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Abstract

Although covalent nucleotide modifications were first identified on the bases of transfer RNAs (tRNAs) and ribosomal RNAs
(rRNAs), a number of these epitranscriptome marks have also been found to occur on the bases of messenger RNAs (mRNAs).
These covalent mRNA features have been demonstrated to have various and significant effects on the processing (e.g. splicing,
polyadenylation, etc.) and functionality (e.g. translation, transport, etc.) of these protein-encoding molecules. Here, we focus
our attention on the current understanding of the collection of covalent nucleotide modifications known to occur on mRNAs
in plants, how they are detected and studied, and the most outstanding future questions of each of these important epitran-

scriptomic regulatory signals.

Introduction

Since the discovery of nucleotide modifications on numerous
RNA molecules, an additional layer of post-transcriptional regu-
lation is now being understood as the epitranscriptome. The
growing breadth of annotated RNA modifications (Boccaletto
et al. 2018) has revealed a complex and dynamic chemical land-
scape with a powerful influence over transcript processing and
fate. Despite not being the most modified RNA species—those
being transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs)—
covalent chemical modification of nucleotides in messenger
RNAs (mRNAs) are now understood to be essential features
of post-transcriptional RNA regulation. Following the initial de-
tection of modification within mRNA in mammals (Desrosiers
et al. 1974) and later plants (Kennedy and Lane 1979; Nichols
and Welder 1981), a new and rapidly growing field studying
the epitranscriptome of mRNA has emerged; not without
biases. In Arabidopsis (Arabidopsis thaliana), as an example,
N®-methyladenosine (m°A) dominates as not just the most
abundant internal MRNA modification but the most well-
studied and annotated to date. Fundamental as it is, the gap
in knowledge of the other RNA modifications now known to

be present on mRNA molecules is stark, considering a given
RNA is more than likely harboring a combination of multiple
dynamic modifications within its life span.

Here, we focus on the multiple modifications now known
to be present in plant mRNA molecules, highlighting under-
studied marks and recent findings for those that are more
well-studied. A brief introduction, current understanding of
plant systems, and available methodology used to survey
each of the following modifications are reviewed for
5'-nicotinamide adenine diphosphate caps (NAD" caps),
5-methylcytosine  (m°C),  N'-methyladenine  (m'A),
3-methylcytosine (m>C), mP®A, pseudouridine (¥), and
7-methylguanosine (m’G). A comprehensive list of current
transcriptome-wide methodologies to catalog the high-
lighted modifications is presented in Supplemental Table S1.

5’-nicotinamide adenine diphosphate caps
(NAD™ caps)

The most recently discovered modification discussed here,
the 5’ addition of nicotinamide adenine dinucleotide
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(NAD™) (Fig. 1), was first identified in 2009 during profiling of
unknown small molecule RNA conjugates in bacterial species
(Chen et al. 2009; Kowtoniuk et al. 2009). Further experimen-
tation revealed that NAD" is attached to the 5’-end of RNA
in a similar manner as the canonical eukaryotic m’G cap
through the development of NAD" capture sequencing, a
chemoenzymatic-coupled  next-generation  sequencing-
based method (Cahova et al. 2015). Following its initial char-
acterization in prokaryotic RNA (Frindert et al. 2018),
NAD"-capped RNAs (NAD-RNAs) were later described in
yeast (Walters et al. 2017), human kidney tissue (Jiao et al.
2017), and plants (Zhang et al. 2019a). With its recent iden-
tification across biological transcriptomes, the influence of
the NAD" cap on transcript stability was subsequently inter-
rogated. Initial studies reported that NAD-RNAs displayed
increased stability in prokaryote transcriptomes (Bird et al.
2016). Conversely, studies in eukaryotic systems revealed
connections to decapping-dependent mRNA decay in yeast
(Jiao et al. 2017) and plant transcriptomes (Kwasnik et al.
2019; Wang et al. 2019; Zhang et al. 20193; Yu et al. 2021a,
2021b). Current literature suggests that the connection be-
tween NAD" cap presence and RNA half-life likely differs
across kingdoms and conditions. Here, we will focus our dis-
cussion on the recent findings in plant systems and direct
readers here (Julius and Yuzenkova 2019; Li et al. 2027;
Wiener and Schwartz 2021; Doamekpor et al. 2022) for com-
prehensive reviews focused on NAD™ capping in other sys-
tems. Overall, the current literature in plant systems
suggests a critical role for NAD™ caps in regulating mRNA sta-
bility, by acting as a destabilizing mark.

The first reported detection of NAD-RNAs in a plant used
copper-catalyzed azide-alkyne cycloaddition tagging followed
by sequencing (CUAAC-NAD-seq), termed NADcapture-seq,
for transcriptome-wide identification and relative quantifica-
tion of this mark. More specifically, this methodology utilizes
enzyme-catalyzed “click chemistry” to label NAD* capped
RNAs with a biotin molecule. These transcripts were then iso-
lated using streptavidin-mediated pull-down and subsequent-
ly sequenced using Oxford Nanopore technology (Zhang et al.
2019a). This approach identified ~2,000 polyadenylated
NAD-RNAs that included 1,980 mRNAs, 12 noncoding RNAs
(ncRNAs), and 8 long noncoding RNAs (IncRNAs) in
12-d-old Arabidopsis seedlings. Subsequent transcript-specific
analyses of the 210 most highly abundant NAD-RNAs revealed
that, on average, ~1% of their total transcript population were
found in a NAD" capped form, with the highest levels of ob-
served population NAD" capping being ~5% (Zhang et al.
2019a). A similar study compared NAD-RNAs identified using
NADcapture-seq in seedling (5,687) and inflorescence tissue
(6,582) and found that the majority of identified NAD-RNAs
were encoded by the nuclear genome, some by the mitochon-
drial genome, and none by the chloroplast genome (Wang
et al. 2019). Further analyses demonstrated that NAD-RNAs
were mostly protein-coding mRNAs and were often associated
with actively translating polysomes. Together, these results
suggested a possible direct connection between NAD®
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capping and translation (Wang et al. 2019). A more recent
study used a variant of NADcapture-seq (Cahova et al.
2015) to characterize NAD-RNAs in Arabidopsis unopened
flower buds by comparing NAD" capped mRNAs in dxoT mu-
tant plants that lack the known decapping enzyme DXO1 to
wild-type Col-0 (Yu et al. 2021b). This study identified 1,033
and 358 NAD" capped transcripts, respectively, in dxoT com-
pared to Col-0 plants, confirming DXO1’s role in active re-
moval of NAD" caps. Transcript analysis showed 92.1% of
detected NAD-RNAs to be mRNA, as well as snoRNAs and
other ncRNA species. The same group profiled the NAD"
capped transcriptome following abscisic acid (ABA) treatment
and found significant remodeling of the NAD" capped tran-
scriptome, primarily independent of DXO1 function, suggest-
ing condition- and tissue-specific addition of this mark (Yu
et al. 2021b). Lastly, degradome profiling of NAD-RNAs in
combination with smRNA-seq revealed that NAD" capped
transcripts tend to be more unstable and prone to
RDR6-mediated post-transcriptional small RNA processing,
which is likely to free the incorporated NAD" caps in the ab-
sence of deNADing functionality (Yu et al. 2021b). More re-
cently,  strain-promoted  azide-alkyne  cycloaddition
(SPAAC)-NAD-seq, a copper-free NAD-seq method, in com-
bination with m’G depletion was developed for higher sensi-
tivity and to eliminate false positive identification (discussed in
more detail below). SPAAC-NAD-seq, a modification of
CuAAC-NAD-seq, was adapted to Arabidopsis RNA to reveal
a total of 5,642 NAD-RNASs following m’G depletion (Hu et al.
2021a). Initial experimentation has revealed tissue- and
context-dependent signatures of this mark (Wang et al.
2019; Yu et al. 2021b), specifically during stress, with comple-
mentary work on decapping enzymes affirming its role in both
stress and RNA regulation through RNA destabilization
(Kwasnik et al. 2019; Pan et al. 2020; Yu et al. 2021b; Ma
et al. 2022).

Methods and future directions: NAD*

Despite its recent discovery as an RNA modification, NAD"
capping has been detected and successfully mapped to the
Arabidopsis transcriptome (Wang et al. 2019; Zhang et al.
2019a; Hu et al. 2021a; Yu et al. 2021b) using multiple varia-
tions of NAD" capture-seq (Cahova et al. 2015; Winz et al.
2017) (Fig. 2). The resulting NAD" transcriptome profiles
vary significantly enough to note and discuss the experimen-
tal differences for future experimental consideration. In the
original reaction, enzyme catalysis with adenosine
diphosphate-ribosyl cyclase (ADPRC) of NAD" to replace
the nicotinamide moiety with an alkynyl alcohol enables
the modified NAD" cap to be biotinylated, bead-purified,
and sequenced. Although successful, the use of copper ions
for biotinylation causes RNA degradation, which can make
it difficult to detect mRNAs and other low-abundance
RNA species compared with abundant noncoding popula-
tions. A recent study addressed this issue and the other ma-
jor issue of specificity through the implementation of
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Figure 1 Previously detected RNA covalent modification profiles on plant mRNAs. Representation of gene structure showing typical locations of
detected modifications (upper panel), and graphical representation of transcriptome coverage plots (lower panels) from previous experiments de-
picting the relative positional enrichments of the m°C, m'A, and m®A mRNA modifications in plant systems. Relative peak height/intensity are
graphical interpretations from cited sources and do not represent actual data points.

SPAAC-NAD-seq (mentioned above) (Hu et al. 2021a). The
SPAAC-based reaction does not require a Cu®* catalyst and
reduces potential RNA degradation. Going further, this
group performed SPAAC-NAD-seq with and without
ADPRC, the negative sample serving as a more specific back-
ground. Another notable improvement of this approach is
the addition of an antibody-based depletion step for the
m’G modification to remove the contamination of
m’G-capped RNAs due to their potential enzymatic and
chemical reactivity to the SPAAC reaction (Holstein et al.
2015). This combinatorial approach not only enables the de-
tection of novel less abundant NAD-RNAs, but it also refines
previous false-positive NAD™ calls, likely due to m’G cap con-
tamination (Hu et al. 2021a). Moving forward, this focus on
maintaining sample RNA stability and NAD" cap specificity

needs to be the future of standard practice and an example
for other sequencing-based detection methods used to iden-
tify various RNA modifications. Additionally, designing and
implementing experiments in mutant backgrounds of
deNADing enzymes (hyper-NAD" capped plants), such as
dxo1 mutants (Yu et al. 2021b), provides a means to improve
specificity and confidence in calling bona fide NAD-RNAs. A
major research focus for the future of the NAD™ capping field
is identifying the machinery and corresponding mechanism
by which this modification is added to plant transcripts.
Only by uncovering this information can a more holistic pic-
ture of the importance of NAD" capping in the context of
the plant cell be achieved. Furthermore, the identification
of the factors will also allow mechanistic insights into tissue-
and condition-specific NAD" capping, and how this activity
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Figure 2 Detecting post-transcriptional mRNA modifications in plants. Key steps in a few of the approaches for investigating covalent nucleotide
modifications in plant mRNAs include NAD* capping (NAD*'), m'A, m°C, pseudouridine (¥), and m®A. These approaches include the click
chemistry-based NAD" -seq, the antibody-based immunocapture approaches for numerous modifications (Me-RIP-seq), the chemical-based prob-
ing of pseudouridine (Pseudo-seq), and the demethylase-mediated pulldown of m®A sites (m®A-SEAL-seq). Continual developments in nanopore-
seq offer the potential to simultaneously detect numerous mRNA modifications with a single experimental approach. It is notable that this sequen-
cing technology is already being used in studies of various RNA modifications as noted throughout the text herein.

is balanced with available NAD*/NADH pools. In general, the
NAD" RNA cap stands as an example of the potential of plant
systems to be the driving force to progress work on this and
other RNA modifications. Specifically, in a relatively short
time period, both the methodology and biochemistry of de-
tection as well as determining the biological significance of
the mark are advancing, with research in plant systems lead-
ing the way. Thus, work on this modification provides a mod-
el for plant researchers for targeting further investigation of
the understudied epitranscriptome marks mentioned herein.

5-methylcytosine (m>C)

Discovered in the 1970s, m°C was identified in smaller quan-
tities as compared to m’G and m°A on eukaryotic RNAs
(Dubin and Taylor 1975). Modern liquid chromatography-

mass spectrometry (LC-MS) has confirmed the additional
methyl group on carbon-5 in cytosine pyrimidine rings,
both in DNA and RNA species across kingdoms (Motorin
et al. 2010). The distribution of m>C appears to display
species- and cell-type-specific enrichment across mRNA:s.
For instance, human cells show striking enrichment at the
translation start codon (Yang et al. 2017), which was also ob-
served, to a lesser extent, in mice (Amort et al. 2017).
Interestingly, mouse brain-derived RNAs also showed enrich-
ment in the 3’ UTR (Amort et al. 2017). In plants, multiple
studies portray conflicting m°C enrichment patterns, how-
ever, the most consistent enrichment is observed around
the translation start codon and across the coding sequence
(CDS) (Cui et al. 2017; David et al. 2017; Yang et al. 2019;
Tang et al. 2020) (Fig. 1). Most of the current research con-
ducted on m>C has focused on its deposition, removal, and
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function in rRNA and tRNA species, specifically in mamma-
lian systems, covered in detail here (Sharma and Lafontaine
2015; Sloan et al. 2017; Bohnsack and Sloan 2018; Chen
et al. 2021). For an in-depth review of m>C on mRNA, we dir-
ect readers here (Trixl and Lusser 2019). Here, we will discuss
the major findings from work in plant systems and future di-
rections for this understudied mark.

The first report of m°C in Arabidopsis utilized RNA bisul-
fite sequencing to map over 1,000 m°C sites predominantly
in mRNA, but also in long noncoding RNAs, small noncoding
RNAs, and other noncoding species (David et al. 2017). Sites
containing m>C were reported to be evenly distributed along
the CDS and beginning of the 3’ UTR in mRNA (Fig. 1).
Comparison of methylated sites between silique, seedling
shoots, and roots, revealed tissue-specific m>C profiles, sug-
gesting tissue-specific regulation and function of this mark.
Loss of RNA m>C methyltransferase, tRNA-specific methyl-
transferase 4B (TRM4B), reduced the number of m°C sites
on both mRNA and noncoding RNAs, and trm4b mutants
displayed shorter primary roots and reduced cell division in
the root apical meristem. Another study profiled m>C across
plants and tissue types through liquid chromatography-
tandem mass spectrometry (LC-MS/MS) and antibody-based
dot blot analysis (Cui et al. 2017). Detection and quantifica-
tion of m*C/C ratios in Arabidopsis, Medicago, Rice, Maize,
and Foxtail Millet showed conservation of this mark across
plants, while the tissue-specific resolution provided by this
study in Arabidopsis rosette and cauline leaves, stems, flower
buds, open flowers, roots, and siliques expanded the above-
reported tissue-specific detection of this mark. m°C RNA im-
munoprecipitation sequencing (m°C-RIP-seq) from the same
group revealed around 6,000 m>C peaks concentrated imme-
diately after start codons and before stop codons (Fig. 1) (Cui
et al. 2017). They also confirmed the results from David et al.
(2017) showing mutation of writer TRM4B (trm4b mutant)
affects m>C peak enrichment and negatively impacts root de-
velopment, while also finding a potential effect of m°C on
RNA stability (Cui et al. 2017). The first mechanistic report
of m°C in plants recently linked this mark with mRNA trans-
port through phloem cells in Arabidopsis. m>C RIP-seq in
seedlings and rosette leaves, complemented with nanopore
sequencing in seedlings, revealed a total of 562 m°C peaks,
16 overlapping between all three (Yang et al. 2019). This
study reported that methylation deposition was concen-
trated immediately after the translation start codon, decreas-
ing in intensity across the CDS (Fig. 1). Overlapping of the
significant m°C peaks with previously reported mobile tran-
scripts revealed enrichment of m°C in mobile mRNA. The
authors confirmed this correlation, focusing on the mobility
of 2 mRNAs through phloem-mediated transport across graft
junctions. TRANSLATIONALLY CONTROLLED TUMOR
PROTEIN 1 (TCTP1) and HEAT SHOCK COGNATE PROTEIN
70.1 (HSC70.17) mRNA transport was diminished upon re-
moval of their respective m°C methylated regions, specifical-
ly +133-183 after the start codon. Furthermore, grafted
transgenic shoots expressing YFP-tagged TCTP1T mRNA
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with Col-0 rootstocks in the presence and absence of m>C in-
hibitor 5-azacytidine (5-azaC) confirmed m°C-mediated
transport, which was supported by the observation that
both YFP-tagged mRNA and protein were transported to
WT rootstocks. The most recent profiling of m°C in plants
was conducted in rice in the context of heat stress using a
combination of genetic analysis and bisulfite RNA sequen-
cing (Tang et al. 2020). A total of 6,889 m°C sites within
1,450 mRNAs were detected in tissue from the seedling
shoot. Analysis of the site locations revealed ~47% of m>C
harboring transcripts contained a single modified site and
~80% of identified m>C sites only had a level of 24% or less
methylation of the transcript population. Enrichment for
m>C was found along the CDS, with higher enrichment
around 88 nucleotides downstream of the translation start
site. They found these transcripts to be enriched in pathways
involved in stimulus-response and development. The authors
investigated the role of m>C further in the context of heat
stress utilizing a mutant in OsNSUN2, an RNA m°C methyl-
transferase in rice. Disruption of the methyltransferase resultes
in severe temperature- and light-dependent phenotypes, spe-
cifically heat stress hypersensitivity. Continuing, they showed
m°C-dependent protein synthesis phenotypes in selected
transcripts involved in photosynthesis and detoxification
(Tang et al. 2020). Overall, these findings in plant systems
have revealed important functionality for m°C sites located
just downstream of mRNA start codons.

Methods and future directions: m>C

Current reporting in plant systems demonstrates successful
m>C detection using LC-MS/MS, antibody-based dot blot
analysis, antibody-based immunoprecipitation-seq, bisulfite
RNA-seq, and nanopore-seq (Fig. 2). The reported difference
in total m°C site discovery, the lack of overlap between meth-
ods, and differences in distribution across mRNAs in plants
suggest issues with consistency and potential accuracy be-
tween detection methods. For example, overlap between
m°C-RIP-seq and nanopore-seq (Yang et al. 2019) revealed
extremely low m°C site overlap within the same experiment.
In future experiments, using a combination of methods may
provide a pool of high-confidence m°C sites, although smal-
ler, that will facilitate more meaningful biological questioning
regarding the function of this mark. Additionally, the adapta-
tion of methods from mammalian systems will increase our
detection of bonafide m°C harboring transcripts. For in-
stance, Aza-IP-seq, whereby the 5-azaC analog is used to co-
valently trap methyltransferases interacting with target
RNAs, which are then purified and sequenced should be ap-
plied to plant systems (Khoddami and Cairns 2013). Similarly,
adapting miCLIP with tagged mutant methyltransferases will
allow for direct target RNA identification (Hussain et al.
2013). For a comprehensive list of m>C detection methods
along with their advantages and disadvantages, we direct
readers here (Owens et al. 2021). From the original discovery
of the m°C mark to the most recent findings related to
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mRNA transport, the potential role of m>C in regulating key
biological processes is clear. More focus directed at profiling
global m>C marks in the plant epitranscriptome coupled
with genetic and biochemical experimentation to unravel
their impact on RNA metabolism, including stability and
translation, is needed.

N'-methyladenine (m'A)

Since its discovery in the 1960s (Dunn 1961), m'A has been
annotated within mRNA, tRNA, rRNA, and mitochondrial
mRNAs (RajBhandary et al. 1966; Sharma et al. 2013;
Dominissini et al. 2016; Li et al. 2017). Most of the previous
research on this mark has focused on its deposition and func-
tion in tRNA where it is critical for maintaining structure and
is found at positions 9, 14, and 58 across kingdoms (Agris
1996; Grosjean 2005). Compared with its abundance in
tRNAs, m'A’s abundance in mRNA is extremely low (Li
et al. 2016). Its unique arrangement blocks Watson—Crick
base pairing, harbors a positive charge, and impacts pro-
tein—-RNA interaction and internal secondary structure
(Roundtree et al. 2017). The distribution of this mark within
mRNA has been reported to occur within the 5" UTR, with
higher concentrations detected right before or at the start
of the CDS in mammalian systems (Dominissini et al. 2016;
Li et al. 2016, 2017) and at, or right after, the transcription
start site in plants (Yang et al. 2020) (Fig. 1).
Transcriptomic bulk analyses of m'A in mammalian systems
(Dominissini et al. 2016; Legrand et al. 2017; Li et al. 2017) and
one report in plants (Yang et al. 2020) have used combina-
tions of antibody-based sequencing methods as well as
misincorporation-based signatures to detect global m'A de-
position. Despite multiple efforts, there is a serious lack of
consistency in reporting of m'A sites within mRNA. More
specifically, there are reports showing thousands of sites de-
tected (Dominissini et al. 2016; Li et al. 2016; Yang et al. 2020)
and contradictory reporting of hundreds or fewer sites (Li
et al. 2017; Safra et al. 2017). With little work conducted in
plant systems, we direct readers here (Zhang and Jia 2018;
Wiener and Schwartz 2021) for comprehensive reviews dis-
cussing the controversial detection and reporting of this
mark. Here, we will focus on the only current study con-
ducted in plant systems and the potential for future explor-
ation in plants.

The only current report in plants surveyed the global m'A
methylome of Petunia mRNA and reported the detection of
the mark across various other species. Utilizing antibody-
based dot blot analysis and LC-MS/MS, m'A was detected
at different levels in total RNA and mRNA from roots, stems,
leaves, and corollas at different development stages in
Petunia (Yang et al. 2020). LC-MS/MS analysis confirmed
the detection of m'A in Brunfelsia latifolia, Solanum lycopersi-
cum, Capsicum annuum, Arabidopsis, Phalaenopsis aphrodite,
and Oncidium hybridum, with the highest signal detected in
total RNA from B. Latifolia. Transcriptome-wide profiling
was conducted using m'A-RIP-seq with and without ethylene
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treatment. From this analysis, the authors identified around
~4,900 m'A peaks in ~3,200 transcripts in the Petunia corolla
transcriptome. Ethylene- and control-specific m'A peak dis-
covery in combination with mRNA-seq suggested condition-
specific m'A profiles that may influence transcript abundance.
Peaks identified were preferentially located in the CDS, con-
centrated at or right after the start codon (Fig. 1). Silencing
of the Petunia tRNA-SPECIFIC METHYLTRANSFERASE 61A
(PhTRMT61A) mRNA reduced total m'A levels in mRNA
and resulted in abnormal leaf development, suggesting the
modification’s influence on regulating development.

Methods and future directions: m'A

Successful m'A detection, quantification, and transcriptome-
wide mapping were reported across various plant species
(Yang et al. 2020) utilizing a combination of dot blot,
LC-MS/MS, and m'A-RIP-seq (Fig. 2). The dot blot and
transcriptome-wide mapping relied on an AMA-2 monoclo-
nal antibody that was assumed to be specific for
m'A. However, recent reporting of the cross-reactivity of
this antibody with the m’G cap demonstrated that a signifi-
cant amount of previously called m'A peaks were false posi-
tives in mammalian studies (Grozhik et al. 2019). The
concentrated detection of m'A peaks toward the 5" end of
transcripts is thus likely biased by this finding. Moving for-
ward, Li et al. (2017) demonstrated the successful use of a
base-resolution m'A profiling method, where m'A-induced
misincorporation during reverse transcription can be used
to detect bona fide sites. This method can be easily translated
to plant systems and can be used to compare and validate
antibody-based method detection. However, as noted previ-
ously, both antibody-based and misincorporation detection-
based methods produce variable maps of m'A in mammalian
systems, with recent publications refining the search (Zhou
et al. 2019a). Taken together, more studies in plant systems
need to be conducted, specifically mapping using multiple
methods in a model such as Arabidopsis. The use of
antibody-based detection and mapping methods should be
done with an understanding of the potential promiscuity
of each antibody used. Future studies should also control
for false-positive m'A site discovery by performing
m'A-IP-seq and misincorporation reverse transcription se-
quencing in genetic models of m'A transferase mutants,
which would reveal the bona fide methyltransferase-
dependent targets. Although detected at low stoichiometric
levels, mutational analysis and condition-specific profiling
suggest that m'A may influence core biological processes,
such as normal plant development, and warrant continued
study.

N°-methyladenosine (m°®A)

Since its discovery on mRNA in the 1970s (Desrosiers et al.
1974), methylation of the adenosine base at the nitrogen-6
position, m°A, has dominated not only as the most abundant
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internal mMRNA modification but also as the most studied.
Following the first annotation in plants, specifically in
Arabidopsis (Zhong et al. 2008), m°A has been mapped
and annotated across a wide range of plant species with a fo-
cus on crop species. In fact, this mark is significantly more
well annotated than all other RNA modifications combined
(Supplemental Table S1). In plants, the distribution of the
mark across mRNA is enriched within the final exon of the
CDS and the beginning of the 3" UTR, similar to mammalian
systems (Ke et al. 2015; Shen et al. 2016; Du et al. 2020; Parker
et al. 2020; Zhang et al. 2021; Hu et al. 2022a) (Fig. 1). Recent
analysis in Arabidopsis refined m°A localization nearly exclu-
sively to the 3'UTR (Parker et al. 2020) using a combinatorial
approach to verify bona fide m°A harboring nucleotides.
Interestingly, tissue- and condition-specific profiling in par-
ticular species has shown deposition in the CDS as well
(Liu et al. 2020; Zhou et al. 2021; Guo et al. 2022) (Fig. 1), al-
though it is important to note the use of traditional
antibody-based methods in these experiments, which have
limitations discussed below. Within plant m®A transcrip-
tomes, a number of m®A motifs were originally identified
using the traditional m°A-seq methods, including the highly
conserved RRACH (R=AorGandH=U, A, or C) (Luo et al.
2014; Shen et al. 2016; Zheng et al. 2021; Zhou et al. 2021), a
plant-specific motif URUAH (Wei et al. 2018; Yang et al. 2021;
Hu et al. 2022a), a UGUAHH variation (Hou et al. 2022), and
UGWAMH (W =U or A and M =C or A). Importantly, the
use of mapping m°A with individual nucleotide resolution
using crosslinking and immunoprecipitation (miCLIP)
(Grozhik et al. 2017; Parker et al. 2020), discussed in more de-
tail below, individual nucleotide resolution UV crosslinking
and immunoprecipitation (iCLIP) with known m6A-binding
proteins, and nanopore direct sequencing (Huppertz et al.
2014; Parker et al. 2020; Arribas-Hernandez et al. 2021) in
Arabidopsis have been used to differentiate between bona
fide m°A containing motifs and m®A-associated (neighbor-
ing) motifs. These collective studies confirm the major m°A
methylation site DRACH (D=A, G, or U and R=A or G),
GGAU as a minor m®A site, and DRACH/GGAU islands in be-
tween U-rich regions in Arabidopsis (Parker et al. 2020;
Arribas-Hernandez et al. 2021). Despite the abundance of re-
search focused on mapping m®A, its function and impact on
RNA fate and functionality in plants are complex. In plants,
there are clearly demonstrated roles of m°A in regulating
mRNA stability (Shen et al. 2016, Duan et al. 2017
Anderson et al. 2018; Wei et al. 2018; Kramer et al. 2020;
Arribas-Hernandez et al. 2021; Yang et al. 2021; Zhou et al.
2021), RNA secondary structure (Kramer et al. 2020), alterna-
tive polyadenylation (Parker et al. 2020; Song et al. 2021),
miRNA maturation (Bhat et al. 2020), translation (Luo
et al. 2020; Miao et al. 2020; Zheng et al. 2021; Zhou et al.
2021, 2022), and transcriptome integrity (Pontier et al.
2019). Complementary to transcriptome profiling of m°A is
the growing amount of research focused on m°A writers,
readers, and erasers as the modulators of m°®A signatures
in each species (Zhong et al. 2008; Duan et al. 2017;
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Martinez-Pérez et al. 2017; Arribas-Hernandez et al. 2018,
2021; Frindert et al. 2018; Scutenaire et al. 2018). With the
bounty of m°A research and review, we direct readers here
(Fray and Simpson 2015; Bhat et al. 2018; Shen et al. 2019;
Yue et al. 2019; Arribas-Hernandez and Brodersen 2020;
Kim et al. 2020; Shao et al. 2021; Zhou et al. 2022) for com-
prehensive reviews on m°A in plants. We will briefly highlight
a few recent findings and discuss the advent of new profiling
technology.

As the collection of m°A methylomes grows, one recent
study provided a comprehensive analysis of m°A across a range
of plant species. Using an antibody-based m®A-RIP-sequencing
approach they performed transcriptome-wide mapping and
evolutionary analysis of m°A in 13 species: A. thaliana,
Gossypium arboreum, Gossypium hirsutum, Glycine max,
Phaseolus vulgaris, Sorghum bicolor, Zea mays, Aegilops
tauschii, Triticum dicoccoides, Triticum aestivum, Oryza sativa,
and Physcomitrella patens (Supplemental Table S1) spanning
half a billion years of evolutionary time (Miao et al. 2022).
This offered the first comprehensive analysis of m°A evolu-
tionary conservation and divergence in plant transcriptomes
as well as profiles in under-studied plant systems. The group
uncovered retention of m®A on ancient orthologous genes
while showing less conservation between relatively newer
orthologous gene pairs, suggesting its presence on specific
transcripts is highly conserved. They also annotated methyla-
tion ratios and variations in transcript expression and trans-
lation efficiency across species, offering a comprehensive data
set for future m°A studies in an evolutionary context. Recent
work in nonclimacteric strawberry fruit showed a direct link
between m°A deposition and ripening (Zhou et al. 2021). In
fact, they demonstrated a potential dual role of m®A, both
positively and negatively affecting mRNA stability, hypothe-
sizing context and location (within the mRNA) as 2 leading
factors contributing to the overall effect m°A has on a given
mMRNA (Supplemental Table S1). Continuing, they show spe-
cific transcripts encoding proteins fundamental in the ABA
biosynthesis and signaling pathways as bona fide m°A har-
boring mRNAs whose fate is directly altered in the presence
or absence of the mark (Zhou et al. 2021). Similarly, work in
tomato profiling m®A revealed m°A-mediated regulation of
tomato fruit ripening (Zhou et al. 2019b) and fruit expansion
(Hu et al. 2022a). Interestingly, Hu et al. (2022a) utilized
direct injection of 3-deazaneplanocin A (an m°A writer in-
hibitor) and meclofenamic acid (an m°A eraser inhibitor)
into tomato fruit as alternative approaches to observe the
tissue-specific effects of m°A. Their work uncovered a global
increase in m°A methylation during fruit expansion and a
positive association between methylation and mRNA abun-
dance. In Arabidopsis, the recent advent of nanopore tech-
nology to detect and quantify m°A, discussed more below,
demonstrated the successful use of the new sequencing plat-
form to map this mark in plants. In 2020, a group successfully
used nanopore direct RNA sequencing (DRS) to annotate
Arabidopsis m®A transcriptome, utilizing an orthogonal da-
taset as validation (Parker et al. 2020). Using nanopore DRS
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they were able to obtain full-length mRNA reads, map 5’ cap
positions, estimate the length and position of the poly(A)
tail, alternative splicing patterns, sites of internal cleavage,
and m®A modification estimations in a wild-type and m°A
deficient background. Importantly, they validated their find-
ings by overlapping miCLIP-m°®A sequencing data. This offers
a comprehensive transcriptome view whereby estimated
m°A presence and absence can be directly compared to
other transcript signatures within the same experiment.
Using these data, they showed that loss of m°A from the
3’ UTR in a population of transcripts was associated with
an overall decrease in relative transcript abundance and al-
tered 3’ end formation (Parker et al. 2020). A complementary
study used nanopore DRS to map m°A in Western Balsam
Poplar. By comparing nanopore DRS with m®A-RIP-seq and
endonuclease MazF-based m°A-REF-seq, this group was
able to map the m°A transcriptome in Poplar with high ac-
curacy, noting differential alternative polyadenylation usage
compared with m°A ratios in stem-differentiating xylem
(Gao et al. 2021). Another group reported utilizing nanopore
sequencing to annotate m®A methylation on Moso bamboo,
Phyllostachys edulis, developing a protocol to sequence the
nonpolyadenylated RNAs of this plant species, and providing
additional plant datasets for this important RNA modifica-
tion (Wang et al. 2020a). Overall, the studies in plants have
demonstrated the massive biological significance of m°A to
transcriptome regulation, and research on this modification
is unlikely to slow down anytime soon.

Methods and future directions: m°A

The overwhelming majority of m°A sequencing and annota-
tion in plant systems has been done using antibody-based
immunocapture followed by sequencing mC®A-RIP-seq
(Dominissini et al. 2013) (Supplemental Table S1). We will
highlight 4 additional methods proven in plant systems for
successful transcriptome mapping of mCA: mGA-SEAL-seq,
mCA-REF-seq, miCLIP, and nanopore DRS for m®A detection
(Fig. 2), suggest additional methods, which can be adapted to
plant systems, and direct readers here for comprehensive re-
views on m®A detection methodology (Shen et al. 2019;
Owens et al. 2021). m®A-SEAL-seq is an antibody-free, FTO
(fat mass and obesity-associated m®A erasing protein from
mammals)-assisted chemical labeling method used to detect
and map high-resolution m°A sites across organisms (Wang
et al. 2020b). SEAL utilizes the ability of the FTO protein to
bind to and recognize m®A in RNA combined with a dithio-
threitol (DTT)-mediated thiol-addition chemical reaction
converting unstable N®-hydroxymethyladenosine (hm°®A)
to the more stable N°-dithiolsitolmethyladenosine (dm°A),
thereby generating stable m°A labeled RNA. The labeled
mCA-RNA can then be isolated and sequenced using a strep-
tavidin pull-down and DTT-mediated cleavage protocol.
m°A-SEAL-seq was used to successfully map the
m®A-methylome in adult rice (Wang et al. 2020b), offering
advantages over the other antibody-free methods of
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REF-seq, discussed here, and MAZTER- and DART-seq.
Unlike the other antibody-free methods, SEAL is not depend-
ent on m®A sequence or cellular transfection; the key protein
utilized, FTO, is both commercially available and readily
synthesized in the lab (Wang et al. 2020b). Alternatively,
m°®A-sensitive RNA endoribonuclease-facilitated sequencing
(mPA-REF-seq) utilizes the RNA endoribonuclease ChpBK
(or ChpAK/MazF) which specifically recognizes ACA motifs
in RNA molecules. ChpBK-mediated cleavage is sensitive to
adenosine methylation, leaving m°A-modified sites intact
and cleaves all nonmodified sites, allowing for computational
comparison and detection of m°A harboring nucleotides
transcriptome-wide (Zhang et al. 2019b). Side-by-side appli-
cation of MazF-based m®A-REF-seq in Populus trichocarpa,
with m®A-RIP-seq and nanopore DRS detection, affirmed
its validity in detecting bona fide m®A sites in plants (Gao
et al. 2021). As with other enzyme cleavage-based detection
methods, detection is limited to m°A sites within the tar-
geted motif of the given enzyme, e.g. ACA in the case of
m°A-REF-seq. Furthermore, another current field standard
for antibody-based high-throughput detection of m°A is
miCLIP, which allows mapping of m°A at individual nucleo-
tide resolution using crosslinking and immunoprecipitation
(Grozhik et al. 2017). This is a modification of the tradition-
ally used meRIP-seq, where m®A antibodies are UV cross-
linked, creating covalent RNA-antibody bonds. Subsequent
reverse transcription of the crosslinked RNA causes highly
specific mutations and truncations in the cDNA at the site
of antibody-m°A-RNA crosslinks. These “errors” are compu-
tationally identified and inferred as precise m®A positions
with single nucleotide resolution. miCLIP enables transcrip-
tomic profiling of m°A with only a slight variation from the
commonly used meRIP-seq approach. In practice, miCLIP
has been used to identify m°A sites in Arabidopsis and valid-
ate both nanopore- and meRIP-seq-called sites (Parker et al.
2020). Alternatively, with little to no manipulation necessary,
nanopore DRS m°A detection and quantification offers a
glimpse at the future of RNA modification profiling. The abil-
ity to detect modifications using nanopore is based on the
unique electrical signal fingerprints of the single base being
assessed as well as the peripheral effects of the 4 other
nucleotides occupying a nanopore at any one time. Since
RNA modification can affect the signal detected,
error-rate-based approaches can approximate m°A within a
limited range (Parker et al. 2020). Using this methodology,
nanopore DRS was used to profile m°A in Arabidopsis
(Parker et al. 2020), Moso bamboo (Wang et al. 2020a),
and western poplar (Gao et al. 2021). Recently, a refined
methodology to call m°A using nanopore more accurately
was developed using Arabidopsis RNA. For instance, deep
learning explore nanopore m°A (DENA) implements training
on direct RNA-seq data of in vivo transcribed mRNAs from
Col-0 and multiple m°®A-deficient Arabidopsis lines (Qin
et al. 2022). This method, which trains with data containing
naturally occurring mC°A profiles, allows for m°A coverage
across a combination of m°A motifs (with multiple being

€20z AInF Gz uo Jasn ssadoy Jaquisl\ ddSY Ad 8061 170./1081/9/GE/aI01HE/||20]d/Wwod dno"dlwapede//:sd)y woly papeojumoq


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad044#supplementary-data

Chemical modification of mRNAs

detected in plants as discussed above), does not rely on m°A
prediction models (which may distort detection), and allows
for detection on multiple isoforms of the same gene. With
the continued discovery and characterization of proteins
that add and remove RNA modifications, the manipulation
of which can serve as reference m°®A-altered transcriptomes,
this approach offers a framework for identifying other types
of RNA modifications in sequencing datasets. Moving for-
ward, nanopore DRS has obvious advantages over all the
other existing m°A detection methods. Furthermore, devel-
oping additional analysis methods to not only improve
site-calling but also determine m°A stoichiometry in plant
transcriptomes continues to advance. For instance, programs
including xPore (Pratanwanich et al. 2021), nanocompare
(Leger et al. 2021), CHEUl (Mateos et al. 2022), and
Yanocomp (Parker et al. 2021) have all been recently created
to interpret modification miscalls from DRS data. Worth not-
ing are recent benchmarking analyses comparing current
software used for detection, revealing relatively high false dis-
covery rates for programs like xPore as an example (Mateos
et al. 2022). Understanding the limitations of each program is
important to interpreting transcriptome-wide data. For ex-
ample, profiling of meA using alternative m°A writer
FIONAT with nanopore data processed with xPore revealed
unusually high levels of m°A in the CDS (Wang et al. 2022),
which could be merely a result of this package’s high false dis-
covery rate. As mentioned, future work should focus on
building pipelines to detect m®A more accurately from nano-
pore data. Furthermore, 2 new techniques, not yet utilized in
plant systems, highlight recent advances that can be easily
adapted for use in plants: m°A-selective allyl chemical label-
ing and sequencing (m®A-SAC-seq) (Hu et al. 2022b) and
glyoxal and nitrite-mediated deamination of unmethylated
adenosines (GLORI) (Liu et al. 2022). M6A-SAC-seq allows
for quantitative whole-transcriptome mapping of m°A at
single-nucleotide resolution with low input, ~30ng of
poly(A) or rRNA-depleted RNA (Hu et al. 2022b). Using
this method, m®A sites are converted to allyl-labeled and cy-
clized adducts that are detected by having a ~10-fold higher
mutation rate with HIV-1 reverse transcriptase (RT) at the re-
sulting a®m°A (labeled m®A site) compared with a°A (un-
modified A) bases. GLORI is similar in principle to bisulfite
sequencing and was developed as a transcriptome-wide se-
quencing technology where all unmodified adenosines in
MRNA are converted to inosines based on the deamination
by glyoxal and nitrite (Liu et al. 2022).Thus, all converted un-
modified adenosines are read as G and m°A is “protected”
and read as A in the resulting sequencing reads, which allows
for nucleotide-specific resolution and quantification of m°®A
methylation.

Here, as with other RNA modifications mentioned, it is be-
coming increasingly critical to generate better genetic models
for temporal and stable m°A depletion and overexpression to
be used as reference transcriptomes. Additionally, as nanopore
and other detection methodology advances, combinatorial
approaches using multiple methods and validation by site-

THE PLANT CELL 2023: 35; 1801-1816 | 1809

specific mutation are critical in removing false-positive calls
and building accurate RNA methylomes.

Pseudouridine (V)

First discovered in the 1950s (Cohn and Volkin 1951) and
deemed “the fifth nucleotide,” pseudouridine, the
C5-glycoside isomer of uridine, is the most abundant modi-
fied RNA nucleotide (Davis and Allen 1957; Scannell et al.
1959). The 2 features distinguishing pseudouridine from uri-
dine—the shift of the C—N glycosidic bond to a C-C bond
and the addition of an extra hydrogen-bond donor on the
non-Watson—-Crick edge of the modification—create struc-
turally and stably distinct nucleotide—nucleotide interac-
tions and likely have specific effects on RNA-protein
interactions as well (Cohn 1959; Arnez and Steitz 1994).
Pseudouridine has mostly been studied in the context of
tRNA (Hopper and Phizicky 2003), rRNA (Branlant et al.
1981), and snRNAs (Wu et al. 2011; Yu et al. 2011), where
its effect on splicing and translation have been established
(Ni et al. 1997; Darzacq et al. 2002; Karijolich et al. 2015).
More recently, the focus for this modification has shifted to-
wards its presence in mRNA, predominantly in mammal and
yeast transcriptomes (Anderson et al. 2010; Carlile et al. 2014,
2019; Schwartz et al. 2014; Martinez et al. 2022), but also in
Toxoplasma gondii (Nakamoto et al. 2017) and only recently
in plants (Sun et al. 2019). The distribution of pseudouridine
within mRNA has been reported across the entire mRNA, oc-
curring predominantly in the CDS and, to a lesser extent, the
5" and 3’ UTRs in yeast, humans, and plants (Carlile et al.
2014; Sun et al. 2019). Here, we will discuss the only work an-
notating pseudouridine in plants and direct readers here (Ge
and Yu 2013; Spenkuch et al. 2014; Karijolich et al. 2015;
Borchardt et al. 2020) for comprehensive reviews covering
pseudouridine modification in mRNA of other organisms.

The only current report of transcriptome-wide analysis of
pseudouridine in plants surveyed Arabidopsis total RNA and
mRNA. Utilizing pseudouridine-seq (Carlile et al. 2014), dis-
cussed in more detail below, a total of 451 pseudouridine
sites were discovered within 332 transcripts (Sun et al.
2019). Enrichment for this modification was found in the
CDS specifically, along with potential positional bias in
UUC, CUU, UUU, and UCU triplets, suggesting that the add-
ition and function of this mark are likely position specific as
seen with other marks. Genetic analysis of mutant
SUPPRESSOR OF VARIEGATION1 (SVR1), a chloroplast
pseudouridine synthase, resulted in a significant reduction
of plastid ribosomal proteins and photosynthesis-related
proteins relative to Col-0, suggesting a direct or indirect
role of SVR1-mediated pseudouridinylation in regulating
chloroplast protein abundance (Sun et al. 2019).
Additionally, the homolog of mammalian pseudouridine syn-
thase Dyskerin was annotated in Arabidopsis as AtNAP57
(Lermontova et al. 2007); a null mutation leading to loss of
this protein results in lethality. Thus, highlighting the import-
ance of this mark in plants (Kannan et al. 2008).
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Methods and future directions: ¥

The successful detection and mapping of pseudouridine in
plant RNA was conducted utilizing pseudouridine-seq. In
brief, pseudouridine-seq uses the ability of pseudouridine
to be modified further with N-cyclohexyl-N'-(2-morpholi-
noethyl)carbodiimide metho-p-toluenesulfonate (CMC),
which blocks RT, one nucleotide 3’ to the original pseudour-
idylated adenosine (Bakin and Ofengand 1993; Carlile et al.
2014). Processing CMC(—) RNA samples in parallel with
CMC(+) treated samples can thus be used to identify and re-
move false positive pseudouridine-independent RT stops oc-
curring in the CMC(—) RNA samples. Widely used as the
current standard, focus on detection using nanopore direct
sequencing methods is being explored as with other modifi-
cations (Smith et al. 2019; Xu and Seki 2020). With only one
current study conducted in plants compared to an abun-
dance of work on both noncoding and coding RNA species
in yeast and mammals, it is imperative that both pseudourid-
ine profiling and functional characterization advance in
plants in parallel with work in other eukaryotes. The biologic-
al significance of this mark is well established in other sys-
tems, as reviewed in Borchardt et al. (2020), leaving a
significant knowledge gap in plants. Recent genome-wide
identification of pseudouridine synthase family proteins in
Arabidopsis and maize offers some insight into the potential
modulators of this mark (Xie et al. 2022) as an example. Thus,
robust profiling of this mark in combination with genetic
analysis of its recently identified modulators should be
initiated.

3-methylcytosine (m>C)

First discovered in the 1960s in yeast (Hall 1963), human cells
(Iwanami and Brown 1968), and later in rat tRNA (Ginsberg
etal. 1971), most of the research on m*C has been focused on
annotating and understanding its presence in tRNAs in
mammalian and yeast systems (Noma et al. 2011; El
Yacoubi et al. 2012; Clark et al. 2016; Xu et al. 2017).
However, m>C has been reported to be detected on mRNA
species in mice and humans (Xu et al. 2017), with recent re-
porting using transcriptome-wide sequencing revealing very
few m>C harboring mRNA transcripts. However, this study
noted that more validation is needed to determine if the re-
ported sites are bona fide modified nucleotides (Cui et al.
2021). In plants, there are currently no studies directly profil-
ing m>C on mRNA despite sequencing methods being avail-
able (Cui et al. 2021; Marchand et al. 2021). However,
prediction of m>C sites in plant RNA has been performed
using high-throughput annotation of modified ribonucleotides,
which uses base calling errors to predict RNA modification sites
by taking advantage of sequencing data generated using a RT
enzyme lacking proof-reading ability (Ryvkin et al. 2013). The
predicted sites were later validated on a few candidate protein-
coding transcripts using m>C-specific antibody-mediated im-
munocapture followed by gPCR (Vandivier et al. 2015). The
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lack of research profiling m>C in plants offers an opportunity
and novelty in detecting and annotating this mark. As with
other understudied modifications, it is imperative that plant
transcriptomics continues to study this modification in parallel
with mammalian and other eukaryotic systems.

7-methylguanosine (m’G)
The m’G cap is a highly conserved feature of eukaryotic
RNAs. First discovered in the 1970s (Both et al. 1975;
Dasgupta et al. 1976; Furuichi 2015), the m’G cap has been
annotated on the ends of most protein-coding and many
noncoding RNAs and is critical for nearly all levels of RNA
processing and therefore the ultimate fate of the RNA mol-
ecule (Filipowicz 1978; Cowling 2010; Galloway and Cowling
2019). As with other modifications, m’G capping is highly
regulated (Jiao et al. 2010; Culjkovic-Kraljacic et al. 2020),
can be influenced by development and differentiation
(Cowling 2010), and is reversible (Schoenberg and Maquat
2009; Mukherjee et al. 2012). For comprehensive reviews cov-
ering this modification, we direct readers here (Topisirovic
et al. 2011; Borden et al. 2021) and will instead focus on the
controversial detection of internal m’G on mRNA in plants.
Interestingly, several groups have been investigating the
presence of internal m’G modifications. One effort utilized
differential enzymatic digestion with LC-MS/MS to differen-
tiate and quantify internal as compared to terminal (e.g. RNA
end) m’G modifications (Chu et al. 2018). With RNA from
rice, A. thaliana, tobacco, and cotton, they detected internal
m’G modification at comparatively higher levels than mam-
malian mRNA. Further exposure of rice to cadmium resulted
in a decrease in global m’G capping, correlated with a
cadmium-induced signature of inhibiting known m’G decap-
ping enzymes. These findings were challenged, however, by
the development and implementation of m’G mutational
profile sequencing (m’G-MaP-seq), a sequencing method
whereby m’G modified positions can be converted to abasic
sites through a reduction reaction with sodium borohydride.
Modified m’G can then be directly detected as mutations
during reverse transcription and sequencing when compared
to untreated RNA (Enroth et al. 2019). Using m’G-MaP-seq,
internal m’G modifications were detected in Arabidopsis
rRNA and tRNA but not in other small RNAs or mRNA:s.
Compared with high-sequencing depth m’G-MaP-seq from
yeast and Escherichia coli mRNA, they also found no enrich-
ment for internal m’G modifications (Enroth et al. 2019).
Taken together, internal m’G was not detected using
transcriptome-wide sequencing applications but was re-
ported to be detected using a mass spectrometry-based
methodology to separate external and internal modified re-
sidues on mRNA. These conflicting results, both in plants
and other organisms, are intriguing and encouraging for fu-
ture experimentation. Previously thought to be the sole
cap on mRNA, now understood as one of several highly regu-
lated end modifications, its presence elsewhere in mRNA is
yet to be understood and requires further interrogation.
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Concluding remarks

The epitranscriptome is rapidly being annotated and studied
across many organisms. The field of plant biology is leading
this charge in specific areas, for example in alternative
NAD" capping and the consistent contributions to m°A biol-
ogy. Regarding other modifications, however, work in plant
systems is either equally, or grossly disproportionately under-
studied compared to other eukaryotes. With advances in se-
quencing and computational mapping of modifications
consistently improving, and the biological significance of
RNA modifications more obvious than ever before, there is
an urgency to invest in and expand research in the field of
plant mRNA modifications. In fact, these marks appear to in-
fluence plant acclimatory responses to stressors (Anderson
et al. 2018; Cheng et al. 2021; Hu et al. 2021b; Tian et al.
2021; Yang et al. 2021; Zhang et al. 2021; Zhou et al. 2022),
thus elucidation of how this occurs offers potential new me-
chanisms to add to the crop engineering toolkit. As we ex-
pand our knowledge, it is important to begin investigating
these modifications combinatorically, rather than as separ-
ately functioning regulatory moieties. This future direction
is likely to be made easier by continual developments in
nanopore-based detection of RNA modifications through
DRS, which will undoubtedly play a key role in building
this holistic RNA modification understanding (Mateos et al.
2022).

With advances in site detection and the steadily decreasing
cost of sequencing, it is critical to focus on validating
RNA modifications on individual transcripts of interest.
Specifically, validation by mutational analysis of known or
predicted m°A sites and interpreting the biological signifi-
cance is pertinent to truly understand the direct impacts
m°A (and other modifications) has on cellular biology. As
an abundance of sequencing and annotation data sets are
being generated across a range of plant species, there is little
to no work correlating the biological impact of mMRNA modi-
fication combinations in a given context, particularly in
plants. As modifications appear to be critical across nearly
all biological and physiological contexts in plants, we must
begin to analyze the potential compensatory, redundant,
or additive effects each mark may have on each other, and
how these interactions culminate to produce a given RNA
fate (e.g. translation, decay, etc.). Given the potential interac-
tions with other metabolic pathways in the cell (e.g. balan-
cing NAD" pools as a coenzyme or RNA cap), there is
more to unpack concerning how a plant cell balances con-
flicting biochemical demands. While some key factors in-
volved in writing, reading, and erasing epitranscriptome
marks have been discovered for better-studied modifications
(e.g. m®A), new discoveries await for the machinery govern-
ing the distributions of lesser studied epitranscriptome
marks (e.g. NAD™ caps). Although a challenge, the advan-
tages of plant systems and the diversity of biology in these
different models offer incredible opportunities to under-
stand epitranscriptomic modifications across an exciting
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range of organisms. Exciting possibilities also await expanding
these technologies into native ecosystems, which would offer
opportunities to understand the extent to which these
marks may contribute not only to plant environmental accli-
mation but also adaptation.

Acknowledgments

The authors would like to thank members of the B.D.G. lab
both past and present for helpful discussions.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Table S1. Tabular list of published
transcriptome-wide sequencing and annotation of the fol-
lowing mRNA modifications in plant systems: m°C, m'A,
m>C, m°A, Pseudouridine (¥), m’G, and 5 nicotinamide ad-
enine diphosphate (NAD™ caps).

Funding

This work was funded by United States National Science
Foundation grants Division of Integrative Organismal
Systems (I0S)—2023310 and 10S—1849708 to B.D.G. The
funders had no role in study design, literature collection
and analysis, decision to publish, or preparation of the
manuscript.

Conflict of interest statement. The authors declare no conflicts of inter-
est related to this work.

References

Agris PF. The importance of being modified: roles of modified nucleo-
sides and Mg®" in RNA structure and function. Prog Nucleic Acid
Res Mol Biol. 1996:53(1): 79-129. https://doi.org/10.1016/s0079-
6603(08)60143-9

Amort T, Rieder D, Wille A, Khokhlova-Cubberley D, Riml C, TrixI L,
Jia X-Y, Micura R, Lusser A. Distinct 5-methylcytosine profiles in
poly(A) RNA from mouse embryonic stem cells and brain.
Genome Biol. 2017:18(1):1. https://doi.org/10.1186/513059-016-
1139-1

Anderson SJ, Kramer MC, Gosai SJ, Yu X, Vandivier LE, Nelson ADL,
Anderson ZD, Beilstein MA, Fray RG, Lyons E, et al.
N®-methyladenosine inhibits local ribonucleolytic cleavage to stabil-
ize. mRNAs in Arabidopsis. Cell Rep. 2018:25(5):1146-1157.e3.
https://doi.org/10.1016/j.celrep.2018.10.020

Anderson BR, Muramatsu H, Nallagatla SR, Bevilacqua PC, Sansing
LH, Weissman D, Kariko K. Incorporation of pseudouridine into
mRNA enhances translation by diminishing PKR activation. Nucleic
Acids Res. 2010:38(17):5884-5892. https://doi.org/10.1093/nar/
gkq347

Arnez JG, Steitz TA. Crystal structure of unmodified tRNA(GIn) com-
plexed with glutaminyl-tRNA synthetase and ATP suggests a possible
role for pseudo-uridines in stabilization of RNA structure.
Biochemistry.  1994:33(24):7560-7567.  https://doi.org/10.1021/
bi001902008

€20z AInF Gz uo Jasn ssadoy Jaquisl\ ddSY Ad 8061 170./1081/9/GE/aI01HE/||20]d/Wwod dno"dlwapede//:sd)y woly papeojumoq


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad044#supplementary-data
https://doi.org/10.1016/s0079-6603(08)60143-9
https://doi.org/10.1016/s0079-6603(08)60143-9
https://doi.org/10.1186/s13059-016-1139-1
https://doi.org/10.1186/s13059-016-1139-1
https://doi.org/10.1016/j.celrep.2018.10.020
https://doi.org/10.1093/nar/gkq347
https://doi.org/10.1093/nar/gkq347
https://doi.org/10.1021/bi00190a008
https://doi.org/10.1021/bi00190a008

1812 | THE PLANT CELL 2023: 35; 1801-1816

Arribas-Hernandez L, Bressendorff S, Hansen MH, Poulsen C,
Erdmann S, Brodersen P. An m°A-YTH module controls develop-
mental timing and morphogenesis in Arabidopsis. Plant Cell.
2018:30(5):952-967. https://doi.org/10.1105/tpc.17.00833

Arribas-Hernandez L, Brodersen P. Occurrence and functions of m°A
and other covalent modifications in plant mRNA. Plant Physiol.
2020:182(1):79-96. https://doi.org/10.1104/pp.19.01156

Arribas-Hernandez L, Rennie S, Koster T, Porcelli C, Lewinski M,
Staiger D, Andersson R, Brodersen P. Principles of mRNA targeting
via the Arabidopsis m°A-binding protein ECT2. Elife. 2021:10(1):
€72375. https://doi.org/10.7554/elLife.72375

Bakin A, Ofengand J. Four newly located pseudouridylate residues in
Escherichia coli 23S ribosomal RNA are all at the peptidyltransferase
center: analysis by the application of a new sequencing technique.
Biochemistry.  1993:32(37):9754-9762.  https://doi.org/10.1021/
bi000882030

Bhat SS, Bielewicz D, Gulanicz T, Bodi Z, Yu X, Anderson S}, Szewc L,
Bajczyk M, Dolata J, Grzelak N, et al. mRNA adenosine methylase
(MTA) deposits m°A on pri-miRNAs to modulate miRNA biogenesis
in Arabidopsis thaliana. Proc Natl Acad Sci U S A. 2020:117(35):
21785-21795. https://doi.org/10.1073/pnas.2003733117

Bhat SS, Bielewicz D, Jarmolowski A, Szweykowska-Kulinska Z.
N®-Methyladenosine (m6A): revisiting the old with focus on new,
an Arabidopsis thaliana centered review. Genes. 2018:9(12):596.
https://doi.org/10.3390/genes9120596

Bird JG, Zhang Y, Tian Y, Panova N, Barvik I, Greene L, Liu M,
Buckley B, Krasny L, Lee JK, et al. The mechanism of RNA 5’ capping
with NAD*, NADH and desphospho-CoA. Nature. 2016:535(7612):
444-447. https://doi.org/10.1038/nature18622

Boccaletto P, Machnicka MA, Purta E, Piatkowski P, Baginski B,
Wirecki TK, de Crécy-Lagard V, Ross R, Limbach PA, Kotter A,
et al. MODOMICS: a database of RNA modification pathways.
2017 update. Nucleic Acids Res. 2018:46(D1):D303-D307. https://
doi.org/10.1093/nar/gkx1030

Bohnsack MT, Sloan KE. The mitochondrial epitranscriptome:
the roles of RNA modifications in mitochondrial translation and
human disease. Cell Mol Life Sci. 2018:75(2):241-260. https://doi.
org/10.1007/s00018-017-2598-6

Borchardt EK, Martinez NM, Gilbert WV. Regulation and function of
RNA pseudouridylation in human cells. Annu Rev Genet. 2020:54(1):
309-336. https://doi.org/10.1146/annurev-genet-112618-043830

Borden K, Culjkovic-Kraljacic B, Cowling V. To cap it all off, again: dy-
namic capping and recapping of coding and non-coding RNAs to
control transcript fate and biological activity. Cell Cycle. 2021:20-
(14):1347-1360. https://doi.org/10.1080/15384101.2021.1930929

Both GW, Furuichi Y, Muthukrishnan S, Shatkin A). Ribosome bind-
ing to reovirus mRNA in protein synthesis requires 5’ terminal
7-methylguanosine. Cell. 1975:6(2):185-195. https://doi.org/10.
1016/0092-8674(75)90009-4

Branlant C, Krol A, Machatt MA, Pouyet J, Ebel JP, Edwards K,
Kossel H. Primary and secondary structures of Escherichia coli MRE
600 23S ribosomal RNA. Comparison with models of secondary
structure for maize chloroplast 23S rRNA and for large portions of
mouse and human 16S mitochondrial rRNAs. Nucleic Acids Res.
1981:9(17):4303-4324. https://doi.org/10.1093/nar/9.17.4303

Cahova H, Winz M-L, Héfer K, Niibel G, Jaschke A. NAD Captureseq
indicates NAD as a bacterial cap for a subset of regulatory RNAs.
Nature. 2015:519(7543):374-377. https://doi.org/10.1038/
nature14020

Carlile TM, Martinez NM, Schaening C, Su A, Bell TA, Zinshteyn B,
Gilbert WV. mRNA structure determines modification by pseudo-
uridine synthase 1. Nat Chem Biol. 2019:15(10):966-974. https://
doi.org/10.1038/s41589-019-0353-z

Carlile TM, Rojas-Duran MF, Zinshteyn B, Shin H, Bartoli KM,
Gilbert WV. Pseudouridine profiling reveals regulated mRNA pseu-
douridylation in yeast and human cells. Nature. 2014:515(7525):
143-146. https://doi.org/10.1038/nature13802

Prall et al.

Chen YG, Kowtoniuk WE, Agarwal |, Shen Y, Liu DR. LC/MS analysis
of cellular RNA reveals NAD-linked RNA. Nat Chem Biol. 2009:5(12):
879-881. https://doi.org/10.1038/nchembio.235

Chen Y-S, Yang W-L, Zhao Y-L, Yang Y-G. Dynamic transcriptomic
m>C and its regulatory role in RNA processing. Wiley Interdiscip
Rev RNA. 2021:12(4):e1639. https://doi.org/10.1002/wrna.1639

Cheng Q, Wang P, Wu G, Wang Y, Tan}, Li C, Zhang X, Liu S, Huang
S, Huang T, et al. Coordination of m6A mRNA methylation and gene
transcriptome in rice response to cadmium stress. Rice. 2021:14(1):
62. https://doi.org/10.1186/512284-021-00502-y

Chu J-M, Ye T-T, Ma C-J, Lan M-D, Liu T, Yuan B-F, Feng Y-Q.
Existence of internal N’-methylguanosine modification in mRNA de-
termined by differential enzyme treatment coupled with mass spec-
trometry analysis. ACS Chem Biol. 2018:13(12):3243-3250. https://
doi.org/10.1021/acschembio.7b00906

Clark WC, Evans ME, Dominissini D, Zheng G, Pan T. tRNA base
methylation identification and quantification via high-throughput
sequencing. RNA. 2016:22(11):1771-1784. https://doi.org/10.1261/
rna.056531.116

Cohn WE. 5-Ribosyl uracil, a carbon-carbon ribofuranosyl nucleoside in
ribonucleic acids. Biochim Biophys Acta. 1959:32: 569-571. https://
doi.org/10.1016/0006-3002(59)90644-4

Cohn WE, Volkin E. Nucleoside-5'-phosphates from ribonucleic acid.
Nature. 1951:167(4247):483-484. https://doi.org/10.1038/167483a0.

Cowling VH. Regulation of mRNA cap methylation. Biochem J.
2009:425(2):295-302. https://doi.org/10.1042/BJ20091352

Cui X, Liang Z, Shen L, Zhang Q, Bao S, Geng Y, Zhang B, Leo V,
Vardy LA, Lu T, et al. 5-Methylcytosine RNA methylation in
Arabidopsis thaliana. Mol Plant. 2017:10(11):1387-1399. https://
doi.org/10.1016/j.molp.2017.09.013

Cui J, Liu Q, Sendinc E, Shi Y, Gregory RI. Nucleotide resolution pro-
filing of m®C RNA modification by HAC-seq. Nucleic Acids Res.
2021:49(5):e27. https://doi.org/10.1093/nar/gkaa1186

Culjkovic-Kraljacic B, Skrabanek L, Revuelta MV, Gasiorek ),
Cowling VH, Cerchietti L, Borden KLB. The eukaryotic translation
initiation factor elF4E elevates steady-state m’G capping of coding
and noncoding transcripts. Proc Natl Acad Sci U S A. 2020:117(43):
26773-26783. https://doi.org/10.1073/pnas.2002360117

Darzacq X, Jady BE, Verheggen C, Kiss AM, Bertrand E, Kiss T. Cajal
body-specific small nuclear RNAs: a novel class of 2’-O-methylation
and pseudouridylation guide RNAs. EMBO ). 2002:21(11):2746-2756.
https://doi.org/10.1093/emboj/21.11.2746

Dasgupta R, Harada F, Kaesberg P. Blocked 5’ termini in brome
mosaic virus RNA. ] Virol. 1976:18(1):260-267. https://doi.org/10.
1128/)VI1.18.1.260-267.1976

David R, Burgess A, Parker B, Li ), Pulsford K, Sibbritt T, Preiss T,
Searle IR. Transcriptome-wide mapping of RNA 5-methylcytosine
in Arabidopsis mRNAs and noncoding RNAs. Plant Cell.
2017:29(3):445-460. https://doi.org/10.1105/tpc.16.00751

Davis FF, Allen FW. Ribonucleic acids from yeast which contain a fifth
nucleotide. ] Biol Chem. 1957:227(2):907-915. https://doi.org/10.
1016/S0021-9258(18)70770-9

Desrosiers R, Friderici K, Rottman F. Identification of methylated
nucleosides in messenger RNA from Novikoff hepatoma cells. Proc
Natl Acad Sci U S A. 1974:71(10):3971-3975. https://doi.org/10.
1073/pnas.71.10.3971

Doamekpor SK, Sharma S, Kiledjian M, Tong L. Recent insights into
noncanonical 5’ capping and decapping of RNA. ] Biol Chem.
2022:298(8):102171. https://doi.org/10.1016/j.jbc.2022.102171

Dominissini D, Moshitch-Moshkovitz S, Salmon-Divon M,
Amariglio N, Rechavi G. Transcriptome-wide mapping of
N(6)-methyladenosine by m(6)A-seq based on immunocapturing
and massively parallel sequencing. Nat Protoc. 2013:8(1):176-189.
https://doi.org/10.1038/nprot.2012.148

Dominissini D, Nachtergaele S, Moshitch-Moshkovitz S, Peer E, Kol
N, Ben-Haim MS, Dai Q, Di Segni A, Salmon-Divon M, Clark WC,
et al. The dynamic N(1)-methyladenosine methylome in eukaryotic

€20z AInF Gz uo Jasn ssadoy Jaquisl\ ddSY Ad 8061 170./1081/9/GE/aI01HE/||20]d/Wwod dno"dlwapede//:sd)y woly papeojumoq


https://doi.org/10.1105/tpc.17.00833
https://doi.org/10.1104/pp.19.01156
https://doi.org/10.7554/eLife.72375
https://doi.org/10.1021/bi00088a030
https://doi.org/10.1021/bi00088a030
https://doi.org/10.1073/pnas.2003733117
https://doi.org/10.3390/genes9120596
https://doi.org/10.1038/nature18622
https://doi.org/10.1093/nar/gkx1030
https://doi.org/10.1093/nar/gkx1030
https://doi.org/10.1007/s00018-017-2598-6
https://doi.org/10.1007/s00018-017-2598-6
https://doi.org/10.1146/annurev-genet-112618-043830
https://doi.org/10.1080/15384101.2021.1930929
https://doi.org/10.1016/0092-8674(75)90009-4
https://doi.org/10.1016/0092-8674(75)90009-4
https://doi.org/10.1093/nar/9.17.4303
https://doi.org/10.1038/nature14020
https://doi.org/10.1038/nature14020
https://doi.org/10.1038/s41589-019-0353-z
https://doi.org/10.1038/s41589-019-0353-z
https://doi.org/10.1038/nature13802
https://doi.org/10.1038/nchembio.235
https://doi.org/10.1002/wrna.1639
https://doi.org/10.1186/s12284-021-00502-y
https://doi.org/10.1021/acschembio.7b00906
https://doi.org/10.1021/acschembio.7b00906
https://doi.org/10.1261/rna.056531.116
https://doi.org/10.1261/rna.056531.116
https://doi.org/10.1016/0006-3002(59)90644-4
https://doi.org/10.1016/0006-3002(59)90644-4
https://doi.org/10.1042/BJ20091352
https://doi.org/10.1016/j.molp.2017.09.013
https://doi.org/10.1016/j.molp.2017.09.013
https://doi.org/10.1093/nar/gkaa1186
https://doi.org/10.1073/pnas.2002360117
https://doi.org/10.1093/emboj/21.11.2746
https://doi.org/10.1128/JVI.18.1.260-267.1976
https://doi.org/10.1128/JVI.18.1.260-267.1976
https://doi.org/10.1105/tpc.16.00751
https://doi.org/10.1016/S0021-9258(18)70770-9
https://doi.org/10.1016/S0021-9258(18)70770-9
https://doi.org/10.1073/pnas.71.10.3971
https://doi.org/10.1073/pnas.71.10.3971
https://doi.org/10.1016/j.jbc.2022.102171
https://doi.org/10.1038/nprot.2012.148

Chemical modification of mRNAs

messenger RNA. Nature. 2016:530(7591):441-446. https://doi.org/
10.1038/nature16998

Du X, Fang T, Liu Y, Wang M, Zang M, Huang L, Zhen S, ZhangJ, Shi
Z, Wang G, et al. Global profiling of N°®-methyladenosine methyla-
tion in maize callus induction. Plant Genome. 2020:13(2):€20018.
https://doi.org/10.1002/tpg2.20018

Duan H-C, Wei L-H, Zhang C, Wang Y, Chen L, Lu Z, Chen PR, He C,
Jia G. ALKBH10B is an RNA N°-methyladenosine demethylase affect-
ing Arabidopsis floral transition. Plant Cell. 2017:29(12):2995-3011.
https://doi.org/10.1105/tpc.16.00912

Dubin DT, Taylor RH. The methylation state of poly A-containing-
messenger RNA from cultured hamster cells. Nucleic Acids Res.
1975:2(10):1653-1668. https://doi.org/10.1093/nar/2.10.1653

Dunn DB. The occurence of 1-methyladenine in ribonucleic acid.
Biochim Biophys Acta. 1961:46(1):198-200. https://doi.org/10.
1016/0006-3002(61)90668-0

El Yacoubi B, Bailly M, de Crécy-Lagard V. Biosynthesis and function
of posttranscriptional modifications of transfer RNAs. Annu Rev
Genet. 2012:46(1):69-95. https://doi.org/10.1146/annurev-genet-
110711-155641

Enroth C, Poulsen LD, Iversen S, Kirpekar F, Albrechtsen A, Vinther ).
Detection of internal N’-methylguanosine (m’G) RNA modifications by
mutational profiling sequencing. Nucleic Acids Res. 2019:47(20):e126.
https://doi.org/10.1093/nar/gkz736

Filipowicz W. Functions of the 5'-terminal m’G cap in eukaryotic
mRNA. FEBS Lett. 1978:96(1):1-11. https://doi.org/10.1016/0014-
5793(78)81049-7

Fray RG, Simpson GG. The Arabidopsis epitranscriptome. Curr Opin
Plant Biol. 2015:27(1):17-21. https://doi.org/10.1016/j.pbi.2015.05.
015

Frindert ), Zhang Y, Niibel G, Kahloon M, Kolmar L,
Hotz-Wagenblatt A, Burhenne ), Haefeli WE, Jaschke A.
Identification, biosynthesis, and decapping of NAD-capped
RNAs in B. subtilis. Cell Rep. 2018:24(7):1890-1901.e8. https://doi.
org/10.1016/j.celrep.2018.07.047

Furuichi Y. Discovery of m(7)G-cap in eukaryotic mRNAs. Proc
Jpn Acad Ser B Phys Biol Sci. 2015:91(8):394—-409. https://doi.org/
10.2183/pjab.91.394

Galloway A, Cowling VH. mRNA cap regulation in mammalian cell
function and fate. Biochim Biophys Acta Gene Regul Mech.
2019:1862(3):270-279.  https://doi.org/10.1016/j.bbagrm.2018.09.
011

Gao Y, Liu X, Wu B, Wang H, Xi F, Kohnen MV, Reddy ASN, Gu L.
Quantitative profiling of N®-methyladenosine at single-base reso-
lution in stem-differentiating xylem of Populus trichocarpa using na-
nopore direct RNA sequencing. Genome Biol. 2021:22(1):22. https://
doi.org/10.1186/s13059-020-02241-7

Ge ), Yu Y-T. RNA pseudouridylation: new insights into an old
modification. Trends Biochem Sci. 2013:38(4):210-218. https://doi.
org/10.1016/j.tibs.2013.01.002

Ginsberg T, Rogg H, Staehelin M. Nucleotide sequences of rat liver
serine-tRNA. 3. The partial enzymatic of serine-tRNA and derivation
of its total primary structure. Eur J Biochem. 1971:21(2):249-257.
https://doi.org/10.1111/j.1432-1033.1971.tb01463.x

Grosjean H. Modification and editing of RNA: historical overview and
important facts to remember. In: Grosjean H, editor. Fine-Tuning of
RNA Functions by Modification and Editing: Topics in Current
Genetics. Berlin, Heidelberg: Springer; 2005. p. 1-22. https://doi.
org/10.1007/b106848

Grozhik AV, Linder B, Olarerin-George AO, Jaffrey SR. Mapping m°A
at individual-nucleotide resolution using crosslinking and immuno-
precipitation (miCLIP). Methods Mol Biol. 2017:1562(1): 55-78.
https://doi.org/10.1007/978-1-4939-6807-7_5

Grozhik AV, Olarerin-George AO, Sindelar M, Li X, Gross SS, Jaffrey
SR. Antibody cross-reactivity accounts for widespread appearance
of m'A in 5’UTRs. Nat Commun. 2019:10(1):5126. https://doi.org/
10.1038/s41467-019-13146-w

THE PLANT CELL 2023: 35; 1801-1816 | 1813

Guo T, Liu C, Meng F, Hu L, Fu X, Yang Z, Wang N, Jiang Q, Zhang X,
Ma F. The m°A reader MhYTP2 regulates MdMLO19 mRNA stability
and antioxidant genes translation efficiency conferring powdery mil-
dew resistance in apple. Plant Biotechnol J. 2022:20(3):511-525.
https://doi.org/10.1111/pbi. 13733

Hall RH. Isolation of 3-methyluridine and 3-methylcytidine from solu-
bleribonucleic acid. Biochem Biophys Res Commun. 1963:12(5):
361-364. https://doi.org/10.1016/0006-291X(63)90105-0

Holstein JM, Stummer D, Rentmeister A. Enzymatic modification of
5’-capped RNA with a 4-vinylbenzyl group provides a platform for
photoclick and inverse electron-demand Diels-Alder reaction.
Chem Sci. 2015:6(2):1362-1369. https://doi.org/10.1039/c4sc03182b

Hopper AK, Phizicky EM. tRNA transfers to the limelight. Genes Dev.
2003:17(2):162-180. https://doi.org/10.1101/gad. 1049103

Hou N, Li C, He J, Liu Y, Yu S, Malnoy M, Mobeen Tahir M, Xu L, Ma
F, Guan Q. MdMTA-mediated m®A modification enhances drought
tolerance by promoting mRNA stability and translation efficiency of
genes involved in lignin deposition and oxidative stress. New Phytol.
2022:234(4):1294-1314. https://doi.org/10.1111/nph.18069

Hu J, Cai ), Park S}, Lee K, Li Y, Chen Y, Yun J-Y, Xu T, Kang H.
N°-Methyladenosine mRNA methylation is important for salt stress
tolerance in Arabidopsis. Plant ). 2021b:106(6):1759-1775. https://
doi.org/10.1111/tpj.15270

Hu J, Cai J, Umme A, Chen Y, Xu T, Kang H. Unique features of mRNA
m6A methylomes during expansion of tomato (Solanum lycopersi-
cum) fruits. Plant Physiol. 2022a:188(4):2215-2227. https://doi.org/
10.1093/plphys/kiab509

Hu H, Flynn N, Zhang H, You C, Hang R, Wang X, Zhong H, Chan Z,
Xia Y, Chen X. SPAAC-NAD-seq, a sensitive and accurate method
to profile NAD"-capped transcripts. Proc Natl Acad Sci U S A. 2021a:
118(13):22025595118. https://doi.org/10.1073/pnas.2025595118

Hu L, Liu S, Peng Y, Ge R, Su R, Senevirathne C, Harada BT, Dai Q,
Wei ), Zhang L, et al. M6a RNA modifications are measured at
single-base resolution across the mammalian transcriptome.
Nat Biotechnol. 2022b:40(8):1210-1219. https://doi.org/10.1038/
$41587-022-01243-z

Huppertz |, Attig), D’Ambrogio A, Easton LE, Sibley CR, Sugimoto Y,
Tajnik M, Konig J, Ule J. iCLIP: protein—RNA interactions at nucleo-
tide resolution. Methods. 2014:65(3):274-287. https://doi.org/10.
1016/j.ymeth.2013.10.011

Hussain S, Sajini AA, Blanco S, Dietmann S, Lombard P, Sugimoto Y,
Paramor M, Gleeson JG, Odom DT, Ule }, et al. NSun2-mediated
cytosine-5 methylation of vault noncoding RNA determines its pro-
cessing into regulatory small RNAs. Cell Rep. 2013:4(2):255-261.
https://doi.org/10.1016/j.celrep.2013.06.029

lwanami Y, Brown GM. Methylated bases of ribosomal ribonucleic
acid from Hela cells. Arch Biochem Biophys. 1968:126(1):8-15.
https://doi.org/10.1016/0003-9861(68)90553-5

Jiao X, Doamekpor SK, Bird )G, Nickels BE, Tong L, Hart RP,
Kiledjian M. 5’ End nicotinamide adenine dinucleotide cap in
human cells promotes RNA decay through DXO-mediated
deNADding. Cell. 2017:168(6):1015-1027.e10. https://doi.org/10.
1016/j.cell.2017.02.019

Jiao X, Xiang S, Oh C, Martin CE, TongL, Kiledjian M. |dentification of
a quality-control mechanism for mRNA 5’-end capping. Nature.
2010:467(7315):608-611. https://doi.org/10.1038/nature09338

Julius C, Yuzenkova Y. Noncanonical RNA-capping: discovery, mech-
anism, and physiological role debate. Wiley Interdiscip Rev RNA.
2019:10(2):e1512. https://doi.org/10.1002/wrna.1512

Kannan K, Nelson ADL, Shippen DE. Dyskerin is a component of
the Arabidopsis telomerase RNP required for telomere maintenance. Mol
Cell Biol. 2008:28(7):2332-2341. https://doi.org/10.1128/MCB.01490-07

Karijolich J, Yi C, Yu Y. Transcriptome-wide dynamics of RNA pseu-
douridylation. Nat Rev Mol Cell Biol. 2015:16(10):581-585. https://
doi.org/10.1038/nrm4040

Ke S, Alemu EA, Mertens C, Gantman EC, Fak JJ, Mele A, Haripal B,
Zucker-Scharff I, Moore M), Park CY, et al. A majority of m°A

€20z AInF Gz uo Jasn ssadoy Jaquisl\ ddSY Ad 8061 170./1081/9/GE/aI01HE/||20]d/Wwod dno"dlwapede//:sd)y woly papeojumoq


https://doi.org/10.1038/nature16998
https://doi.org/10.1038/nature16998
https://doi.org/10.1002/tpg2.20018
https://doi.org/10.1105/tpc.16.00912
https://doi.org/10.1093/nar/2.10.1653
https://doi.org/10.1016/0006-3002(61)90668-0
https://doi.org/10.1016/0006-3002(61)90668-0
https://doi.org/10.1146/annurev-genet-110711-155641
https://doi.org/10.1146/annurev-genet-110711-155641
https://doi.org/10.1093/nar/gkz736
https://doi.org/10.1016/0014-5793(78)81049-7
https://doi.org/10.1016/0014-5793(78)81049-7
https://doi.org/10.1016/j.pbi.2015.05.015
https://doi.org/10.1016/j.pbi.2015.05.015
https://doi.org/10.1016/j.celrep.2018.07.047
https://doi.org/10.1016/j.celrep.2018.07.047
https://doi.org/10.2183/pjab.91.394
https://doi.org/10.2183/pjab.91.394
https://doi.org/10.1016/j.bbagrm.2018.09.011
https://doi.org/10.1016/j.bbagrm.2018.09.011
https://doi.org/10.1186/s13059-020-02241-7
https://doi.org/10.1186/s13059-020-02241-7
https://doi.org/10.1016/j.tibs.2013.01.002
https://doi.org/10.1016/j.tibs.2013.01.002
https://doi.org/10.1111/j.1432-1033.1971.tb01463.x
https://doi.org/10.1007/b106848
https://doi.org/10.1007/b106848
https://doi.org/10.1007/978-1-4939-6807-7_5
https://doi.org/10.1038/s41467-019-13146-w
https://doi.org/10.1038/s41467-019-13146-w
https://doi.org/10.1111/pbi.13733
https://doi.org/10.1016/0006-291X(63)90105-0
https://doi.org/10.1039/c4sc03182b
https://doi.org/10.1101/gad.1049103
https://doi.org/10.1111/nph.18069
https://doi.org/10.1111/tpj.15270
https://doi.org/10.1111/tpj.15270
https://doi.org/10.1093/plphys/kiab509
https://doi.org/10.1093/plphys/kiab509
https://doi.org/10.1073/pnas.2025595118
https://doi.org/10.1038/s41587-022-01243-z
https://doi.org/10.1038/s41587-022-01243-z
https://doi.org/10.1016/j.ymeth.2013.10.011
https://doi.org/10.1016/j.ymeth.2013.10.011
https://doi.org/10.1016/j.celrep.2013.06.029
https://doi.org/10.1016/0003-9861(68)90553-5
https://doi.org/10.1016/j.cell.2017.02.019
https://doi.org/10.1016/j.cell.2017.02.019
https://doi.org/10.1038/nature09338
https://doi.org/10.1002/wrna.1512
https://doi.org/10.1128/MCB.01490-07
https://doi.org/10.1038/nrm4040
https://doi.org/10.1038/nrm4040

1814 | THE PLANT CELL 2023: 35; 1801-1816

residues are in the last exons, allowing the potential for 3" UTR regu-
lation. Genes Dev. 2015:29(19):2037-2053. https://doi.org/10.1101/
gad.269415.115

Kennedy TD, Lane BG. Wheat embryo ribonucleates. XIIl.
Methyl-substituted nucleoside constituents and 5'-terminal di-
nucleotide sequences in bulk poly(AR)-rich RNA from imbibing
wheat embryos. Can ] Biochem. 1979:57(6):927-931. https://doi.
org/10.1139/079-112

Khoddami V, Cairns BR. Identification of direct targets and modified
bases of RNA cytosine methyltransferases. Nat Biotechnol.
2013:31(5):458-464. https://doi.org/10.1038/nbt.2566

Kim J, Shim S, Lee H, Seo P). m°A mRNA modification as a new layer of
gene regulation in plants. ) Plant Biol. 2020:63(2):97-106. https://doi.
org/10.1007/s12374-020-09239-5

Kowtoniuk WE, Shen Y, Heemstra JM, Agarwal |, Liu DR. A chemical
screen for biological small molecule-RNA conjugates reveals
CoA-linked RNA. Proc Natl Acad Sci U S A. 2009:106(19):
7768-7773. https://doi.org/10.1073/pnas.0900528106

Kramer MC, Janssen KA, Palos K, Nelson ADL, Vandivier LE, Garcia BA,
Lyons E, Beilstein MA, Gregory BD. N6-methyladenosine and RNA sec-
ondary structure affect transcript stability and protein abundance during
systemic salt stress in Arabidopsis. Plant Direct. 2020:4(7):e00239.
https://doi.org/10.1002/pld3.239

Kwasnik A, Wang VY-F, Krzyszton M, Gozdek A, Zakrzewska-Placzek
M, Stepniak K, Poznanski ), Tong L, Kufel ). Arabidopsis DXO1 links
RNA turnover and chloroplast function independently of its enzymatic
activity. Nucleic Acids Res. 2019:47(9):4751-4764. https://doi.org/10.
1093/nar/gkz100

Leger A, Amaral PP, Pandolfini L, Capitanchik C, Capraro F, Miano
V, Migliori V, Toolan-Kerr P, Sideri T, Enright AJ, et al. RNA
modifications detection by comparative nanopore direct RNA se-
quencing. Nat Commun. 2021:12(1):7198. https://doi.org/10.1038/
$41467-021-27393-3

Legrand C, Tuorto F, Hartmann M, Liebers R, Jacob D, Helm M, Lyko
F. Statistically robust methylation calling for whole-transcriptome
bisulfite sequencing reveals distinct methylation patterns for mouse
RNAs. Genome Res. 2017:27(9):1589-1596. https://doi.org/10.1101/
gr.210666.116

Lermontova |, Schubert V, Bornke F, Macas J, Schubert I. Arabidopsis
CBF5 interacts with the H/ACA snoRNP assembly factor NAF1. Plant
Mol Biol. 2007:65(5):615-626. https://doi.org/10.1007/s11103-007-
9226-z

Li H, Li A, Shen W, Zhang J, Wang G. Use of NAD-seq to profile
NAD"-capped RNAs in plants. Trends Plant Sci. 2021:26(8):
871-872. https://doi.org/10.1016/j.tplants.2021.05.005

Li X, Xiong X, Wang K, Wang L, Shu X, Ma S, Yi C. Transcriptome-wide
mapping reveals reversible and dynamic N(1)-methyladenosine
methylome. Nat Chem Biol. 2016:12(5):311-316. https://doi.org/10.
1038/nchembio.2040

Li X, Xiong X, Zhang M, Wang K, Chen Y, Zhou ), Mao Y, Lv }, Yi D,
Chen X-W, et al. Base-Resolution mapping reveals distinct m'A
methylome in nuclear- and mitochondrial-encoded transcripts.
Mol Cell. 2017:68(5):993-1005.€9. https://doi.org/10.1016/j.molcel.
2017.10.019

LiuC, Sun H, YiY, Shen W, Li K, Xiao Y, Li F, Li Y, Hou Y, Lu B, et al.
Absolute quantification of single-base m°A methylation in the mam-
malian transcriptome using GLORI. Nat Biotechnol. 2022:27(1):1-12.
https://doi.org/10.1038/541587-022-01487-9

Liu G, Wang J, Hou X. Transcriptome-wide N®-methyladenosine (m6A)
methylome profiling of heat stress in Pak-choi (Brassica rapa ssp. chi-
nensis). Plants. 2020:9(9):1080. https://doi.org/10.3390/plants9091080

Luo G-Z, MacQueen A, Zheng G, Duan H, Dore LG, Lu Z, Liu J, Chen
K, Jia G, Bergelson J, et al. Unique features of the m6A methylome in
Arabidopsis thaliana. Nat Commun. 2014:5(1):5630. https://doi.org/
10.1038/ncomms6630

Luo J-H, Wang Y, Wang M, Zhang L-Y, Peng H-R, Zhou Y-Y, Jia G-F,
He Y. Natural variation in RNA m®A methylation and its relationship

Prall et al.

with translational status. Plant Physiol. 2020:182(1):332-344. https://
doi.org/10.1104/pp.19.00987

Ma Q, Xu Y, Li D, Wu X, Zhang X, Chen Y, Li L, Luo Z. Potential epi-
genetic regulation of RNA 5’-terminal NAD decapping associated
with cellular energy status of postharvest Fragaria X ananassa in re-
sponse to Botrytis cinerea invasion. Postharvest Biol Technol.
2022:186(1): 111840. https://doi.org/10.1016/j.postharvbio.2022.
111840

Marchand V, Bourguignon-Igel V, Helm M, Motorin Y. Chapter two
—mapping of 7-methylguanosine (m’G), 3-methylcytidine (m>C),
dihydrouridine (D) and 5-hydroxycytidine (ho5C) RNA modifica-
tions by AlkAniline-seq. In: Jackman JE, editor. Methods in
Enzymology: RNA Modification Enzymes. Cambridge, MA:
Academic Press; 2021. p. 25-47. https://doi.org/10.1016/bs.mie.
2021.06.001

Martinez NM, Su A, Burns MC, Nussbacher JK, Schaening C, Sathe S,
Yeo GW, Gilbert WV. Pseudouridine synthases modify human
pre-mRNA co-transcriptionally and affect pre-mRNA processing.
Mol Cell. 2022:82(3):645-659.€9. https://doi.org/10.1016/j.molcel.
2021.12.023

Martinez-Pérez M, Aparicio F, Lopez-Gresa MP, Bellés M,
Sanchez-Navarro JA, Pallas V. Arabidopsis m°A demethylase activ-
ity modulates viral infection of a plant virus and the m°A abundance
in its genomic RNAs. Proc Natl Acad Sci. 2017:114(40):10755-10760.
https://doi.org/10.1073/pnas. 1703139114

Mateos PA, Sethi AJ, Guarnacci M, Ravindran A, Srivastava A, Xu J,
Woodward K, Hamilton W, Gao J, Starrs LM, et al. Simultaneous
identification of m°A and m°C reveals coordinated RNA modifica-
tion at single-molecule resolution. bioRxiv. 2022. 2022.03.14.484124.
https://doi.org/10.1101/2022.03.14.484124

Miao Z, Zhang T, Qi Y, Song J, Han Z, Ma C. Evolution of the RNA
N®-methyladenosine methylome mediated by genomic duplication.
Plant Physiol. 2020:182(1):345-360. https://doi.org/10.1104/pp.19.
00323

Miao Z, Zhang T, Xie B, Qi Y, Ma C. Evolutionary implications of the
RNA N®-methyladenosine methylome in plants. Mol Biol Evol.
2022:39(1):msab299. https://doi.org/10.1093/molbev/msab299

Motorin Y, Lyko F, Helm M. 5-Methylcytosine In RNA: detection, en-
zymatic formation and biological functions. Nucleic Acids Res.
2010:38(5):1415-1430. https://doi.org/10.1093/nar/gkp1117

Mukherjee C, Patil DP, Kennedy BA, Bakthavachalu B, Bundschuh
R, Schoenberg DR. Identification of cytoplasmic capping targets re-
veals a role for cap homeostasis in translation and mRNA stability.
Cell Rep. 2012:2(3):674-684. https://doi.org/10.1016/j.celrep.2012.
07.011

Nakamoto MA, Lovejoy AF, Cygan AM, Boothroyd JC. mRNA pseu-
douridylation affects RNA metabolism in the parasite Toxoplasma
gondii. RNA. 2017:23(12):1834-1849. https://doi.org/10.1261/rna.
062794.117

Ni ), Tien AL, Fournier MJ. Small nucleolar RNAs direct site-specific
synthesis of pseudouridine in ribosomal RNA. Cell. 1997:89(4):
565-573. https://doi.org/10.1016/s0092-8674(00)80238-x

Nichols JL, Welder L. A modified nucleotide in the poly(A) tract of
maize RNA. Biochim Biophys Acta. 1981:652(1):99-108. https://doi.
org/10.1016/0005-2787(81)90213-6

Noma A, Yi S, Katoh T, Takai Y, Suzuki T, Suzuki T. Actin-binding
protein ABP140 is a methyltransferase for 3-methylcytidine at pos-
ition 32 of tRNAs in Saccharomyces cerevisiae. RNA. 2011:17(6):
1111-1119. https://doi.org/10.1261/rna.2653411

Owens MC, Zhang C, Liu KF. Recent technical advances in the study of
nucleic acid modifications. Mol Cell. 2021:81(20):4116-4136. https://
doi.org/10.1016/j.molcel.2021.07.036

Pan S, Li K, Huang W, Zhong H, Wu H, Wang Y, Zhang H, Cai Z, Guo H,
Chen X, et al. Arabidopsis DXO1 possesses deNADding and exonucle-
ase activities and its mutation affects defense-related and photosyn-
thetic gene expression. ] Integr Plant Biol. 2020:62(7):967-983.
https://doi.org/10.1111/jipb.12867

€20z AInF Gz uo Jasn ssadoy Jaquisl\ ddSY Ad 8061 170./1081/9/GE/aI01HE/||20]d/Wwod dno"dlwapede//:sd)y woly papeojumoq


https://doi.org/10.1101/gad.269415.115
https://doi.org/10.1101/gad.269415.115
https://doi.org/10.1139/o79-112
https://doi.org/10.1139/o79-112
https://doi.org/10.1038/nbt.2566
https://doi.org/10.1007/s12374-020-09239-5
https://doi.org/10.1007/s12374-020-09239-5
https://doi.org/10.1073/pnas.0900528106
https://doi.org/10.1002/pld3.239
https://doi.org/10.1093/nar/gkz100
https://doi.org/10.1093/nar/gkz100
https://doi.org/10.1038/s41467-021-27393-3
https://doi.org/10.1038/s41467-021-27393-3
https://doi.org/10.1101/gr.210666.116
https://doi.org/10.1101/gr.210666.116
https://doi.org/10.1007/s11103-007-9226-z
https://doi.org/10.1007/s11103-007-9226-z
https://doi.org/10.1016/j.tplants.2021.05.005
https://doi.org/10.1038/nchembio.2040
https://doi.org/10.1038/nchembio.2040
https://doi.org/10.1016/j.molcel.2017.10.019
https://doi.org/10.1016/j.molcel.2017.10.019
https://doi.org/10.1038/s41587-022-01487-9
https://doi.org/10.3390/plants9091080
https://doi.org/10.1038/ncomms6630
https://doi.org/10.1038/ncomms6630
https://doi.org/10.1104/pp.19.00987
https://doi.org/10.1104/pp.19.00987
https://doi.org/10.1016/j.postharvbio.2022.111840
https://doi.org/10.1016/j.postharvbio.2022.111840
https://doi.org/10.1016/bs.mie.2021.06.001
https://doi.org/10.1016/bs.mie.2021.06.001
https://doi.org/10.1016/j.molcel.2021.12.023
https://doi.org/10.1016/j.molcel.2021.12.023
https://doi.org/10.1073/pnas.1703139114
https://doi.org/10.1101/2022.03.14.484124
https://doi.org/10.1104/pp.19.00323
https://doi.org/10.1104/pp.19.00323
https://doi.org/10.1093/molbev/msab299
https://doi.org/10.1093/nar/gkp1117
https://doi.org/10.1016/j.celrep.2012.07.011
https://doi.org/10.1016/j.celrep.2012.07.011
https://doi.org/10.1261/rna.062794.117
https://doi.org/10.1261/rna.062794.117
https://doi.org/10.1016/s0092-8674(00)80238-x
https://doi.org/10.1016/0005-2787(81)90213-6
https://doi.org/10.1016/0005-2787(81)90213-6
https://doi.org/10.1261/rna.2653411
https://doi.org/10.1016/j.molcel.2021.07.036
https://doi.org/10.1016/j.molcel.2021.07.036
https://doi.org/10.1111/jipb.12867

Chemical modification of mRNAs

Parker MT, Barton GJ, Simpson GG. Yanocomp: robust prediction of
m6A modifications in individual nanopore direct RNA reads. bioRxiv.
2021. 2021.06.15.448494. https://doi.org/10.1101/2021.06.15.448494

Parker MT, Knop K, Sherwood AV, Schurch NJ, Mackinnon K, Gould
PD, Hall A}, Barton GJ, Simpson GG. Nanopore direct RNA sequen-
cing maps the complexity of Arabidopsis mRNA processing and m°A
modification. ELife. 2020:9(1): e49658. https://doi.org/10.7554/eLife.
49658

Pontier D, Picart C, El Baidouri M, Roudier F, Xu T, Lahmy S, Llauro
C, Azevedo J, Laudié M, Attina A, et al. The m°A pathway protects
the transcriptome integrity by restricting RNA chimera formation in
plants. Life Sci Alliance. 2019:2(3):€201900393. https://doi.org/10.
26508/1sa.201900393

Pratanwanich PN, Yao F, Chen Y, Koh CWQ, Wan YK, Hendra C,
Poon P, Goh YT, Yap PML, Chooi }Y, et al. Identification of differ-
ential RNA modifications from nanopore direct RNA sequencing
with xPore. Nat Biotechnol. 2021:39(11):1394-1402. https://doi.
org/10.1038/541587-021-00949-w

Qin H, Ou L, Gao J, Chen L, Wang J-W, Hao P, Li X. DENA: training an
authentic neural network model using nanopore sequencing data of
Arabidopsis transcripts for detection and quantification of
N°-methyladenosine on RNA. Genome Biol. 2022:23(1):25. https://
doi.org/10.1186/s13059-021-02598-3

RajBhandary UL, Stuart A, Faulkner RD, Chang SH, Khorana HG.
Nucleotide sequence studies on yeast phenylalanine sRNA. Cold
Spring Harb Symp QuantBiol. 1966:31(1):425-434. https://doi.org/
10.1101/sgb.1966.031.01.055

Roundtree IA, Evans ME, Pan T, He C. Dynamic RNA modifications in
gene expression regulation. Cell. 2017:169(7):1187-1200. https://doi.
org/10.1016/j.cell.2017.05.045

Ryvkin P, Leung YY, Silverman IM, Childress M, Valladares O,
Dragomir I, Gregory BD, Wang L-S. HAMR: high-throughput anno-
tation of modified ribonucleotides. RNA. 2013:19(12):1684-1692.
https://doi.org/10.1261/rna.036806.112

Safra M, Sas-Chen A, Nir R, Winkler R, Nachshon A, Bar-Yaacov D,
Erlacher M, Rossmanith W, Stern-Ginossar N, Schwartz S. The
m'A landscape on cytosolic and mitochondrial MRNA at single-base
resolution. Nature. 2017:551(7679):251-255. https://doi.org/10.
1038/nature24456

Scannell JP, Crestfield AM, Allen FW. Methylation studies on various
uracil derivatives and on an isomer of uridine isolated from ribo-
nucleic acids. Biochim BiophysActa. 1959:32(1): 406—412. https://
doi.org/10.1016/0006-3002(59)90613-4

Schoenberg DR, Maquat LE. Re-capping the message. Trends Biochem
Sci. 2009:34(9):435-442. https://doi.org/10.1016/j.tibs.2009.05.003

Schwartz S, Bernstein DA, Mumbach MR, Jovanovic M, Herbst RH,
Leon-Ricardo BX, Engreitz JM, Guttman M, Satija R, Lander ES,
et al. Transcriptome-wide mapping reveals widespread
dynamic-regulated pseudouridylation of ncRNA and mRNA. Cell.
2014:159(1):148-162. https://doi.org/10.1016/j.cell.2014.08.028

Scutenaire J, Deragon J-M, Jean V, Benhamed M, Raynaud C, Favory
J-), Merret R, Bousquet-Antonelli C. The YTH domain protein ECT2
is an m°A reader required for normal trichome branching in
Arabidopsis. Plant Cell. 2018:30(5):986-1005. https://doi.org/10.
1105/tpc.17.00854

Shao Y, Wong CE, Shen L, Yu H. N®-methyladenosine modification un-
derlies messenger RNA metabolism and plant development. Curr
Opin Plant Biol. 2021:63(1): 102047. https://doi.org/10.1016/j.pbi.
2021.102047

Sharma S, Lafontaine DL). “View from A bridge”: a new perspective on
eukaryotic rRNA base modification. Trends Biochem Sci. 2015:40-
(10):560-575. https://doi.org/10.1016/j.tibs.2015.07.008

Sharma S, Watzinger P, Kotter P, Entian K-D. Identification of a novel
methyltransferase, Bmt2, responsible for the N-1-methyl-adenosine
base modification of 255 rRNA in saccharomyces cerevisiae.
Nucleic Acids Res. 2013:41(10):5428-5443. https://doi.org/10.1093/
nar/gkt195

THE PLANT CELL 2023: 35; 1801-1816 | 1815

Shen L, Liang Z, Gu X, Chen Y, Teo ZWN, Hou X, Cai WM, Dedon PC,
Liu L, Yu H. NG—MethyIadenosine RNA modification regulates shoot
stem cell fate in Arabidopsis. Dev Cell. 2016:38(2):186-200. https://
doi.org/10.1016/j.devcel.2016.06.008

Shen L, Liang Z, Wong CE, Yu H. Messenger RNA modifications in
plants. Trends Plant Sci. 2019:24(4):328-341. https://doi.org/10.
1016/j.tplants.2019.01.005

Sloan KE, Warda AS, Sharma S, Entian K-D, Lafontaine DL), Bohnsack
MT. Tuning the ribosome: the influence of rRNA modification on eu-
karyotic ribosome biogenesis and function. RNA Biol. 2017:14(9):
1138-1152. https://doi.org/10.1080/15476286.2016.1259781

Smith AM, Jain M, Mulroney L, Garalde DR, Akeson M. Reading ca-
nonical and modified nucleobases in 16S ribosomal RNA using nano-
pore native RNA sequencing. PloS One. 2019:14(5): e0216709.
https://doi.org/10.1371/journal.pone.0216709

Song P, Yang ), Wang C, Lu Q, Shi L, Tayier S, Jia G. Arabidopsis
N°-methyladenosine reader CPSF30-L recognizes FUE signals to con-
trol polyadenylation site choice in liquid-like nuclear bodies. Mol
Plant. 2021:14(4):571-587. https://doi.org/10.1016/.molp.2021.01.014

Spenkuch F, Motorin Y, Helm M. Pseudouridine: still mysterious, but
never a fake (uridine)!. RNA Biol. 2014:11(12):1540-1554. https://doi.
org/10.4161/15476286.2014.992278

Sun L, XuY, Bai$, Bai X, Zhu H, Dong H, Wang W, Zhu X, Hao F, Song
C-P. Transcriptome-wide analysis of pseudouridylation of mRNA and
non-coding RNAs in Arabidopsis. ] Exp Bot. 2019:70(19):5089-5600.
https://doi.org/10.1093/jxb/erz273

Tang Y, Gao C-C, Gao Y, Yang Y, Shi B, Yu J-L, Lyu C, Sun B-F, Wang
H-L, Xu Y, et al. OsNSUN2-Mediated 5-methylcytosine mRNA
modification enhances rice adaptation to high temperature. Dev
Cell. 2020:53(3):272-286.e7. https://doi.org/10.1016/j.devcel.2020.
03.009

Tian S, Wu N, Zhang L, Wang X. RNA N°-methyladenosine modifica-
tion suppresses replication of rice black streaked dwarf virus and is
associated with virus persistence in its insect vector. Mol Plant
Pathol. 2021:22(9):1070-1081. https://doi.org/10.1111/mpp.13097

Topisirovic 1, Svitkin YV, Sonenberg N, Shatkin A). Cap and cap-
binding proteins in the control of gene expression. Wiley Interdiscip
Rev RNA. 2011:2(2):277-298. https://doi.org/10.1002/wrna.52

Trixl L, Lusser A. The dynamic RNA modification 5-methylcytosine
and its emerging role as an epitranscriptomic mark. Wiley
Interdiscip Rev RNA. 2019:10(1):e1510. https://doi.org/10.1002/
wrna.1510

Vandivier LE, Campos R, Kuksa PP, Silverman IM, Wang L-S,
Gregory BD. Chemical modifications mark alternatively spliced
and uncapped messenger RNAs in Arabidopsis. Plant Cell. 2015:27-
(11):3024-3037. https://doi.org/10.1105/tpc.15.00591

Walters RW, Matheny T, Mizoue LS, Rao BS, Muhlrad D, Parker R.
Identification of NAD" capped mRNAs in Saccharomyces cerevisiae.
Proc Natl Acad Sci U S A. 2017:114(3):480-485. https://doi.org/10.
1073/pnas.1619369114

Wang Y, Li S, Zhao Y, You C, Le B, Gong Z, Mo B, Xia Y, Chen X.
NAD"-capped RNAs are widespread in the Arabidopsis transcriptome
and can probably be translated. Proc Natl Acad Sci U S A. 2019:116-
(24):12094-12102. https://doi.org/10.1073/pnas.1903682116

Wang Y, Wang H, Xi F, Wang H, Han X, Wei W, Zhang H, Zhang Q,
Zheng Y, Zhu Q, et al. Profiling of circular RNA N°-methyladenosine
in Moso bamboo (Phyllostachys edulis) using nanopore-based direct
RNA sequencing. ) Integr Plant Biol. 2020a:62(12):1823-1838. https://
doi.org/10.1111/jipb.13002

Wang Y, Xiao Y, Dong S, Yu Q, Jia G. Antibody-free enzyme-assisted
chemical approach for detection of N°-methyladenosine. Nat
Chem Biol. 2020b:16(8):896-903. https://doi.org/10.1038/s41589-
020-0525-x

Wang C, Yang }, Song P, Zhang W, Lu Q, Yu Q, Jia G. FIONAT is an
RNA N°-methyladenosine methyltransferase affecting Arabidopsis
photomorphogenesis and flowering. Genome Biol. 2022:23(1):40.
https://doi.org/10.1186/513059-022-02612-2

€20z AInF Gz uo Jasn ssadoy Jaquisl\ ddSY Ad 8061 170./1081/9/GE/aI01HE/||20]d/Wwod dno"dlwapede//:sd)y woly papeojumoq


https://doi.org/10.1101/2021.06.15.448494
https://doi.org/10.7554/eLife.49658
https://doi.org/10.7554/eLife.49658
https://doi.org/10.26508/lsa.201900393
https://doi.org/10.26508/lsa.201900393
https://doi.org/10.1038/s41587-021-00949-w
https://doi.org/10.1038/s41587-021-00949-w
https://doi.org/10.1186/s13059-021-02598-3
https://doi.org/10.1186/s13059-021-02598-3
https://doi.org/10.1101/sqb.1966.031.01.055
https://doi.org/10.1101/sqb.1966.031.01.055
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.1261/rna.036806.112
https://doi.org/10.1038/nature24456
https://doi.org/10.1038/nature24456
https://doi.org/10.1016/0006-3002(59)90613-4
https://doi.org/10.1016/0006-3002(59)90613-4
https://doi.org/10.1016/j.tibs.2009.05.003
https://doi.org/10.1016/j.cell.2014.08.028
https://doi.org/10.1105/tpc.17.00854
https://doi.org/10.1105/tpc.17.00854
https://doi.org/10.1016/j.pbi.2021.102047
https://doi.org/10.1016/j.pbi.2021.102047
https://doi.org/10.1016/j.tibs.2015.07.008
https://doi.org/10.1093/nar/gkt195
https://doi.org/10.1093/nar/gkt195
https://doi.org/10.1016/j.devcel.2016.06.008
https://doi.org/10.1016/j.devcel.2016.06.008
https://doi.org/10.1016/j.tplants.2019.01.005
https://doi.org/10.1016/j.tplants.2019.01.005
https://doi.org/10.1080/15476286.2016.1259781
https://doi.org/10.1371/journal.pone.0216709
https://doi.org/10.1016/j.molp.2021.01.014
https://doi.org/10.4161/15476286.2014.992278
https://doi.org/10.4161/15476286.2014.992278
https://doi.org/10.1093/jxb/erz273
https://doi.org/10.1016/j.devcel.2020.03.009
https://doi.org/10.1016/j.devcel.2020.03.009
https://doi.org/10.1111/mpp.13097
https://doi.org/10.1002/wrna.52
https://doi.org/10.1002/wrna.1510
https://doi.org/10.1002/wrna.1510
https://doi.org/10.1105/tpc.15.00591
https://doi.org/10.1073/pnas.1619369114
https://doi.org/10.1073/pnas.1619369114
https://doi.org/10.1073/pnas.1903682116
https://doi.org/10.1111/jipb.13002
https://doi.org/10.1111/jipb.13002
https://doi.org/10.1038/s41589-020-0525-x
https://doi.org/10.1038/s41589-020-0525-x
https://doi.org/10.1186/s13059-022-02612-2

1816 | THE PLANT CELL 2023: 35; 1801-1816

Wei L-H, Song P, Wang Y, Lu Z, Tang Q, Yu Q, Xiao Y, Zhang X, Duan
H-C, Jia G. The m°A reader ECT2 controls trichome morphology by
affecting mRNA stability in Arabidopsis. Plant Cell. 2018:30(5):
968-985. https://doi.org/10.1105/tpc.17.00934

Wiener D, Schwartz S. The epitranscriptome beyond m6A. Nat Rev
Genet. 2021:22(2):119-131.  https://doi.org/10.1038/s41576-020-
00295-8

Winz M-L, Cahovda H, Nubel G, Frindert ), Hofer K, Jaschke A.
Capture and sequencing of NAD-capped RNA sequences with
NAD captureSeq. Nat Protoc. 2017:12(1):122-149. https://doi.org/
10.1038/nprot.2016.163

Wu G, Yu AT, Kantartzis A, Yu Y-T. Functions and mechanisms of
spliccosomal small nuclear RNA pseudouridylation. Wiley
Interdiscip Rev RNA. 2011:2(4):571-581. https://doi.org/10.1002/
wrna.77

Xie Y, Gu Y, Shi G, He J, Hu W, Zhang Z. Genome-wide identification
and expression analysis of pseudouridine synthase family in
Arabidopsis and maize. Int ] Mol Sci. 2022:23(5):2680. https://doi.
org/10.3390/ijms23052680

Xu L, Liu X, Sheng N, Oo KS, Liang ), Chionh YH, Xu ), Ye F, Gao Y-G,
Dedon PG, et al. Three distinct 3-methylcytidine (m>C) methyltrans-
ferases modify tRNA and mRNA in mice and humans. ) Biol Chem.
2017:292(35):14695—14703. https://doi.org/10.1074/jbc.M117.798298

Xu L, Seki M. Recent advances in the detection of base modifications
using the nanopore sequencer. ] Hum Genet. 2020:65(1):25-33.
https://doi.org/10.1038/s10038-019-0679-0

Yang W, Meng J, Liu J, Ding B, Tan T, Wei Q, Yu Y. The
N'-methyladenosine methylome of Petunia mRNA. Plant Physiol.
2020:183(4):1710-1724. https://doi.org/10.1104/pp.20.00382

Yang L, Perrera V, Saplaoura E, Apelt F, Bahin M, Kramdi A, Olas J,
Mueller-Roeber B, Sokolowska E, Zhang W, et al. M>C methylation
guides systemic transport of messenger RNA over graft junctions in
plants. Curr Biol. 2019:29(15):2465-2476.e5. https://doi.org/10.1016/
j.cub.2019.06.042

Yang D, Xu H, Liu Y, Li M, Ali M, Xu X, Lu G. RNA N6-methyladenosine
responds to low-temperature stress in tomato anthers. Front Plant
Sci. 2021:12(1): 687826. https://doi.org/10.3389/fpls.2021.687826

Yang X, Yang Y, Sun B-F, Chen Y-S, Xu J-W, Lai W-Y, Li A, Wang X,
Bhattarai DP, Xiao W, et al. 5-Methylcytosine promotes mRNA ex-
port—NSUN2 as the methyltransferase and ALYREF as an m°C read-
er. Cell Res. 2017:27(5):606-625. https://doi.org/10.1038/cr.2017.55

Yu AT, Ge J, Yu Y-T. Pseudouridines in spliccosomal snRNAs. Protein
Cell. 2011:2(9):712-725. https://doi.org/10.1007/5s13238-011-1087-1

Yu X, Sharma B, Gregory BD. The impact of epitranscriptomic marks
on post-transcriptional regulation in plants. Brief Funct Genomics.
2021a:20(2):113-124. https://doi.org/10.1093/bfgp/elaad21

Yu X, Willmann MR, Vandivier LE, Trefely S, Kramer MC, Shapiro },
Guo R, Lyons E, Snyder NW, Gregory BD. Messenger RNA 5" NAD"
capping is a dynamic regulatory epitranscriptome mark that is

Prall et al.

required for proper response to abscisic acid in Arabidopsis. Dev
Cell. 2021b:56(1):125-140.6. https://doi.org/10.1016/j.devcel.2020.
11.009

Yue H, Nie X, Yan Z, Weining S. N®-methyladenosine regulatory ma-
chinery in plants: composition, function and evolution. Plant
Biotechnol ). 2019:17(7):1194-1208. https://doi.org/10.1111/pbi.
13149

Zhang Z, Chen L-Q, Zhao Y-L, Yang C-G, Roundtree IA, Zhang Z, Ren
J, Xie W, He C, Luo G-Z. Single-base mapping of m°A by an
antibody-independent method. Sci Adv. 2019b:5(7):eaax0250.
https://doi.org/10.1126/sciadv.aax0250

Zhang C, Jia G. Reversible RNA modification N'-methyladenosine
(m'A) in mRNA and tRNA. Genom Proteom Bioinform.
2018:16(3):155-161. https://doi.org/10.1016/j.gpb.2018.03.003

Zhang T, Wang Z, Hu H, Chen Z, Liu P, Gao S, Zhang F, He L, Jin P, Xu
M, et al. Transcriptome-wide N°-methyladenosine (m6A) profiling
of susceptible and resistant wheat varieties reveals the involvement
of variety-specific m®A modification involved in virus-host inter-
action pathways. Front Microbiol. 2021:12(1):656302. https://doi.
org/10.3389/fmicb.2021.656302

Zhang H, Zhong H, Zhang S, Shao X, Ni M, Cai Z, Chen X, Xia Y. NAD
Tagseq reveals that NAD*-capped RNAs are mostly produced from a
large number of protein-coding genes in Arabidopsis. Proc Natl Acad
Sci U S A.2019a:116(24):12072-12077. https://doi.org/10.1073/pnas.
1903683116

ZhengH, Sun X, Li ), Song Y, Song ), Wang F, Liu L, Zhang X, Sui N. Analysis
of N®-methyladenosine reveals a new important mechanism regulating
the salt tolerance of sweet sorghum. Plant Sci. 2021:304(1):110801.
https://doi.org/10.1016/j.plantsci.2020.110801

Zhong S, Li H, Bodi Z, Button ), Vespa L, Herzog M, Fray RG. MTA Is
an Arabidopsis messenger RNA adenosine methylase and interacts
with a homolog of a sex-specific splicing factor. Plant Cell.
2008:20(5):1278-1288. https://doi.org/10.1105/tpc.108.058883

Zhou L, Gao G, Tang R, Wang W, Wang Y, Tian S, Qin G.
mP®A-mediated regulation of crop development and stress responses.
Plant Biotechnol ). 2022:20(8):1447-1455. https://doi.org/10.1111/
pbi.13792

Zhou H, Rauch S, Dai Q, Cui X, Zhang Z, Nachtergaele S, Sepich C, He
C, Dickinson BC. Evolution of a reverse transcriptase to map
N'-methyladenosine in human messenger RNA. Nat Methods.
20192a:16(12):1281-1288. https://doi.org/10.1038/s41592-019-0550-4

Zhou L, Tang R, Li X, Tian S, Li B, Qin G. N6-methyladenosine RNA
modification  regulates strawberry fruit ripening in an
ABA-dependent manner. Genome Biol. 2021:22(1):168. https://doi.
org/10.1186/513059-021-02385-0

Zhou L, Tian S, Qin G. RNA Methylomes reveal the mC®A-mediated
regulation of DNA demethylase gene SIDML2 in tomato fruit ripen-
ing. Genome Biol. 2019b:20(1):156. https://doi.org/10.1186/s13059-
019-1771-7

€20z AInF Gz uo Jasn ssadoy Jaquisl\ ddSY Ad 8061 170./1081/9/GE/aI01HE/||20]d/Wwod dno"dlwapede//:sd)y woly papeojumoq


https://doi.org/10.1105/tpc.17.00934
https://doi.org/10.1038/s41576-020-00295-8
https://doi.org/10.1038/s41576-020-00295-8
https://doi.org/10.1038/nprot.2016.163
https://doi.org/10.1038/nprot.2016.163
https://doi.org/10.1002/wrna.77
https://doi.org/10.1002/wrna.77
https://doi.org/10.3390/ijms23052680
https://doi.org/10.3390/ijms23052680
https://doi.org/10.1074/jbc.M117.798298
https://doi.org/10.1038/s10038-019-0679-0
https://doi.org/10.1104/pp.20.00382
https://doi.org/10.1016/j.cub.2019.06.042
https://doi.org/10.1016/j.cub.2019.06.042
https://doi.org/10.3389/fpls.2021.687826
https://doi.org/10.1038/cr.2017.55
https://doi.org/10.1007/s13238-011-1087-1
https://doi.org/10.1093/bfgp/elaa021
https://doi.org/10.1016/j.devcel.2020.11.009
https://doi.org/10.1016/j.devcel.2020.11.009
https://doi.org/10.1111/pbi.13149
https://doi.org/10.1111/pbi.13149
https://doi.org/10.1126/sciadv.aax0250
https://doi.org/10.1016/j.gpb.2018.03.003
https://doi.org/10.3389/fmicb.2021.656302
https://doi.org/10.3389/fmicb.2021.656302
https://doi.org/10.1073/pnas.1903683116
https://doi.org/10.1073/pnas.1903683116
https://doi.org/10.1016/j.plantsci.2020.110801
https://doi.org/10.1105/tpc.108.058883
https://doi.org/10.1111/pbi.13792
https://doi.org/10.1111/pbi.13792
https://doi.org/10.1038/s41592-019-0550-4
https://doi.org/10.1186/s13059-021-02385-0
https://doi.org/10.1186/s13059-021-02385-0
https://doi.org/10.1186/s13059-019-1771-7
https://doi.org/10.1186/s13059-019-1771-7

	The covalent nucleotide modifications within plant mRNAs: What we know, how we find them, �and what should be done in the future
	Introduction
	5′-nicotinamide adenine diphosphate caps (NAD+ caps)
	Methods and future directions: NAD+
	5-methylcytosine (m5C&sans-serif;)&/sans-serif;
	Methods and future directions: m5C
	N1-methyladenine (m1A)
	Methods and future directions: m1A
	N6-methyladenosine (m6A)
	Methods and future directions: m6A
	Pseudouridine (Ψ)
	Methods and future directions: Ψ
	3-methylcytosine (m3C)
	7-methylguanosine (m7G)
	Concluding remarks
	Acknowledgments
	Supplemental data
	Funding
	References




