increased mildly
at the uninucleate stage and peaked at the binucleate stage
(Supplementary Figure 2A). However, under MLT stress, anther
m®A levels were decreased at both the tetrad and uninucleate
stages compared to that at NT (Figure 2A).

Next, we analyzed the spatial and temporal expression profiles
of m®A-related components (writers, erasers, and readers) in
NT tomato plants using qRT-PCR. Among the 26 investigated
genes (seven writers, ten erasers, and nine readers), 23 had
altered expression among different tissues or anthers at different
developmental stages. The exceptions were SIMTB, SIALKBH9B,
and SIALKBH10B, which had low expression levels in all 11 tested
organs/tissues. The writer genes, including SIMTA, SIMTD, and
SIHAKAL were mostly expressed in tomato anthers at the mature
pollen stage (VI) and fruits (Figure 2B). Several erasers, including
SIALKBH2B and SIALKBH6B, were preferentially expressed
in mature anthers and young fruits, whereas SIALKBH7B
and SIALKBHS8B were rarely expressed in reproductive tissues
(Figure 2B). Moreover, SIECTI and SIECT2 reader genes were
also preferentially expressed in mature anthers and young fruits;
they had higher expression levels than other readers, including
SIECT3, SIECT4, and SIECT7, which had low expression in
anthers at all stages except stage VI (Figure 2B). The expression
profiles of m® A-related genes analyzed using qRT-PCR assay were
consistent with the in silico data available from the tomato eFP
Browser (Supplementary Figures 2B-D).

Since total RNA m°A levels were lower in MLT anthers at
stages IT and IT1, we further analyzed the changes in m®A-related
gene expression profiles in MLT and NT anthers using qRT-PCR.
SIMTA, SIMTC, and SIMTD expression significantly decreased at
the microspore mother cell stage (I) under MLT stress compared
with that at NT. At tetrad (II) and uninucleate (III and I'V) stages,
only SIMTD expression significantly decreased (Figure 2C),
whereas SIMTC and SIMTD were significantly downregulated at
the binucleate stage (V) under MLT stress. More importantly,
all writer genes analyzed (SIMTA, SIMTC, SIMTD, SIFIP37, and
SIHAKAI) were downregulated in MLT anthers at the mature
pollen stage (VI) (Figure 2C). Furthermore, the SIALKBHI1B
eraser gene was significantly downregulated in anthers at the
stages IV and VI. SIALKBH2B was significantly downregulated
at stages II, III, and VI, and SIALKBH4B and SIALKBH6B were
decreased at both stages V and VI (Figure 2C). However, the
mCA reader SIECTI was significantly upregulated in MLT at
stage II (Figure 2C). These data indicate that mCA modification
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FIGURE 1 | Moderate low temperature (MTL) stress at the tetrad stage affects pollen development in tomato. (A) Alexander staining of mature pollen grains from the
plants exposed to normal temperature (NT), MLT-stress and returned to normal growing temperature for recovery after moderate low temperature treatment (MLTR).
Scale bars = 100 pm. (C) Scanning electron microscopy indicated that MLTR-stress pollen grains were seriously shrunk and collapsed, appearing aggregated. Scale
bars ¢1 =10 pm; c2 = 3 pm; ¢3 = 1 um. (B,D) Quantification of viable mature pollen grains and morphology normal pollen from NT, MLT, and MLTR plants,
respectively. Each value is the mean + SD (n = at least three biological replicates with 15 plants each). *P < 0.05; **P < 0.01 (two-tailed Student’s t- test).
(E) Semithin cross sections of anthers in different stages under NT and MLT condition. The tapetum degeneration was postponed under MLTR compare to NT
condition. MMC, microspore mother cell; Tds, tetrads; UMsp, uninucleate microspore; BP, binucleate pollen; PG, pollen grains; DUMsp, degenerated uninucleate
microspore; DBP, degenerated binucleate pollen; DPG, degenerated pollen grains; T, tapetum. The experiment was repeated three times independently with
consistent results. Scale bars = 20 um.
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FIGURE 2 | The expression profiles of mP@A writers, erasers and readers under NT and MLT conditions. (A) The relative levels of m®A in total RNA of anther at
stage-Il and Ill under NT and MLT conditions. The level of m®A in stage-Il under NT condition is set to 1. Each value is the mean + SD (n = at least three biological
replicates with 15 plants each). *P < 0.05; **P < 0.01 (two-tailed Student’s t- test). (B) Expression patterns of genes in various tissues of plants under NT condition,
especially in anther of different stages. Green, weak expression; Red, strong expression. R, root; S, stem; L, leaf; GF, green fruit; RF, red fruit; |, anther at microspore
mother cell stage; Il, anther at tetrad stage; Ill, anther at early uninucleate stage; IV, anther at late uninucleate stage; V, anther at binucleate stage; VI, anther at
mature pollen stage. (C) gRT-PCR analysis of writer, erasers and readers genes in anther at different stages under NT and MLT conditions. The levels of genes
expression normalized to Ubiquitin expression are shown relative to SIMTA, SIALKBH1B, and SIECT1 under NT condition set to 1, respectively. Each value is the
mean £ SD (n = at least three biological replicates with 15 plants each). *P < 0.05; **P < 0.01 (two-tailed Student’s t- test).
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levels and the expression pattern of its related genes were
changed under low-temperature stress. We speculated that m®A
methylation plays a fundamental role in anther development and
temperature stress responses.

Transcriptome-Wide Detection of m®A
Methylation in Tomato Anthers

To explore the molecular mechanisms behind m®A regulation of
anther development in tomato, we performed a transcriptome-
wide detection of m®A methylation through m®A-seq using
NT- and MLT- anthers at the tetrad stage. Six MeRIP

libraries were analyzed (Supplementary Figure 3A) and high
Pearson correlation coefficients were found between biological
replicates, indicating a high reproducibility for the m®A-seq data
(Supplementary Figure 3B). m®A modification sites, named
m®A peaks, were identified on the basis of the comparison of
read distribution between the input and immunoprecipitation
samples using exomePeak with an estimated P-value < 0.05.
We used high-confidence m®A peaks that were observed in
all three biological replicates for subsequent analysis. A total
of 10,235 and 9,911 high-confidence m®A peaks, representing
8,541 and 8,743 gene transcripts, were detected in NT and MLT
anthers, respectively (Figure 3A and Supplementary Figure 3C).
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Among transcripts harboring m®A modification, 88.36, 9.85,
1.53, and 0.26% contained one, two, three, and more than
three peaks, respectively (Figure 3B). Enrichment analysis using
the KEGG revealed that these m®A-containing transcripts in
NT condition were enriched in multiple conserved metabolic
pathways, including tricarboxylic acid (TCA) cycle, spliceosome,
proteasome, and pyruvate metabolism (Figure 3C).

The analyses of m®A peak distribution across the tomato
transcriptome in NT anthers showed that highly enriched m®A
modifications surrounded stop codon and 3’-UTRs (Figure 4A),
as seen in tomato fruits (Zhou et al.,, 2019). Furthermore, we
assigned each m®A peak to one of five transcript segments
based on their location: TSS, 5'-UTR, CDS, stop codon (a 100-
nucleotide window centered on the stop codon), and 3’-UTR.
These analyses revealed that m®A peaks were abundant near
stop codons (49.04%) and 3’-UTRs (40.34%), followed by CDS
(9.12%) (Figure 4B). After segment normalization by the total
length of each gene portion, we confirmed that m®A peaks
were predominantly enriched around the stop codon and 3'-
UTR (Figure 4B). Homer was used to identify the sequence
motifs enriched within the m®A peaks in tomato anthers and
it showed that UGUAYY (where Y represents A, G, U, or C)
was the most statistically over-represented motif (Figure 4C).
This phenomenon was observed previously in Arabidopsis and
tomato fruits (Luo et al., 2014; Zhou et al., 2019), suggesting
that m®A methylation sequence motifs are conserved between
Arabidopsis and tomato.

Comparison Between NT and MLT
Anther m®A Methylation Profiles

To systemically elucidate the m®A methylome response to
low temperature, we compared NT and MLT m®A-seq data.
There was no obvious difference in whole transcriptome m®A
distribution between NT and MLT anthers (Figure 4A). The
analysis showed that 7,846 m®A modified transcripts containing
9,396 m°®A peaks were shared by MLT and NT (Figure 5A and
Supplementary Figure 3D). However, a total of 3,837 m®A peaks
harboring 3,434 gene transcripts differed between NT and MLT
anthers in m°®A levels (P-value < 0.05) (Supplementary Table 2).
Among them, the m®A peaks of 2,783 transcripts appeared
in stop codons or 3/-UTRs; the m°®A levels of 978 of these
transcripts were higher in MLT than in NT, whereas the inverse
was true for 1,805 transcripts (Figure 5B and Supplementary
Table 2). These data suggested that MLT stress markedly affected
m°A levels in a large number of mRNA transcripts, which are
predominantly downregulated.

To identify the potential correlation between mC®A levels
and transcript abundance in tomato anthers, we investigated
the transcript levels of genes under MLT stress and NT by
RNA-seq. Among the 1,805 transcripts with lower m°A levels
in MLT anthers, 70.2% were upregulated under MLT stress,
whereas 29.8% were downregulated. Accordingly, among 978
transcripts with higher m®A levels in MLT anthers, 569 had
lower expression levels in MLT-stressed anthers (Figure 5B).
These results revealed that m®A methylome in stop codon
or 3'-UTR generally negatively correlated with the transcript

levels. KEGG analysis showed that, under MLT stress, transcripts
with increased m®A methylation were significantly enriched
in phenylalanine, tyrosine, and tryptophan metabolism and
amino acid biosynthesis pathways. Furthermore, transcripts
with decreased m®A were significantly enriched in mRNAs for
surveillance and carbon metabolism pathways (Supplementary
Figure 4). These metabolic pathways may be associated with
plant pollen development (Yang et al., 2001; Min et al., 2014;
Fang et al., 2016).

MLT Stress Induces the m®A Level

Alteration in Anther-Related Transcripts

To further analyze m®A response to MLT stress during anther
development, we performed GO analysis of the transcripts that
were significantly differentially modified by m®A methylation
(| logzFoldChange| > 1 and P-value < 0.05) between NT
and MLT stress. In MLT anthers, transcripts with decreased
m®A methylation were significantly enriched in “cellular
lipid metabolic process,” “regulation of RNA biosynthetic
process,” and “adenosine triphosphatase (ATPase) activity-related
function” categories (Figure 5C). Whereas the transcripts
with increased m®A methylation under MLT stress were
significantly enriched in “carbohydrate derivative binding,
“nucleoside phosphate binding,” “anion binding,” and “ATP-
binding” categories (Figure 5C). These changed pathways play
important roles in anther development (Lucca and Ledn, 2012;
Shi et al., 2015; Zhao et al., 2016).

We further analyzed the expression patterns of the
significantly differentially modified transcripts in response
to MLT stress. The transcripts of diacylglycerol acyltransferase
1 (SIDGATI) and inositol-3-phosphate synthase 2 (SIMIPS2),
which are involved in lipid metabolism, were significantly
upregulated under MLT stress and had decreased m®A levels
(Figure 6). Conversely, calcium-transporting ATPase isoform
2 (SIACA2) expression was downregulated under MLT stress
(Figure 6C). The transcript levels of factors with decreased
mC®A modification, including WRKY DNA-binding protein 33
(SIWRKY33), auxin response factor 9B (SIARF9IB), and ethylene
response factor 3 (SIESE3), were significantly upregulated in
MLT anthers (Figure 6). Additionally, the expression of the
ATP-binding member of ATP-binding cassette G31 (SIABCG31),
CTRI1-like protein kinase (SICTRI), and receptor-like kinase
1 (SIRLKI) genes, which had high m®A methylation levels,
was downregulated under MLT stress (Figure 6C). Overall,
these data implied that MLT stress affected m®A methylation of
various transcripts, altering their expression levels to regulate
pollen development.

MLT Stress Increases SIABCG31 m°A
Levels and ABA Content

Because m®A levels changed in transcripts that may be involved
in pollen development under MLT stress, such as SIDGATI,
SIMIPS2, SIACA2, and SIABCG31 (Figures 5C, 6), we further
examined the underlying mechanisms of pollen development
regulation by m®A methylation. Members of the ATP-binding
cassette transporter (ABC) family, particularly ABC sub-family
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FIGURE 4 | Distribution pattern of mPA peaks along the transcripts and the sequence motif in tomato anther. (A) mPA peaks summits localization along the
transcripts in NT and MLT conditions. Each transcript is divided into three parts: 5’-UTR, CDS and 3’ -UTR. UTR, untranslated region; CDS, coding sequence.
(B) The m®A peaks summits and relative enrichment in five non-overlapping transcripts segments in NT and MLT conditions. TSS, transcription start site. (C) The
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G members, are involved in ABA transport. Accordingly,
AtABCG3I functions in exporting ABA from the endosperm
to the embryo in Arabidopsis (Borghi et al., 2015; Kang et al.,
2015). The tomato SIABCG31 is highly homologous (71%) to
AtABCG31 (Supplementary Figure 5). To identify whether
SIABCG31 participates in pollen development under MLT stress,
we analyzed its expression with qRT-PCR in different tomato
tissues and anthers at different developmental stages. The data
revealed that SIABCG31 is predominantly accumulated in anthers
and is rarely detected in other tissues and organs (Figure 7A).
Because SIABCG31 expression sharply decreased under MLT

stress (Figure 6B), we investigated whether it affected ABA levels
in MLT anthers. Surprisingly, endogenous ABA levels measured
using HPLC-mass spectrometry were noticeably increased in
MLT anthers than in NT anthers at the tetrad stage (Figure 7B).
Furthermore, qRT-PCR data revealed that the expression
of the ABA signaling-related genes, SIPYLs and SIPP2Cs,
was significantly changed under MLT stress (Supplementary
Figure 6). SIPYL4, which had the highest expression level at the
tetrad stage, was significantly decreased in MLT anthers. SIPP2CI
and SIPP2C3 were significantly upregulated under MLT stress
compared with those under NT condition.
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FIGURE 6 | Comparison on m®A levels and expression levels of transcripts in NT and MLT anthers at stage-Il. (A) Integrative Genome Browser (IGB) showing
mPA-seq read distributions in transcripts. The red arrowheads indicate the position of meA peaks with significantly changed m®A enrichment in MLT-stress stage-lI
anther compared to NT. The white arrowheads represent the direction of gene. (B) The mBA enrichment of transcripts involved in pollen development in NT and MLT
anthers. The level of mPA in stage-Il under NT condition is set to 1. Each value is the mean + SD (n = 3 biological replicates with 15 plants each). *P < 0.05;
P < 0.01 (two-tailed Student's t- test). (C) qRT-PCR analysis validates the different m®A enrichment peak related genes expression levels between NT and MLT
anthers. The levels of genes expression normalized to Ubiquitin expression are shown relative to genes expression under NT condition set to 1, Each value is the
mean £ SD (n = at least three biological replicates with 15 plants each). *P < 0.05; **P < 0.01 (two-tailed Student’s t- test).

Increased ABA levels lead to high pollen abortion through
negative regulation of CWIN expression, which may distort the
anther carbohydrate pool (Oliver et al., 2007). Our qRT-PCR
analysis showed that SICWIN7 and SICWINY were strikingly
downregulated at the uninucleate stage under MLT stress
(Figure 7C). Overall, we speculate that MLT stress increased
mSA methylation in SIABCG3I, resulting in its decreased
expression, which in turn increased the ABA content in tomato
anthers to suppress SICWINs expression and cause pollen
abortion (Figure 8).

DISCUSSION

N6-methyladenosine methylation is the most prevalent type of
internal mRNA modification in eukaryotes. Previous studies
revealed that m®A modification plays essential roles in embryo
development, shoot stem cell fate, root development, and floral
transition in Arabidopsis (Vespa et al., 2004; Zhong et al., 2008;

Bodi et al, 2012; Ruzitka et al, 2017). In tomato, m°A
methylation participates in fruit ripening regulation through
SIALKBH2, which mediates the m®A methylation of SIDML2
transcripts (Zhou et al., 2019). Recent study revealed that the
OsFIP methylase may regulate early microspore development
in rice (Zhang et al, 2019). Although the roles of m®A
in plant growth and development have been demonstrated,
mostly in Arabidopsis, its involvement and putative functions
in the response to abiotic stress are still unknown. Here RNA
methylome analysis revealed that mRNA m®A methylation is
widespread in tomato anthers and is disturbed in response to
low-temperature stress. Changes in m®A methylation may affect
the expression of the genes involved in tapetum and microspore
development through multiple pathways, at least partly through
modifying ABA signaling genes (Figure 8).

Under normal growing conditions, anthers at the tetrad
stage take about 6-7 days to reach the mature pollen stage.
However, the reproductive development may slow down after
exposure to low temperature stress. In our study, after
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FIGURE 7 | The expression profiles of SIABCG31 and ABA levels in anther under NT and MLT conditions. (A) gPCR analysis of SIABCG31 in various tissues of
tomato, especially in anther at different stages. The genes expression levels normalized to Ubiquitin expression are shown relative to root set to 1. R, root; S, stem; L,
leaf; GF, green fruit; RF, red fruit; I, anther at microspore mother cell stage; II, anther at tetrad stage; Ill, anther at early uninucleate stage; IV, anther at late uninucleate
stage; V, anther at binucleate stage; VI, anther at mature pollen stage. Each value is the mean + SD (n = at least three biological replicates with 15 plants each).
(B) ABA levels in anther at stage-Il under MLT-stress were increased in comparison to NT condition. Each value is the mean + SD (n = at least three biological
replicates with 15 plants each). *P < 0.05; **P < 0.01 (two-tailed Student’s t- test). (C) The expression levels of SICWINs genes in anther at stage-Il and Ill in NT and
MLT conditions. The levels of genes expression normalized to Ubiquitin expression are shown relative to the expression of SICWIN7 in NT condition set to 1. Each
value is the mean + SD (n = at least three biological replicates with 15 plants each). *P < 0.05; “*P < 0.01 (two-tailed Student’s t- test).

6 days MLT-stress, the marked anthers were still at tetrad
stage, suggesting that at 10°C cold stress, the tomato anthers
development nearly ceases, which is consistent with previous
study showing that tomato reproductive organ development
ceases when the ambient temperature is below 12°C (Criddle
et al., 1997). Therefore, it is not surprising that the viability
of mature pollen grains harvested immediately after 6 days
(MLT) was similar to that in NT conditions. However, when
the plants were moved back to NT conditions for recovery
after cold stress, the marked anthers need another 6-7 days

to reach the mature pollen stage (MLTR), and the mature
pollen grains exhibited highly aborted (Figure 1E). Our
cytological observations showed that low-temperature-induced
pollen abortion could be attributed to delayed tapetal cell
degradation at tetrad and early uninucleate stages, resulting in
impaired pollen wall formation and pollen abortion (Figure 1).
Correspondingly, m®A levels in total RNA were significantly
decreased in anthers at both tetrad and uninucleate stages after
MLT exposure (Figure 2A). Furthermore, SIMTD expression was
significantly decreased at tetrad and early uninucleate stages,
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whereas SIECT2 was dramatically overexpressed at the tetrad
stage under MLT stress (Figure 2C). m®A-seq analysis revealed
that MLT treatments significantly altered the m°®A levels of 2,783
transcripts in tomato anthers at the tetrad stage, which may
contribute to abnormal pollen development. These data indicated
that m®A modification might be involved in tomato anther
development under MLT stress. Among the altered transcription,
65% were downregulated. Similarly, in rice, knockouts of the
methylase genes, OsFIP or OsMTA2, dramatically reduced
m®A levels and resulted in microspore degeneration at the
uninucleate stage and in a male sterility phenotype (Zhang
et al, 2019). These results support the speculation that m®A
methylation participates in male developmental regulation.
However, our findings firstly reveal that m®A methylation

may be involved in low-temperature stress responses during
anther development.

Growing evidence suggests that diverse abiotic stresses can
change transcript m®A methylation levels (Hu et al., 2019;
Huong et al., 2020; Liu et al., 2020). Moreover, m®A levels
usually negatively regulate gene expression by influencing mRNA
stability and the subsequent protein synthesis process (Shen et al.,
2016; Duan et al., 2017; Zhao et al., 2017). By combining MeRIP-
seq and RNA-seq analyses on NT and MLT anthers at the tetrad
stage, we revealed that, at the transcriptome-wide level, transcript
m®A enrichment was usually inversely correlated with gene
expression levels under MLT stress (Figure 5B). Some of these
transcripts are involved in lipid metabolism, ATPase activity,
and ATP-binding processes and these pathways have been well

Frontiers in Plant Science | www.frontiersin.org

13

June 2021 | Volume 12 | Article 687826


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yang et al.

Anthers mPA Responds to Cold

characterized in plant male organ reproduction (Figures 5C, 6;
Lucca and Ledn, 2012; Shi et al., 2015; Zhao et al., 2016). These
results suggest that changes in m®A methylation under MLT
stress may affect target mRNA abundance, ultimately leading
to pollen abortion. Several studies revealed abiotic stress causes
transcriptome-wide redistribution of the m®A modification. For
example, heat shock increases m®A enrichment at 5'-UTRs,
and it mainly mapped to regions surrounding stop codons
in NT condition. The m®A modification at 5-UTR promotes
mRNA cap-independent translation initiation (Meyer et al.,
2015). It is noteworthy that in this study, the distribution of
m®A peaks in transcripts from tomato anthers were all enriched
in stop codons and 3’-UTRs under NT and MLT conditions
(Figure 4), suggesting that low temperature stress affects m6A
levels of transcripts but not the m6A distribution regions on
the transcripts.

ABA plays vital roles in developmental processes and mediates
plant response to abiotic stress. Evidence supports that ABA
signaling pathways involved in abiotic stress response differ
between reproductive organs and vegetative tissues (Sharma
and Nayyar, 2016). During vegetative development, increased
ABA levels improve abiotic stress tolerance; exogenous ABA
application enhances cold tolerance in citrus leaves, and
up-regulation of ABA biosynthesis genes enhances drought
resistance in petunia seedlings (Melgoza et al., 2014; Estrada-
Melo et al., 2015). Previous studies revealed a negative
relationship between ABA content in anthers and pollen fertility
under cold stress (Sharma and Nayyar, 2016). Consistently, in our
study, ABA levels were significantly increased in MLT anthers at
the tetrad stage (Figure 7B). SIPYLs and SIPP2Cs gene families
encode ABA signal transduction core components during
tomato development and abiotic stress. ABA perception by the
PYLs proteins suppressed PP2C-meidated dephosphorylation
of the SnRKs and allows their activate ABA responsive genes
(Raghavendra et al., 2017). Here, expression levels of ABA signal
transduction core genes, SIPYL4 was significantly downregulated
and SIPP2CI1 and SIPP2C3 were significantly upregulated by
MLT stress (Supplementary Figure 6), suggesting that the
ABA signal pathway regulates anther development under MLT
stress. Numerous studies revealed that ABA accumulation in
rice anthers under cold stress suppresses the expression of the
tapetum-specific gene OsINV4 and of sugar transport genes.
It disturbs tapetum PCD, resulting in pollen abortion (Oliver
et al., 2005; Ji et al., 2011). Previous studies have also reported
that tomato anther carbohydrate levels were alerted responding
to temperature stress (Pressman et al, 2002; Firon et al,
2006). Surprisingly, nearly all SICWINs genes in our study were
significantly downregulated under MLT stress. SICWIN7, the rice
homolog to OsINV4, was dramatically downregulated at both
tetrad and early uninucleate stages (Figure 7C), which might
distort anther sugar metabolism and, consequently, lead to pollen
sterility in tomato (Figure 1).

Baron et al. (2012) reported that enhancing ABA biosynthetic
gene expression or decreasing ABA transport gene expression
leads to increased ABA content in Arabidopsis inflorescence
meristems under cold stress (Baron et al., 2012). Moreover, the
tomato gene, SIABCG31, may participate in ABA transport and is

predominantly expressed in anthers (Figure 7A); however, it was
significantly downregulated at the tetrad stage under MLT stress.
In addition, we found an enhancement in its m®A methylation
under MLT stress, suggesting that the decrease in SIABCG31
transcript levels might result from its high m®A methylation
(Figure 6). Down-regulation of SIABCG31 results in high ABA
content in tomato anthers and disturbs sugar metabolism, which
may be associated with pollen abortion (Figure 8). Furthermore.
in Arabidopsis AtABCG31 also participates in the accumulation
of sterol for pollen coat formation, and the Atatabcg31 mutant
displays collapsed or sticking pollen grains (Choi et al., 2014).
Interestingly, in our study, tomato MLT-treated pollen grains
also displayed severe collapse and aggregation phenotypes,
with differences in pollen coat sculptured surfaces compared
to that in NT conditions, which resembles the Atatabcg31
mutant (Figure 1B).

In conclusion, this study reveals a unique property of anther
growth under MLT stress. MLT-induced pollen abortion is
the consequence of disrupted microgametogenesis, tapetum
degeneration, and pollen wall formation, which may be related
to differential m®A modification of transcripts (Figure 8). m®A
modification is associated with ABA transport in anthers or
sterol accumulation for pollen wall formation by targeting
the ATP-binding cassette G gene, SIABCG31. Considering that
pollen development and m®A methylation are complex processes,
the molecular mechanisms behind m®A methylation function
in pollen development under temperature stress should be
further studied.
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Supplementary Figure 1 | Schematic illustration of moderate low temperature
(MLT, 10°C) stress and TUNEL assay of tapetum program cell death (PCD) in
anthers. (A) Schematic illustration of moderate low temperature (MLT, 10°C) stress
setup and sampling scheme in cultivar “Micro-Tom.” Six-week-old flowering
tomato plants were exposed to MLT-stress for 6 days then moved back to normal
temperature for recovery growth. The sample harvested immediately after 6 days
MLT-stress were named MLT and harvested from marked tetrad anthers after
recovery were named MLTR. Green and yellow lines indicate MLT-stress and NT
regimes, respectively. (B) TUNEL assay of tapetum program cell death (PCD) in
anther at tetrad, early and late uninucleate and binucleate stages under NT and
MLTR conditions. The red signal is propidium iodide staining, and the green
fluorescence is TUNEL positive signal. The white arrows indicate TUNEL positive
signals. Scale bars = 50 pm.

Supplementary Figure 2 | The expression profiles of writers, erasers and
readers. (A) The relative levels of m®A in total RNA of anthers at different stages in
NT condition. The levels of mPA in total RNA in stage- is set to 1. |, anther at
microspore mother cell stage; I, anther at tetrad stage; lll, anther at early
uninucleate stage; IV, anther at late uninucleate stage; V, anther at binucleate
stage; VI, anther at mature pollen stage. Each value is the mean + SD (n = at least
3 biological replicates with 15 plants each). (B) The expression of writers in silico
data available from the tomato eFP Browser. RPKM, Reads Per Kilobase per
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