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N!-methyladenosine is a unique type of base methylation in that it blocks Watson-Crick base pairing and introduces a positive
charge. m!A is prevalent in yeast and mammalian mRNA and plays a functional role. However, little is known about the
abundance, dynamics, and topology of this modification in plant mRNA. Dot blotting and liquid chromatography tandem mass
spectrometry analyses revealed a dynamic pattern of m!A mRNA modification in various tissues and at different developmental
stages in petunia (Petunia hybrida), a model system for plant growth and development. We performed transcriptome-wide
profiling of m!A in petunia mRNA by m!A mRNA immunoprecipitation followed by a deep-sequencing approach (m'A-seq,
using an m!A-specific antibody). m'A-seq analysis identified 4,993 m'A peaks in 3,231 genes expressed in petunia corollas; there
were 251 m!'A peaks in which A residues were partly replaced by thymine and/or reverse transcription stopped at an adenine
site. m!A was enriched in coding sequences, with single peaks located immediately after start codons. Ethylene treatment
upregulated 400 m!'A peaks in 375 mRNAs and downregulated 603 m'A peaks in 530 mRNAs in petunia corollas; 975 m!A
peaks in mRNA were only detected in corollas treated with air and 430 were only detected in corollas treated with ethylene.
Silencing of petunia tRNA-specific methyltransferase 61A (PhTRMT61A) reduced the m'A level in mRNA in vivo and in vitro. In
addition, PiTRMT61A silencing caused abnormal leaf development, and the PATRMT61A protein was localized to the nucleus.

Thus, m'A in mRNA is an important epitranscriptome marker and plays a role in plant growth and development.

More than 100 types of chemical modifications
have been identified in cellular RNAs, including N°-
methyladenosine (m°A), N'-methyladenosine (m!A),
5-methylcytosine (m>C), 5-hydroxymethylcytosine
(hm°C), inosine, and so on (Frye et al.,, 2016; Li
et al., 2016a; Zhao et al., 2017). These modifications
may play important roles in mRNA metabolism (Cui
et al., 2017).

m°A, an abundant type of RNA modification in eu-
karyotic cells, has been identified in humans (Homo
sapiens), Saccharomyces cerevisiae, Arabidopsis (Arabi-
dopsis thaliana), bacteria, viruses, and other species
(Chen et al., 2015; Deng et al., 2015; Huang et al., 2015;
Wan et al., 2015, Wei et al, 2017). m°A primarily
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appears near the stop codons and 3’ untranslated re-
gions (UTRs) of mRNAs (Dominissini et al., 2012; Deng
et al., 2015). Dynamic meA regulation is found in vari-
ous growth and development processes, indicating a
possible epigenetic regulation role during RNA pro-
cessing and exerting biological functions (Hastings,
2013; Shen et al., 2015; Daoud et al., 2016; Yang et al.,
2016). Deficiency of the m°A modification leads to
various kinds of diseases in humans (Wei et al., 2017). In
Arabidopsis, reduced m°A levels in mRNA resulted in
developmental defects, including reduction of apical
dominance, and defects in floral organ number, size,
and identity (Bodi et al., 2012). In Arabidopsis, MTA
(ortholog of human METTL3), MTB (METTL14),
FKBP12 INTERACTING PROTEIN37, VIRILIZER, and
the E3 ubiquitin ligase HAKALI are required for m°A
formation (Ruzicka et al,, 2017). Downregulation of
these proteins led to reduced relative m°A levels and
shared pleiotropic phenotypes, which included aber-
rant vascular formation in the root (Ruzicka et al., 2017).

m>C has been found to occur on tRNAs, ribosomal
RNAs (rRNAs), mRNAs, and long noncoding RNAs
(IncRNAs) in many organisms (Edelheit et al., 2013;
Burgess et al., 2015; Squires et al., 2012; Hussain et al.,
2013; Khoddami and Cairns, 2013). m°C sites play
important roles in rRNA processing, structure, and
translation (Hong et al., 1997; Sharma et al., 2013;
Gigova et al., 2014). Similarly, m>C sites in tRNAs are
required for tRNA stability and efficient translation
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(Schaefer et al., 2009); Tuorto et al., 2012, 2015) and are
induced under oxidative stress conditions (Chan et al.,
2010, 2012). Transcriptome-wide profiling of RNA
m°C in Arabidopsis has been reported, including
mRNAs, long noncoding RNAs, and other noncoding
RNAs (David et al., 2017; Cui et al., 2017). A dynamic
pattern of m®C mRNA modification in various tissues
and at different developmental stages was revealed by
liquid chromatography tandem mass spectrometry
(LC-MS/MS) and dot blot analyses (Cui et al., 2017). In
addition, Arabidopsis tRNA-specific methyltransfer-
ase 4B (TRM4B) exhibits m>C RNA methyltransferase
activity (David et al., 2017; Cui et al., 2017).

m'A, which is also abundant in human mRNAs (Li
et al., 2016a), is a unique type of base methylation in
that it blocks Watson-Crick base pairing, introduces a
positive charge and can dramatically alter protein-RNA
interactions and RNA secondary structures through
electrostatic effects (Roundtree et al., 2017). A dynamic
m'A methylome has been revealed in the eukaryotic
mRNA of mammals. m!A is responsive to many kinds
of cellular stress (Dominissini et al., 2016; Li et al.,
2016a). The mapping of this type of modification
shows that it is uniquely located near the first splice site
and translation start site in coding sequences (CDS),
and m'A is generally correlated with the upregulation
of translation (Dominissini et al., 2016; Li et al., 2016a).
In mRNAs, m!'A exists within highly structured 5’
UTRs and may affect translation (Dominissini et al.,
2016; Li et al., 2016a Cenik et al., 2017). The technique
of m'A-ID-seq was developed for the transcriptome-
wide characterization of m!A (Li et al., 2016a). How-
ever, the abundance, dynamics, and topology of m'A in
plant mRNA are not known.

The gaseous phytohormone ethylene modulates
various plant developmental processes, including or-
gan growth, flowering, fruit ripening, senescence, and
abscission (Abeles et al., 1992; (O’Neill et al., 1993; Clark
et al.,, 1997) Wang et al., 2002). In flower development,
ethylene has been reported to play important roles in
sexual determination (Yamasaki et al., 2003) and petal
senescence (Woltering and van Doorn, 1988; van Doorn
and van Meeteren, 2003; van Doorn and Woltering,
2008). Several reports suggested that ethylene was
also involved in floral organ abscission (Patterson and
Bleecker, 2004). Ethylene could promote or inhibit petal
growth, and ethylene treatment significantly reduced
petal size, inhibited expansion of petal abaxial subepi-
dermal cells, and decreased petal water content in rose
(Rosa spp.; Reid et al., 1989a, 1989b; Ma et al., 2008). In
addition, besides the transcriptome, proteome, and
metabolome profiles, ethylene treatment changed the
phosphoproteome profile in higher plants (Slade et al.,
2012; Wang et al,, 2013; Yin et al., 2014; Zhang et al.,
2015; Du et al.,, 2016; Gupta et al., 2018; Der Agopian
et al., 2020). Our previous study showed that ethylene
treatment changed the proteome and ubiquitylome
profiles in petunia (Petunia hybrida) corollas (Guo et al.,
2017). However, the effect of ethylene treatment on the
m!A methylome of mRNA remains unknown in plants.
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Petunia is a model system for plant growth and de-
velopment, especially in flower development, flower
senescence, anthocyanin synthesis, and synthesis of
floral volatiles (Gerats and Vandenbussche, 2005; Chen
et al., 2017; Liu et al., 2017). In petunia, ethylene is in-
volved in flower senescence, the synthesis of floral
volatiles, and regulation of the timing of nucleic acid
and protein degradation during petal senescence
(Wilkinson et al., 1997; Langston et al., 2005; Chapin
and Jones, 2009; Guo et al., 2017). Methylated RNA
immunoprecipitation (IP) sequencing, referred to in this
study as m'A-seq, was applied using an m!A-specific
antibody to perform transcriptome-wide profiling of
m!A sites in petunia. A total of 4,993 m'A peaks were
identified in 3,231 genes expressed in corollas. Several
features of m'A in petunia mRNA were revealed
through further analyses of m!A-seq data. Ethylene
treatment reduced transcriptome-wide m'A levels in
petunia corollas. We found that the petunia tRNA-
specific methyltransferase 61A (PhTRMT61A) silenc-
ing resulted in a decrease in mRNA m'!A peaks in
petunia corollas and abnormal leaf development. The
results of this study suggest that m'A in mRNA is an
important epitranscriptome marker and could play a
regulatory role in plant development in petunia.

RESULTS
m'A Dot Blotting and MS Analysis

To determine whether m'A modifications are present
in plant RNA, dot blotting assays were performed with an
m'A antibody that has been confirmed to specifically
bind m'A in mammalian mRNA (Dominissini et al., 2016;
Li et al., 2016a). Here, the results of dot blotting further
showed the specificity of the m!'A antibody for detecting
m!'A modification (Fig. 1, A and B). m!A was detected in
the total RNA, mRNA, and rRNA of the tested tissues of
petunia ‘Mitchell” (Fig. 1C). Among all petunia RNA
species tested, mRNA showed the strongest signal
(Fig. 1C). m'A was present at different levels in total RNA
and mRNA isolated from roots, stems, leaves, and co-
rollas of different senescent stages in petunia (Fig. 1, D
and E). The m!A level is dynamic in petunia, and mature
leaves and senescent corollas exhibit strong m'A signals
in mRNA (Fig. 1E). In addition, m'A was present at
various levels in the total RNA of different plant species
including petunia, Brunfelsia latifolia, Solanum lycopersi-
cum, Capsicum annuum, Arabidopsis, Phalaenopsis aphro-
dite, and Oncidium hybridum, and the strongest signal was
detected in B. latifolia (Supplemental Fig. S1).

Since the m'A level in mRNA is dynamically regulated
by senescence in corollas and ethylene plays an important
role in flower senescence, we further examined the effect of
ethylene treatment on the m'A level of mRNA in corollas.
Our previous study showed that ethylene treatment ac-
celerated petunia flower senescence (Guo et al., 2017). In
this study, similar results were observed. Petunia flowers
exhibited the first visible symptom of senescence at ~16 h
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Figure 1. Detection of m'A in petunia A

‘Mitchell’. A, Chemical structure of

m'A. B, Dot blot analysis shows that NH,
the anti-m'A antibody specifically
recognizes an m'A-modified RNA
oligo. The graph shows quantification /4 I

of the dot blot results with three bio- )
logical replicates by ImageJ, with rep- N N/
resentative blots shown below the /
graph. C to F, Dot blot (shown below RNA
the graphs) and LC-MS/MS assays were (m'A)
performed for the detection and quan-
tification of m'A levels in P. hybrida
among different RNA species of 20-d-
old wild-type (without any specific
treatment) whole seedlings (C) in total
RNA (D) and mRNA (E) from various
tissues of wild-type plants, including
roots (R), stems (S), young leaves (2 cm;
YL), mature leaves (4 cm; ML), old
leaves (OL), corollas of open flowers
(Q), corollas of flowers open for 2 d
(C2), corollas of flowers open for 4 d 100 ng
(C4), and in mRNA from corollas trea-
ted with air or 2 um ethylene (ETH) for
16 h (F). Error bars indicate the mean *
sp; n = 3. NC, Normal control (no RNA
was added).

(9]
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after 2 uL L™! ethylene treatment: the margins of the co-
rollas began to involute, and a few translucent dots
appeared in the corollas (Supplemental Fig. S2). At 48 h
after ethylene treatment, the petunia flowers exhibited
obvious symptoms of senescence (Supplemental Fig. S2).
Air-treated petunia corollas were fully turgid 0 to 48 h after
flower opening, exhibited no symptoms of senescence, and
were visually indistinguishable from flowers at anthesis
(Supplemental Fig. S2). The effect of ethylene treatment on
m'A level in mRNA in petunia corollas was examined by
dot blotting assays with the m!'A antibody and the results
showed that 16 h of 2 uL L ! ethylene treatment reduced
the m'A level in mRNA in petunia corollas (Fig. 1F).

To further confirm the results of the dot blotting assays
and quantify m'A in RNA, quantitative LC-MS/MS of
pure RNA preparations was performed. Mass spectro-
grams of adenine and methyladenosine are shown in
Supplemental Figure S3. Previously, an RNA purifica-
tion procedure was adopted to minimize contamination
by these abundant RNAs (Li et al., 2016a). Since m!'A can
be rearranged as m°A under alkaline conditions (Dim-
roth rearrangement; Macon and Wolfenden, 1968), RNA
is digested at neutral pH to avoid underestimation of
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m'A abundance. mRNA consistently showed the high-
est m'A abundance (1.17% m!'A/A) among the three
RNA species examined (Fig. 1C). Among the various
tissues examined, stems showed the lowest (0.28%) and
senescent corollas the highest (1.82%) abundance of m'A
in their mRNA (Fig. 1E).

Transcriptome-Wide Profile of m*A in Petunia

To identify and localize m!A sites at the transcriptome-
wide level, we analyzed m!A methylation in mRNA
extracted from petunia ‘Mitchell” corollas treated with air
or ethylene for 16 h using the antibody-based m'A-seq
approach. We applied m'A-seq to mRNA from petunia
corollas in two replicates and determined methylated po-
sitions (m'A peaks) using the MACS peak-calling algo-
rithm (Zhang et al., 2008; Dominissini et al., 2016). RNA
was fragmented into ~50-nucleotide-long oligonucleotides
(input) and immunoprecipitated using the anti-m'A anti-
body (Fig. 2).

We identified 4,993 putative m'A peaks originating
from 3,231 expressed genes from the transcriptome of

Plant Physiol. Vol. 183, 2020


http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1

petunia corollas after combining the libraries of two
replicates using strict peak-calling criteria (P < 1071,
fold change >2; Supplemental Data Set 1). Each meth-
ylated gene contained an average of 1.55 peaks, and
72% of these genes were methylated once (Fig. 3A;
Supplemental Data Set 1). One representative view
(PhADPRM, Peaxil625cf00089g01220) of typical m'A
peaks in mRNA is shown in Figure 3B.

The m!A peak distribution within the transcriptome
regions was investigated next. Most of the m!A peaks
were apparently positioned in CDSs (Fig. 3C), showing
that the m'A distribution was not random. Then, the
m'A peaks were normalized using the relative fraction
of the segment occupied in the transcriptome, and the
results showed that m'A was markedly enriched in
CDSs with a single peak positioned closely after the
start codon (Fig. 3D).

The sequence patterns of m'A peaks may define or be
associated with their locations. An unbiased search for
common motifs enriched in segments around m'A peak
summits was performed (Fig. 4A). The most signifi-
cantly enriched motifs (P < 0.05) were UGMUGAW
(E = 4.9e—009), CAGCWGM (E = 9.3e—008), WGRAG
(E = 3.4e—005) and CCACCRY (E=8.4e—004), which
were present in >70% of the methylated peak summits
(Fig. 4A). In addition, GC content is a key determinant
of RNA structure. We found that the m'A peak

m'A

/\w

|
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Sequencing IP with anti-m'A
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input ’
AYAL/A74
fv W
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T} ted cDNA
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Figure 2. m'A-seq using an m'A antibody to enrich and identify m'A
sites. RNA is fragmented and subjected to IP using an anti-m'A anti-
body. Eluted RNA fragments are converted to cDNA and sequenced.
m'A causes both reverse transcription stops and read-through accom-
panied by mismatches, to produce typical peaks with a central trough.
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sequences exhibited a higher GC content than those of
the non-m'A controls (P = 3.64e—345; Fig. 4B), which
showed that the combination of m'A sequence and
structure features may specify methylation locations
(Ozanick et al., 2005; Takuma et al., 2015).

To examine the correlation between the m'A peaks
and transcript abundance, RNA-seq was performed for
the same petunia corollas and generated 29.3 to 37.3
million reads that uniquely mapped to the petunia
reference genome, with three highly reproducible bio-
logical replicates (R > 0.88; Supplemental Data Set 2).
We detected 23,769 mRNA sequences. Treatment with
ethylene resulted in 685 downregulated and 1,226
upregulated unigenes (absolute log2-fold change >1
and P < 0.05; Supplemental Data Set 3). The coverage of
m'A in the expressed genes was 13.6%. The distribution
of transcripts containing m'A sites was compared with
the general distribution of transcript abundance. The
results showed that there is no significant correlation
between m'A level and gene expression (Fig. 4C).

Next, Gene Ontology (GO) analyses of the methylated
genes were performed, and the results showed that the top
10 P < 0.05 categories of methylated genes significantly
enriched were those involved in small molecule binding,
nucleotide binding, nucleoside phosphate binding, purine
ribonucleoside triphosphate binding, ATP binding, pyro-
phosphatase activity, hydrolase activity, action on acid
anhydrides and phosphorus-containing anhydrides, pu-
rine nucleotide binding, nucleoside-triphosphatase activ-
ity, ribonucleotide binding, and others (Supplemental Fig.
54; Supplemental Data Set 4). The most dramatic results for
molecular function were observed in binding, especially
binding of nucleotide and small molecule, suggesting that
m!A mRNA modification might play an important role in
the nucleus, including in RNA slicing and transcription
regulation in petunia corollas.

Since m!A can lead to reverse transcription stoppage
and read-through accompanied by mismatches, we
examined the peaks in which an A was replaced by
thymine (T) and/ or reverse transcription stopped at the
A site. The results showed that among the 4993 m'A
peaks originating from 3231 expressed genes, there
were 251 m!A peaks in 199 expressed genes in which
the A residues were partially replaced by thymine (T)
and/or the reverse transcription stopped at the A site
(Supplemental Data Set 5).

To obtain the m'A data in noncoding RNA species
like IncRNA and circular RNA (circRNA) of petunia
corollas, we used StringTie and Coding Potential Cal-
culator (CPC) software to identify IncRNAs and used
the find_circ tool (Memczak et al., 2013) to identify the
circRNAs in the transcriptome of petunia corollas. After
careful screening and bioinformatic analysis, a total of
14,017 IncRNAs (Supplemental Data Set 6) and 1,079
circRNAs (Supplemental Data Set 7) were obtained in
this study. Further, 485 and 175 putative m'A peaks
originating from 476 IncRNAs and 134 circRNAs were
identified from the transcriptome of petunia corollas,
respectively (Supplemental Data Sets 8 and 9, respec-
tively), using MACS default parameters to identify
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Figure 3. The m'A methylome of petunia ‘Mitchell’
corollas treated with air and ethylene for 16 h. A,
Percentages of methylated genes exhibiting 1, 2, 3,
or 3+ peaks per gene in corollas. B, Representative
views of typical m'A peaks in mRNA (PhADPRM,
Peaxi1625cf00089g01220). Start codons and stop
codons are shown. C, Distribution of m'A peaks
across MRNA segments. Each segment was nor-
malized according to its average length in the 0
RefSeq annotation. The total normalized transcripts

were binned into regions of 1% total length, and the
percentage of m'A peaks belonging to each bin was
calculated. D, Metagene profiles of the m'A peak Cc
distribution along a normalized transcript com-

posed of three rescaled nonoverlapping segments
illustrated below.
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methylation sites. Each methylated IncRNA and circRNA
contained an average of 1.02 and 1.31 peaks, respec-
tively, and 98% of IncRNAs and 76% of circRNA were
methylated once. For IncRNAs modified by mlA, two
types of m!'A pattern were observed: modification of
one m'A site and methylation of two m!A sites. For
circRNAs modified by m'A, 3,7, 18, and 147 circRNAs
were modified by 4, 3,2, and 1 m'A sites, respectively.

Effects of Ethylene Treatment on the m'A Level in mRNA
in Petunia Corollas

The results of dot blotting showed that ethylene
treatment greatly reduced the m'A level in the mRNA

Figure 4. Sequence and structure traits of m'A A
peaks. A, Three representative sequence motifs
enriched with m'A. B, GC content comparisons
between m'A peaks and control sequences. GC%
is the percentage of G + C content within the m'A
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of petunia ‘Mitchell” corollas. We further analyzed the
m'A patterns of corollas under 16 h of ethylene and air
treatment. We found that 400 and 603 peaks in 375 and
530 mRNAs were up- and downregulated, respectively,
under ethylene treatment. In addition, 975 m'A peaks
in mRNA were not detected, and 430 novel m!A sites
were identified in corollas treated with ethylene
(Supplemental Figs. S5 and S6; Supplemental Data Set
10). These results, together with the results of dot
blotting, showed that ethylene treatment results in a
slight reduction in m!A levels in the petunia corolla. In
addition, we found that 55 and 59 peaks in IncRNAs
(Supplemental Data Set 11), and 15 and 17 peaks in
circRNAs (Supplemental Data Set 12), were up- and
downregulated, respectively, by ethylene.

}CA Cm %J a

eIl SIQTITY e wtea 00 0o nlae w e R

~~~~~~
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To determine the functional differences in genes as-
sociated with upregulated versus downregulated m'A
levels, we analyzed the genes whose m'A levels were
quantified for GO enrichment in a clustering analysis
(Supplemental Fig. S7; Supplemental Data Sets 13 and
14). The analyses of molecular functions indicated that
many genes with upregulated m'A levels were highly
enriched in the categories of ubiquitin-like protein
transferase activity, inorganic diphosphatase activity,
protein Tyr/Ser/Thr phosphatase activity, ubiquitin-
protein transferase activity, protein Tyr phosphatase
activity, carbohydrate transmembrane transporter ac-
tivity, sugar transmembrane transporter activity, car-
bohydrate transporter activity, ER retention sequence
binding, 1,3-8-D-glucan synthase activity and others
(Supplemental Fig. S7A; Supplemental Data Set 13).
Many genes with downregulated m'A levels were
enriched in the categories of 1,3-8-p-glucan synthase
activity, nucleotide binding, nucleoside phosphate
binding, small molecule binding, nucleoside-
triphosphatase activity, helicase activity, pyrophos-
phatase activity, RNA binding, purine ribonucleoside
triphosphate binding, ATPase activity, and others
(Supplemental Fig. S7B; Supplemental Data Set 14).
These results showed that m!'A could play important
roles in protein degradation, nutritional transport,
transcription or translation regulation, and so on dur-
ing flower senescence.

Association between the m'A Methylome and
Transcriptome after Ethylene Treatment

The correlation between the whole m'A methylome
and the mRNA transcriptome in corollas treated with
ethylene and air was analyzed according to the quan-
titative results. Among 809 mRNAs whose abundance
was detected, there were 956 m'A peaks with signifi-
cantly changed methylation levels after ethylene treat-
ment (P < 0.00001, fold change >2; Supplemental Data
Set 15). Among the 956 m'A peaks, 384 were upregu-
lated and 572 were downregulated. Quantitative ratios
from the m'A methylome and transcriptome were
compared upon ethylene treatment, as shown in
Supplemental Figure S8. The Pearson’s correlation co-
efficient was 0.30 when all significantly changed m'A
peaks were considered based on their mRNA abun-
dance. Therefore, the m'A methylome and tran-
scriptome were slightly positively correlated.

PhTRMT61A Is a Methyltransferase for m'A of mRNA,
and Its Suppression Changes the Development of Leaves
in Petunia

The tRNA methyltransferase responsible for the for-
mation of m!'A58 identified in mammals and yeast is a
two-subunit enzyme encoded by TRMT6 and TRMT61
(Anderson et al., 1998, 2000; Ozanick et al., 2005, 2007;
Saikia et al., 2010). In mammals, the TRMT61 subfamily
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includes two members, TRMT61A and TRMT61B.
However, using the complementary DNA (cDNA)
sequences of human TRMT61A and TRMT61B (locus
NP_689520.2 and NP_060380.3) as queries in BLAST
searches of the NCBI database and the Sol Genomics
Network, we found that the TRMT61 subfamily only
includes one member in the genomes of Arabidopsis,
S. Iycopersicum, Oryza sativa, and petunia, and the
encoded proteins are named AtTRMT61A (NP_568302.1),
SITRMT61A (XP_010316290.1), OSTRMT61A (XP_015636972.1),
and PhTRMT61A, respectively (Supplemental Fig.
59). PhATRMT61A showed 72.7% and 92.9% identity to
AtTRMT61A and SITRMT61A, respectively (Supplemental
Table S1). The full-length cDNA of PHTRMT61A was
recombinantly expressed in Escherichia coli (His-
PhTRMT61A), and recombinant His-PhTRMT61A pro-
teins were obtained. We incubated His-PhTRMT61A
proteins with the total RNA or mRNA of petunia ‘Mitch-
ell’ seedlings. Dot blotting revealed a marked increase in
the level of m'A in both the total RNA and mRNA incu-
bated with His-PhTRMT61A proteins (Fig. 5A), indi-
cating that PATRMT61A could be a methyltransferase
for m'A in mRNAs in petunia.

We further investigated the effects of PA\TRMT61A
suppression on RNA m!'A methylation in petunia. We
established an efficient virus-induced gene silencing
(VIGS) system in petunia ‘Ultra’ (Tan et al., 2014; Chen
et al., 2017). The pTRV2-PhTRMT61A vector was con-
structed to suppress the expression of PiTRMT61A.
Thirty to 35 petunia ‘Ultra’ plants were subjected to
infection by pTRV2-PhTRMT61A and pTRV2 vectors.
Approximately 30 d after petunia seedlings were
infected according to our previous protocol (Chen et al.,
2017), we extracted the total RNA of the young leaves of
plants treated with pTRV2-PhTRMT61A and pTRV2
and purified the mRNA. The results of dot blotting with
the m'A antibody showed that PiTRMT61A silencing
significantly reduced the m'A level in both the total
RNA and mRNA (Fig. 5, B and C).

No significant difference in the height of the stems,
plant size or leaf number was observed in PhATRMT61A-
silenced plants compared with the control. However, a
chlorotic and wrinkled leaf phenotype was found in
pTRV2-PhTRMT61A-infected plants (Fig. 5, D-F). We
further measured chlorophyll and carotenoid contents
inleaves from PhTRMT61A-silenced and control plants.
PhTRMTG61A silencing significantly decreased the total
leaf chlorophyll content compared with the control but
did not significantly change the carotenoid content
(Fig. 5G). As expected, pTRV2-PhTRMT61A treatment
significantly reduced the expression of PAiTRMT61A in
petunia leaves (Supplemental Fig. S10). In addition,
scanning electron micrographs of adaxial and abaxial
epidermal cells in leaves showed small cells in the
plants subjected to PhTRMT61A silencing (Fig. 5, H-K;
Table 1).

We investigated PhTRMT61A expression by quanti-
tative PCR (qPCR). PATRMT61A expression was high in
the leaves and roots and low in the stems (Supplemental
Fig.S11A). In addition, treatment with 2 uL. L~ ! ethylene

1715


http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1

Yang et al.

1716

A B L2 Total RNA c _ Lo mRNA

a5y - Lo} S osl

o) z 2

z ot O i < 0.6 |

T ¥ ft 0.6 ~.‘=

—j‘f - g § 0.4 |

o %2 E M B o2

- & -~ .

= s =

g u g o i

2 M 0.0 ’
00

100
~0® - 0 ®
50 ng . o 50ng o s

pIRV2Z pTRV2- pTRV2  pTRV2-
Control PhTRMT61 PhTRMT61 PhTRMT61

h —

S B

=]

qa =]
rq

r HpTRV2
* O pTRV2-PhTRMT61A

==

Total chlorophyll Carotenoids

Figure 5. PATRMT61A is a methyltransferase for m'A in mRNA, and silencing PATRMT6 1A causes phenotypic alterations. A, Dot
blot analysis of total RNA nucleosides from petunia ‘Ultra’ corollas incubated with or without the recombinant PATRMT61A
protein. B and C, Dot blotting analysis of total RNA (B) and mRNA (C) nucleosides from the corollas of pTRV2- and pTRV2-
PhTRMT61A-treated plants. D and E, Five-week-old VIGS-mediated PhTRMT61A-silenced plants (right) compared to control
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significantly decreased PATRMT61A mRNA levels in
corollas (Supplemental Fig. S11B).

The PhTRMT61A Protein Is Localized to the Nucleus

We further investigated the subcellular localization
of PhATRMT61A in petunia ‘Mitchell” cells. The pSAT-
35S:GFP-TRMT61A vector, which included the full
ORF sequence of PATRMT61A, was constructed. The
pSAT-355:GFP-TRMT61A and pSAT-355:GFP vectors
were transiently expressed in petunia leaf protoplasts.
After ~20 h, the fluorescence signal of the PhATRMT61A-
GFP fusion protein was detected in the nucleus of pro-
toplasts (Fig. 6, A and B). To further confirm the results,
EOBI-red fluorescent protein, which is a nuclear local-
ized MYB factor (Spitzer-Rimon et al., 2012; Liu et al,,
2017), was used as a nuclear marker. The results further
confirmed that Ph\TRMT61A localizes to the nucleus
(Fig. 6C).

DISCUSSION

Recent studies have shown that m'A affects many
aspects of RNA metabolism in mammals (Dominissini
et al., 2016; Li et al., 2016a). However, the abundance,
function, and distribution of m'A in plant RNA re-
main unknown. Here, we performed transcriptome-
wide profiling of m!A sites in petunia corolla RNAs
through m'A-seq using an m'A-specific antibody.

Our dot blot and LC-MS/MS assays indicated that
m'A shows differences in abundance in different RNA
species and presents the highest abundance in mRNA
and the lowest abundance in rRNA (Fig. 1C); m>°C
levels are also highest in mRNA in Arabidopsis (Cui
etal., 2017). Similar to m®A in Arabidopsis (Bodi et al.,
2012), m'A is an abundant mRNA modification in
plants, in which the m*A/A ratio is as high as 1.82%,
and the m'A levels in mRNA are spatially and tem-
porally regulated (Fig. 1E). In addition, m*A presents
differences in abundance in the total RNA of different
plant species and exhibits the highest abundance in the
woody plant B. latifolia (Supplemental Fig. S1).

When m'A-seq was applied, 4,993 m'A peaks were
identified in 3,231 genes expressed in petunia, and each
methylated gene presented an average of 1.55 peaks,
showing 13.6% coverage of m'A in expressed genes
(Supplemental Data Set 1). In mammalian cells,
Dominissini et al. (2016) identified 7,154 peaks in 4,151
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gene transcripts, and each methylated gene exhibited
an average of 1.72 peaks. Li et al. (2016) identified
901 m'A peaks in 600 genes in HEK293T cells. These
results showed that the number of m!A-methylated
genes in petunia corollas can be compared with that
in mammalian cells.

It is worth noting that analysis of the m!'A peaks
identified in this study showed that m'A is preferen-
tially positioned in CDSs and that there is one peak of
m!A enrichment within CDSs (Fig. 3, C and D), which is
located closely after the start codon. Together with the
introduction of a positive charge on m'A, these distri-
bution features imply that m*A modifications in CDSs
could play a regulatory role in transcriptional and
translational processes in petunia. However, in human
mRNA, m!A is enriched near start codons upstream of
the first splice site and presents a positive correlation
with transcription and translation (Dominissini et al.,
2016; Li et al., 2016a). These results suggest potential
divergence of the m'A methylation machinery and its
functions in different eukaryotic species. In addition,
mOA is preferentially located at the 3" end of transcripts
in Arabidopsis (Bodi et al., 2012). The obtained m°A-IP
reads are markedly enriched near start codons and stop
codons and within 3" UTRs in Arabidopsis (Luo et al.,
2014). In Arabidopsis, the greatest number of m°C sites
was identified within the CDS. While m°C sites were
evenly distributed within 5 UTRs and CDSs, m5C sites
were most abundant in the first quarter of 3° UTRs
(David et al., 2017). In another study, m°C was enriched
in CDSs, with two peaks positioned closely before stop
codons and after start codons in Arabidopsis (Cui et al.,
2017). These results indicated the existence of differ-
ences in the methylation machinery of different RNA
methylation modifications in plants.

By applying m'A-seq, 4,993 m!A peaks were identi-
fied in 3,231 genes expressed in petunia corollas, among
which were identified only 251 m'A peaks in which the
A residues were partly replaced by T residues and/or
reverse transcription stopped at A sites, showing that
read-through accompanied by mismatches and reverse
transcription stops did not occur in most m!'A peaks
identified in this study. However, Dominissini et al.
(2016) showed a high rate of mismatches and reverse
transcription stops. This disparity may be due to
the different reverse transcriptases used in these
experiments.

In humans, m'A is regulated by stress, and most
peaks appear to be stress specific (Li et al., 2016a).
Ethylene treatment reduces the total m!A level in

Figure 5. (Continued.)

plants (left). The plants were digitally extracted for comparison. F, Leaves of PATRMT61A-silenced plants (bottom) compared with
those of control plants (top). The leaves were digitally extracted for comparison. G, Effects of PATRMT61A silencing on the
contents of total chlorophyll and carotenoids in young leaves (2 cm). H to K, Scanning electron micrographs of adaxial (H and 1)
and abaxial (J and K) epidermal cells of leaves of PATRMT61A-silenced plants (I and K) compared with those of control plants
(J and K). Statistical analysis was performed using one-way ANOVA followed by Duncan’s NMRT with three biological replicates.
Asterisks indicate significant differences at the P = 0.05 level and data are presented as the means = sp (A-C and G). Scale bars =

3.0cm (D), 0.5 cm (E), 1.3 cm (F), and 40 uwm (H-K).
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Table 1. Effects of PATRMT61A silencing on the cell size in leaves

Data are means * st from 15 to 20 samples. Statistical analysis was performed using one-way ANOVA followed by Duncan’s NMRT. The asterisk

indicates significant difference at *P = 0. 05.

Trait pTRV2 pTRV2-PhTRMT61A pTRV2-PhTRMT61A/pTRV2
0(7
Diameter of adaxial epidermal cells of leaf (um) 39.24 = 3.22 26.23 *+ 3.49* 66.8
Diameter of abaxial epidermal cells of leaves (um) 34.62 * 3.86 26.37 + 7.78* 76.1
Cell density of adaxial epidermal cells of leaves (cells 0.1 mm~2) 56.32 = 7.72 128.31 = 9.61 227.7
Cell density of abaxial epidermal cells of leaves (cells 0.1 mm~2) 69.59 * 8.64 134.83 = 11.5 193.7

mRNA (Fig. 1F; Supplemental Data Set 10). In addi-
tion, dot blotting showed that the m'A level in mRNA
is dynamically regulated by senescence in corollas
(Fig. 1E). These results showed that mRNA m!A
could be associated with flower senescence.

The correlation between the whole m'A methylome
and mRNA transcriptome in corollas treated with eth-
ylene and air was analyzed, and the obtained Pearson’s
correlation coefficient, denoted by r, which is a statis-
tical measure of the strength of a linear relationship
between paired data and is, by design, constrained be-
tween —1 and 1 (Amdisen, 1987), was 0.30 (Supplemental
Fig. S8). This suggested that the m'A methylome and
transcriptome were slightly positively correlated, imply-
ing that the changing pattern of the m'A methylome was

" Bright field GFP Merged
27T
Q ‘}
B

Figure 6. Subcellular localization of PhATRMT61. Petunia protoplasts
were transformed with a construct carrying GFP or PATRMT61-GFP
under the control of the CaMV 35S promoter to assess subcellular lo-
calization. A, Expression of the PhTRMT61-GFP fusion protein. B, Ex-
pression of GFP protein. C, Subcellular localization of PATRMT61-GFP
with EOBI-red fluorescent protein as markers. All images were captured
with a confocal laser scanning system. Scale bar = 5 um.
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coincident with that of the transcriptome after ethylene
treatment to a certain extent.

In S. cerevisine, TRMT61, a Rossman fold methyl-
transferase superfamily member, has been identified as
a methyltransferase responsible for tRNA m!A58 for-
mation, which uses S-adenosyl-Met as a methyl donor
(Anderson et al., 2000; Kozbial and Mushegian, 2005).
In humans, TRMT61B localizes to the mitochondria and
has been identified as a mitochondria-specific tRNA
methyltransferase responsible for tRNA m!'A58 for-
mation (Chujo and Suzuki, 2012; Bar-Yaacov et al,
2016). In fact, there is only one member in the TRMT
family in many plant species genomes. In this study, we
showed that PATRMT61A could be an m!'A methyl-
transferase for mRNA. First, an in vitro methylation
assay showed that His-Ph TRMT61A increased the m!'A
modification level in the mRNA from petunia corollas.
Second, the total RNA of E. coli containing His-
PhTRMT61A presented a higher m!A modification
level than that of wild-type E. coli. Finally, PiTRMT61A
silencing resulted in a significant reduction of m!A
modification levels in both total RNA and mRNA in
petunia corollas, implying that PhATRMT61A indeed
affects m'A modification in vivo.

In yeast, TRMT61 plays an important role in the
cellular stabilization of initiator tRNAMet (Anderson
et al., 1998; Kadaba et al., 2004). TRMT61A silencing
in human cells causes a slow growth phenotype, indi-
cating a role of TRMT61A in cell proliferation (Saikia
et al., 2010). In this study, in addition to decreasing the
m!A level in mRNA, PiTRMT61A silencing affected
the development of leaves in petunia; in particular,
PhTRMT61A silencing caused a chlorotic leaf pheno-
type and reduced chlorophyll contents (Fig. 5, D-G).
Additionally, PATRMT61A silencing resulted in a re-
duced size of leaf epidermal cells (Fig. 5, H-K), while
the size of the leaves was not significantly changed,
showing that PhTRMT61A silencing could promote cell
division. Analysis of qPCR assay results showed that
the transcription of PiITRMT61A was high in the leaves
(Supplemental Fig. S11A), supporting its function in
leaf development. However, the direct connection be-
tween the phenotypic change and the reduction in
mRNA m'A levels mediated by PATRMT61A silencing
requires further study. In Arabidopsis, mutations in
m°A methyltransferase result in an embryo-lethal
phenotype (Zhong et al., 2008), and reduced m°A
levels cause developmental defects in floral organs
(Bodi et al., 2012). In Arabidopsis, mutations in TRM4B,
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the mRNA m5C methyltransferase, cause a decrease
m°C peaks and defects in root development due to re-
duced cell division in the root apical meristem (Cui
et al, 2017). In addition, trm4b mutants show in-
creased sensitivity to oxidative stress (David et al,,
2017). These results reveal the important role of RNA
modifications in plant growth and development.

In addition, ethylene treatment significantly decreased
PhTRMT61A expression in corollas (Supplemental Fig.
S11B). The possibility that PATRMT61A plays a role in
the decrease in m'A levels in response to ethylene cannot
be ruled out, and the underlying mechanism requires
further study.

In S. cerevisine, TRMT61A and TRMT61B are re-
sponsible for the methylation of nuclear and mito-
chondrial RNA, respectively (Chujo and Suzuki, 2012;
Bar-Yaacov et al.,, 2016). In this study, nuclear locali-
zation of PhATRMT61A indicated that P\ TRMT61A is
responsible for the methylation of nuclear RNA rather
than of chloroplast or mitochondrial RNA, and that
PhTRMT61A-mediated methylation of RNA occurs
prior to nuclear export of RNA.

MATERIALS AND METHODS
Plant Material

Petunia (Petunia hybrida) ‘Mitchell” and ‘Ultra’ plants were grown in a
greenhouse (23 *+ 2°C; Liu et al., 2011). To avoid self-pollination, which will
increase ethylene production and accelerate petal senescence, we emasculated
the flowers 1 d before they were fully opened and harvested them at the an-
thesis stage (corollas 90° reflexed). Roots, stems, and leaves were collected at the
vegetative stage when the plants were ~10 cm in height. Three biological re-
peats, each including three technical repeats, were performed for each
experiment.

Ethylene Treatment

Petunia ‘Mitchell” flowers were treated with ethylene according to our
previous protocols (Guo et al., 2017). After being harvested at anthesis, the
flower stems were placed in flasks with distilled water and then treated with air
or 2 uL L' ethylene for 16 h. Corollas were collected and frozen in liquid
nitrogen and stored at —80°C. Three biological repeats, each including three
technical repeats, were performed for each experiment.

RNA Extraction, Library Construction, and Sequencing

RNA extraction, library construction, and sequencing were performed
according to previously described protocols (Guo et al., 2017). The total RNA of
the samples was isolated using a TRIzol Kit (Promega) and treated with RNase-
free DNase I (Takara Bio) for 30 min at 37°C to remove residual DNA. All
mRNA was broken up into ~50-bp fragments by adding fragmentation buffer.
First-strand ¢cDNA was generated using random hexamer-primed reverse
transcription with Thermo-X reverse transcriptase, followed by the synthesis of
second-strand ¢cDNA using RNase H and DNA polymerase 1. The cDNA
fragments were purified using a QIAquick PCR extraction kit. These purified
fragments were then washed with EB buffer for end reparation poly (A) ad-
dition and ligated to sequencing adapters. Following agarose gel electropho-
resis and extraction of the cDNA from gels, the cDNA fragments were purified
and enriched by PCR to construct the final cDNA library. The cDNA library was
sequenced on the Illumina sequencing platform (HiSeq 2000) using paired-end
technology by Gene Denovo. A Perl program was written to select clean reads
by removing low-quality sequences (with >50% of bases having a quality of
<20 in one sequence), reads with >5% N bases (bases unknown), and reads
containing adaptor sequences. Three biological repeats, each including three
technical repeats, were performed for each experiment.
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Read Alignment and Normalization of Gene
Expression Levels

Read alignment was performed according to previously described protocols
(Guo et al., 2017). We mapped the sequencing reads to the reference sequence
with SOAPaligner/soap2 (Li et al., 2009), a tool designed for short sequence
alignment. The coverage of reads in a single gene was used to calculate the
expression level of that gene. We obtained the expression levels of all genes
detected using this method.

Reads that could be uniquely mapped to a gene were used to calculate ex-
pression levels. The gene expression level was measured as the number of
uniquely mapped reads per kilobase of exon region per million mappable reads
(Guo et al., 2017). This value can be directly used for comparing the differences
in gene expression between samples. All expression data statistics and visual-
ization were conducted with the R package (http:/ /www.r-project.org/).

IncRNA Prediction

StringTie software (v 1.2.2; http://ccbjhu.edu/software/stringtie/) was
used to assemble and merge the reads on the petunia reference genome. The
combined transcripts were compared with the known reference transcripts
using cuffcompare software v2.2.1 (Trapnell et al., 2010) and the candidate
IncRNAs were obtained. Among the candidate IncRNAs, the transcripts with a
length <200 bp and an ORF length >300 bp were discarded. Any potential
coding of the remaining transcripts was evaluated using Pfamscan (http://
xfam.org/; Punta et al., 2012) and CPC (Kong et al., 2007). Only transcripts
determined to be noncoding by both CPC and Pfamscan were considered
IncRNAs.

Identification of circRNAs

After RNA sequencing, all the high-quality clean data were used for iden-
tification of circRNAs according to the methods of Ye et al. (2015). Clean reads
were mapped to the petunia reference genome (https://solgenomics.net/
organism/Petunia_axillaris/ genome) using bowtie2 software (v2.2.9; http://
bowtie-bio.sourceforge.net/bowtie2 /manual.shtml). The reads that could not
be mapped to the genomes were obtained. For these unmapped reads, the 20-
nucleotide anchors were first extracted from both ends and aligned indepen-
dently to the petunia reference genome to identify the unique anchor positions
by the widely used tool find_circ described previously (Memczak et al., 2013).
The reversed orientation of the aligned anchors suggested circRNA splicing.
Then, the anchor alignments were extended to generate the GU/AG splice sites
flanking the complete read alignments and breakpoints. Finally, a circRNA was
identified as a candidate if it had at least two distinct back-spliced reads.

Quantification of m'A by LC-MS/MS

Quantification analysis of m' A was performed as described previously (Li et al.,
2016a), with slight modifications. A 150 ng sample of purified RNA was digested
into nucleosides with 0.5 U of P1 nuclease (N8630, Sigma-Aldrich) in 20 uL of 10 mm
ammonium acetate buffer (pH 5.3) at 42°C for 6 h, followed by digestion with 0.5 U
of alkaline phosphatase (P4252, Sigma-Aldrich) with 2.5 uL of 0.5 M MES bulffer
(pH 6.5) added to remove the phosphate groups of the nucleosides. The mixture
was incubated at 37°C for 6 h and diluted to 50 uL for LC-MS/MS.

After being separated by ultra-performance liquid chromatography ona C18
column, the nucleosides were detected by triple-quadrupole MS (6200 series
TOF/6500 series Q-TOF vB.06.01 [B6157], Agilent) in positive-ion multiple
reaction-monitoring mode. The mass transitions of mass-to-charge ratios (111/z)
282.0 to 150.1 (m'A), m/z 282.0 to 150.1 (m°A), and m/z 268.0 to 136.0 (A) were
monitored and recorded. We assessed a series of concentrations of pure au-
thentic nucleoside standards for every batch of experiments to obtain the cor-
responding standard curves, since we can deduce the concentrations of
nucleosides in mRNA samples by fitting the signal intensities to the standard
curves. Then, the m!'A /A ratios were calculated.

Dot Blot Assays

Dot blot analysis was performed as described previously (Shen et al., 2016;
Cui et al., 2017; Nagarajan et al., 2019). Purified RNA was first denatured and
spotted onto a Magna Nylon Transfer membrane, followed by UV crosslinking
(UVP Crosslinker, CL-1000, Analytik Jena). The membrane was washed with
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1X Tris-buffered saline with Tween 20 (PBST), blocked with 5 g nonfat milk in
100 mL PBST, and incubated with an anti-m!A antibody (1:1,000; D345-3, MBL)
for 1 h at 25°C. The blots were washed three times with 5 g Tween-20 in 100 mL
PBS buffer. Then, the membranes were incubated with a goat anti-mouse IgG-
HRP secondary antibody (1:5,000; M21002, Abmart) for 1 h at 25°C. The blots
were washed four times with 1X PBST and visualized using the High-sig ECL
western Blotting Substrate (Tanon). Three biological repeats, each including
three technical repeats, were performed for each experiment.

m'A-Seq

m'A-seq was performed by CloudSeq Biotech according to the published
procedure (Li et al., 2016a), with slight modifications. Briefly, fragmented RNA
was incubated with an anti-m'A polyclonal antibody (202003, Synaptic Systems)
in immunoprecipitation buffer (10 mm Tris-Cl [pH 7.4], 150 mm NaCl, and 0.1%
NP-40) for 2 h at 4°C. The mixture was then immunoprecipitated by incubation
with protein-A beads (Thermo Fisher) at 4°C for an additional 2 h. Then, bound
RNA was eluted from the beads with N'-methyladenosine (PR3732, Berry &
Associates) in IPP buffer and extracted with TRIzol reagent (Thermo Fisher)
according to the manufacturer’s instructions. The purified RNA was used for
RNA-seq library generation with the NEBNext Ultra RNA Library Prep Kit (New
England Biolab). Both the input sample without IP and the m!'A IP samples were
subjected to 150-bp paired-end sequencing on an Illumina HiSeq sequencer. Two
biological repeats were performed for each experiment.

Peak Calling

Adaptors and low-quality bases were trimmed from raw sequencing reads
using Cutadapt software (v1.9.3; Martin, 2011). The reads were aligned to the
petunia genome (https://solgenomics.net/organism/Petunia_axillaris/ge-
nome) using Tophat2 (v2.0.12; Kim et al., 2013). Peaks enriched via IP over
input experiments were identified using MACS2 (v2.1.0.20140616; Zhang et al.,
2008). MACS2-identified peaks were intersected with a database of exons from
the petunia genome (RefSeq annotation). Peaks were allocated to the feature
containing the segment with which they shared the largest overlap. Peaks
falling in intergenic sequences or exhibiting overlap shorter than 50 nucleotides
were excluded from further analyses. For each cell type, only peaks identified
(fold change =2 or =4, as indicated, false discovery rate <0.05) in replicates
were considered. Common peaks were defined as peaks that were indepen-
dently identified in both air- and ethylene-treated RNA. Negative peaks were
identified by switching the IP and input samples (Zhang et al., 2008).

m'A-Seq Data Analysis

Genome sequences and annotations were downloaded from https://
solgenomics.net/organism/Petunia_axillaris/genome (v1.6.2). Paired-end
reads were harvested from an Illumina HiSeq 4000 sequencer and were sub-
jected to quality control according to Q30 values. Thereafter, the reads were
subjected to 3" adaptor trimming using Cutadapt software (v1.9.3) to remove
low-quality reads and generate clean reads (Martin, 2011). First, the clean reads
of input libraries were aligned to the genome using STAR software (Dobin et al.,
2013). Second, the clean reads of the input libraries were mapped to the genome
with Hisat2 software (v2.04; Kim et al., 2015) and assembled with StringTie
software (v1.2.2). The assembled transcripts were merged and compared with
known transcripts using Cuffcompare software (v2.2.1). Thereafter, the clean
reads of all libraries were aligned to the reference genome with Hisat2 software.
Methylated sites on RNAs (peaks) were identified with MACS software (Liu,
2014). Differentially methylated sites were identified with diffReps (Shen et al.,
2013). The peaks identified by both software platforms overlapping with exons
in the mRNA were identified and chosen with homemade scripts. GO enrich-
ment analysis was performed using information extracted from the reference
annotation with homemade software. Pathway enrichment analysis was per-
formed using blast2GO software (Conesa et al.,2005).

Annotation of mRNA Segments

Nonoverlapping mRNA regions (“5 UTR,” “start codon (startC),” “CDS,”
“stop codon (stopC),” and “3 UTR”) were used for m'A peak analysis. The
“startC” and “stopC” segments were defined as the sequences 100 nucleotides
upstream and downstream, respectively, of the start and stop codons. The lo-
cation of the mRNA segments was determined using BEDTools (Li et al. 2016b).
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Motif Discovery and GO Analysis

Motif discovery was performed according to the previously described
methods of Li et al. (2016b). We used the MEME algorithm (http:/ /meme-suite.
org/) to perform de novo searches for enriched motifs in demethylase-sensitive
regions. To ensure the reliability of the identified motifs, we used two sequence
sets as controls. The motif search was performed with demethylase-sensitive
regions. The P-value was used to denote the significance of motif enrichment:
the lower the P-value, the more significant the motifs (P < 0.05).

All GO term association and enrichment analyses were performed using the
Database for Annotation, Visualization and Integrated Discovery (DAVID,
http://david.abcc.ncifcrf.gov/; Wu et al., 2015; Xie et al., 2015).

Sequence Analysis

Alignments were performed, and a phylogenetic tree was generated using
the DNAMAN software (Lynnon). Identity search for nucleotides and translated
amino acids was performed using the National Center for Biotechnology In-
formation BLAST network server (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi).

Expression and Purification of the Recombinant
PhTRMT61A Protein

Expression and purification of the recombinant PhTRMT61A protein were
according to a previous protocol (Chujo and Suzuki, 2012). The full-length cDNA
of PhITRMT61A was amplified by RT-PCR of total RNA from petunia corollas
using the primers listed in Supplemental Table S2. The PCR product was cloned
into the corresponding sites of the pCZN1 vector (Novagen) to obtain the ex-
pression vector pCZN1-PhTRMT61A, which produced His-fused PATRMT61A
(His-PhTRMT61A). The Escherichia coli Top10 strain was transformed with pCZN1-
PhTRMT61A and cultured in LB media containing 50 mg mL~! ampicillin.
When the bacteria reached an optical density of 0.5, protein expression was
induced by the addition of 50 mwm isopropylthio-B-galactoside, and the cells
were grown for 5 h at 20°C. Cells were harvested and suspended in buffer A
(20 mm Tris-HCI containing 1 mm phenylmethylsulfonyl fluoride and bacteria
protease inhibitor cocktail [pH 8.0]; Sigma-Aldrich), followed by sonication on
ice. Cell lysates were cleared by ultracentrifugation at 100,000g for 20 min at
4°C. The supernatant was loaded onto a Ni-IDA -Sepharose Cl-6B chelating
column (Smart Life Sciences). After washing off unbound proteins with buffer
A, recombinant proteins were eluted with a 50-mL linear gradient from 0 to
500 mm imidazole in buffer A. Fractions containing the recombinant proteins
were pooled and dialyzed overnight against buffer B (20 mm Tris-HCl, 250 mm
imidazole, and 0.15 m NaCl [pHS8.0]). The concentration of purified His-
PhTRMT61A was determined by the SDS-PAGE protein assay and western-
blot analysis.

Construction of VIGS Vectors and Transformation

VIGS vectors were constructed according to our previously reported pro-
tocols (Liu et al., 2019). Specific primers (Supplemental Table S2) for
PhTRMT61A were designed to clone 416 bp of the CDSs of this gene, and the
pTRV2-PhTRMT61A vector was constructed. Agrobacterium tumefaciens (strain
AGLO) was transformed with the pTRV2 or pTRV2-PhTRMT61A and pTRV1
vectors. The A. tumefaciens culture was grown overnight at 28°C in Luria-
Bertani medium with 200 mum acetosyringone and 50 mg L~! kanamycin. The
A. tumefaciens cells were harvested and resuspended in inoculation buffer
(10 mm MgCly, 10 mm MES [pH 5.5], and 200 mm acetosyringone to ODggo = 10).
After an additional 3 h of incubation at 28°C, A. tumefaciens containing pTRV1
was mixed with A. tumefaciens containing the pTRV2 derivatives in a 1:1 ratio.
Then, ~450 uL of this mixture was applied to the cut surface of 30-d-old petunia
‘Ultra” plantlets. Thirty-six petunia plants with each vector were subjected to
infection with pTRV2-PhTRMT61A and pTRV2 vectors, respectively.

qPCR Assays

qPCR assays were performed on a LightCycler 480 Real-Time PCR system
(Roche) according to our previously described methods (Liu et al., 2011). Specific
primers (Supplemental Table S3) were designed using the sequence of
PhTRMT61A (Peaxil625cf00129g01325.1, https://solgenomics.net/organism/
Petunia_axillaris/genome). The samples were subjected to thermal cycling as
follows: DNA polymerase activation at 95°C for 4 min; 36 cycles of 45 s at 95°C,

Plant Physiol. Vol. 183, 2020


https://solgenomics.net/organism/Petunia_axillaris/genome
https://solgenomics.net/organism/Petunia_axillaris/genome
https://solgenomics.net/organism/Petunia_axillaris/genome
https://solgenomics.net/organism/Petunia_axillaris/genome
http://meme-suite.org/
http://meme-suite.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
http://www.plantphysiol.org/cgi/content/full/pp.20.00382/DC1
https://solgenomics.net/organism/Petunia_axillaris/genome
https://solgenomics.net/organism/Petunia_axillaris/genome

45 s at 53°C or 55°C, 45 s at 72°C, and 45 s at 80°C, with a final elongation step of
8 min at 72°C. The amplicon was analyzed by electrophoresis and sequenced once
for identity confirmation. Quantification was based on the analysis of the
threshold cycle (Ct) value, as described previously (Pfaffl, 2001). Petunia Actin
served as an internal reference gene (accession no. FN014209) and was subjected
to quantitative PCR to quantify cDNA abundance. Three biological repeats, each
including three technical repeats, were performed for each experiment.

Pigment Profiling

Total chlorophyll and total carotenoids were measured according to
previously described methods (Liu et al., 2019). Four leaves were harvested
and freeze dried, and three replicate methanol extractions were prepared.
The absorbance of the solution was read at 646.8, 663.2, and 470 nm against
the solvent (acetone) blank. The individual concentrations of total chloro-
phyll and total carotenoids were measured by spectrophotometry and
calculated using previously described methods (Lichtenthaler, 1987). Three
biological repeats, each including three technical repeats, were performed
for each experiment.

Scanning Electron Micrographs

Samples for scanning electron micrography were prepared according to
previously described protocols (Yang et al., 2017). Leaves from PATRMT61A-
silenced plants and control plants were cut into ~4-mm? pieces. The samples
were fixed in 4 mL glutaraldehyde in 100 mL 0.1 mol L~! phosphate-buffered
saline for 4 h at 4°C and then washed three times in the same buffer. The
samples were then fixed in 1% osmium tetroxide for 2 h at 25°C and rinsed
3 times using the same buffer. The samples were dehydrated in increasing
grades of ethanol and then dried with a critical point drier (CPD 030, Bal-Tec).
The dried samples were fixed on the sample stage and coated with gold with
ion-sputtering equipment. The samples were observed with a scanning
electron microscope (XL-30-ESEM, FEI) at a 10 kV acceleration and
photographed.

Subcellular Localization

Subcellular localization was performed according to previously described
protocols (Liu et al., 2019). For protein subcellular localization, the full-length
form of PATRMT61A was fused to GFP at the C-terminal end of the pSAT-
1403TZ plasmid (Tzfira et al., 2005) to form the pSAT-35S5:GFP-TRMT61A
vector. The control vector (355:GFP) and the fusion vector were separately
transformed into petunia ‘Mitchell” protoplasts. Digital images were obtained
using a confocal laser scanning system (ECLIPSE TE2000-E, Nikon). The se-
quences of the primers are described in Supplemental Table S2. Three biological
repeats were performed for each experiment.

Statistical Analyses

Statistical analysis was performed using one-way ANOVA followed by
Duncan’s new multiple range test (NMRT) with three replicates. P = 0.05 was
considered significant.

Accession Numbers

Sequence data from this manuscript can be found in GenBank (the following
secure token has been created to allow review of record GSE136921 while it remains
in private status: yxifsqkyxxstbmp). The raw data of RNA sequencing of GSE136921
have been submitted to the National Center for Biotechnology Information.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Detection and quantification of m'A levels in
different plant species.

Supplemental Figure S2. Effect of ethylene on flowers of petunia
‘Mitchell’.

Supplemental Figure S3. Mass spectrogram of A and methyladenosine.
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Supplemental Figure S4. GO-based enrichment analysis of mRNA
with m'A.

Supplemental Figure S5. m'A is dynamically regulated by ethylene.

Supplemental Figure S6. Venn diagram of m!A peaks and m!-
A-methylated genes under ethylene and air treatment.

Supplemental Figure S7. GO-based enrichment analysis of mRNA with
up- and downregulated m!A levels.

Supplemental Figure S8. Concordance between changes in the m'A meth-
ylome and those in the mRNA transcriptome after air and ethylene
treatment.

Supplemental Figure S9. Predicted amino acid sequence alignment and
neighbor-joining tree of TRMT61A.

Supplemental Figure S10. Effects of pTRV2-PhTRMT61A treatment on the
expression of PiTRMT61A in leaves as determined by quantitative PCR.

Supplemental Figure S11. Expression of PhTRMT61A determined by
quantitative PCR in different organs and developmental stages and in
response to 16 h of 2 uL L' exogenous ethylene.

Supplemental Table S1. Comparative analysis of P"TRMT61A amino acid
sequences with those of its closest homologs in Arabidopsis, S. lycoper-
sicum, O. sativa, and H. sapiens.

Supplemental Table S2. Primer sequences of PiITRMT61A used in vector
construction for recombinant protein production, VIGS, and subcellular
localization.

Supplemental Table S3. Primer sequences of PhiTRMT61A and PhRACTIN
used in quantitative real-time PCR.

Supplemental Data Set 1. Methylated mRNA sites in petunia corollas
treated with air and ethylene.

Supplemental Data Set 2. List of all gene reads per kilobase of exon region
per million mappable reads for RNA sequences in petunia corollas trea-
ted with air and ethylene.

Supplemental Data Set 3. Differentially expressed gene list of RNA se-
quences in petunia corollas treated with air and ethylene.

Supplemental Data Set 4. GO analyses of molecular function for all
methylated genes.

Supplemental Data Set 5. m'A mismatch replaced by T and reverse tran-
scription stopped at the A site in mRNA.

Supplemental Data Set 6. IncRNA profiling of petunia corollas.
Supplemental Data Set 7. circRNA profiling of petunia corollas.
Supplemental Data Set 8. All methylated IncRNAs.
Supplemental Data Set 9. All methylated circRNAs.

Supplemental Data Set 10. Differentially methylated sites in mRNA in
petunia corollas.

Supplemental Data Set 11. Differentially methylated sites in IncRNA in
petunia corollas.

Supplemental Data Set 12. Differentially methylated sites in circRNA in
petunia corollas.

Supplemental Data Set 13. Molecular function GO analysis of upregulated
methylated sites.

Supplemental Data Set 14. Molecular function GO analysis of downregu-
lated methylated sites.

Supplemental Data Set 15. Association between m'A methylome and
transcriptome.
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