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Abstract
Post-transcriptional methylation of RNA cytosine residues to 5-methylcytosine (m5C)
is an important modification that regulates RNA metabolism, translation and stress
responses and occurs in both eukaryotes and prokaryotes. Yet, to date, no
transcriptome-wide identification of m5C sites has been undertaken in plants. Here,
we present over a thousand m5C sites transcriptome-wide in mRNAs and ncRNAs
(non-coding RNAs) in three tissue types; siliques, shoots and roots of Arabidopsis
thaliana at single nucleotide resolution using high-throughput Illumina sequencing of
bisulfite treated RNA (RBS-seq). We show that m5C methylation sites can be tissuespecific, or shared among the tissue types investigated. Among the shared m5C
sites, some are differentially regulated between tissue types, while others are
constitutively methylated at the same level across all three tissue types. Within
mRNAs, the majority of m5C sites are located within coding sequences. A small,
significant enrichment of m5C sites in 3’UTRs of mRNAs was observed when
normalizing for length and sequence coverage. We also investigated ncRNAs and
demonstrate conservation of rRNA and tRNA m5C sites across six species in the
kingdom Plantae, suggesting important and highly conserved roles of this posttranscriptional modification.
We identified over 100 m5C sites in diverse RNA classes such as mRNAs, lncRNAs
(long non-coding RNAs), snoRNAs (small nucleolar RNAs) and tRNAs mediated by
Arabidopsis tRNA methyltransferase 4B (TRM4B) in siliques, shoots and roots.
TRM4 plays broad roles in many organisms for mediating oxidative stress tolerance
and balancing stem cell self-renewal and differentiation. We discovered that these
roles are also conserved in plants, as Arabidopsis trm4b mutants have shorter
primary roots, which is linked to a reduced capacity for cells to divide in the root
meristem. Furthermore, trm4b mutants are also more sensitive to oxidative stress
and have reduced stability of non-methylated tRNAs. Here, we extend the known
m5C sites in tRNAs mediated by Transfer RNA aspartic acid methyltransferase 1
(TRDMT1) and find no evidence of m5C sites mediated by TRDMT1 in other RNA
classes. Additionally we demonstrate that rRNA methylation requires the conserved
RNA methyltransferase (RMTase) NSUN5. Our results also suggest functional
III

redundancy of the three predicted RMTase NOP2 paralogs in Arabidopsis. This
thesis provides the first maps of the Arabidopsis m5C epitranscriptome and
characterization of Arabidopsis genetic mutants needed to further probe functions of
this new layer of gene regulation in plants.
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Abstract The advent of high-throughput sequencing technologies coupled with new detection methods of RNA modiﬁcations has enabled investigation of a new layer of gene
regulation  the epitranscriptome. With over 100 known
RNA modiﬁcations, understanding the repertoire of RNA
modiﬁcations is a huge undertaking. This review summarizes
what is known about RNA modiﬁcations with an emphasis on
discoveries in plants. RNA ribose modiﬁcations, base methylations and pseudouridylation are required for normal development in Arabidopsis, as mutations in the enzymes modifying
them have diverse effects on plant development and stress
responses. These modiﬁcations can regulate RNA structure,
turnover and translation. Transfer RNA and ribosomal RNA
modiﬁcations have been mapped extensively and their

Chemical modiﬁcations of DNA and proteins such as histones
have been established as important regulators of gene
expression, eukaryotic development and stress responses
(Suzuki and Bird 2008; Lawrence et al. 2016). More recently, a
new level of gene regulation, the epitranscriptome, or RNA
modiﬁcations has gained interest and momentum. There are
over 100 different RNA modiﬁcations found in different RNA
species, the most abundant and most intensively studied are
transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs). Loss of
modiﬁcations on tRNAs and rRNAs is linked to multiple human
diseases (Blanco and Frye 2014; Torres et al. 2014) and
detrimental effects on development and stress responses in
other organisms, including plants, underscoring their vital
roles (Motorin and Helm 2011; El Yacoubi et al. 2012). However,
new functions and interactions are also being discovered for
RNA modiﬁcations in mRNAs and other non-coding RNAs
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(ncRNAs) such as long non-coding RNAs (lncRNAs), micro
RNAs (miRNAs) and other small RNAs.
Although the presence of RNA modiﬁcations such as the
5’ cap structure and internal N6-methyladenosine (m6A) in
mRNAs has been known for decades (Desrosiers et al. 1974;
Perry and Kelley 1974; Dubin and Taylor 1975; Shatkin 1976),
the ﬂood gates have only just been opened for a new wave of
research describing other modiﬁcations and their impact on
gene regulation. Several recently developed high-throughput
sequencing methods for detecting RNA modiﬁcations have
allowed investigation of low abundance mRNA and ncRNAs
on an unprecedented scale thereby enabling deciphering of
their functions in RNA metabolism, gene regulation, translation, development and stress responses (methods are
reviewed in Shaﬁk et al. 2016). Interestingly, many of the
RNA modiﬁcations and the enzymes responsible for ‘writing’
and ‘reading’ the modiﬁcations are conserved across the three
domains of life (Jackman and Alfonzo 2013), suggesting
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INTRODUCTION

functions investigated in many organisms, including plants.
Recent work exploring the locations, functions and targeting of
N6-methyladenosine (m6A), 5-methylcytosine (m5C), pseudouridine (Ψ), and additional modiﬁcations in mRNAs and ncRNAs
are highlighted, as well as those previously known on tRNAs
and rRNAs. Many questions remain as to the exact mechanisms
of targeting and functions of speciﬁc modiﬁed sites and
whether these modiﬁcations have distinct functions in the
different classes of RNAs.
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important, conserved biological functions of this added layer
of complexity and ﬂexibility for RNA regulation.
In this article, we provide an update on the research on
tRNAs and rRNAs, highlighting the discoveries in plants before
discussing the recent studies investigating the dynamic role of
RNA modiﬁcations in regulating the function of tRNAs and
rRNAs, and the epitranscriptomic landscape of other classes
of RNA, including mRNAs and lncRNAs. Continuing on from
Fray and Simpson (2015), this review extends and discusses
recent developments utilizing transcriptome-wide sequencing
to explore the RNA modiﬁcation landscapes of N6-methyladenosine (m6A), 5-methylcytosine (m5C), pseudouridine (Ψ) and
other modiﬁcations which perturb Watson-Crick base pairing.
Finally, we will discuss conclusions and future perspectives to
shed light on the Arabidopsis epitranscriptome.

PLANT TRANSFER RNA MODIFICATIONS
AND THEIR FUNCTIONS
Transfer RNAs are considered the most heavily modiﬁed types
of RNA, and these modiﬁcations are highly conserved in
bacteria, yeast, mammals and plants, consistent with their
central role in translation. At least 92 unique chemical
modiﬁcations have been identiﬁed in tRNAs with varied
chemical properties and effects on the stability and function
of tRNAs (Machnicka et al. 2013). Transfer RNA modiﬁcations
include RNA editing of adenosine to inosine (A-I), methylation
or acetylation of RNA bases, isomerization or reduction of
uridine to pseudouridine (Ψ) or dihydrouridine (D) to name a
few. These post-transcriptional modiﬁcations can occur on the
base, or on the ribose sugar backbone of the RNA molecule.
Transfer RNAs can vary in length from 70–90 nucleotides
long with RNA modiﬁcations occurring at different positions on
the iconic clover-leaf secondary structure. The functional roles
of tRNA modiﬁcations are determined by their position on the
clover leaf structure and by the chemical properties of the RNA
modiﬁcation. The functions of these modiﬁcations affecting
tRNA biogenesis can be divided into three major groups, (i)
modiﬁcations that affect amino-acylation on the acceptor
stem; (ii) modiﬁcations on or near the anticodon loop can affect
anti-codon binding, wobble base pairing and frame shifting;
and (iii) other positions on D-stem, TΨC stem and variable loop/
junction affecting stability, structure, translation and tRNA
cleavage/degradation. The positions and types of modiﬁcations
and the enzymes responsible for mediating them throughout
different domains of life have been reviewed extensively in
(Phizicky and Hopper 2010; El Yacoubi et al. 2012; Towns and
Begley 2012). Here we focus on tRNA modiﬁcations and tRNA
modifying enzymes investigated in plants.
The identities of RNA modiﬁcations present in tRNAs of
several plant species (Arabidopsis, tobacco, maize, hybrid
aspen and wheat) have been investigated using a combination
of chromatography and mass spectroscopy techniques on
puriﬁed tRNAs (Shugart 1972; Jones and Scott 1981; Chen et al.
2010; Hienzsch et al. 2013). In two independent studies on
Arabidopsis tRNAs, a total of 26 known tRNA RNA modiﬁcations were identiﬁed and four novel, potentially plant speciﬁc
RNA modiﬁcations (Chen et al. 2010; Hienzsch et al. 2013). In
addition, bioinformatics approaches have been used to
predict hundreds of RNA base modiﬁcation sites in
XXX 2016 | Volume XXXX | Issue XXXX | XXX-XX

Arabidopsis miRNAs and tRNAs, based on the ability of
certain RNA modiﬁcations to introduce mismatches in
sequences after reverse transcription (Iida et al. 2009).
Evidence has also shown dynamic regulation of tRNA
modiﬁcations. When comparing different plant tissues,
differences in the abundance and types of tRNA modiﬁcations
were found when comparing different plant tissues and cell
cultures (Jones and Scott 1981; Hienzsch et al. 2013) and new
and old leaves (Shugart 1972). Recently, the tRNA modiﬁcation 2’-0-cytosine methylation (Cm) was shown to be
increased in response to pathogen infection in Arabidopsis
(Ramirez et al. 2015). In other organisms, several tRNA
modiﬁcations were shown to be induced under stress
conditions such as oxidative stress (Chan et al. 2010; Chan
et al. 2012), nutrient starvation (Preston et al. 2013) and toxins
(Hertz et al. 2014).
Identiﬁcation of RNA modiﬁcations present in tRNAs is
only half the story  the tRNA modifying enzymes, or ‘writers’
are just beginning to be characterized in plants. A combination
of bioinformatics and reverse genetics approaches have been
used to predict and identify tRNA modifying enzymes in
Arabidopsis (Golovko et al. 2002; Chen et al. 2006; Miyawaki
et al. 2006; Pavlopoulou and Kossida 2009; Zhou et al. 2009;
Chen et al. 2010; Hu et al. 2010; Mehlgarten et al. 2010; Leihne
et al. 2011; Zhou et al. 2013; Burgess et al. 2015; Ramirez et al.
2015). Transfer RNA modifying enzymes have been characterized for mediating base methylations of guanine and cytosine
residues, and modifying 20 -O-ribose methylations.
RNA methylation of guanine and cytosine residues
commonly occurs in Arabidopsis tRNAs and have roles in
mediating RNA structure and stabilization through for example
Mg2þ binding (Chen et al. 1993; David et al. 2016). Based on
homologous genes in yeast, three guanosine transfer RNA
methyltransferase (TRM) enzymes have been identiﬁed in
Arabidopsis, namely AtTRM10 (At5g47680), AtTRM11
(At3g26410) and AtTRM82 (At1g03110), which mediate m1G,
m2G and m7G in tRNAs, respectively (Chen et al. 2010). Of these,
a biological role in plant development was only identiﬁed for
AtTRM11, as the mutant showed an early-ﬂowering phenotype.
5-methylcytosine in tRNAs is mediated by Arabidopsis transfer
RNA aspartic acid methyltransferase 1 (TRDMT1, At5g25480) at
position 38 and by tRNA speciﬁc methyltransferase 4B (TRM4B,
At2g22400) at the variable loop/TΨC stem junction (Goll et al.
2006; Burgess et al. 2015). Loss of both TRDMT1 and TRM4B
results in increased sensitivity to the antibiotic Hygromycin B,
suggesting roles for these modiﬁcations in translation (Burgess
et al. 2015). Similar functions were found for TRM4 in yeast (Wu
et al. 1998) and translation efﬁciency was reduced in mammals
(Tuorto et al. 2012). Another tRNA methylation modiﬁcation is
20 -O-ribose methylation. Recently, an Arabidopsis homolog of
yeast TRM7 (At5g01230), a 20 -O-ribose methyltransferase, was
identiﬁed to be required for efﬁcient immune response to
Pseudomonas syringae (Ramirez et al. 2015).
Several modiﬁcations in the anticodon loop ﬁne-tune
translation by reducing frame shift mutations and mediating
codon binding stringency at the third ‘wobble’ base pair
position. RNA editing of adenosine to inosine (A-I) at the ﬁrst
position of the anticodon allows a single tRNA to decode
multiple codons for the same amino acid, because I can base
pair with A, C or U. RNA editing (A-I) by AtTAD1 (homologous to
yeast Tad1p tRNA-speciﬁc adenosine deaminase) (At1g01760)
www.jipb.net

Plant RNA modifications
at the position 3’-adjacent to the anticodon in nuclear
tRNAAla(AGC) has been shown to be required for efﬁcient
translation under stress conditions, as Arabidopsis attad1
mutants have reduced biomass when exposed to heat and
cold stress treatments (Zhou et al. 2013). The molecular
function of this speciﬁc RNA editing event is unclear. A
conserved multi-protein Elongator complex mediates acetylation of histones and tRNA wobble uridine modiﬁcations
(Mehlgarten et al. 2010). Four components of the Elongator
complex have been characterized in plants, demonstrating
roles for the Elongator complex in ABA and oxidative stress
response in Arabidopsis (Chen et al. 2006; Zhou et al. 2009). In
addition, Elongator mutants such as atelp1 (At5g13680) display
pleiotropic growth defects (Chen et al. 2010).

RIBOSOMAL RNA MODIFICATIONS AND
FUNCTIONS IN ARABIDOPSIS
Ribosomes are multi-subunit complexes of non-coding
ribosomal RNAs and proteins. In eukaryotes, three of the
four rRNAs present in the small and large rRNA subunits are
encoded in a single, polycistronic, pre-rRNA transcript.
Multiple processing steps involving cleavage and RNA
modiﬁcations are required for maturation and assembly of
the rRNAs with ribosomal proteins (Henras et al. 2015).
Ribosomal RNA modiﬁcations tend to be clustered around
conserved structural and functional regions of the ribosomes
such as the peptidyl transferase center (PTC) and are required
for efﬁcient translation (Decatur and Fournier 2002). Ribosomal RNAs contain three broad types of RNA modiﬁcations,
ribose methylation, pseudouridylation and several types of
base methylations (e.g. m5C, m3U, m6A) reviewed in (Decatur
and Fournier 2002; Baxter-Roshek et al. 2007).
The most abundant rRNA modiﬁcations are Ψ and 20 -Oribose methylations. The majority of these rRNA modiﬁcations
are mediated by small nucleolar ribonucleoprotein complexes
(snoRNPs) composed of multiple conserved proteins and a
small nucleolar RNA (snoRNA), which directs sequence-speciﬁc
targeting. These two modiﬁcations are guided by two different
classes of snoRNAs, (i) box-C/D snoRNAs which guide 20 -Oribose methylations mediated by the methyltransferase NOP1
(yeast)/Fibrillarin (human) and (ii) box-H/ACA snoRNAs which
direct conversion of uridine to pseudouridine by Cbf5/NAP57/
Dyskerin (human) (Kiss 2001; Brown et al. 2003). Three genes
encoding homologues of the essential yeast and human
Fibrillarin 20 -O-ribose methyltransferase were identiﬁed in
Arabidopsis, AtFIB1 (At5g52470), AtFIB2 (At4g25630) and
AtFIB3 (At5g52490) (Barneche et al. 2000; Pih et al. 2000).
Of these three genes, transcripts were only detected from
AtFIB1 and AtFIB2, and both proteins are able to partially
complement a conditional yeast NOP1/Fibrillarin mutant. This
suggests that the Arabidopsis 20 -O-ribose methyltransferase
snoRNPs might be heterogeneous, and contain either AtFIB1 or
AtFIB2, and these different snoRNPs may have specialized
functions in plants. Similarly, removal of rRNA pseudouridylation in yeast and Arabidopsis by deletion of CBF5, is also lethal
(Lermontova et al. 2007) while defects in the human homolog
Dyskerin result in dyskeratosis congenita, a disease characterized by abnormal skin pigmentation and bone marrow failure
(Heiss et al. 1998). Moreover, patients with this condition were
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recently found to have reduced Ψ in rRNA and the ncRNA
telomerase component TERC (Telomerase RNA component)
(Schwartz et al. 2014a). Another chloroplast speciﬁc rRNA Ψ
synthase was identiﬁed in Arabidopsis in a suppressor
screen for mutants complementing a chloroplast variegation
mutation, SUPPRESSOR OF VARIAGATION1 (SVR1, At2g39140)
(Yu et al. 2008). Arabidopsis svr1 mutants are small and pale
green, with defects in chloroplast rRNA processing and
translation. SVR1 is predicted to target chloroplast rRNA Ψ
independently of a snoRNA guide in a similar manner to other
tRNA and mitochondrial rRNA Ψ synthases from yeast and
bacteria (Ansmant et al. 2000).
Unlike most of the rRNA Ψ and 20 -O-ribose methylations,
which are catalyzed by snoRNPs, the rRNA base methylations
are all performed by site-speciﬁc base methyltransferases. The
nuclear large subunit 25S rRNA in yeast and Arabidopsis
contains two m5C sites, which are methylated by RNA
methyltransferases RCM1 (rRNA cytosine methyltransferase
1) and NOP2 (nucleolar protein 2) (Sharma et al. 2013; Gigova
et al. 2014). The two methylation sites have roles in antibiotic
sensitivity and rRNA biogenesis and processing in yeast,
respectively (Hong et al. 1997; Sharma et al. 2013). In
Arabidopsis the RCM1 homolog, NOP2/Sun domain protein 5
(NSUN5), was found to methylate the orthologous position in
25S rRNA (Burgess et al. 2015). The second m5C site
unexpectedly remained unchanged in single mutants for all
three Arabidopsis NOP2 homologs, NOP2A (At5g55920),
NOP2B (At4g26600) and NOP2C (At1g06560), as nop2a
mutants have a leaf phenotype (Fujikura et al. 2009;
Burgess et al. 2015). The unchanged methylation level in the
single mutants may suggest functional redundancy (Burgess
et al. 2015). Two adjacent adenosines are N-6 dimethylated
(m26A) in small subunit rRNAs of eukaryotes and prokaryotes
by adenosine dimethyl transferase 1 (DIM1) homologs. Similar
to the case of NOP2, the Arabidopsis genome encodes three
rRNA dimethyl transferase enzymes: DIM1A (At2g47420), the
nuclear 18S rRNA dimethyl transferase required for organized
root growth and epidermal patterning (Wieckowski and
Schiefelbein 2012), DIM1B (At5g66360), the mitochondrial
rRNA dimethyl transferase (Richter et al. 2010) and DIM1C/
PALEFACE1 (At1g01860), which is located in the chloroplast
and is required for chloroplast development in the cold
(Tokuhisa et al. 1998).
In organisms such as yeast, with only one copy of DIM1 and
NOP2, loss of either of these enzymes results in lethality
(Lafontaine et al. 1994; Hong et al. 1997). Surprisingly, the
presence of catalytically inactivated modifying enzymes
rescues the phenotype in several organisms, suggesting other
important roles for DIM1 and NOP2 in ribosome biogenesis
(Lafontaine et al. 1995; King and Redman 2002; Zorbas et al.
2015). Arabidopsis dim1a and nop2a mutants both display
small, malformed leaves, slow growth and other phenotypes
(Fujikura et al. 2009; Wieckowski and Schiefelbein 2012),
reminiscent of many other Arabidopsis mutants with roles
in rRNA biogenesis and of ribosomal protein mutants
(Nishimura et al. 2005; Byrne 2009; Abbasi et al. 2010),
pointing to additional functions besides RNA methylation
for these proteins in plants. Another predicted rRNA m5C
methyltransferase is Arabidopsis RNA methyltransferase
(RNMT, At3g13180), which is related to the bacterial Fmu
16S rRNA methyltransferase (Pavlopoulou and Kossida 2009).
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Arabidopsis rnmt mutants have reduced global cytosine
methylation, however, the speciﬁc nucleotide position is yet
to be identiﬁed (Hebrard et al. 2013). In addition to m5C and
m26A, Arabidopsis rRNA also contains several m6A base
methylations (Wan et al. 2015).

MESSENGER RNA AND OTHER
NON-CODING RNA MODIFICATIONS
In the following sections we review and discuss the RNA
modiﬁcations discovered in Arabidopsis, animal, yeast and
bacterial epitranscriptomes to date and their diverse functions. Recently, two modiﬁcations have been identiﬁed
transcriptome-wide using direct detection methods,
m6A (Immunoprecipitation and next generation sequencing)
and m5C (RNA Bisulﬁte sequencing) in plants (Luo et al. 2014;
Li et al. 2014b; Wan et al. 2015; David et al. 2016). The ﬁrst
discovered and globally most abundant RNA modiﬁcation,
pseudouridine (Ψ) has been mapped transcriptome-wide by
several recent studies in mammals and yeast (Carlile et al.
2014; Lovejoy et al. 2014; Schwartz et al. 2014a; Li et al. 2015).
Although Ψ sites have not been mapped in plants transcriptome-wide to date, the enzymatic functions required for
transcriptome-wide Ψ have been investigated in Arabidopsis
(Lermontova et al. 2007; Yu et al. 2008; Chen et al. 2010).
Interestingly, these high throughput studies have revealed
m6A, m5C and Ψ to show distinct distribution patterns
along mRNA transcripts and are associated with speciﬁc
functions as discussed in the following sections (Figure 1).
Additional modiﬁcations in the Arabidopsis epitranscriptome
such as 3-methyl cytosine (m3C) and 1-methyl guanosine (m1G)
have been computationally predicted transcriptome-wide
based on common nucleotide substitution and reverse
transcription errors caused by these modiﬁcations during
RNA-seq library preparation (Ryvkin et al. 2013; Vandivier et al.
2015). The modiﬁcations m6A, m5C and Ψ are unable to be
detected using this method, as they do not alter Watson-Crick
base pairing.

N6-METHYLADENOSINE (M6A)
m6A ‘writers’
Although the presence of m6A in mRNAs was ﬁrst discovered
in the 1970s (Desrosiers et al. 1974; Perry and Kelley 1974),
many questions still remain unanswered about the roles of
m6A in protein coding transcripts. While Ψ is the globally most
abundant RNA modiﬁcation, m6A is the most highly abundant
RNA modiﬁcation in mRNAs and is enriched in poly-adenylated
RNA fractions in plants and animals and has recently also
been identiﬁed in bacterial mRNAs (Zhong et al. 2008;
Meyer et al. 2012; Deng et al. 2015). A multi-protein complex
mediates these m6A sites. The catalytic core is composed
of a heterodimer of methyltransferase like 3 (METTL3) and
methyltransferase like 14 (METTL14) in mammals (Bokar et al.
1994; Liu et al. 2014). Recently, the mammalian splicing factor
Wilm’s tumor 1 associating protein (WTAP) and KIAA1429
were identiﬁed as additional components of the m6A ‘writer’
complex (Ping et al. 2014; Schwartz et al. 2014b). WTAP
may have roles in targeting the m6A activity of METTL3 and
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METTL14, in a site-speciﬁc manner, as m6A sites were mediated
by WTAP dependent or independent mechanisms (Schwartz
et al. 2014b).
Likewise, the Arabidopsis m6A ‘writer’ complex contains
the adenosine methyltransferase MTA (At4g10760), which is
predicted to form a heterodimer with MTB (At4g09980)
(Bujnicki et al. 2002; Zhong et al. 2008). The Arabidopsis
homolog of mammalian WTAP is known as Arabidopsis
thaliana FKBP12 interacting protein 37 (AtFIP37, At3g54170),
and was identiﬁed as a binding partner of MTA several years
prior to similar studies in mammals (Faure et al. 1998; Zhong
et al. 2008). This is shown in Figure 2A. Further studies are
required to identify additional components and interacting
proteins. All three known components of the Arabidopsis
m6A writer complex are essential, as loss results in embryo
lethality (Bujnicki et al. 2002; Vespa et al. 2004; Zhong et al.
2008). The lethality of mta mutants in Arabidopsis can be
rescued by expressing MTA during embryo development
using the ABI3 promoter (Bodi et al. 2012). Use of this system
allowed investigation of the requirement for m6A in vegetative development, ﬂoral architecture and cell speciﬁcation.
The importance of m6A methylation for gene regulation is
underscored by disorders caused by loss of m6A ‘writer’
complex components in human, yeast, mouse and ﬂy (Clancy
et al. 2002; Hongay and Orr-Weaver 2011; Bodi et al. 2012;
Wang et al. 2014b; Chen et al. 2015b).
In order to elucidate why m6A is essential to plant
development, three independent studies have mapped
m6A epitranscriptomes in Arabidopsis and rice (Luo et al.
2014; Li et al. 2014b; Wan et al. 2015). As reported in the
earlier studies in mammalian mRNAs, m6A sites were found
to occur all along transcripts, with low signals observed
across coding sequences and high enrichment in 30 UTRs and
around stop codons (Dominissini et al. 2012; Meyer et al.
2012). Speciﬁcally in plants, there was a slight enrichment for
m6A peaks at the start codon (Luo et al. 2014; Li et al.
2014b). However, a more recent study with greater
sequencing depth and stringency conditions for
m6A antibody binding, did not detect enrichment at start
codons in Arabidopsis (Wan et al. 2015). Thousands of
methylated transcripts were detected in different tissue
types in Arabidopsis and rice and even in different
Arabidopsis ecotypes. While many sites were speciﬁc to a
particular tissue or ecotype, a large number of these sites
were also conserved, even between animals and plants (Luo
et al. 2014; Wan et al. 2015). As the deposition patterns
and even speciﬁc m6A sites are conserved, the targeting
mechanisms of the m6A ‘writer’ complex and functions of
m6A are also likely conserved (Figure 2A).
In support of this, transcriptome-wide mapping studies of
m6A have conﬁrmed earlier reports that the m6A ‘writer’
complex methylates sites within a highly conserved consensus
sequence ‘RRACH’, (R ¼ A/G and H ¼ A/C/U) and this mostly
occurs in GAC or less commonly in the AAC context (Wei and
Moss 1977; Csepany et al. 1990). This consensus sequence is
conserved in yeast, mammals and plants (Dominissini et al.
2012; Meyer et al. 2012; Schwartz et al. 2013; Luo et al. 2014; Li
et al. 2014b; Wan et al. 2015). Interestingly, this is not the case
for prokaryotes as unique distribution patterns and potential
targeting were discovered in bacteria, as unlike animals
and plants, m6A is enriched in coding sequences and at a
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novel ‘GCCAG’ consensus sequence (Deng et al. 2015). The
mechanism of targeting and the functional signiﬁcance of
the distributions of m6A methylation on mRNA remain to be
elucidated. While the highly conserved eukaryotic consensus
sequence ‘RRACH’ is present many times in the transcriptome,
the mechanism for determining which of these sites are
methylated, remains unknown.

Figure 1. RNA modiﬁcations in messenger RNAs have distinct
deposition patterns
Shown is a pictorial representation of relative abundance
of the RNA modiﬁcations m6A, m5C and Ψ along mRNA
transcripts. These representations are based on transcriptome-wide RNA bisulﬁte sequencing data for m5C and
antibody data for m6A in animals and plants. The Ψ abundance
is based on a combination of Ψ-seq and antibody enrichment
data from animals. m6A is lowly abundant along coding
sequences and enriched at long last exons and at the start of
30 UTR’s. While the majority of m5C sites are detected in
the coding sequence of mRNA transcripts, m5C sites are
statistically enriched in 30 UTR’s. For Ψ, the modiﬁed sites
are evenly distributed along the coding sequence, but are
statistically underrepresented in 50 UTRs.

m6A ‘erasers’  reversible RNA methylation
One intriguing mechanism for regulating m6A deposition
is through the active removal of m6A in mRNAs. Two
m6A demethylases have been characterized in mammals,
namely Fat mass and obesity associated protein (FTO) and
Alkylation repair homologue protein 5 (ALKBH5) (Jia et al.
2011; Zheng et al. 2013). These demethylases are part of the
Escherichia coli ALKB dioxygenase homologs (ALKBH) family.
The founding member, E. coli ALKB mediates oxidative
demethylation of nucleic acid bases in DNA and RNA (Aas
et al. 2003). Based on sequence homology, 13 ALKBH family
proteins were predicted in Arabidopsis (Mielecki et al. 2012).
These proteins showed diverse subcellular localizations,
suggesting specialized functions in different cell compartments and hence potential layers of regulation for m6A
demethylation in plants (Mielecki et al. 2012). While the
identity of the Arabidopsis m6A demethylase(s) are still
undetermined, they are expected to cause gross development

Figure 2. Distinct catalytic and targeting mechanisms of different RNA modiﬁcations in Arabidopsis
(A) The predicted Arabidopsis m6A ‘writer’ complex is composed of a heterodimer of MTA and MTB, bound to AtFIP37 and
potentially other, uncharacterized proteins. In mammals, miRNAs are able to guide the m6A ‘writer’ complex, however, it is not
known if this targeting mechanism is conserved in plants. Potential m6A ‘erasers’ and ‘readers’ have been predicted in
Arabidopsis and await further characterization. (B) A model for targeting of m5C methylation by TRM4B, based on RNA structure
and potentially the presence of other RNA modiﬁcations. (C) Proposed H/ACA snoRNP Ψ ‘writer’ complex in Arabidopsis contains
a guide H/ACA box snoRNA and the proteins GAR1 (At3g03920/At5g18180) or NAF1 (At1g03530), NHP2 (At5g08180), NOP10
(At2g20490) and the Ψ synthase AtCBF5 (At3g57150).
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defects, reminiscent of their animal homologs. In mice, loss of
FTO leads to defects in alternative splicing and adipogenesis
(Zhao et al. 2014), while loss of ALKBH5 affects mRNA
processing in human cells and leads to male infertility in mice
(Zheng et al. 2013). While the m6A ‘writer’ complex and
demethylase ‘erasers’ act in concert to dynamically regulate
m6A, additional RNA binding proteins or ‘readers’ are thought
to decide the fate of m6A methylated transcripts.
m6A ‘readers’  consequences for m6A on RNAs
The presence of m6A can inﬂuence RNA metabolism by
regulating binding of modiﬁed RNA with proteins
(m6A ‘readers’) and can also alter local RNA structure, leading
to alternate outcomes for methylated and non-methylated
transcripts. Several classes of m6A ‘reader’ proteins have been
identiﬁed in animals, such as YTH domain proteins, serine/
arginine-rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) (Dominissini et al. 2012; Schwartz
et al. 2013; Zhao et al. 2014; Wang et al. 2014a; Schwartz et al.
2014b; Alarcon et al. 2015a). Potential homologs of these
m6A ‘readers’ have been identiﬁed in plants, suggesting
conserved functions (Lorkovic and Barta 2002).
YTH domain containing proteins have been identiﬁed as
a class of RNA binding proteins that preferentially bind
m6A methylated RNA in mammals and yeast (Dominissini et al.
2012; Schwartz et al. 2013; Wang et al. 2014a; Schwartz et al.
2014b). The ﬁrst m6A ‘reader’ to be characterized was YTH
Domain Family 2 (YTHDF2), which was shown to bind
thousands of m6A containing mRNAs in the cytoplasm and
deliver them to processing bodies for degradation (Wang
et al. 2014a). This discovery explains the negative correlation
of m6A with mRNA abundance in both plants and animals as
m6A is used as a mark for rapid turn-over of mRNAs (Li et al.
2014b; Schwartz et al. 2014b; Wang et al. 2014a; Wan et al.
2015). The sub-cellular locations of m6A readers is crucial for
the outcome of m6A on RNAs and this is clearly demonstrated
by YTHDF2 (Zhou et al. 2015). While cytoplasmic YTHDF2 leads
to mRNA decay, heat shock induces YTHDF2 to re-localize to
the nucleus. YTHDF2 is then able to compete with the nuclear
‘eraser’ FTO for binding of m6A sites, leading to increased 5’UTR
methylation of newly transcribed, heat stress responsive
mRNAs. The increased methylation leads to increased translation initiation independent of the 5’ cap, allowing selective
mRNA translation under heat shock stress. In addition, the
m6A reader YTHDF1 has also been shown to increase translation
initiation of transcripts harboring m6A sites (Wang et al. 2015).
This occurs in the cytoplasm, leading to competition with the
mRNA degrading cytoplasmic YTHDF2. This competition is
thought to allow fast responses and regulation of mRNA
abundance and translation through m6A methylation.
Plant proteins containing this conserved YTH domain are
expected to mediate similar functions for m6A in RNA.
The Arabidopsis genome encodes 13 predicted YTH domain
containing proteins, which may be responsible for ‘reading’
the m6A code and regulating RNA metabolism (Li et al.
2014a). One such protein is the Arabidopsis homologue of
Cleavage and Polyadenylation Speciﬁcity Factor 30 (CPSF30,
At1g30460), which is required in plants and mammals for
polyadenylation and 30 end formation (Thomas et al. 2012;
Chan et al. 2014). Intriguingly, while the presence of the YTH
domain of Arabidopsis AtCPSF30 is dependent on alternative
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splicing, the YTH domain is completely absent in yeast
and mammalian CPSF30 homologs (Delaney et al. 2006; Hunt
et al. 2012; Chakrabarti and Hunt 2015). Furthermore, AtCPSF30
has also been shown to be involved in oxidative stress
responses (Zhang et al. 2008) and is required for programmed
cell death and immunity in Arabidopsis (Bruggeman et al. 2014).
These functions are independent of the YTH domain and raise
questions about the possible roles of YTH domain-containing
AtCPSF30 in regulating m6A containing RNAs.
In addition to YTH domain proteins, two other classes of
potential m6A ‘readers’, namely SR proteins and hnRNPs,
have been investigated. One SR protein, SR Splicing Factor 2
(SRSF2), was shown to preferentially bind mRNAs containing
m6A sites, leading to increased inclusion of target exons
during splicing when the ‘eraser’ FTO is depleted (Zhao et al.
2014). SRSF2 RNA binding sites tend to overlap with m6A sites,
however, it is unclear if SRSF2 binds m6A directly, or indirectly
through interactions with other proteins. Recently, SRSF3 and
SRSF10 were found to competitively bind YTHDC1, which
directly binds m6A, to regulate mRNA splicing (Xiao et al.
2016). While the interaction between SRSF3 and YTHDC1
promotes SRSF3 binding to RNA target sites, YTHDC1 binding
of SRSF10 inhibits SRSF10 binding to RNA target sites. In
combination, these events result in exon inclusion, while
successful SRSF10 binding to RNA results in exon exclusion.
Similarly, over expressing the predicted Arabidopsis SRSF2
ortholog AtSRp30 (At1g09140) demonstrated its function in
regulating splicing (Lopato et al. 1999). Further studies are
required to determine if m6A deposition directly or indirectly
affects the activities of the eighteen SR proteins in Arabidopsis
(Lorkovic and Barta 2002). Other m6A ‘readers’ include
hnRNPs, which have diverse roles in RNA processing and
export (Lorkovic et al. 2000).
Recently, m6A methylation was shown to be required for
the biogenesis and function of a subset of miRNAs, and this is
mediated in part through the m6A ‘reader’ HNRNPA2B1 and
m6A ‘anti-reader’ human antigen R (HuR) in animals. miRNA
processing and abundance is deregulated when either the
m6A ‘writer’ METTL3 or the m6A ‘eraser’ FTO were perturbed,
demonstrating a role for m6A in miRNA biogenesis (Berulava
et al. 2015; Alarcon et al. 2015b). The m6A mark in miRNAs
is important, as nuclear HNRNPA2B1 binds a subset of
m6A containing pri-miRNAs and recruits the Microprocessor
complex to cleave pri-miRNAs into pre-miRNAs (Alarcon
et al. 2015a). In addition, m6A methylation is required for
efﬁcient regulation of a sub-set of miRNA target transcripts.
m6A methylation can aid miRNA driven degradation of
mRNAs, as m6A blocks binding of the m6A ‘anti-reader’
HuR, allowing miRNAs access to their target sites in mRNAs
(Wang et al. 2014b). While m6A methylation regulates the
biogenesis of a subset of miRNAs, some miRNAs are also
able to affect targeting of m6A methylation. Artiﬁcial and
endogenous miRNAs were recently shown to target m6A
deposition and increase m6A abundance by guiding and
modulating METTL3 binding to mRNAs (Chen et al. 2015b).
This proposed mechanism of miRNAs guiding m6A sites is
supported as animal miRNA target sites are highly enriched at
m6A methylated regions, however, no such correlation was
identiﬁed in Arabidopsis (Luo et al. 2014; Chen et al. 2015b). Is
another class of small guide RNAs mediating m6A targeting in
plants? These intriguing ﬁndings raise many questions about
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possible roles of m6A in regulating miRNAs in plants, and
how the plant m6A ‘writer’ complex is targeted to mRNAs.
Another interesting example of an hnRNP m6A ‘reader’
is HNRNPC. HNRNPC does not bind m6A, however, it requires
m6A methylation of mRNA and lncRNA targets such as
Metastasis Associated Lung Adenocarcinoma Transcript 1
(MALAT1) to alter local RNA structure in order to facilitate
RNA binding (Liu et al. 2015). This RNA remodeling, or ‘m6Aswitch’, is achieved through the ability of m6A to disrupt
adenosines from forming non-Watson-Crick G:A base pairs and
also destabilizes A:U base pairs (Roost et al. 2015). It remains
to be seen if the nine hnRNPs in Arabidopsis genome also
show such diverse interactions with m6A as a dance partner
(Lorkovic et al. 2000).
Additional functions for m6A methylation in reprogramming, organ differentiation and cell division functions are
conserved, as indicated by the Arabidopsis mta phenotype
and the roles of m6A in inducing pluripotent cells in mammals
and sporulation in yeast (Clancy et al. 2002; Bodi et al. 2012;
Wang et al. 2014b; Chen et al. 2015b). Furthermore, m6A was
shown to regulate the mammalian circadian clock, as loss of
RNA m6A methylation slows RNA processing resulting in
delayed release of mature clock transcripts from the nucleus
(Fustin et al. 2013). m6A may also play a role in regulating the
plant circadian clock, as several transcripts regulating the
Arabidopsis clock were highly methylated (Wan et al. 2015).
Functions for m6A in splicing intron retention, polyadenylation, microRNA regulation, reprogramming and stress responses in plants warrants further investigation. Recently
developed, single nucleotide resolution approaches to
mapping m6A epitranscriptomes will enable further characterization of the functions of this mark in plants (Linder et al.
2015; Chen et al. 2015a).

5-METHYLCYTOSINE (M5C)
m5C ‘writers’
While the functions of m5C as an epigenetic mark in DNA have
been studied intensively, the role of m5C in RNA is less well
studied. The importance of m5C has been established for
tRNAs and rRNAs (Motorin et al. 2010), but functions are still
being investigated for other RNAs such as mRNAs and
lncRNAs. m5C was ﬁrst identiﬁed transcriptome-wide using
RNA Bisulﬁte sequencing (bsRNA-seq) in human (HeLa)
cells, uncovering over 10,000 m5C sites (Squires et al. 2012).
This prompted the development of additional techniques
that enrich the direct RNA targets of speciﬁc RNA methyltransferases using RNA immunoprecipitation (Khoddami and
Cairns 2013; Hussain et al. 2013a). Recently, the Arabidopsis
m5C landscape was mapped using bsRNA-seq in several tissue
types and RNA methyltransferase mutants, identifying
hundreds of m5C sites (David et al. 2016).
Together, these studies identiﬁed two m5C ‘writers’ that
catalyze methylation in mRNAs and other classes of RNAs; the
ﬁrst RNA methyltransferase is tRNA speciﬁc methyltransferase 4 (TRM4) otherwise known as NOP2/Sun domain protein 2
(NSUN2), in yeast and animals respectively. NSUN2 plays
broad roles in many organisms for mediating oxidative stress
tolerance and balancing stem cell self-renewal and differentiation. This is demonstrated in nsun2 mutant mice presenting
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with epidermal differentiation defects, male infertility and
small size, which is thought to be due to a reduction in stem
cell proliferation (Blanco et al. 2011; Hussain et al. 2013b).
Furthermore, NSUN2 depletion in humans leads to mild
microcephaly, short stature and neurological disorders
(Abbasi-Moheb et al. 2012; Khan et al. 2012; Martinez et al.
2012; Fahiminiya et al. 2014). Loss of nsun2 leads to increased
tRNA cleavage under oxidative stress and these cleavage
products are thought to cause these neuro-developmental
disorders (Blanco et al. 2014). These roles are also conserved in
plants, as Arabidopsis trm4b mutants display shorter primary
roots, which is linked to a reduced capacity for cells to divide in
the root meristem (David et al. 2016). Furthermore, trm4b
mutants are also more sensitive to oxidative stress and have
reduced stability of non-methylated tRNAs. However, it is
difﬁcult to tease apart the contributions of tRNA and mRNA
methylations to these biological functions, as NSUN2/TRM4B
methylates both these classes of RNAs.
The second m5C ‘writer’ shown to target mRNAs is
Transfer RNA aspartic acid methyltransferase 1 (TRDMT1) also
known as DNA methyltransferase 2 (DNMT2). TRDMT1 was
previously thought to methylate DNA, due to its structural
similarity to DNA methyltransferases, however it is now
regarded as an RNA methyltransferase (Goll et al. 2006). In
plants and animals, depletion of TRDMT1 is not phenotypically
evident under controlled conditions (Goll et al. 2006).
However, the functions of TRDMT1 become apparent under
stress conditions such as oxidative and heat stress in
Drosophila (Schaefer et al. 2010). Stress induced cleavage of
tRNAs in TRDMT1 mutants also leads to inhibition of Dicer-2
functions (Durdevic et al. 2013b). Furthermore, TRDMT1 is
required for efﬁcient immune response against viruses in
Drosophila (Durdevic et al. 2013a). In contrast, depletion of
TRDMT1 in zebraﬁsh leads to gross morphological defects (Rai
et al. 2007). NSUN2 mediates many more m5C sites in the
transcriptome than TRDMT1. Only two TRDMT1 mRNA targets
were identiﬁed in human cells, type I cytokeratin KRT18 mRNA
and KRT18 pseudogene mRNA and this methylation was not
conserved in mouse (Khoddami and Cairns 2013). This minor
role for TRDMT1 in mediating m5C transcriptome-wide
seems to be conserved in plants, as only tRNA targets were
identiﬁed (Burgess et al. 2015; David et al. 2016).

LOCATIONS, FUNCTIONS AND
TARGETING OF M5C
In order to determine potential functions of m5C in RNA,
transcriptome-wide deposition patterns of this mark were
analyzed in human cancer cells. Methylated sites are
statistically enriched in ncRNAs compared to mRNAs
(Squires et al. 2012). Within mRNAs, m5C sites are observed
in higher numbers than expected for untranslated regions and
are relatively depleted in coding regions, when normalized for
length and sequence coverage (Squires et al. 2012). Moreover,
m5C candidate sites in 30 UTRs are associated with binding
regions for the Argonaute I–IV proteins, which are involved in
miRNA mediated decay and translational inhibition, suggesting possible roles for m5C in mediating miRNA activity (Squires
et al. 2012). Although further experiments are required to
clearly determine the m5C and Argonaute association.
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Additional functions for m5C in increasing mRNAs half-life
have been proposed, as synthetic m5C methylated mRNAs
exhibit increased stability (Warren et al. 2010). This does not
seem to be the case for the majority of mRNAs, as methylation
levels do not strongly correlate with gross changes in
transcript abundance in mammals or plants (Hussain et al.
2013a; David et al. 2016). Furthermore, no major changes in
global mRNA abundance were observed in mouse nsun2
mutants (Tuorto et al. 2012; Hussain et al. 2013b).
In contrast to mRNAs, several functions for m5C have been
investigated in ncRNAs. Vault ncRNAs were identiﬁed as
NSUN2-speciﬁc m5C targets (Hussain et al. 2013a). Loss of
m5C in vault ncRNAs leads to processing into small RNAs
which can be incorporated into Argonaute complexes to
regulate genes, in a manner similar to miRNAs. In addition to
roles for m5C in small ncRNAs, functions for this modiﬁcation
have been elucidated for long ncRNAs. The 50 A-region of
the lncRNA X-inactive speciﬁc transcript (XIST) contains ﬁve
m5C sites, which were shown to inhibit binding of the
Polycomb repressive complex 2 (PRC2) in vitro (Amort et al.
2013). It remains to be determined if the PRC2 complex acts
globally as an m5C ‘anti-reader’ in both plants and animals.
Analysis of m5C transcriptome-wide has shown that only
approximately 0.4% of cytosines are methylated in mRNA,
suggesting precise targeting of m5C to select target sites
(Squires et al. 2012). In archaea, m5C was located in a
consensus motif of AUCGANGU in mRNAs, providing a
potential targeting mechanism for archaeal m5C ‘writers’
(Edelheit et al. 2013). In contrast, no such consensus target
sequences were identiﬁed for m5C sites in animals or plants
(Squires et al. 2012; Hussain et al. 2013a; David et al. 2016). As a
general consensus sequence has not been identiﬁed, it is
hypothesized that additional factors such as local RNA
structure and RNA binding proteins may regulate the site
selection of TRM4 and TRDMT1 (Figure 2B).
Many questions remain unanswered such as the targeting
mechanism of m5C ‘writers’ and the functions of m5C in
mRNAs and other non-coding RNAs. The identiﬁcation of
potential m5C ‘readers’ and ‘erasers’ using techniques such as
m5C RNA bait to immuno-precipitate m5C binding proteins,
similar to those performed for m6A should lead to future
insights into how m5C sculpts the epitranscriptome.

PSEUDOURIDYLATION (Ψ)
Isomerization of uridine to Ψ was the ﬁrst RNA modiﬁcation to
be discovered, and is also the most abundant (Charette and
Gray 2000; Ge and Yu 2013). As discussed earlier, Ψ is common
in tRNAs and rRNAs and also in spliceosomal snRNAs,
however, it is an open question whether Ψ is present on
Arabidopsis mRNAs. Recently, four research groups independently investigated Ψ transcriptome wide at single-nucleotide
resolution in yeast, human and mouse cells using modiﬁed
approaches to Ψ-sequencing (Carlile et al. 2014; Lovejoy et al.
2014; Schwartz et al. 2014a; Li et al. 2015). Using these
transcriptome-wide approaches, they were able to conﬁrm
known Ψ sites and cognate Ψ synthases in tRNAs, rRNAs,
snRNAs and snoRNAs and extend the known sites to mRNAs
and lncRNAs such as XIST and MALAT1. As the components
required for Ψ are conserved in Arabidopsis, it seems more
XXX 2016 | Volume XXXX | Issue XXXX | XXX-XX

than likely that Ψ also occurs in plant mRNAs (Lermontova
et al. 2007; Yu et al. 2008; Chen et al. 2010) (Figure 2C).
Ψ synthases are targeted to speciﬁc sites in RNAs through
two mechanisms (1) snoRNA guided H/ACA snoRNPs containing CBF5/Dyskerin and (2) snoRNA independent Pseudouridine synthases (PUS). Using a combination of deletion and
knock down mutants for PUS proteins and CBF5/Dyskerin in
yeast and human, mRNA Ψ sites were found to be dependent
on Ψ synthases using both snoRNA dependent and independent mechanisms.
While the targeting mechanism for Ψ by H/ACA snoRNPs is
based on the snoRNA guide, and synthetic snoRNAs have
been successfully designed to target Ψ at novel sites
(Karijolich and Yu 2011), the targeting mechanisms of PUS
proteins to RNA are less understood. Transcriptome-wide
identiﬁcation of Ψ sites in several yeast PUS deletion mutants
allowed analysis and conﬁrmation of sequence consensus
sites preferred by speciﬁc PUS enzymes. In particular, yeast
PUS4 mediated Ψ occurs at ‘GUΨC/NANNC’ consensus sites,
while yeast PUS7 Ψ sites generally occur at the consensus
‘UGΨA/R’. Not all sites with these consensus sequences are
modiﬁed, suggesting other, additional factors mediating
targeting. For example, the structure, as opposed to the
sequence, of the tRNASer anticodon and TΨC stem loops were
required for human PUS1 targeting (Sibert and Patton 2012).
Ψ sites mediated by these enzymes were located all along
mRNA transcripts, with no positional bias found in coding
sequences in any of the four transcriptome-wide studies
(Carlile et al. 2014; Lovejoy et al. 2014; Schwartz et al. 2014a; Li
et al. 2015). However, while Ψ sites were under represented in
3’UTRs of yeast and human cervical cancer (HeLa) cells (Carlile
et al. 2014), a chemical pulldown method, which enriched for
Ψ sites prior to sequencing found that Ψ sites were under
represented in 50 UTRs of mouse and human (H36KT) cells (Li
et al. 2015). Prior enrichment of Ψ sites enabled the
identiﬁcation of thousands of sites transcriptome-wide,
compared to other studies ﬁnding only hundreds of sites.
Dynamic regulation of Ψ sites was conserved across
species, as tissue speciﬁc and stress responsive Ψ sites were
identiﬁed in animals and yeast. Strong, stimuli-speciﬁc
patterns of Ψ were induced for heat shock, addition of a
viral mimic and oxidative stress (Schwartz et al. 2014a; Li et al.
2015). Ψ sites were also regulated by different cellular growth
rates and nutrient availability (Carlile et al. 2014). Interestingly,
Schwartz et al. (2014a) show that PUS7 Ψ mediates heat
sensitivity in yeast, as yeast mutants have increased heat
sensitivity and >200 PUS7 dependent Ψ sites are induced by
heat shock. Ψ transcripts were expressed at higher levels in
wild type than in PUS7 mutants during heat shock, suggesting
a role for Ψ in stabilizing speciﬁc mRNAs in stress conditions.
The function of Ψ in mRNAs is unclear, however, Ψ is
thought to help stabilize RNAs by promoting base stacking,
pairing, and conformational stability. Ψ may also affect the
translation of modiﬁed mRNAs (Davis 1995). For example, Ψ has
been shown to convert nonsense codons into sense codons,
thus ‘rewiring’ the genetic code (Karijolich and Yu 2011).
However, the precise role of Ψ in translation is controversial as
Ψ has been shown to both aid and inhibit translation in
eukaryotic and bacterial systems, respectively, (Kariko et al.
2012; Hoernes et al. 2015). The locations and roles of this
modiﬁcation in Arabidopsis mRNAs is yet to be discovered.
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OTHER MODIFICATIONS IN THE
ARABIDOPSIS EPITRANSCRIPTOME
Of the over 100 RNA modiﬁcations discovered in RNA, highthroughput methods of detection have been limited to
detecting only a small subset of these modiﬁcations. Recently,
a new hybrid method has been introduced, referred to as
HAMR (High-throughput Annotation of Modiﬁed Ribonucleotides), which is able to detect and predict modiﬁcations
that affect Watson-Crick base pairing transcriptome-wide
(Ryvkin et al. 2013). HAMR was trained using data from well
characterized yeast tRNA modiﬁcations to predict the identity
of several RNA modiﬁcations. Subsequently, HAMR was put to
use on the Arabidopsis epitranscriptome, and several types of
RNA modiﬁcations that perturb reverse transcription were
predicted in all types of RNA classes (Vandivier et al. 2015).
Three types of RNA-seq datasets were tested and
compared in this study, (i) polyadenylated, (ii) small RNAs
and (iii) degrading RNA. RNA modiﬁcations were enriched in
Arabidopsis exons and 3’UTRs of uncapped, degrading mRNA
and lncRNA transcripts and the same enrichment pattern
was detected in two human cell lines, suggesting broad
conservation and possible regulatory functions of these
RNA modiﬁcations. It remains to be determined if RNA
modiﬁcations are targeted to degrading transcripts, or if the
RNA modiﬁcations serve as signals to mark transcripts for
degradation. In addition, RNA modiﬁcations predicted by
HAMR in stable mRNAs from the polyadenylated RNA-seq
data sets were enriched within introns that were annotated
to be alternatively spliced in both plants and humans.
Distributions of speciﬁc RNA modiﬁcations were speciﬁc
to different types of RNAs and depended on whether the
transcripts were undergoing degradation. For example,
degrading mRNA transcripts had much higher predicted
levels of dihydrouridylation (D), N6-isopentenyladenosylation
(i6A) and threonylcarbamoyladenosylation (t6A) than stable
mRNAs. Uncapped, degrading transcripts involved in various
stress responses were enriched for HAMR-predicted
modiﬁcations, suggesting possible roles in gene regulation
and stress responses for these mRNA modiﬁcations in
Arabidopsis.

FUTURE DIRECTIONS AND CONCLUSIONS
The four base constituents of RNA are modiﬁed by over 100
different RNA modiﬁcations. This additional complexity of RNA
is essential for basic functions, such as gene regulation and
translation. The Arabidopsis epitranscriptome has now been
mapped for several RNA modiﬁcations, which occur in different
locations across transcripts, are inducible in response to
abiotic and biotic stresses and have diverse roles in plant
development, ranging from subtle (m5C) to dramatic (m6A)
effects on plant growth. While the RNA modifying ‘writers’
have been investigated in plants, studies on potential ‘erasers’
and ‘readers’ are lacking. The Arabidopsis genome encodes
over 200 RNA binding proteins which serve as potential readers
and effectors of outcomes for RNA modiﬁcations (Lorkovic
and Barta 2002). Furthermore, potential Arabidopsis ‘erasers’
from the ALKBH family are yet to be explored for roles in
plant development and mediating dynamic regulation of
www.jipb.net

Figure 3. Potential functions of RNA modiﬁcations in
mediating interactions between nucleic acids and nucleic
acids and proteins
RNA modiﬁcations have diverse chemical properties and can
have different effects on RNA interactions. A spikey, pink
ball is used to represent a generic RNA modiﬁcation. RNA
modiﬁcations can regulate protein binding to RNA through
remodeling of local RNA structure (e.g. ‘m6A switches’),
increasing or inhibiting protein binding. In addition, RNA
modiﬁcations could potentially affect other types of interactions, such as R-loops, which are RNA-DNA hybrids.

RNA modiﬁcations (Mielecki et al. 2012). The ALKBH family of
dioxygenases has diverse substrate speciﬁcities and are not
limited to demethylation of adenosine (Aas et al. 2003; Jia et al.
2011). Speciﬁc Arabidopsis ALKBH family proteins may also
remove additional RNA modiﬁcations. Further research is
needed to elucidate the mechanisms and functional roles of
mRNA modiﬁcations such as alternative splicing, and stress
responses. Using small RNA guides, it is possible to artiﬁcially
induce and block m6A and Ψ in mRNAs (Karijolich and Yu 2011;
Chen et al. 2015b). This should enable the study of the speciﬁc
functions of individual RNA modiﬁcations. There are many
different ways that RNA modiﬁcations can affect RNA structure
and interactions between RNA, RNA and proteins and even
potentially RNA-DNA interactions (Figure 3). The next steps for
deciphering the Arabidopsis epitranscriptome include Ψ-seq,
mapping 20 -O-ribose methylations (Karijolich and Yu 2011;
Birkedal et al. 2015), mapping N1-methyladenosine (m1A)
(Dominissini et al. 2016), single-nucleotide resolution
mapping of m6A (Ke et al. 2015), and determining potential
reversibility, and the elusive targeting mechanism(s) for RNA
modiﬁcations.
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Abstract
Background: Post-transcriptional methylation of RNA cytosine residues to 5-methylcytosine (m5C) is an important
modification that regulates RNA metabolism and occurs in both eukaryotes and prokaryotes. Yet, to date, no
transcriptome-wide identification of m5C sites has been undertaken in plants. Plants provide a unique comparative
system for investigating the origin and evolution of m5C as they contain three different genomes, the nucleus,
mitochondria and chloroplast. Here we use bisulfite conversion of RNA combined with high-throughput IIlumina
sequencing (RBS-seq) to identify single-nucleotide resolution of m5C sites in non-coding ribosomal RNAs and
transfer RNAs of all three sub-cellular transcriptomes across six diverse species that included, the single-celled algae
Nannochloropsis oculata, the macro algae Caulerpa taxifolia and multi-cellular higher plants Arabidopsis thaliana,
Brassica rapa, Triticum durum and Ginkgo biloba.
Results: Using the plant model Arabidopsis thaliana, we identified a total of 39 highly methylated m5C sites in
predicted structural positions of nuclear tRNAs and 7 m5C sites in rRNAs from nuclear, chloroplast and mitochondrial
transcriptomes. Both the nucleotide position and percent methylation of tRNAs and rRNAs m5C sites were conserved
across all species analysed, from single celled algae N. oculata to multicellular plants. Interestingly the mitochondrial
and chloroplast encoded tRNAs were devoid of m5C in A. thaliana and this is generally conserved across Plantae. This
suggests independent evolution of organelle methylation in animals and plants, as animal mitochondrial tRNAs have
m5C sites. Here we characterize 5 members of the RNA 5-methylcytosine family in Arabidopsis and extend the functional
characterization of TRDMT1 and NOP2A/OLI2. We demonstrate that nuclear tRNA methylation requires two evolutionarily
conserved methyltransferases, TRDMT1 and TRM4B. trdmt1 trm4b double mutants are hypersensitive to the antibiotic
hygromycin B, demonstrating the function of tRNA methylation in regulating translation. Additionally we demonstrate
that nuclear large subunit 25S rRNA methylation requires the conserved RNA methyltransferase NSUN5. Our results also
suggest functional redundancy of at least two of the NOP2 paralogs in Arabidopsis.
Conclusions: Our data demonstrates widespread occurrence and conservation of non-coding RNA methylation
in the kingdom Plantae, suggesting important and highly conserved roles of this post-transcriptional
modification.
Keywords: RNA 5-methylcytosine, Non-coding RNA, Ribosomal RNA (rRNA), Transfer RNA (tRNA), Arabidopsis
thaliana, TRDMT1, DNMT2, TRM4, NOP2, NSUN5

* Correspondence: Iain.Searle@adelaide.edu.au
†
Equal contributors
1
School of Biological Sciences, The University of Adelaide, Adelaide, South
Australia 5005, Australia
2
School of Agriculture, Food and Wine, The Waite Research Institute, The
University of Adelaide, Adelaide, South Australia 5005, Australia
Full list of author information is available at the end of the article
© 2015 Burgess et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this
article, unless otherwise stated.

Burgess et al. BMC Plant Biology (2015) 15:199

Background
5-methylcytosine (m5C) is a modification that occurs
both on DNA and RNA. In DNA, m5C has been extensively studied due to its ease of detection and functional
roles of DNA methylation in eukaryotes have been demonstrated for transcriptional silencing of transposons
and transgenes, genomic imprinting and X chromosome
inactivation (reviewed in [1]). While DNA appears to be
devoid of other modifications [1], RNA has over 100
different modifications that have been identified in different species across all three domains of life [2–4].
Transfer RNAs (tRNAs) are heavily decorated with
modifications that have been shown to stabilize secondary
structure, affect codon identification and tRNA aminoacylation [5–8]. Of these modifications, m5C sites in tRNAs
are commonly identified in the variable region and anticodon loop. In response to oxidative stress, m5C has been
demonstrated to be dynamically modulated in yeast [9, 10]
and m5C plays an important role in regulating tRNA
stability and translation in mice under controlled conditions [11]. Furthermore, m5C is required for tRNA
stability under heat stress and oxidative stress conditions
in fruit flies [12]. In ribosomal RNAs (rRNA), m5C sites
are thought to play a role in translation, rRNA processing
and structure [13–15].
In eukaryotes, transfer RNA m5C methylation is catalysed by two RNA methyltransferases (RMTases); the
first class of RMTase is known as tRNA specific methytransferase 4 (TRM4) or NOP2/Sun domain protein 2
(NSUN2), in yeast and animals respectively [11, 16, 17].
NSUN2 mutations in humans are linked to inherited intellectual disability and this is thought to be mediated by
increased cleavage of tRNAs by the ribonuclease angiogenin [18–22]. In mice, nsun2 mutants are smaller and
have reduced male fertility and have revealed a role in
stem cell self-renewal and differentiation [23, 24]. Using
phylogenetic analysis, two putative TRM4/NSUN2 paralogs, TRM4A and TRM4B, were identified in the Arabidopsis genome [25, 26], however these genes have not
been characterized in plants. The second class of eukaryotic
RMTase; Transfer RNA aspartic acid methyltransferase 1
(TRDMT1), also known as DNA methyltransferase 2
(DNMT2), has been shown to methylate tRNAs in
Drosophila, Arabidopsis and Homo sapiens. In plants,
only one m5C site in tRNAAsp(GTC) at position C38 has
been shown to be methylated by TRDMT1 [27]. While
Drosophila, and Arabidopsis trdmt1 mutants appear
wild type under standard laboratory conditions, zebrafish deficient in TRDMT1 have reduced body size and
impaired differentiation of specific tissues [27, 28]. In
nuclear encoded eukaryotic tRNAs, m5C methylation
has been commonly reported at six cytosine positions;
C34, C38, C48, C49, C50 and C72 [2, 3, 18, 29–31].
Methylation has also been discovered on mitochondrial
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encoded tRNAs in humans and cows on several tRNAs at
positions C48, C49 and C72 [29, 32]. However, the methylation status of chloroplast encoded tRNAs and rRNAs
has not been previously reported.
Like tRNAs, ribosomal RNAs are highly conserved and
have important roles in translation. The ribosome consists
of two subunits, the large subunit (LSU) and the small
subunit (SSU). The LSU is composed of three rRNA species in eukaryotes, and generally two rRNA species in prokaryotes, while the SSU contains only one rRNA species
in both prokaryotes and eukaryotes [33–35]. The rRNA
sequences are conserved, although the names of rRNA
species are often not. Whereas rRNA methylation has not
been investigated in plants, the location and enzymatic requirements of a few m5C sites in select organisms has
been determined. For example, the human nuclear LSU
rRNAs (28S and 5S) are methylated. The 28S rRNA contains two sites at C3782 and C4447 while 5S rRNA is
methylated at C92 [30, 31, 36]. The orthologous yeast LSU
25S rRNA contains two sites at C2278 and C2870 [13, 15]
and E. coli LSU 23S rRNA at C1962 [37] and SSU 16S
rRNA at C967 [38] and C1407 [39]. Hamster mitochondrial SSU 13S rRNA also contains one m5C site [40], similarly mouse mitochondrial SSU 12S rRNA is methylated at
position C911 [41]. Two RMTases that have been identified to methylate ribosomal RNA in eukaryotes are NOP2
(nucleolar protein 2) and RCM1 (rRNA cytosine methyltransferase 1). NOP2 methylates position C2870 and
RCM1 methylates position C2278 in the LSU 25S rRNA
in Saccharomyces [13, 15]. Yeast NOP2 is required for correct rRNA biosynthesis and processing [14] and nop2 mutants are lethal. In contrast, yeast rcm1 mutants are viable,
however they are hypersensitive to anisomycin and this is
thought to be due to structural changes being induced by
methylation of rRNA [15]. While there is only one copy of
the RCM1 homolog, referred to here as NSUN5 in Arabidopsis, there are three paralogs of NOP2 in the Arabidopsis genome, OLI2 (NOP2A), NOP2B and NOP2C [26]. One
of these, NOP2A/OLI2 was identified in a forward genetic
screen for genes involved in compensation of cell size [42].
The methylation activity or m5C sites mediated by the three
Arabidopsis NOP2 paralogs and NSUN5 are unknown. Another RMTase, which is related to the bacterial Fmu rRNA
MTase was recently identified in Arabidopsis [43]. Arabidopsis rnmt (RNA methyltransferase) mutants had reduced
global RNA methylation, indicating that it may methylate
highly abundant rRNA transcripts.
Unlike animals, plant cells contain three evolutionary distinct genomes; nuclear, mitochondrial and chloroplast, thus
providing a unique model for investigating m5C catalysis
and biological function. The mitochondria is a striking example of how a prokaryotic translational machinery has
adapted to input from eukaryotic translational machinery
as nuclear, eukaryotic tRNAs are required to be imported

Burgess et al. BMC Plant Biology (2015) 15:199

into the mitochondria, as the mitochondria no longer
has a full complement of tRNAs [44, 45]. tRNA sequences
present in plants are dynamic, as there are multiple copies
of each tRNA isodecoder and these can be lost within a
genome or transferred from the chloroplast and mitochondrial genomes to the nucleus [46]. This gives rise to incidents where a nuclear encoded tRNA has an organelle-like
sequence. It is unknown whether these “transferred” tRNAs
are expressed after integration into a new genome as a
systematic analysis of tRNA expression in plants is yet
to be undertaken [47–49].
In this study, we describe single nucleotide resolution of
post-transcriptionally modified cytosine residues in plant
rRNA and tRNAs by combining RNA bisulfite conversion
with second generation Illumina sequencing (RBS-seq). We
report the identification of novel modified cytosines in A.
thaliana nuclear transcribed tRNAs and that these sites are
dependent on RMTases TRDMT1 and the previously undescribed Arabidopsis TRM4B. Additionally, we show these
modified sites in nuclear tRNAs are conserved through
evolution from the single celled algae Nannochloropsis oculata to multicellular higher plants. Interestingly, no m5C
sites were detected in Arabidopsis chloroplast or mitochondrial tRNAs, which is in contrast to animal mitochondrial
tRNAs. The function of tRNA methylation in regulating
translation is demonstrated, as trdmt1 trm4b double
mutants are hypersensitive to the antibiotic hygromycin B.
Furthermore, we identify novel modified cytosines in nuclear, mitochondrial and chloroplast rRNAs. In Arabidopsis
nuclear LSU 25S rRNA, m5C at C2268 was dependent on
NSUN5, but methylation at C2860 was not found to be
dependent on any particular NOP2 ortholog in Arabidopsis.
Furthermore, RMTases responsible for methylation of
tRNAs were not required for rRNA methylation, and vice
versa indicating functional specialization of the RMTase
family. These data represent the first high-resolution description of tRNA and rRNA modifications in the plantae
kingdom and creates a platform to begin understanding the
function, significance and evolution of non-coding RNA
methylation.

Results
Detection and enrichment of transcribed tRNAs in
Arabidopsis thaliana

To identify transcribed tRNAs in A. thaliana we implemented a two-step approach. First, a tRNA isodecoder
consensus list was constructed to facilitate expression analysis and second, a tRNA enrichment protocol combined
with Illumina deep-sequencing was developed similar to
those recently described [50]. The tRNA isodecoder consensus approach was undertaken as there are over 640
predicted tRNA genes in A. thaliana, originating from the
nuclear, mitochondrial and chloroplast genomes often
with multiple identical isodecoder sequences that makes
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assigning IIlumina sequences to individual transcribed
tRNA loci challenging. Using this consensus approach, the
predicted A. thaliana tRNAs were resolved into 100 reference consensus sequences (Additional file 1: Table S1).
To identify transcribed tRNAs, we initially used total
RNA to construct an Illumina library, deep-sequenced
the library and aligned the sequenced reads to our tRNA
consensus list. Only 0.0007 % of sequence reads aligned
to tRNAs using this traditional approach. Therefore,
we developed a method for tRNA enrichment prior to
Illumina sequencing similar to those recently described
(see Methods). Briefly, after separation of total RNA on a
polyacrylamide gel, a region corresponding to the tRNAs
was excised, RNA purified and then either bisulfite treated
or directly used as template in library construction. Using
this enrichment method, a nearly 20,000-fold increase in
the sequence reads aligning to tRNAs was observed, when
compared to using total RNA (Fig. 1a). Expression of 56
out of 100 isodecoder consensus sequences from all three
genomes, nuclear, chloroplast and mitochondrial was
observed using our RBS-seq data. Of these, seven tRNA
sequences were ambiguously aligning with two or more
genomes (Fig. 1b). A wide-range of tRNA transcript abundances were observed from our RNA-seq data, with
chloroplast and mitochondrial derived tRNAs having the
highest abundance (Fig. 1c). This is most likely a reflection
of the high copy number of plastid and mitochondrial organelles per mesophyll cell.

RBS-seq analysis to identify 5-methylcytosine (m5C) sites
in tRNAs of A. thaliana

To identify m5C sites in tRNAs at single-nucleotide
resolution, we performed bisulfite (BS) conversion on
enriched tRNAs from wild type Arabidopsis that were
combined with an in vitro transcribed Renilla Luciferase
(R-Luc) mRNA BS conversion control lacking m5C.
Complete BS conversion of R-Luc control results in no
cytosines and serves as an important internal control.
After BS conversion, Illumina libraries were constructed,
deep-sequenced and aligned to in silico BS converted,
cytosine to thymine, endogenous Arabidopsis tRNA consensus sequences and the R-Luc control. For a BS converted sample to pass our quality control standards, the
R-Luc control required a minimum of 98 % conversion
across the 178 cytosines present in the R-Luc mRNA BS
conversion control (Additional file 1: Figure S1A). After
passing R-Luc quality control, we then determined the
global endogenous cytosine abundance. In all stranded
RBS-seq libraries, global endogenous cytosine abundance
was less than ~1 % compared to ~22 % for non-BS treated
RNA-seq samples (Additional file 1: Figure S1B, S1C). Together these results demonstrated that bisulfite conversion
of RNA cytosines was highly efficient using our method.
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Fig. 1 Efficient detection of Arabidopsis tRNAs by polyacrylamide gel purification and RNA-seq. a Comparison of Illumina sequencing reads from either
total RNA or gel purified RNA shows an increase in reads mapping to tRNAs from 0.0007 to 13.58 %, respectively. Data from one representative biological
replicate is shown. b Venn diagram showing detection of gel purified tRNA consensus sequences from nuclear, chloroplast and mitochondrial genomes.
56 out of 100 known tRNA consensus sequences were identified in our analysis. Overlapping circles indicate tRNAs that may originate from more than
one genome (n = 3 biological replicates). c Consensus tRNAs display a wide range of expression levels with chloroplast (C) encoded sequences showing
the highest expression levels compared to nuclear (N) and mitochondrial (M) sequences (1 replicate). Three of the tRNAs have undetermined anticodon
sequences and are shown as (XXX). Minority isodecoders with diverged sequences from the majority isodecoder are designated by the number 1 or 2
after the anticodon. RBS-seq was used for (a) and (b) and RNA-seq was used in (c)

To identify m5C sites in nuclear, chloroplast and mitochondrial Arabidopsis tRNAs, we aligned the Illumina
RBS-seq reads against an in silico converted tRNA consensus list. In silico conversion involved converting all
cytosines to thymines. 5-methylcytosine sites were then
identified as cytosines that resist bisulfite conversion. These
sites are to be noted as candidate m5C sites, as other types
of modified cytosine can also be resistant to bisulfite
conversion [29, 51]. We applied a threshold of at least
5 reads aligning to an individual tRNA consensus and a
minimum of 20 % methylation. Using these parameters,
we identified 24 methylated tRNAs and 32 non-methylated
tRNAs out of a total of 56 (Fig. 2a, Additional file 1: Table

S2). Interestingly, only nuclear encoded tRNAs were found
to contain m5C sites, whereas non-methylated tRNAs were
encoded by all three genomes.
Cytosine methylation of Arabidopsis nuclear tRNAs
ranged from 23 to 100 %, and were consistent between
the three biological replicates. 39 m5C sites were identified at 5 structural positions and are illustrated on the
representative tRNA secondary structure at positions
C38, C48, C49, C50 and C72 (Fig. 2b). Methylation at
these sites is consistent with observations in other nonplant species [2, 3, 18, 29–31]. Next we examined the
pattern of methylation in individual tRNA isodecoders.
Seventeen tRNAs were identified with methylation at
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only 1 structural position, while the other remaining 7
tRNAs contained 2–5 m5C sites per tRNA. The most
frequently methylated sites corresponded to structural
positions C48, C49 and C50, indicating that methylation
in this region may be important for tRNA structure or
stability. tRNAAsp(GTC) was the most highly methylated
tRNA and was the only tRNA containing methylation at
all 5 structural positions. The structure of tRNAAsp(GTC)
may require these additional m5C sites for greater stability
or resistance to cleavage.

Identification of TRM4B and TRDMT1 dependent m5C
sites in nuclear tRNAs

To confirm the m5C sites in Arabidopsis nuclear tRNAs
and determine the RMTases required for methylation,
we identified mutants for the predicted Arabidopsis homologs of RMTases TRM4 and TRDMT1 and then performed
RBS-seq on libraries enriched for tRNAs.
Two TRM4 paralogs were identified in the Arabidopsis
genome [25] and we refer to them as TRM4A and TRM4B.
T-DNA mutations in TRM4A or TRM4B were identified and the homozygous mutants characterized by
semi-quantitative RT-PCR to demonstrate null expression (Fig. 2c and Additional file 1: Figure S2C) and
show mutants are most likely complete loss of function.
Mutants trm4a, and the two isolated T-DNA mutants for
TRM4B; trm4b-1 and trm4b-2 were grown on soil and
appeared phenotypically similar to wild type like the
previously characterized RMTase mutant trdmt1 [27]
(Additional file 1: Figure S2A). To test for divergent
functions of TRM4A and TR4MB, the m5C singlenucleotide profile of tRNAs was determined in the mutants
(Fig. 2b). In trm4a, the m5C profile was the same as wild
type, showing that TRM4A is not required for methylation
of any of the detected tRNAs. In contrast for trm4b-1 and
trm4b-2, a total of 18 sites had no detectable methylation
and 7 sites had reduced methylation when compared
to wild type (Fig. 2b and Additional file 1: Figure
S3A). The sites that lost methylation or had reduced
methylation corresponded to structural positions C48,
C49 and C50 which is consistent with animal studies
[2, 3, 18, 29–31].
Further investigation of the functional motifs of TRM4A
and TRM4B by sequence alignment demonstrated that
TRM4A is missing motif I (Additional file 1: Figure S4A).
Motif I is essential for methyltransferase activity and is required for AdoMet binding and catalysis [52]. Loss of
motif I in TRM4A most likely explains why no reduction
in tRNA m5C levels was observed in trm4a. However
we cannot exclude the possibility that TRM4A has other
functional roles. As TRM4B contains all of the predicted
motifs required for RMTase activity and there is a reduction in m5C tRNA methylation in the trrm4b mutants, this
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demonstrated that TRM4B is the functional homolog of
TRM4/NSUN2 in Arabidopsis thaliana.
TRDMT1 was previously reported to methylate three
tRNAs, tRNAAsp(GTC), tRNAGly(GCC) and tRNAVal(AAC) at
structural position C38, in animals [11, 12, 27, 30] and
tRNAAsp(GTC) in Arabidopsis [27]. RBS-seq analysis of wild
type Arabidopsis and trdmt1 not only confirmed that
TRDMT1 is required for position C38 methylation of
tRNAAsp(GTC) but is also required for C38 methylation of
tRNAGly(CCC) and tRNAGly(GCC) in plants as these sites had
no detectable methylation in trdmt1. In contrast to animals,
position C38 of tRNAVal(AAC) is not methylated in Arabidopsis (Additional file 1: Table S2). All other detected
tRNAs were not methylated at position C38.
Nine m5C sites in nuclear tRNAs did not show a reduction of methylation in trm4a-1, trm4b-1 or trdmt1
single mutants when compared to wild type. These sites
occur at structural positions C47, C48, C49 and C72 and
are shown clustered together at the top of the heatmap
(Fig. 2b). To exclude the possibility of functional redundancy of TRM4B and TRDMT1, we constructed a trdmt1
trm4b double mutant and then performed RBS-seq. All 9
sites were methylated in the double mutant and therefore
we concluded that no functional redundancy of TRM4B
and TRDMT1 for methylation of specific cytosine residues
occurs in Arabidopsis. We cannot rule out the possibility
that these 9 sites are cytosines with other RNA modifications that, like m5C, are also resistant to bisulfite conversion and therefore are independent of TRM4A, TRM4B,
or TRDMT1 methylation.
To further demonstrate the reproducibility of our tRNA
methylation data, we developed a rapid PCR-digestion
assay to investigate individual m5C sites derived from BS
treated RNA. Position C38 of tRNAAsp(GTC) coincides with
the restriction enzyme digestion site, ACGT, of HpyCH4IV.
Methylation of C38 protects the site from BS conversion
maintaining the HpyCH4IV site in methylated tRNAAsp(GTC)
derived PCR products. Therefore HpyCH4IV only cleaves
tRNAAsp(GTC) PCR products when position C38 is methylated. Methylation of tRNAAsp(GTC) at position C38 by
TRDMT1 was confirmed using the digestion assay on
wild type and trdmt1 BS treated RNA (Fig. 2d). As expected, C38 of tRNAAsp(GTC) is not methylated in trdmt1
or trdmt1 trm4b double mutants and is not cleaved by
HpyCH4IV after BS treatment. The rapid digestion assay
confirmed our RBS-seq data.
To test the role of tRNA m5C sites in regulating translation, the antibiotic hygromycin B, hereafter described as
hygromycin, was used to perturb translation. Hygromycin
alters the conformation of the A-site in the ribosome,
which increases binding of tRNAs to the A-site, inhibits
translocation and reduces translational fidelity [53]. The
tRNA RMTases TRDMT1 and TRM4B mutants are expected to be more sensitive to hygromycin, as the loss of
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methylation is predicted to weaken the structural integrity
of select tRNAs and increase the ability of hygromycin to
bind and ‘lock’ tRNAs in the A-site, stopping translocation. Therefore we tested this expectation by growing wild
type and mutants on control and hygromycin containing
plates. Both trm4b and trdmt1 trm4b double mutants displayed increased sensitivity to hygromycin at 10 and 20
days after germination (DAG) when compared to the controls (Fig. 2e). The sensitivity of trm4b mutants to
hygromycin is more apparent at 20 days DAG than at
10 DAG. As a number of tRNAs lose methylation in
trm4b and trdmt1 trm4b mutants (Fig. 2b) and previous
reports that loss of methylation affects tRNA structure, we
attribute the hygromycin sensitivity of the mutants to a
modified tRNA structure and the increased interaction
between these tRNAs and the A-site of the ribosome
reducing translation.
Identification of m5C sites in Arabidopsis nuclear,
chloroplast and mitochondrial ribosomal RNAs

To identify m5C sites in rRNAs from A. thaliana, we first
constructed a list of rRNA sequences to represent all
rRNAs from nuclear, mitochondrial and chloroplast genomes (Additional file 1: Table S3). Then we in silico
bisulfite converted all cytosines to thymines before aligning the RBS-seq data. RBS-seq transcriptome libraries
from total RNA were sequenced and efficient bisulfite
conversion of cytosine residues was determined as previously described (Additional file 1: Figure S1A, S1B and
Methods).
We identified a total of 7 m5C sites in the nuclear LSU
25S rRNA, chloroplast SSU 16S, LSU 23S and mitochondrial SSU 18S and LSU 26S rRNAs (Fig. 3a, b). This
pattern is in contrast to tRNA methylation, which was
only detected on nuclear tRNAs (Fig. 2a). Each methylated
rRNA contained one m5C site except for the nuclear LSU
25S and chloroplast LSU 23S rRNAs that each contained
two m5C sites (Fig. 3b). Of the 7 m5C sites, 6 were highly
methylated in all three biological replicates and the average
wild type methylation levels ranged from 66 to 82 %. In
contrast, one m5C site, C960 in mitochondrial SSU 18S
rRNA, was lowly methylated, with an average of 28 %
methylation (Fig. 3b). There were 6 rRNA species that were
not methylated (Fig. 3a and Additional file 1: Table S3).
NSUN5 is required for m5C at position C2268 in nuclear
LSU 25S rRNA

Two positions, C2268 and C2860, in nuclear LSU 25S
rRNA were highly methylated in our RBS-seq datasets
and both sites occur in the conserved domain IV of the
large rRNA subunit in helices 70 and 89, respectively.
Recently, for the orthologous positions C2278 and C2870
in the yeast nuclear LSU 25S rRNA, the RMTases RCM1
and NOP2 were shown to be required for methylation,
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respectively [13, 15]. Therefore, we predicted that the Arabidopsis homolog of RCM1, described here as NSUN5,
and NOP2 paralogs described here as NOP2A/OLI2,
NOP2B and NOP2C would be required for m5C at these
sites [25, 42]. To test these predictions we performed
RBS-seq on nsun5, nop2a, nop2b and nop2c mutants
(Fig. 3c, Additional file 1: Figure S2B, S2C).
To test if NSUN5 is required for m5C at position C2268
of nuclear LSU 25S rRNA we performed RBS-seq on total
RNA from nsun5-1 and wild type (Fig. 3b). Methylation
was reduced from 66 % in wild type to 2 % in nusn5-1 at
position C2268 and methylation was not reduced at any
other rRNA m5C sites. Similar results were obtained for a
second, independent allele, nsun5-2 (Additional file 1:
Figure S3D). Methylation of C2268 was reduced to 29 %
in nsun5-2. The low level of background methylation in
nsun5-2 may be due to low levels of NSUN5 expression in
this mutant. While no transcripts were detected spanning
the T-DNA insertion site, (Additional file 1: Figure S2C)
spurious splicing may be occurring at low frequency to
produce a small amount of functional, truncated protein.
To confirm reduced methylation at position C2268 in nuclear 25S rRNA in nsun5 mutants, we developed a restriction enzyme digestion of PCR products using a dCAPs
(derived cleaved amplified polymorphic sequences) primer
derived from BS treated 25S rRNA. Cytosine methylation
of C2268 retains the HinfI restriction site and the enzyme
cleaves the PCR products in wild type (Fig. 3d and
Additional file 1: Figure S3E). A reduction of C2268
methylation in nsun5-1 and nusn5-2 was observed by
reduced cleavage of PCR products. Together these results
demonstrate that C2268 25S rRNA is methylated by
NSUN5 in Arabidopsis.
Next we tested if NOP2A, NOP2B or NOP2C were required for methylation at C2860 of nuclear LSU 25S rRNA
by RBS-seq from the mutants (Fig. 3b and Additional file 1:
Figure S3D). All mutants, nop2a, nop2b and nop2c had
wild type levels of methylation at C2860 25S rRNA,
suggesting these RMTases do not methylate this site or
are functionally redundant. To address this question,
we attempted to identify nop2a nop2b double mutants,
however these double mutants could not be identified
from a segregating population. This suggests that NOP2A
and NOP2B may act redundantly and are essential for
plant viability. Sequence alignment of NOP2A, NOP2B
and NOP2C revealed that NOP2B is missing motif IV,
which is predicted to be involved in release of methylated RNA from the enzyme [54, 55] and NOP2C has
an altered motif N1, which is involved in RNA binding, but is not essential for RMTase activity, as TRM4
homologs do not contain this motif [56] (Additional
file 1: Figure S4B). Further research is required to uncover the RMTase(s) responsible for this m5C site and
the redundancy of NOP2 paralogs in Arabidopsis. We
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Fig. 3 NSUN5 methylates C2268 in Arabidopsis nuclear LSU 25S rRNA. a Genomic origins of methylated and non-methylated rRNA species.
Methylated rRNAs were detected from all three genomes (3 biological replicates). b Left: Heatmap showing percentage methylation of cytosines in nuclear
(N), chloroplast (C) and mitochondrial (M) rRNA sequences in wild type and mutants nop2a-2, nsun5-1, nop2b-1 and nop2c-1. Cytosine
positions are indicated next to rRNAs (3 biological replicates). Right: Partial secondary structure of 25S nuclear LSU rRNA helix 70 (domain IV) showing
the cytosine position 2268 in red, which is methylated by NSUN5. c Genomic structure of nop2b, nop2c and nsun5 mutants showing T-DNA insertions
(triangles) in exons (filled boxes). d Analysis of RNA methylation by NSUN5 at position C2268 on BS treated nuclear LSU 25S rRNA template. Above:
Restriction maps of dCAPS amplified products showing the expected digest patterns of methylated and non-methylated template. The 25S_rRNA_F
dCAPS primer contains a G mismatch at position four to generate a HinfI restriction site when C2268 is methylated. Below: Cleavage of PCR amplified
product by HinfI confirms C2268 methylation in wild type as opposed to non-methylated C2268 in nsun5-1 results in loss of HinfI restriction site. Loading
control is undigested PCR product

also tested if the tRNA RMTases TRM4A, TRM4B and
TRDMT1 methylate the remaining 6 m5C sites in
rRNAs by RBS-seq from the mutants, trm4a, trm4b-1,
trdmt1, trdmt1 trm4b and wild type (Additional file 1:
Figure S3C). As expected, no reduction in rRNA
methylation levels for the 7 m5C sites was observed in the
mutants. Similarly, to demonstrate NOP2A and NSUN5
are rRNA specific and do not methylate tRNAs, we performed RBS-seq from both nop2a-2 and nsun5-2. No

reductions in m5C tRNA sites were observed (Additional
file 1: Figure S3B).
tRNA and rRNA m5C sites are conserved from single-celled
algae to multicellular plants

To test if methylated sites in nuclear tRNAs and organelle
rRNAs are conserved through evolution, we constructed
tRNA enriched RBS-seq libraries from six organisms;
the single-celled algae, N. oculata, the multicellular
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To test for conservation of m5C of tRNAs we performed
RBS-seq on tRNA enriched libraries from N. oculata, C.
taxifolia, T. durum, B. rapa, A. thaliana, and G. biloba and
detected 35, 30, 51, 48, 56 and 34 tRNA isodecoders respectively (Fig. 4, Additional file 1: Table S2 and Table S4).
Of these tRNAs, 30 were nuclear tRNAs, which are for the
greater part methylated across all six species and the
remaining 8 were putative chloroplast or mitochondrial
tRNAs methylated in only one of the two species, T.
durum or N. oculata. As these tRNAs were only methylated in one of the six species this may reflect chloroplast
or mitochondrial tRNAs recently integrated into the nuclear genome of T. durum or N. oculata. Together these
data demonstrate that methylation of chloroplast or mitochondrial encoded tRNAs is rare in the Kingdom Plantae
and m5C methylation of tRNAs is generally restricted to
nuclear-encoded tRNAs.

macro algae C. taxifolia, and four vascular plants, the
monocotyledonous plant T. durum, the dicotyledonous
plants A. thaliana and B. rapa and the evolutionarily distinct ginkgophyte plant G. biloba. First, to identify transcribed tRNAs in non-Arabidopisis species, we mapped
RNA-seq and RBS-seq to both our Arabidopsis tRNA isodecoder consensus sequences (Additional file 1: Table S1)
and unique tRNA sequences from the closest relative with
annotated tRNAs from the PlantRNA Database [49].
Similarly to construct species-specific rRNA references,
we performed RNA-seq from total RNA from the five
organisms and aligned the reads to either Arabidopsis
rRNA references, species-specific rRNA references, or an
Arabidopsis-rRNA guided assembled reference (Additional
file 1: Table S3). These species-specific rRNA references
were then utilized to align and annotate subsequent
RBS-seq reads.
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Detailed analysis of the 30 conserved nuclear tRNA
isodecoders identified a total of 51 methylated positions.
These 51 sites were divided into three classes, class one
contained 35 highly conserved sites across all six species,
class two contained 5 highly conserved sites in five species and the other species contained a single-nucleotide
polymorphism (SNP) and the third class contained 11
sites which are methylated in at least one species and
not methylated in the other species. Class two that contained SNPs, were either transitions (C > T) or transversions (C > G) at the methylated positions. An example of
a transversion occurs in tRNAAsp(GTC). At position C50
in tRNAAsp(GTC) in C. taxifolia had a transversion from
C to G, abolishing an otherwise highly conserved m5C
site. The G transversion was confirmed by using RNAseq. An example of class three, m5C site reduction in
one species, was position C48 of tRNAGlu(CTC). While
T.durum and G.biloba had low levels of methylation
(22–40 %) at C48, three other species were not methylated
at this site, despite the presence of a cytosine residue in
non-BS converted RNA.
Within class three, containing conserved cytosine residues methylated in at least one species, a noteworthy
example was tRNAGln(TTG) which contained methylated
positions in all species however sites were not conserved.
For example, in T. durum and N. oculata positions C48
and C49 were both methylated however in the other tested
species only C48 or C49 was methylated, but not both sites
despite the presence of cytosines at these positions. This
site variability was also identified by Blanco et al. [18], as
mice are methylated at one site in tRNAGln(TTG), while
humans are methylated at two sites. A clearer understanding of the other ribonucleotide modifications near these
tRNA positions may provide further insight into these
observations.
We also identified two additional m5C structural positions, C34 and C68 in tRNALeu(CAA) and tRNALys(CTT) of B.
rapa and G. biloba, respectively, that were not methylated
in other species. tRNALeu(CAA) position C34 methylation
was only detected in B. rapa and G. biloba at 89 and 20 %,
respectively. The variation of methylation at this position
may be due to environmental factors, as methylation at
this site in yeast was previously shown to be altered
under oxidative stress conditions [10]. It is predicted
that tRNALeu(CAA) position C34 is methylated in Arabidopsis but we did not detect Arabidopsis tRNALeu(CAA)
in our datasets. For tRNALys(CTT) position C68, G. biloba
had 25 % methylation while A. thaliana, B. rapa and T.
durum had very low methylation (below our 20 % methylation threshold). Similarly, methylation at nearby structural
positions C67 and C69 in other tRNAs has also been
reported in humans [30].
Conservation of rRNAs m5C sites was tested amongst all
six organisms, N. oculata, C. taxifolia, T. durum, B. rapa,
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A. thaliana, and G. biloba, by RBS-seq from total RNA. A
total of 8 highly conserved m5C sites in nuclear, chloroplast and mitochondrial structural positions of LSU and
SSU rRNAs were identified (Fig. 5 and Additional file 1:
Table S3 and Table S5). Interestingly, methylation of LSU
25S rRNA cytosines C2268 and C2860, which are predicted
to be dependent upon homologs of NSUN5 and NOP2A/
NOP2B/NOP2C, respectively are conserved in all six species [13, 15]. Six of these 8 m5C sites were highly conserved
in methylation percentage and position across all tested
species except C916 in SSU 16S chloroplast rRNA for
which the methylation across species ranged from 31 to
87 %. The remaining two highly conserved sites, mitochondrial C960 in SSU 18S rRNA and C1549 in LSU
26S rRNA were highly methylated in four of the six
tested species. A further eight m5C sites, were species
specific of which 6, C1703 and C1713-1717, occurred
in a 15 bp region on T. durum nuclear SSU 18S rRNA
and the other two methylated sites, C1566 mitochondrial
SSU 18S rRNA and C1887 chloroplast LSU 23S rRNA occurred only in N. oculata. The five clustered m5C sites in
18S rRNA maybe attributed to BS non-conversion events
as a result of strong secondary structure of the rRNA. The
remaining species-specific sites in N. oculata may reflect
species-specific factors regulating translation by ribosomes.

Discussion
Here, we show that the post-transcriptional modification
5-methylcytosine is only detected on nuclear-encoded
tRNAs of plants however methylation of rRNAs occurs
in transcripts from all three organelles. Strong conservation of tRNA and rRNA methylated sites were observed
in species ranging from single-celled algae to multicellular
plants. Furthermore, in Arabidopsis thaliana, the evolutionarily conserved RNA methyltransferases TRM4B and
TRDMT1 were found to be required for tRNA methylation at multiple nucleotide sites, while NSUN5 specifically
methylates nuclear LSU 25S rRNA at position C2268.
Our study detected 39 candidate sites for 5-methylcytosine
in Arabidopsis nuclear tRNAs and an additional 20
m5C sites were detected across diverse plant species
and all sites except one are new discoveries in plants.
The majority of m5C sites were found at positions
within tRNA secondary structure known to have 5methylcytosine in animals [2, 3, 18, 29–31], broadly
supporting existing expectations of the role of m5C in
modulating tRNA function [2]. An emerging facet of
tRNA biology in both plants and animals is their processing into smaller regulatory RNAs [57–61], and
TRDMT1- mediated addition of m5C has been demonstrated to protect tRNAs against heat and oxidative
stress-mediated cleavage in Drosophila [12]. Likewise,
methylation by TRM4/NSUN2 in humans and mouse has
been demonstrated to protect tRNAs from oxidative stress
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induced cleavage [18]. Together, this data provides a
wealth of m5C sites mediated by TRDMT1 and TRM4B
that can now be interrogated for a role of this phenomenon
in plants. Future experiments will determine if increased
cleaved tRNA fragments are observed in the RMTase
mutants and testing these mutants under various environmental conditions may highlight additional roles for
these genes in modulating stress responses.
Detection of m5C sites on only nuclear tRNAs in Arabidopsis is consistent with the mitochondrial and chloroplast
genomes being derived from alpha-proteobacteria [62]
and cyanobacterial ancestors [63], respectively. Complementary to our data, m5C sites were not detected on
tRNAs from bacterium Escherichia coli and Bacillus
subtilis [3]. In contrast, six mitochondrial tRNAs in bovine [32] and five mitochondrial tRNAs in human [29, 64]

contain methylation at positions C48, C49 and C72. These
data suggest that methylation of mitochondrial tRNAs
may have evolved independently in animals since the last
common ancestor between plants and animals. A lack of
methylation of mitochondrial and chloroplast tRNAs was
generally conserved across diverse plant species. Three
notable exceptions were chloroplast-like tRNACys(GCA),
tRNAGlu(TTC) and tRNALeu(TAG) in T. durum that we
detected methylation however no methylation was observed in the homologues of other plants species. One
interpretation of these observations is that the three
chloroplast-like tRNAs of T. durum represent recent
DNA integration events into the nucleus. After nuclear
integration and transcription, these tRNAs are methylated by RMTases, presumably TRM4B, TRDMT1 or
RCMT9.
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Many mitochondrial genes and tRNAs are often incorporated into nuclear genomes and accordingly lost from
the organelle genomes over time [46]. As a result, to obtain the full complement of tRNAs required for translation
of mitochondrial encoded proteins, requires the import of
tRNAs from the nucleus. Nine tRNA isoacceptors are predicted to be imported from the nucleus to the mitochondrion in Arabidopsis [44] and several of these tRNAs, such
as tRNAGly(CCC) were found to be methylated in our data.
We speculate that m5C methylation by TRM4B and/or
TRDMT1 of these mitochondrial-imported nuclear tRNAs
occurs in the cytoplasm before import into the mitochondria. Methylation of nuclear, eukaryotic tRNAs that are
imported into the mitochondria implies they are not inherently incompatible with the prokaryotic mitochondrial
translation machinery.
Nine putative cytosine RMTase enzymes including
TRDMT1/DNMT2 are encoded in the Arabidopsis genome of which we demonstrate TRM4B and TRDMT1
methylate tRNAs and not rRNAs [25, 26]. Duplication of
TRM4 resulted in two paralogs, TRM4A and TRM4B in
Arabidopsis. TRM4B retains methyltransferase activity on
tRNAs while TRM4A contains a deletion of motif I which
is required for target cytosine binding [52]. We cannot rule
out that TRM4A contains other regulatory functions, for
example regulating m5C stability or modulating accessibility
of m5C sites to RNA binding proteins. TRM4B methylation
of tRNAs at positions C48, C49 and C50 is consistent with
the fact that animal and yeast homologues also methylate
these tRNA structural positions [2, 3, 16, 18, 29–31].
NSUN2/TRM4 in human has been found to methylate
tRNA(s) at position C72 [30]. In contrast, we identified only
one C72 methylated position in tRNAAsp(GTC), which was
independent of TRM4B. TRDMT1 has been previously described as a tRNA C38 specific RMTase, in animals and
methylates tRNAAsp(GTC), tRNAGly(GCC) and tRNAVal(AAC)
[11, 12, 30]. We confirmed this C38 specific observation in
Arabidopsis by not only detecting the previously described
tRNAAsp(GTC), but also two new tRNAs, tRNAGly(GCC) and
tRNAGly(CCC). The importance of these methylated sites in
tRNAs is illustrated in other organisms, as loss of TRM4
and TRDMT1 results in reduced abundance of mature
tRNAs and translational efficiency in mice [11]. In addition,
tRNA m5C sites mediated by TRM4 in yeast are required
for tolerance to the antibiotic paromomycin, which is an
aminoglycoside, like hygromycin B [65]. Similarly our data
of trm4b mutants increased sensitivity to hygromycin B
when compared to wild type suggests TRM4B methylated
tRNAs have a role in translational efficiency. Interestingly
the loss of both TRDMT1 and TRM4B resulted in a severe
sensitivity to hygromycin B. There are only three tRNAs
which we found to be methylated by both TRDMT1 and
TRM4B suggesting that the m5C mediated structure of
these three tRNAs is important for translation. Translation
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is tightly regulated in order for organisms to adapt quickly
to environmental stresses, such as oxidative and heat stress
[10, 66]. Alterations in translation in Arabidopsis trdmt1
trm4b mutants may affect translational regulation under
stress conditions and reduce plant fitness.
Our identification of m5C sites at tRNA structural positions C48, C49, C50 and C72 independent of either
TRM4B or TRDMT1 is similar to recent observations in
mouse using RBS-seq and raises the possibility that another RMTase methylates these sites [18]. This is in contrast to humans where all tRNA m5C sites are dependent
on either TRM4 or TRDMT1 [18]. We propose that the
additional tRNA RMTase in plants is the closest TRM4
homologue RCMT9 (At5g66180). This hypothesis could
be tested by identification of rcmt9 mutants and performing RBS-seq on enriched tRNAs as described here. An
alternative hypothesis is that the TRM4 and TRDMT1
independent m5C sites are not m5C sites but other cytosine
modifications that are resistant to BS conversion [29, 51].
This could be tested by performing mass spectrometry on
purified tRNAs from plant trm4b trdmt1 double mutants
and determining the presence or absence of m5C. In nsun2
trdmt1 double mutant mice, RNA m5C levels were reduced
by at least 90 % compared to wild type mice [11]. It is unclear whether this indicates that additional m5C sites in
tRNAs remain, or if the detected m5C was derived from
contaminating rRNA. We favour the first hypothesis that
these TRM4B and TRDMT1 independent sites are bona
fide m5C sites as they are in tRNA structural positions
which normally contain m5C and that these sites are methylated by Arabidopsis RCMT9, which shares sequence
homology with TRM4 homologues [25].
Our approach not only detected methylated sites in
RNAs but also provides a quantitative measure of the
percentage of transcripts having this modification. This
allowed us to undertake a quantitative comparative analysis of methylation in more than 200 individual sites in
tRNAs and 50 individual sites in rRNAs amongst diverse
plants. Interestingly both the percent methylation and
specific sites in tRNAs and rRNAs were broadly conserved
across the six plant species. This strong conservation
strongly supports the functional importance for these m5C
sites in roles such as regulating the structure and stability
of rRNAs and tRNAs [2].
Our study detected 7 candidate sites for 5-methylcytosine
in Arabidopsis nuclear, chloroplast and mitochondrial LSU
and SSU rRNAs, all of them novel in plants. Many of these
high-confidence sites were found at positions within rRNA
regions known to have 5-methylcytosine in animals and
bacteria [2, 12, 14, 33–36]. Of note, we did not detect LSU
5S rRNA methylation in any plant species analyzed, while
in contrast, this rRNA species is methylated by TRM4/
NSUN2 in HeLa cells [30, 31]. It is intriguing that while
plant chloroplast and mitochondrial tRNAs are devoid of
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m5C, organelle rRNAs contain m5C. It is unknown whether
the rRNAs are methylated inside the chloroplast and mitochondria, or if they are exported to allow addition of modifications from nuclear derived modifying enzymes before
they are imported back into the organelles. Arabidopsis
RMTases NOP2B and RNMT/FMU are both predicted
to localize in chloroplasts [26]. This suggests that these
RMTases methylate the rRNA inside the organelles.
Further study is required on the location of the RMTases,
to confirm these findings and to assess where catalysis of
m5C occurs.
There are five RMTases present in the Arabidopsis
genome, which are predicted to methylate rRNA, based
on sequence similarity to rRNA RMTases in other organisms. In this study, we investigated the rRNA m5C
sites requiring the RCM1 homolog, NSUN5 and the
NOP2 paralogs NOP2A, NOP2B and NOP2C. Here
we showed that Arabidopsis NSUN5 is required for
methylation of C2278 in nuclear LSU 25S rRNA.
Interestingly, the yeast NOP2 ortholog in Arabidopsis,
NOP2A was not found to be required for m5C at
C2860 of nuclear LSU 25S rRNA. We hypothesise that
this may be due to functional redundancy with the
other NOP2 paralogs in the Arabidopsis genome, NOP2B
and NOP2C. It is uncertain if the paralogs NOP2B and
NOP2C are functional RMTases. NOP2B lacks motif IV,
which is involved in release of target RNA after methylation by motif VI [54, 55]. In yeast, a point mutation in
motif IV of the conserved residue Cys424 in NOP2 leads to
accumulation of mutant nop2 protein-RNA complexes
and cell death [54, 67]. It is possible that NOP2B is utilizing a Cys residue contained in a highly diverged, nonconforming motif IV to evade cell death. An alternative
possibility is that although the m5C site is conserved, that
another RMTase in the genome is responsible for methylation at this site. The most promising candidate for this
possibility is the Arabidopsis homolog of bacterial Fmu,
RNMT, which is predicted to methylate rRNA [25, 43].
Conservation of the enzymes and methylation sites in
rRNA across species suggests conservation of function.
The possible functions include, regulation of protein
synthesis, stability and maturation of rRNA and translational fidelity. It remains to be seen if the phenotype of
nop2a can be linked to any specific m5C sites, or alterations in rRNA processing. The rRNA m5C sites and the
mutants identified in this work provide a platform to
launch studies into the roles of specific rRNA m5C sites
under different environmental conditions.

Conclusions
This comprehensive characterization of the tRNA and
rRNA methylation profiles in plants uncovered nuclear
specific methylation of tRNAs, while rRNAs are methylated from all three genomes. The method of enriching
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for tRNAs combined with RBS-seq on wild type and
mutants allowed us to identify m5C sites dependent on
NSUN2/TRM4 and to extend the known target range of
TRDMT1 to an additional two tRNAs at position C38 in
plants. We also determined that NSUN5 is required for
m5C at C2278 in nuclear LSU 25S rRNA and uncovered
functional redundancy among the Arabidopsis NOP2
paralogs, NOP2A, NOP2B and NOP2C, as loss of one of
these three enzymes is insufficient to remove any rRNA
m5C sites, while loss of both NOP2A and NOP2B appears lethal. Arabidopsis RMTase enzymes are encoded
in the nuclear genome. This suggests movement of either the nuclear encoded RMTase enzymes to organelles,
or transport and re-import of organelle rRNAs. We
favour the former hypothesis as the Arabidopsis Fmu-like
RNMT and NOP2B are predicted to be located in organelles [26], which suggests that they methylate rRNA inside
the mitochondria and chloroplast, and that NOP2B acts redundantly with NOP2A and NOP2C. While several mitochondrial tRNAs are methylated in vertebrates [29, 32, 64],
our data suggests that like bacterial tRNAs, plant mitochondrial and chloroplast tRNAs are not methylated
[3]. This suggests that vertebrates gained the ability to
methylate mitochondrial tRNAs during evolution. We
discovered high levels of conservation of tRNA and
rRNA methylation across diverse plant species, including
the sites shown to be methylated by TRDMT1, TRM4B
and NSUN5 in Arabidopsis, indicating that these enzymes
are most likely responsible for methylation at these sites in
other Plantae. The conservation of RMTases and m5C
sites strongly suggests important, conserved functions,
which deserve investigation. We investigated the function
of tRNA m5C sites using the antibiotic hygromycin B. Loss
of both TRDMT1 and TRM4B resulted in increased
sensitivity of mutants to the antibiotic hygromycin B,
suggesting that tRNA m5C sites affect tRNA structure in a
combinatorial manner. Our data provides the foundation
and characterization of Arabidopsis genetic mutants
needed to further probe the functions of RNA m5C in
plants.

Methods
Plant material and growth conditions

A. thaliana (Columbia ecotype) and B.rapa plants were
grown in Phoenix Biosystem controlled environment
rooms at 21°C under metal halide lights that provided a
level of PAR (photosynthetic active radiation) of 110
μmol of photos/m2/s. Plants were grown under long day
photoperiod conditions of 16 h light and 8 h darkness
on soil (Debco Seedling raising mix) or ½ MS media
supplemented with 1 % sucrose. G. biloba was grown at
the Botanic Gardens of Adelaide (34.9181° S, 138.6107°
E, Australia). C. taxifolia was grown in artificial seawater
at 25°C under fluorescent lights that provided PAR of 80
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μmol of photos/m2/s. N. oculata was grown in artificial
seawater supplemented with nitrogen and phosphorous
under fluorescent lights that provided PAR of 40 μmol
of photos/m2/s to log phase. For Arabidopsis hygromycin
B assays, seeds were sown on control and hygromycin B
[15 ug/mL] supplemented ½ MS media with 1 % sucrose.
Hygromycin B was purchased from A.G. Scientific, Inc..
Plants were photographed with a Canon PowerShot G15
camera at 10 and 20 days after germination (DAG).
Mutant alleles described are; nop2a-2 (oli2-2) (SALK_
129648), nop2b-1 (SALK_084427), nop2b-2 (SALK_0546
85), nop2c-1 (SAIL_1263_B04), nop2c-2 (SALK_149488),
nsun5-1 (SALK_204104), nsun5-2 (SALK_004377), trdmt1
(SALK_136635), trm4a (SALK_121111), trm4b-1 (SAIL_
318_G04) and trm4b-2 (SAIL_667_D03). The trdmt1 trm4b
double mutants were generated using the trdmt1 and
the trm4b-1 mutant alleles. The nop2a nop2b double
mutants were generated using the nop2a-2 (oli2-2) and
the nop2b-1 mutant alleles. Primers used to identify
homozygous T-DNA mutants are provided (Additional
file 1: Table S6).
Nucleotide sequence data for the following genes are
available from The Arabidopsis Information Resource
(TAIR) database under the following accession numbers:
NOP2A/OLI2 (At5g55920), NOP2B (At4g26600), NOP2C
(At1g06560), NSUN5 (At5g26180), TRDMT1 (At5g25480),
TRM4A (At4g40000), TRM4B (At2g22400).

RNA isolation and bisulfite conversion of RNA

Total RNA was isolated from either 10 day old A. thaliana
seedlings, or A. thaliana floral buds, T. durum flag leaf, B.
rapa and G. biloba shoot apexes, C. taxifolia fronds or log
phase growth N. oculata cells using the Spectrum Plant
total RNA kit (SIGMA-ALDRICH) and contaminating
DNA removed using DNase (SIGMA-ALDRICH). To enrich for tRNAs, 10μg of total RNA was separated on a
10 % polyacrylamide gel, the region containing 65–95 nts
was removed and RNA was purified. Either total RNA or
purified tRNAs were used for library construction using
Illumina’s TruSeq RNA sample kit v2, as per the manufacturer’s instructions. As bisulfite treated RNA is sheared,
bisulfite treated samples were quickly processed after
addition of the fragmentation buffer. For bisulfite conversion, 200 pg of control in vitro transcribed Renilla
luciferase (R-Luc) RNA was added to either 2 μg of
total RNA or 200 ng of purified tRNAs and converted
with sodium metabisulfite (SIGMA-ALDRICH) as previously described [29, 51]. Bisulfite treated total RNA
or purified tRNAs were used as template for Illumina
library construction as described above. Illumina sequencing was performed on a MiSeq platform at ACRF, Adelaide. For a description of the sequenced libraries, see
(Additional file 1: Table S7).
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Sequence read mapping and methylation analysis

Sequences were trimmed for adapters and filtered for low
quality reads using CLC Genomics Workbench (Qiagen).
In order to identify tRNAs and to reduce mapping ambiguity, we collapsed identical and highly similar tRNA
isodecoder sequences from The Arabidopsis Information
Resource [68] to create a reference consensus list of 100
tRNA isodecoders (Additional file 1: Table S1). For tRNAs
from other species, both the Arabidopsis reference consensus list and unique tRNA sequences obtained from the
closest relative available in the PlantRNA Database [49],
were used. rRNA sequences were obtained from the NCBI
Refseq database where available. For species without available rRNA sequences, RNA-seq reads were aligned to the
Arabidopsis RNA reference sequence for the corresponding rRNA subunit and a consensus was derived in order
to obtain species-specific SNPs (Additional file 1: Table
S3). RBS-seq reads of tRNAs and rRNAs were mapped to
in silico converted reference sequences, while RNA-seq
reads were mapped to unconverted sequences. CLC
Genomics Workbench (Qiagen) was used to align sequence
reads to the corresponding tRNA and rRNA reference sequences. In order to compare structural positions in tRNAs
with different sequences and lengths, the representative
structure model was used [69]. For rRNAs, the reference
sequences of all plant species analysed were aligned to the
Arabidopsis references and the numbering was based on
the nucleotide position of the corresponding Arabidopsis
rRNA reference sequence.
In order to identify methylated cytosines, non-conversion
of a cytosine in read sequences was taken to indicate the
presence of m5C. Renilla Luciferase in vitro transcribed
mRNA lacking m5C was used to ensure that conversion efficiency was greater than 98 %. To ensure robust detection
of methylated sites in tRNAs and rRNAs, a minimum of 5
reads coverage was required and a minimum methylation
level of 20 % (≤80 % conversion rate). Percentage methylation at specific positions was calculated as the number of
mapped cytosines divided by the combined total number of
mapped cytosines and mapped thymines. Heatmaps showing percentage methylation were created in R [70], using
the R package “Pretty heatmaps” [71].
Methyl-chop PCR methylation assay

cDNA derived from the bisulfite treated RNA was used to
generate PCR products from tRNA Asp(GTC) and helix
70 of 25S nuclear rRNA using the primers forward Asp
tRNA_At_FWD and reverse Asp tRNA_At_REV and
primers forward 25S_rRNA_F and reverse 25S_rRNA_R,
respectively. The 25S_rRNA_F dCAPS primer contains a
G mismatch at position four from the 3′ end to generate a
HinfI restriction site. PCR products were digested with
HpyCH4IV or HinfI restriction enzymes (New England
Biolabs), respectively. The tRNAAsp(GTC) 72bp PCR product
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is digested by HpyCH4IV resulting in two digestion products of 35bp and 37bp if C38 is methylated, and is undigested if C38 is non-methylated and thus converted to
T38 by bisulfite treatment, causing the HpyCH4IV restriction enzyme site to be lost. The 25S rRNA PCR product is
155bp in length. When C2268 is methylated, the restriction
enzyme HinfI cleaves the PCR product into two fragments
of 29bp and 126bp. Non-methylated 25S rRNA has a T at
position 2268 after bisulfite treatment, and this eliminates
the HinfI restriction enzyme site, leaving the product at
155bp and undigested. Undigested PCR products were used
as loading controls. Primer sequences used are provided
(Additional file 1: Table S6).
Semi-quantitative PCR

Semi-quantitative PCR was performed using an Invitrogen
SuperScript III kit as per the manufacturer’s recommendations from 2 μg of total RNA and oligo-dT primed cDNA
synthesis. Semi-quantitative PCR detection of TRM4A,
TRM4B, NSUN5, NOP2B and NOP2C mRNA was performed using the primers provided (Additional file 1:
Table S6). For the RNA input control, amplification of the
housekeeping gene PDF2A was used with primers forward
PDF2_RT-PCR_F and reverse PDF2_RT-PCR_R. Quantitative PCR was performed to test NOP2C mRNA abundance using Roche LightCycler480 and SYBER green.
Availability of supporting data

The data sets supporting the results of this article are
available in NCBI’s GEO database repository, and are accessible through GEO Series accession numbers GSE68444,
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Abstract
Post-transcriptional methylation of RNA cytosine residues to 5-methylcytosine (m5C)
is an important modification with diverse roles such as regulating stress responses,
stem cell proliferation and RNA metabolism. Here, we use RNA bisulfite sequencing
(RBS-seq) for transcriptome-wide quantitative mapping of m5C in the model plant,
Arabidopsis thaliana. We discover and validate more than a thousand m5C sites in
Arabidopsis mRNAs, long non-coding RNAs and other non-coding RNAs across
three tissue types; siliques, seedling shoots and seedling roots. Quantitative
differences in methylated sites between these three tissues suggest tissue-specific
regulation of m5C. Perturbing the RNA m5C methyltransferase TRM4B resulted in
loss of m5C sites on mRNAs and non-coding RNAs and reduced the stability of
tRNAAsp(GTC). We also demonstrate the importance of m5C in plant development as
trm4b mutants have reduced cell division in the root apical meristem and as a result
have a shorter primary root. In addition, trm4b mutants show increased sensitivity to
oxidative stress. Finally, we demonstrate that a 50 nt sequence flanking m5C C3349
in MAG5 mRNA is sufficient to confer methylation of a transgene reporter in
Nicotiana benthamiana. This provides the first insights into the targeting mechanism
of TRM4B and suggests conservation of the targeting mechanism.
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Introduction
DNA 5-methylcytosine (m5C) is a well-characterized epigenetic modification with
many functional roles such as transcriptional silencing and genomic imprinting in
eukaryotes1. While DNA appears to have only a small number of other modifications,
for example 5-hydroxymethylcytosine (hm5C) and N6-methyladenosine (m6A)2, RNA
has over 100 different modifications that have been identified in organisms across all
three domains of life 3, 4, 5, 6.

The development of high-throughput techniques to identify RNA modification sites
transcriptome-wide has enabled deeper investigations into the function of m5C in
diverse classes of RNA7. Although m5C has been described to occur on transfer
RNAs (tRNAs) and ribosomal RNAs (rRNAs) in many organisms4, 8, it has only more
recently been described transcriptome-wide on mRNA and long non-coding RNAs
(lncRNAs) from humans9, 10, 11. tRNAs are heavily modified with modifications that
have been shown to affect tRNA aminoacylation, codon identification and to stabilize
tRNA secondary structure12,

13, 14, 15.

Of these modifications, m5C sites in tRNAs

commonly occur in the variable region and anticodon loop. m5C sites in tRNAs are
required for tRNA stability and efficient translation16,
oxidative stress conditions19,

20.

17, 18,

and are induced under

Similarly, m5C sites play important roles in rRNA

processing, structure and translation21, 22, 23. Additional roles for rRNA m5C sites in
organismal lifespan have also been demonstrated 24. Several functions have been
investigated for m5C in other non-coding (ncRNAs), such as vault ncRNAs and
lncRNAs. While m5C is required for stability of vault ncRNAs10, m5C sites on the
lncRNA, X-inactive specific transcript (XIST) prevent binding of the Polycomb
repressive complex 2 (PRC2) complex in vitro25. In contrast to ncRNAs, the roles of
m5C in mRNAs requires further investigation. Within human HeLa cell mRNAs, m5C
sites are enriched in untranslated regions and relatively depleted in coding regions 9.
Potential functions such as mediating mRNA stability26 and RNA induced silencing
complex (RISC) activity9 have been proposed.

In eukaryotes, there are two classes of RNA methyltransferases (RMTases), which
catalyse m5C of both mRNAs and other types of ncRNAs. The first class of
eukaryotic RMTase; Transfer RNA aspartic acid methyltransferase 1 (TRDMT1),
11

also known as DNA methyltransferase 2 (DNMT2), has been shown to methylate
tRNAs in animals, plants and fission yeast8, 27, 28, 29. Thus far, only two m5C sites in
mRNAs have been shown to require TRDMT1 in human cells11, suggesting a minor
role for TRDMT1 in mRNA methylation. The second class of RMTase is known as
tRNA specific methyltransferase 4 (TRM4) or NOP2/Sun domain protein 2 (NSUN2),
in yeast and animals respectively16, 30, 31. TRM4/NSUN2 depletion in mice results in
male infertility, reduced growth and epidermal differentiation defects, revealing a role
for NSUN2 in stem cell self-renewal and differentiation32,

33.

In addition, NSUN2

mutations in humans and are linked to inherited intellectual disability and reduced
growth34, 35, 36, 37. Similarly to humans, Drosophila nsun2 mutants also display shortterm-memory deficits35. The underlying cause of these neurological symptoms is
thought to be mediated by increased cleavage of non-methylated tRNAs by the
ribonuclease angiogenin during oxidative stress conditions38. Conserved and plant
specific functions for TRM4 homologs in plants requires further investigation. The
Arabidopsis genome encodes two putative TRM4/NSUN2 paralogs, TRM4A and
TRM4B39,

40.

Previously, we showed that trm4a mutants had a similar tRNA

methylation pattern to wild type Arabidopsis and suggested TR4M4A was
catalytically inactive8. In contrast, trm4b mutants lost methylation at tRNA positions
C48, C49 and C50 in Arabidopsis.
To further investigate the functions of m5C and to facilitate future studies of m5C in
plants, we describe transcriptome–wide single nucleotide resolution of posttranscriptionally modified cytosine residues in Arabidopsis thaliana by combining
RNA bisulfite conversion with second generation Illumina sequencing (RBS-seq). We
report over a thousand m5C sites in Arabidopsis transcribed mRNAs, lncRNAs and
other ncRNAs. Within mRNAs, the majority of m5C sites were identified in the coding
sequence, however, when normalized for read coverage and sequence length, m 5C
sites were observed at higher frequencies than expected in 3’UTR’s. We also show
that the global methylation level of m5C sites varies amongst silique, shoot and root
tissues and that many m5C sites are dependent on TRM4B. To test the determinants
for targeting of TRM4B, we performed a LOGO motif analysis and were unable to
identify a consensus sequence to target TRM4B methylation. We subsequently
identified a 50 nt sequence which was able to confer TRM4B dependent methylation
of a transgene in vivo, suggesting that additional factors, such as RNA structure may
12

be involved. To determine the role of TRM4B in plant development, we investigated
primary root growth. We show trm4b mutants have a short root phenotype as a
consequence of reduced cell division when compared to wild type. Furthermore,
trm4b mutants are more sensitive to oxidative stress and have reduced stability of
non-methylated tRNAs. These data represent the first genome-wide high-resolution
view of m5C in plants and a link to biological function.

Results
Transcriptome-wide detection of m5C sites in Arabidopsis RNA
To identify transcriptome-wide m5C sites in Arabidopsis thaliana RNA at singlenucleotide resolution, we performed bisulfite conversion of ribosomal depleted RNA
from wild type plants, combined with a non-methylated in vitro transcribed Renilla
Luciferase (R-Luc) mRNA bisulfite conversion control followed by stranded Illumina
RNA-sequencing, RBS-seq. We obtained 255, 262 and 116 million paired-end (100
nt) Illumina reads from Arabidopsis siliques, shoots and roots, respectively and
aligned the sequences to an in silico bisulfite converted Arabidopsis transcriptome
and R-Luc mRNA control (see Methods, Supplementary Table 1). Analysis of our RLuc controls demonstrated almost complete C to T conversion for all samples. For
example, wild type seedling shoots showed >99.8% conversion of the R-Luc control
(Supplementary Fig. 1a) and global endogenous cytosine abundance was less than
0.5% compared to approximately 22% for non-bisulfite treated RNA-seq libraries
(Supplementary Fig. 1b). We were able to confirm previously identified m 5C sites in
rRNAs (mitochondrial 26S rRNA C1586) and tRNAs (tRNAGlu(TTC)), demonstrating
the robustness of our bisulfite conversion protocol8 (Supplementary Tables 2, 3). In
addition, we PCR amplified, cloned and conventional Sanger sequenced the highly
structured tRNAAsp(GTC) and all sequences demonstrated complete bisulfite
conversion at known non-methylated sites and no evidence of over conversion of
known m5C sites8 (Supplementary Fig. 1c). Together these data demonstrate that
our bisulfite conversion was highly efficient, with a low false-positive rate, allowing
detection of lowly methylated m5C sites transcriptome-wide.
Discovery of novel m5C sites in Arabidopsis siliques, shoots and roots
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To determine tissue-specific methylation profiles, we next examined all reads
aligning to the Arabidopsis transcriptome to identify hundreds of novel m5C sites in
three different tissue types. In Arabidopsis siliques, seedling shoots and roots, 128,
201 and 859 m5C sites were identified with methylation levels ranging from 1% to
92%, respectively (FDR≤0.3) (Fig. 1a, Supplementary Tables 2, 3). The majority of
these sites were tissue-specific and only 15 sites were commonly methylated
between all three tissue types. The two tissues showing the greatest number of
conserved methylated sites were siliques and shoots, sharing 48 common m 5C sites.
When global methylation levels of m5C sites within siliques, shoots and roots were
compared, roots had lower average methylation of m 5C sites when compared to
siliques or shoots (p-value ≤0.0001) (Supplementary Fig. 2).

We then asked the question whether the percentage methylation at specific sites in
mRNA transcripts expressed in shoots, siliques and roots varied and might indicate
functional significance. We compared the m5C level at common sites and discovered
that the level of methylation at specific m5C sites varied in shoot, silique and root
tissues (Supplementary Tables 2, 3). For example, C3349 in At5g47480 (MAG5) had
55% methylation in shoots, 33% in shoots and 26% methylation in roots (Fig. 1b).
Annotation of m5C-containing transcripts from the three tissue types revealed many
diverse RNA types, including mRNAs, pseudogenes, lncRNAs, natural antisense
transcripts, snoRNAs, snRNAs and other ncRNAs (Fig. 1c). While methylation of
specific tRNAs and other types of ncRNAs is associated with increased stability and
abundance10, 16, 41, no link between mRNA abundance and m5C levels in mammals
has been observed so far10,

16, 33.

To examine if a correlation between m 5C

methylation and gene expression exists in Arabidopsis, we plotted percentage of
m5C methylation (≥ 2%) identified in the RBS-seq root tissue against RNA-seq gene
expression data generated from the same tissue type (Fig. 1d). We observed a small
negative correlation of mRNA abundance with higher levels of methylation in
Arabidopsis roots (rs = -0.32, p-value≤0.0001) indicating m5C deposition in these
transcripts may affect its stability or turnover rate within the cell.
To further investigate the role of m5C in mRNAs, we next searched for any bias in
m5C site distribution within mRNAs. This revealed a significant enrichment of m 5C
14
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Figure 1: Transcriptome-wide mapping of m5C using RBS-seq in Arabidopsis
thaliana. (a) Venn diagram showing m5C sites in Arabidopsis wild type (Col-0)
siliques at 1 days after pollination (DAP), seedling shoots at 10 days after
germination (DAG) and seedling roots at 6 DAG using RBS-seq (n=2-3). Methylated
sites are called as significant at (FDR ≤0.3 and ≥1% methylation). (b) Gene
schematic and genome browser view of a differentially methylated gene, MAG5
(AT5G47480) in three different tissue types. In the MAG5 gene schematic, the
methylated cytosine C3349 is indicated. Boxes represent exons, lines represent
introns. In the genome browser view, black arrows indicate m5C position C3349
(chr5:19,262,126). Top: m5C methylation percentage (proportion of blue in column
represents methylation percentage or numbers of non-converted cytosines) and
bottom:

a

subset

of

RBS-sequencing

reads

mapped

to

MAG5

locus

(chr5:19,262,122-19,262,130) from the separate tissue data sets, siliques, shoots
and roots. Each row represents one sequence read and each column a nucleotide.
Grey boxes represent nucleotides matching with the MAG5 reference sequence, red
boxes indicate mismatching nucleotides and/or non-methylated, bisulfite converted
cytosines. Sequencing gaps are shown in white. (c) Distribution of m5C sites within
different RNA types from siliques, shoots and roots. (d) Increased methylation
correlates with lower mRNA abundance in Arabidopsis roots (rs = -0.32, *P-value
≤0.0001, Spearman’s correlation). (e) Histogram showing relative enrichment of
observed m5C sites versus expected number of m5C sites in 3’UTR compared to
CDS and 5’UTR across all three tissue types (*P-value ≤0.0001, binomial test). (f)
Metagene profile of m5C site abundance along 5’UTR, CDS and 3’UTRs, normalized
for transcript length (relative distance) across all three tissue types (FDR ≤0.3 and
≥2% methylation). (g) Methylation of candidate m5C sites using RBS-amplicon-seq
were analyzed to independently confirm RBS-seq results. Heat map depicts log
arcsine transformed methylation percentages of five m 5C sites in Arabidopsis wild
type siliques, shoots and roots using RBS-seq and RBS-amp-seq.
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sites within 3’UTR’s (p-value ≤0.0001), when normalized for read coverage and
sequence length (Fig. 1e). When examining the abundance of m5C sites that occur
along the features of mRNAs, the greatest number of m 5C sites were identified within
the coding sequence (Fig. 1f). While m5C sites were evenly distributed within 5’UTRs
and coding sequences, m5C sites were most abundant in the first quarter of 3’UTRs.
Validation of m5C candidate sites by RBS amplicon sequencing (RBS-amp-seq)
To validate our global analysis of m5C sites in silique, shoot and root transcriptomes
and to test the range of sensitivity of our RBS-seq approach, we independently
tested five candidate m5C sites using RNA Bisulfite amplicon sequencing (RBS-ampseq). RBS-amp-seq involves next-generation sequencing of targeted PCR amplicons
derived from bisulfite treated total RNA (see Methods). All five selected m5C sites
had similar, reproducible methylation levels in both the transcriptome-wide and
targeted amplicon sequencing experiments ranging from approximately 3% to 55%
methylation (Fig. 1g, Supplementary Table 4). Methylation percentages as low as
3.2±0.6% for ATMS1 (AT5G17920) mRNA obtained using RBS-seq in wild type
seedling shoots were able to be reproduced and independently validated using RBSamp-seq (3.3±0.8%) (Fig. 1g, Supplementary Table 4). Similarly, our targeted
amplicon sequencing validated sites that showed differential methylation levels
amongst the tissues using RBS-seq, such as MAG5 C3349 which shows higher
methylation levels in siliques than in seedling shoot and roots (Supplementary Table
4). Together this data demonstrated that a majority of our novel m 5C sites identified
in our transcriptome-wide RBS-seq data are independently verifiable.
TRM4B is required for methylation of m5C sites in shoot, silique and root
transcriptomes
To gain insight into the enzymes mediating m5C methylation, we performed
transcriptome-wide RBS-seq on rRNA depleted RNA from trm4b mutant silique
seedling shoot and root tissues and from trdmt1 mutant seedling shoots (Fig. 2a,
Supplementary Table 3). In siliques and seedling root tissues, 40 and 17 sites had
no or significantly reduced methylation in trm4b mutants when compared to wild
type, respectively (FDR≤0.3). Similarly for seedling shoots of trm4b, 69 sites had
completely lost or significantly reduced methylation when compared to wild type,
whereas no m5C sites were differentially methylated in trdmt1 mutants (FDR≤0.3)
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Figure 2: TRM4B dependent m5C sites in mRNAs and ncRNAs of siliques,
shoots and roots in Arabidopsis. (a) Heat map showing log arcsine transformed
methylation percentages of TRM4B dependent m 5C sites in Arabidopsis wild type
(Col-0) and trm4b-1 siliques at 1 DAP, seedling shoots at 10 DAG and seedling roots
at 6 DAG using RBS-seq (n=2-3). Differentially methylated sites are called as
significant at (FDR ≤0.3 and ≥1% methylation). (b) Distribution of TRM4B dependent
m5C sites in different RNA classes across all three tissue types. (c) MAG5
(AT5G47480) requires TRM4B for methylation at cytosine position chr5:19,262,126
(black arrows). Top: wild type and bottom: trm4b-1 shoots 10 DAG. Integrative
Genomics Viewer (IGV) browser snapshots of percentage (%) m5C: (proportion of
blue in column represents methylation percentage or numbers of non-converted
cytosines) and mapped reads: a subset of the RBS-sequencing reads mapped to
MAG5 locus (chr5:19,262,122-19,262,130). Each row represents one sequence read
and each column a nucleotide. Grey boxes represent nucleotides matching with the
MAG5 reference sequence, red boxes indicate mismatching nucleotides and/or nonmethylated, bisulfite converted cytosines. Sequencing gaps are shown in white. (d)
Methylation of candidate m5C target sites of TRM4B in wild type and trm4b-1
mutants using RBS-amp-seq was analyzed to independently confirm RBS-seq
results. Heat map depicts log arcsine transformed methylation percentages of five
m5C sites in Arabidopsis wild type and trm4b-1 siliques, shoots and roots using RBSseq (n=2-3) and RBS-amp-seq (n=3). (e) Methylation of TRM4B dependent m5C
sites in 3 week old leaves of wild type and transgenic plants over expressing TRM4B
(TRM4B-OX) using RBS-amp-seq. Heat map depicts log arcsine transformed
methylation percentages of ten m5C sites, all of which show increased methylation in
TRM4B-OX (wild type n=3, TRM4B-OX n=1).
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(Fig. 2a, Supplementary Tables 3, 5). Furthermore, we used RBS-amp-seq to
investigate the requirement for the proposed catalytically inactive TRM4A at 15 m5C
sites and found no change in methylation levels in trm4a mutants compared to wild
type (Supplementary Fig. 3, Supplementary Table 6). We looked closer at TRM4B
dependent sites and discovered that TRM4B mediates many m5C sites on diverse
classes of RNAs such as mRNAs, tRNAs, snoRNAs, snRNAs, lncRNAs and natural
antisense transcripts across all three tissue types examined (Fig. 2b). Next we asked
the question if sites dependent on TRM4B were located within specific regions of
mRNA transcripts. Most TRM4B dependent sites were located in the coding
sequence, which is consistent with the global distribution of m5C sites within mRNAs
(Fig. 1f and Supplementary Table 3). One such TRM4B dependent m5C site, which
is methylated in all three tissues types occurs at cytosine position C3349 in the
coding sequence of MAG5 (Fig. 2c). While 33% of MAG5 transcripts are methylated
at C3349 in wild type seedling shoots, methylation is reduced to 0% in trm4b.

To independently confirm TRM4B dependent sites, including MAG5 C3349,
identified using our bioinformatics pipeline and statistical cut-off (FDR≤0.3 and ≥1%
methylation) we performed RBS-amp-seq on wild type and trm4b mutants from
siliques, seedling shoots and roots (Fig.2d, Supplementary Table 7). All five m5C
sites tested showed reproducible methylation in wild type and loss or severely
reduced methylation in trm4b mutants across all three tissue types.
TRM4B over-expression specifically increases m5C methylation
To investigate if TRM4B expression may contribute to altered methylation rates
between different tissues, we compared methylation percentages of TRM4B
dependent sites in plants over-expressing TRM4B mRNA to wild type (Fig. 2e,
Supplementary Table 8). We over-expressed TRM4B (Supplementary Fig. 4a) and
performed RBS-amp-seq on 10 TRM4B dependent m5C sites. At all ten sites,
methylation levels were increased in TRM4B over-expression plants when compared
to wild type plants. We observed between 3 to 124 fold increases in methylation
percentages specifically at TRM4B dependent m 5C sites. No additional, spurious
cytosines were methylated when TRM4B expression was increased, suggesting
controlled, specific targeting of TRM4B (Supplementary Fig. 4b).
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After identifying and validating TRM4B dependent m5C sites transcriptome-wide, we
investigated how TRM4B is targeted to these specific cytosines in RNA. To test the
sequence determinants for targeting of TRM4B, we performed a LOGO motif
analysis using a 50 nucleotide (nt) region flanking both sides of TRM4B dependent
m5C sites identified from siliques, seedling shoots and roots (Fig. 2a). Using this
approach, we were unable to identify a conserved consensus sequence for targeting
TRM4B methylation (Supplementary Fig. 5). This is similar to results obtained from
human cancer cell lines9,

10,

and led us to further investigate the sequence

requirements for targeting of TRM4B in plants.
TRM4B requires minimum sequence length flanking the m5C site for effective
methylation
As the LOGO motif analysis did not reveal any consensus sequences, we next
investigated the sequence requirements for TRM4B to confer methylation in mRNA.
We developed a rapid, transient expression assay in Nicotiana benthamiana to
express m5C sensor constructs which contained sequences of varying lengths
flanking the m5C site (C3349) in the MAG5 transcript. The MAG5 m5C site was
chosen as it was highly methylated across a range of tissues, the methylation
percentage varied across tissues and was dependent on TRM4B (Fig. 1b and 2a, d).
In addition, a search for TRM4B homologs in the N. benthamiana genome revealed
two TRM4B-like genes, suggesting that the core components required for m5C
methylation machinery are present (data not shown). Three sensor fragments (51,
101 and 189 nt) containing the MAG5 C3349 m5C site and a negative control sensor
fragment containing a region of MAG5 which is not methylated endogenously in
Arabidopsis, was cloned downstream of a GFP reporter. Transgene expression was
confirmed by GFP fluorescence observed in the infiltrated N. benthamiana leaves
(Fig. 3a) and RNA was purified for RBS-amp-seq. For each construct, three replicate
leaves were infiltrated and RBS-amp-seq was performed separately. The results
show differential methylation of MAG5 C3349 site for each of the four sensor
constructs tested (Fig. 3b). As expected, efficient BS conversion was observed for all
cytosines flanking the methylated site as no methylation was detected using a 0.9%
threshold for non-conversion and no methylation was detected in the negative
control sensor construct (Fig. 3b). Sensor 2 (S2), which contains a 101 nt MAG5
21
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100bp

Figure 3: In vivo TRM4B dependent substrate recognition. (a) Schematic
representation of m5C methylation sensor constructs. Three different sized
sequences, flanking the MAG5 C3349 methylated site were cloned in between the
GFP coding region and the beginning of the 3’UTR sequence and are referred to as
sensor 1 (S1, 51 nt), sensor 2 (S2, 101 nt) and sensor 3 (S3, 189 nt). The C3349
methylated site is located in the center of all three sensor fragments. A fourth region,
derived from MAG5 exon one was used as ‘negative’ control in addition to a ‘no
insert’ empty vector control. Representative images of N. benthamiana leaves
transiently expressing GFP reporter for each of the sensor constructs are shown.
Scale bar, 100 m. (b) Cytosine methylation in sensor fragments identified by RBS
amplicon seq. (above) Average MAG5 C3349 methylation percentage in sensor 1, 2
and 3. No non-converted cytosines were identified in the negative control construct.
RNA was extracted from three replicate infiltrated leaves of N. benthamiana and BS
treated, then cDNA synthesis performed and sensor regions were PCR amplified
and Illumina sequenced. Error bars indicate s.e (*P<0.001, one way ANOVA; n=3).
(below) Heat maps showing the cytosine methylation status within sensor fragments.
No no-converted cytosines were identified in the flanking sequences.
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insert, had the highest methylation of 53.21% at C3349. In contrast, the smallest
sensor (S1), with 51 nt, was the least methylated at 4.60.4%. This indicates that
shorter sequences of up to 25 nt flanking the m5C site may not carry all the substrate
information required for effective methylation by TRM4B. Unexpectedly, sensor 3
(S3) with the longest MAG5 fragment sequence of 189 nt had only half the
methylation level, (27.72%) compared to sensor 2. While the level of methylation of
N. benthamiana MAG5 is not known, sensor 2 cytosine methylation of 53% is similar
to that observed in Arabidopsis silique tissue (55%). Together these results
demonstrate that longer sequences of 50 nt and 94 nt flanking the methylated C3349
site are able to confer moderate methylation, while 25 nt flanking sequence severely
decreased methylation, suggesting that additional factors such as RNA structure
may be involved.

TRM4B is required for cell proliferation in the Arabidopsis root apical meristem
In yeast and animals, TRM4/NSUN2 has been shown to have broad functional roles
in mediating stem cell self-renewal and oxidative stress tolerance16, 20, 32, 33, 38. Loss
of NSUN2 in mice results in male infertility and reduced size, which is thought to be
due to a reduced proliferative capacity of stem cells16, 33. In plants, stem cell niches
are located in the shoot and root apical meristems and are responsible for
postembryonic growth of shoot and root systems42,

43.

While shoot growth during

early seedling development appeared unaffected in Arabidopsis trm4b mutants8,
primary roots were observed to be significantly shorter compared to wild type in both
trm4b T-DNA mutant alleles analyzed (Fig. 4a). Monitoring of primary root lengths
over a seven-day period revealed decreased elongation rates in the trm4b mutant,
indicating TRM4B positively regulates root growth at early stages of seedling growth
(Fig. 4d). Furthermore, complementation of the trm4b-1 mutant with a TRM4B
genomic DNA construct confirmed that the loss of TRM4B causes the observed
short-root phenotype (Supplementary Fig. 6). Root growth of trdmt1, the second
RMTase mutant analyzed in this study, was indistinguishable from wild type plants.
Meanwhile, trm4b-1 trdmt1 double mutants showed short roots similar to those of
trmb-1 single mutants, indicating the phenotype is solely linked to TRM4B loss of
function (Supplementary Fig. 7).
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Figure 4: TRM4B is required for primary root growth elongation in young
seedlings. (a) Root elongation of 7 DAG wild type (Col-0) and two TRM4B T-DNA
mutants, trm4b-1 and trm4b-2, grown on half-strength MS medium with 1% sucrose.
Scale bar, 1 cm. (b) Confocal images of 7 DAG wild type and trm4b-1 root tips
stained with propidium iodide. Scale bar, 100 m. White arrowheads indicate the
position of the QC and yellow arrowheads indicate the first rapidly elongated cell in
the cortical layer marking the end of the meristem. Insets (50 m length) are
enlarged images of the boxed areas showing cortical cells in the meristematic zone
marked with asterisks. (c) Activity of CYCB1;1:GUS reporter in the root meristems of
wild type and trm4b-1 plants, detected by GUS staining. Scale bar, 100 m. (d)
Primary root growth measurements over time of wild type and trm4b-1 and trm4b-2
mutants. (e) Root apical meristem size, (f) cell number and (g) cell length of wild
type and trm4b-1 mutant plants. Error bars in (d-h) indicate the s.e. (*P<0.05,
Students t-test; n8 seedlings)
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At the cellular level, primary root growth is determined by cell production rates in the
meristematic zone and the final cell lengths achieved in the differentiation zone 43. To
further understand the role of TRM4B in coordinating root growth, we examined
cellular anatomy in the different root growth zones in trm4b mutants and wild type
plants. The cellular organization within the root apical meristem (RAM) and overall
size was unaffected in the trm4b-1 mutant (Fig. 4b). The RAM size, as defined as the
length from the quiescent center to the first significantly elongated cell, was
measured in the epidermal (outer) and cortical (inner) cell files. Interestingly,
quantification of meristematic cell numbers revealed trm4b-1 to have significantly
fewer epidermal and cortical cells, reduced by 21% and 17% respectively, compared
to wild type. The reduced cell numbers and an unchanged meristem size observed in
the trm4b-1 mutant correlated with an increased average cell length (Fig. 4e-g).
However, the final cell lengths achieved in the differentiation zone were similar in the
mutant and wild type indicating the larger meristem cells in trm4b-1 as a possible
compensatory mechanism to maintain overall meristem size (Supplementary Fig. 8).
Thus, the short-root phenotype observed for trm4b-1 is most likely linked to the
reduced capacity for the cells to divide in the meristem. Supporting evidence was
also obtained from CYCB1;1-GUS reporter line crossed into the wild type and trmb-1
mutant background. CYCB1;1 is expressed during the G2-M phase of cell cycle,
allowing visualization of mitotic activity44. Based on the intensity of GUS staining in
the RAM, a marked reduction of mitotic activity was evident in the trm4b-1 roots
compared to wild type (Fig 4c). Together, this suggests TRM4B positively regulates
root growth by controlling cell production numbers in the meristem.

trm4b mutants display increased sensitivity to oxidative stress
Loss of TRM4/NSUN2 in yeast and mice has been shown to result in heightened
sensitivity to oxidative stress20, 38. We next asked if TRM4B in Arabidopsis is also
required for oxidative stress response by challenging the mutants with paraquat and
H2O2 in a root growth sensitivity assay. The trm4b mutant displayed increased
sensitivity to oxidative stress damage compared to wild type seedlings across a
range of paraquat and H2O2 concentrations (Fig. 5a). In contrast trm4b mutant plants
showed a similar level of sensitivity as wild type when grown on salt (Fig. 5a),
27
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Figure 5: Loss of TRM4B leads to oxidative stress sensitivity and decreased
tRNA stability. (a) Relative root lengths of seedlings on paraquat, H2O2 and NaCl
compared to untreated controls. Seedlings of wild type, trmb4-1 and trmb-2 were
grown on half-strength MS media for four days before being transferred to control
media or media containing paraquat, H2O2 or NaCl at indicated concentrations. Root
growth was measured for three subsequent days after transfer. Error bars represent
s.e. (*P<0.05, one-way ANOVA comparison to wild type; n15-30 seedlings). (b)
Left: representative northern blot analysis of tRNAsAsp(GTC) and tRNALeu(CAA) for wild
type and trm4b-1. The loading control miR156 was used for the analysis. Normalized
intensities are given beneath each lane. Right: quantitative analysis of TRM4B
substrate tRNAAsp(GTC) and controls; tRNALeu(CAA) and tRNAGln(TTG) from two to three
independent northern blots, with two replicate RNA samples run for each blot. The
tRNA signal intensities were normalized to miR156 loading control and then
compared to wild type. Error bars represent s.d. (*P<0.05, Students t-test; n=3-4
replicate RNA samples).
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indicating TRM4B is unlikely to be part of the general stress pathway and specifically
acts in mediating oxidative responses in Arabidopsis.

In humans and mouse, methylation by TRM4/NSUN2 has been demonstrated to
protect tRNAs from oxidative stress-induced cleavage38 and in yeast, TRM4dependent m5C sites in tRNAs are dynamically modulated in response to oxidative
stress19, 20. As we have recently identified TRM4B to methylate a number of nuclear
tRNAs in Arabidopsis8, we investigated the steady-state levels of tRNAAsp(GTC) as a
representative TRM4B substrate. Three m5C sites (C48, C49 and C50) in the
variable region of tRNAAsp(GTC) were identified as being TRM4B dependent8.
Northern blotting analysis revealed a 50% reduction of tRNAAsp(GTC) abundance in
the trm4b-1 mutant compared to wild type indicating that TRM4B mediated
methylation is required to stabilize tRNAAsp(GTC) substrate (Fig. 5b). In contrast, both
tRNALeu(CAA) and tRNAGln(TTG), which are not dependent on TRM4B methylation,
display similar abundance levels in mutant and wild type (Fig. 5b). We also observed
a modest reduction in steady-state levels for the tRNAHis(GTG), which contains one
TRM4B dependent m5C site, indicating additional m5C sites like that observed for
tRNAAsp(GTC) may increase tRNA stability or resistance to cleavage (Supplementary
Fig. 9 ). These findings together with earlier reports of TRM4 and TRDMT1 function
in other species suggest reduced tRNA stability as a possible cause for trm4b plants
exhibiting hypersensitivity to oxidative stress16, 17, 38.

Genes in the oxidative response pathway are constitutively activated in trm4b
To further investigate the molecular basis of trm4b short-root phenotype and
hypersensitivity to oxidative stress, we performed RNA sequencing of the mutant
and wild type in paraquat stressed and non-stressed control conditions from whole
root tissue. As expected, a large number of genes in the oxidative response pathway
were differentially expressed between wild type control and wild type paraquat
treated seedlings (Supplementary Fig. 10a). Gene ontology (GO) term analysis of
differentially expressed genes showed enrichment of oxidative stress related
biological processes (P values ≤0.001). Surprisingly, we also found oxidative
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response related genes to be differentially expressed in the trm4b mutant compared
to wild type under non-stressed conditions (P values ≤0.001) (Supplementary Fig.
10b). Consistent with this observation, GO terms related to oxidative responses were
also enriched in the subset of differentially expressed genes common to both
paraquat treated wild type compared to untreated wild type and in trm4b mutant
compared to wild type (Fig. 6a). Closer examination of this common subset of
differentially expressed genes, revealed 77% of up-regulated and 78% of downregulated genes in the trmb4 mutant compared to wild type were also differentially
expressed in the paraquat treated wild type plants compared to control condition
(Fig. 6b). Together, these results support the role of TR4MB in regulating oxidative
stress responses and suggest that the trm4b short root phenotype may be mediated
by partial activation of oxidative stress pathways.

Discussion
The discovery of m5C in cellular RNAs of a wide range of eukaryotic and prokaryotic
organisms underscores its importance as a key regulator in RNA metabolism4, 8, 9, 10,
11.

While previous studies have shown m5C to be required for tRNA stability16, 17, 38, 41

and rRNA processing22, its function in other RNA classes such as mRNAs and the
enzymes mediating m5C methylation are currently being investigated. As an
important step in determining biological function, here we describe m5C sites in
diverse classes of coding and non-coding RNAs in Arabidopsis shoots, roots and
siliques using RBS-seq. To confirm accuracy and to test the range of sensitivity of
our transcriptome-wide RBS-seq approach, we independently tested candidate m 5C
sites and previously known methylated sites using RBS-amp-seq as well as
conventional Sanger sequencing. We found that methylation rates of m5C sites were
in close agreement with our RBS-seq data and were highly reproducible across a
wide methylation range (Fig. 1g, 2d and Supplementary Tables 4, 7). Together,
these data demonstrate robust and sensitive detection of m5C sites using our
approach. As several other modifications other than m 5C may inhibit conversion of C
to T during bisulfite treatment9, 45, we confirmed that many of these modified sites are
indeed m5C sites, as they are dependent on the RNA methyltransferase TRM4B.
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Figure 6. Oxidative stress responsive pathways are constitutively activated in
trm4b mutants. Whole roots at 6 DAG were harvested from wild type (WT), trm4b-1
and paraquat treated wild type seedlings and RNA-seq analysis was performed
(n=3). Most genes differentially expressed in trm4b-1 mutants compared to wild type,
are also differentially expressed in paraquat treated wild type plants compared to
control conditions. (a) Biological process GO terms involved in the oxidative stress
response are significantly enriched (FDR<0.05) in trm4b-1 mutants compared to wild
type and in paraquat treated wild type plants compared to untreated wild type plants.
GO terms significantly enriched in both comparisons are depicted with black stars
indicating GO terms relating to oxidative stress responses. Heat map shows the
significance level using the negative log of the p-value, where red = very significant
and yellow = significant (GO term FDR <0.05). Analyses were performed using the
GOrilla package46 and REVIGO47 to create non-redundant GO term sets. (b) Venn
diagrams show the overlap of differentially up-regulated (Left) and down-regulated
(right) genes (FDR <0.05).
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We detected 201, 859 and 128 m5C sites in Arabidopsis shoots, roots and siliques,
respectively (FDR≤0.3, ≥1% methylation) (Fig. 1a, Supplementary Tables 2, 3). Only
a small proportion of these sites were commonly methylated across all three tissue
types, suggesting possible tissue-specific functions. Methylated sites were identified
predominately in mRNAs and were also found in diverse non-coding RNA types such
as snRNA, snoRNAs, lncRNAs and natural antisense transcripts (Fig 1c). The
presence of m5C in many different RNA types is a conserved feature of RNA
methylation across mammals and plants9,

10, 11.

Within Arabidopsis mRNAs, m5C

sites most commonly occur within the CDS and fewer numbers of sites were
observed in UTRs (Fig. 1f). When normalized for sequence length and read
coverage, this revealed enrichment of m5C sites within Arabidopsis 3’UTRs (Fig. 1e),
similar to results obtained from human cancer cell lines9. To probe for functions of
m5C in mRNAs, we asked if methylation levels affected mRNA abundance in
Arabidopsis roots. We observed a small negative correlation of mRNA abundance
with higher levels of methylation, suggesting that in contrast to tRNAs 16 and other
ncRNAs10, m5C in mRNA does not generally increase RNA stability, and may in
some cases reduce RNA stability through undetermined mechanisms (Fig. 1d). In
addition, no correlations were observed for mRNA abundance and m 5C levels in
mammals, as no global changes in mRNA abundance were observed in mouse or
human nsun2 mutants10,

16, 33,

suggesting that m5C may play alternate roles in

specific mRNAs and may affect translatability of transcripts.

The RBS-seq approach provides both single base pair resolution and quantitative
measurements of methylation percentages of candidate m5C sites. We used this
information to compare m5C methylation in three tissue types in Arabidopsis;
seedling shoots, roots and siliques. We found all three tissue types displayed a
distinct methylation profile indicating that m5C deposition is dynamically controlled
and may contribute to tissue specific functions and regulation (Fig. 1a, 1b,
Supplementary Fig. 2, Supplementary Tables 2, 3). In our previous study, we
observed m5C levels at specific cytosines in Arabidopsis tRNAs show little or no
variation in methylation levels between floral and seedling shoot tissues8. In
comparison, greater variation in methylation levels of specific m5C sites in mRNAs
between different tissue types was observed (Fig. 1b, Supplementary Fig. 2,
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Supplementary Tables 2, 3). These differences agree with the proposed function for
m5C in tRNAs to maintain stability across all tissues equally, while mRNAs may be
differentially methylated in a tissue specific manner to perform tissue specific
functions.

We previously demonstrated TRM4B methylated 39 nuclear derived tRNA
isodecoders in Arabidopsis8. Here, we demonstrate an expanded role for TRM4B to
mediate methylation of over 100 m 5C sites in mRNAs and snoRNAs across three
different plant organs. In the trm4b mutant, methylation at these m5C sites was
completely lost or reduced to background levels, whereas over-expression of
TRM4B resulted in increased methylation of these sites, in some cases over 124
fold, compared to wild type levels (Fig. 2e). In comparison, no TRM4A or TRDMT1
dependent sites were identified in our dataset, suggesting that the remaining TRM4B
independent m5C sites are mediated by another RNA methyltransferase, such as
Arabidopsis RCMT9. Together, this data indicates that TRM4B plays a major role in
mediating transcriptome-wide methylation in Arabidopsis. A similar role was
demonstrated for NSUN2 in humans which was shown to have broad substrate
range including mRNAs, tRNAs and other non-coding RNAs such as vault ncRNAs,
suggesting conserved functions and targeting mechanisms with the Arabidopsis
TRM4B

9, 10, 11.

Furthermore, as with NSUN2, no consensus target sequence was

identified in our RBS-seq dataset for TRM4B dependent m 5C sites. Human NSUN2
was found to have a bias towards C/G flanking nucleotides or to be in a CpG context
9, 10.

However, no further consensus target sequence was identified for human

NSUN2.

To determine the sequence requirements for targeting TRM4B, we performed a motif
analysis to identify potential consensus sequence for RNA methylation. Similar to
human NSUN2, no consensus target sequence was identified in our RBS-seq
dataset for TRM4B dependent m5C sites (Supplementary Fig. 5). To gain further
insights into the substrate specificity, we used a transgene-based approach to test
the requirements for TRM4B m5C site recognition in N. benthamiana (Fig. 3). Using
the internal MAG5 mRNA m5C site as a candidate sensor, we found TRM4B requires
longer sequences of 50 or 100 nucleotides flanking the m 5C site for effective
methylation ((27.72%-53.21%), while shorter flanking sequences of 25 nucleotides
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reduces methylation efficiency (4.60.4%.). It remains to be studied whether
properties relating to sequence or structure are required for conferring cytosine
methylation. Future experiments involving site-directed mutagenesis of nucleotides
within the sensor fragments will provide clues to the nature of TRM4B targeting
mechanism. Intriguingly, we could not identify a MAG5 orthologue or sequences that
shared significant similarity surrounding the MAG5 m 5C site in the N. benthamiana
genome. This raises the question of how the endogenous N. benthamiana TRM4B is
able to effectively methylate m5C sites in sensor 2 and sensor 3 in our transient
expression system and suggests local RNA structure may influence TRM4B
specificity. The importance of RNA structure in targeting of m 5C sites by RNA
methyltransferases is clearly illustrated by TRDMT127, 29, 48.

Importantly, our results demonstrate a novel link between the components required
for m5C methylation and cell proliferation capacity in plants. We show that the trm4b
mutant exhibits a short-root phenotype and display fewer meristematic cells in the
primary RAM (Fig. 4). The cells in the RAM are characterized by their high
proliferative capacity, suggesting TRM4B controls the extent of cell cycle progression
in the root meristem ultimately affecting root growth. Consistent with this hypothesis,
we observed reduced expression of the cell cycle marker CYCB1;1-GUS44 in the
trm4b mutant (Fig. 4c). Indeed, NSUN2 has also been shown to be cell cycle
regulated and varies its intercellular localization depending on cell cycle stage in
human cell lines49. In addition, loss of NSUN2 in mice disrupts the balance between
stem cell self-renewal and differentiation by delaying cell cycle progression32,
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further mirroring TRM4B functions in plants. Future experiments that combine trm4b
with mutants in the cell cycle pathway as well as identification of protein co-factors
will help in understanding the role of TRM4B in plant cell division.
Previous studies have demonstrated m5C methyltransferases are important
regulators of oxidative stress responses in several species17,

19, 20, 24, 38.

Lack of

TRDMT1/DNMT217 and TRM419, 20 -mediated methylation confers hypersensitivity to
oxidative stress in Drosophila and yeast, respectively. In each of these cases, the
loss of tRNA m5C methylation and reduced tRNA stability has been suggested to
contribute to the increased oxidative stress sensitivity. We earlier reported the
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requirement of TRM4B to methylate m5C sites in a number of nuclear derived tRNAs
in Arabidopsis8. Here we demonstrate trm4b mutant plants are more sensitive to
paraquat and hydrogen peroxide and show reduced stability of tRNAAsp(GTC) targeted
by TRM4B (Fig. 5). We propose that the loss of TRM4B-mediatied tRNA methylation
reduces tRNA stability, thereby reducing the pool of available tRNAs and possibly
sensitising the cell to oxidative stress. Indeed, emerging evidence indicates tRNAs
as important mediators of oxidative stress responses in several species20,

38, 50.

Notably, in NSUN2-deficient mice, loss of tRNA methylation leads to accumulation of
5’ tRNA-derived fragments, which is sufficient to activate cellular stress responses38.
Whether the loss of TRM4B-secific methylation induces similar downstream
responses in Arabidopsis remains to be investigated. Interestingly however, we
observed genes in the oxidative stress pathway to be constitutively activated in the
trm4b mutant even in the absence of stress, perhaps reflecting a similar tRNA
activated stress pathway that may be conserved in Arabidopsis (Fig. 6). Given the
broad substrate range demonstrated for TRM4B, it is difficult to tease apart the
contributions of tRNA and mRNA methylations to the phenotypes observed in this
study. Further analysis of the regulatory functions of m5C in different RNA contexts
will help clarify the biological significance of these modifications in plant development
and stress responses.
The dynamic regulation of m5C in Arabidopsis and its impact on gene regulation is
just beginning to be elucidated. Here, we provide the first description of m5C
distribution in a plant transcriptome and identify crucial links for this modification to
cell division and stress pathways. The parallel roles of TRM4B and NSUN2 in m5C
deposition patterns as well phenotypic similarities of the corresponding mutants
provide a fascinating insight into the conserved posttranscriptional regulatory
mechanism in plants and animals.

Methods
Plant material and root growth experiments
Arabidopsis thaliana (Columbia ecotype) plants were grown in Phoenix Biosystems
controlled environment rooms at 21°C under metal halide lights that provided a level
of PAR (photosynthetic active radiation) of 110 μmol of photos/m 2/s. For plate
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experiments, A. thaliana seeds were first surface sterilized in solution containing 1
part of 10% sodium hypochlorite and 9 parts 100% ethanol and plated on ½ MS
medium supplemented with 1% sucrose. Plates were sealed with porous tape (3M)
and placed in the dark for three days at 4oC for the seeds to imbibe before being
transferred to the growth chamber. All plants were grown under long day photoperiod
conditions of 16 h light and 8 h darkness. In order to monitor root growth, seedlings
were grown on plates oriented vertically with primary root tips marked daily until 8
days post germination (dpg). For oxidative stress experiments, four-day-old
seedlings growing vertically on ½ MS media supplemented with 1% sucrose were
transferred to control or media supplemented with specified concentrations of
paraquat, hydrogen peroxide or salt. Primary root growth was recorded for three
subsequent days after transfer. Seedlings were scanned (Epson flat-bed scanner) at
600 pixels inch-1 and primary root length measured in millimetres using ImageJ
software.

Characterization

of

the

mutant

alleles;

trdmt1

(SALK_136635),

trm4a

(SALK_121111), trm4b-1 (SAIL_318_G04) and trm4b-2 (SAIL_667_D03) and the
derived double mutant trdmt1 trm4b are as described previously8, 27, 51. Nucleotide
sequence data for the following genes are available from The Arabidopsis
Information Resource (TAIR) database under the following accession numbers:
TRDMT1 (At5g25480), TRM4A (At4g40000) and TRM4B (At2g22400).

Plasmid construction and generation of transgenic plants
For TRM4B overexpression construct, the full-length genomic region of TRM4B
including the 5’UTR and 3’UTR was amplified using Col-0 genomic DNA template
with primers provided in (Supplementary Table 9) and cloned into Gateway entry
vector PCR8 TOPO-TA (Invitrogen). The insert was sequenced and then cloned into
the destination vector pMDC32, using the Gateway cloning system52 following the
manufacturers protocol (Invitrogen), resulting in the 35S::TRM4B construct. The
construct was transformed into A. thaliana wild type Col-0 plants by Agrobacterium
mediated floral dip method53. Transgenic plants were selected on ½ MS media
supplemented with 15 g ml-1 Hygromycin B. TRM4B transcript abundance was
assessed in at least five independent T1 plants using qRT-PCR and two lines
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showing the highest TRM4B transcript levels were carried through to homozygous T 3
generation for phenotypic analysis. cDNA synthesis for qRT-PCR was performed
using an Invitrogen SuperScript III kit as per the manufacturer’s recommendations
from 2 μg of total RNA and oligo-dT primed cDNA synthesis. q-RT-PCR detection of
TRM4B and the housekeeping gene PDF2A mRNA was performed using a
LightCycler480 (Roche) and SYBER green (Roche). Primers are provided
(Supplementary Table 9).
For m5C sensor constructs, synthesized oligos corresponding to the three sensor
fragments flanking MAG5 C3349 were annealed and cloned into pGreen54 using the
restriction enzyme sites ApaI and SpeI. The ApaI site was inserted into the pGreen
multiple cloning site using an oligo adapter. Synthesized oligos are provided
(Supplementary Table 9). The constructs were transiently expressed in N.
benthamiana using Agrobacterium infiltrated into leaves as described previously55.
For Sanger sequencing of tRNAAsp(GTC) clones, tRNAAsp(GTC) was PCR amplified from
bisulfite treated RNA and cloned into the pGEM-T Easy Vector system (Promega)
and individual clones sequenced to determine bisulfite conversion efficiency.

Propidium iodide staining, GUS staining and imaging
Eight-day-old Arabidopsis seedlings were transferred to 10 M propidium iodide
(Sigma-Aldrich) solution and incubated for 2-3 minutes, rinsed and mounted in MilliQ
water. Longitudinal optical sections of the different tissues were visualized using
Leica confocal microscopy (Leica, SP5 spectral scanning confocal microscope) with
the following settings: excitation wave-length 488 nm; emission 550-800 nm; beam
splitter: 488/543/633 nm triple dichroic; objective: HC PL APO CS 20.0x0.70
IMM/COR. For GUS staining, six-day-old Arabidopsis seedlings were stained for 16
hours at 370C with staining solution (50mM NaPO4, pH7; 2mM potassiumferrocyanide; 2mM potassium-ferricyanide; 0.2% Triton X-100; 2mM X-Gluc). Roots
were then cleared with serial ethanol and methanol washes and rehydrated in water.
Roots were visualized using bright field microscopy. Images were processed using
ImageJ.
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Northern Blot analyses
Total RNA was extracted from 10-day-old seedlings, and 20-25 g was loaded in
each lane of a 12.5% polyacrylamide-urea gel, blotted onto a Hybond-N+ membrane,
detected using [32P]-ATP labelled oligonucleotide probes and scanned using
Phosphorimager (Typhoon 3410). Blot signal intensity was quantified using ImageJ.
tRNA and loading control miR156 probe sequences are provided (Supplementary
Table 9).

RNA isolation and bisulfite conversion of RNA for RBS-seq
Total RNA was isolated from wild type and trm4b-1 10-day-old Arabidopsis seedling
shoots and 6-day-old seedling roots and 1-day post-fertilization siliques and trdmt1
10-day-old seedling shoots using the Spectrum Plant total RNA kit (SIGMAALDRICH) and contaminating DNA removed using DNase I (SIGMA-ALDRICH). To
enrich for mRNA fraction, 5 g of RNA isolated was subjected to ribosomal RNA
depletion using the Ribo-Zero kit (Illumina, MRZPL116) and successful depletion
was monitored using Bioanalyzer 2001 (Agilent Technologies). For bisulfite
conversion, 150-200 ng of ribosomal depleted RNA was converted with sodium
metabisulfite (SIGMA-ALDRICH) as previously described8, 9, 45. As a control, 200 pg
of in vitro transcribed Renilla luciferase (SIGMA ALDRICH) was added to each RNA
sample prior to conversion with sodium metabisulfite. Bisulfite converted RNA was
used as a template for strand-specific RNA-seq library preparation using the NEB
Ultra directional RNA library kit. As bisulfite treated RNA is sheared, the
fragmentation step of the library preparation was omitted and samples were quickly
processed for first strand cDNA synthesis after addition of the fragmentation buffer.
The remaining steps of library construction were performed as per the
manufacturers’ instructions. Bisulfite treated RNA library samples were sequenced
on the Illumina HiSeq2500 (2 x 100 nt paired end) platform at the ACRF, Adelaide.
For each tissue type, a minimum of two - three biological replicate library samples
were prepared and sequenced.

RNA isolation and library construction for RNA-seq
Total RNA was isolated from wild type and trm4b-1 6-day-old Arabidopsis seedling
roots grown on ½ MS media containing no paraquat, or supplemented with 0.01 µM
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paraquat, using the Spectrum Plant total RNA kit (SIGMA-ALDRICH). DNA was
removed using DNase I (SIGMA-ALDRICH). Ribosomal RNA was removed using the
Ribo-Zero kit (Illumina, MRZPL116) and successful depletion was monitored using
Bioanalyzer 2001 (Agilent Technologies). The resulting mRNA enriched RNA was
used as a template for strand-specific RNA-seq library preparation using the NEB
Ultra directional RNA library kit. RNA-seq library construction was performed as per
the manufacturers’ instructions. RNA-seq library samples were sequenced on the
Illumina HiSeq2000 (2 x 100 nt paired end) platform at the ACRF, Adelaide. Three
biological replicates were prepared and sequenced for each condition.

Bioinformatic analysis of RBS-seq and RNA-seq
Global Mapping: Reads were first adapter trimmed using Trimmomatic in palindromic
mode, allowing single base precision, with stringent 3’ quality filtering (if any 4 base
window in the read had a Phred quality score below 20 then the 3’ remained of the
read was trimmed)56. Reads were then globally mapped to in silico bisulfite
converted Arabidopsis reference genomes (TAIR10)57, based on the method and
implementation of B-Solana58, but adapted to RNA (“B-Solana RNA” in the sequel).
In particular, TopHat59 was used rather than Bowtie60 to first map junction reads to a
refseq transcriptome, to reliably detect known transcript isoforms, and then to the
reference genome. To ensure maximal specificity of predicted sites, only uniquely
mapped reads were retained (“uniquely-mapped” was defined by a Bowtie2 mapping
quality (mapq) score of ≥ 20).

Differential and overall methylation calls: The method was based on the statistical
model and method described in Parker, B.J., Sibbritt, T., Wen, J., et al, Preiss, T.
"Role of NSUN2 and TRDMT1 m5C RNA methylation in mRNA and ncRNA posttranscriptional regulation". (In preparation).

Proportion statistic: The primary statistic used for detection of methylation was a
proportion statistic p=(C+psi)/(T+C), where psi is added pseudo counts (1/8 counts),
which was transformed to an approximate Gaussian distribution by an arc sin of
square root transformation61, followed by a log transformation, as empirically the
distribution is weighted toward lower methylation levels, with transformed proportion
p’ defined by the following equation:
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𝑝′ =

360
. 𝑎𝑟𝑐𝑠𝑖𝑛√𝑝
2𝜋

Transformed silique data was additionally normalized between samples by applying
cyclic loess normalization62

Non-specific filtering: Non-specific filtering (i.e. blinded to experimental/control
labels) to initially exclude low expressed sites and clearly non-methylated C bases
was performed by requiring ≥ 5 reads across all samples in experimental and control
samples. In addition, for the differential methylation models, we required half the
samples to show a significantly (p-value < 0.05; binomial test) greater than 5%
methylation fraction. For overall methylation calls we required all samples to have >
0% methylation fraction.

Statistical model: A weighted moderated linear model based on transformed
proportion data, p', was used for differential methylation (DM) estimation using
Limma63 the moderation utilizes global variance estimates across methylation sites
to improve the variance estimates of the individual methylation sites.

The weights corrected for mean-variance trend, estimated by quadratic fit of variance
of the transformed data versus total read counts over each site, using the Voom
method62. Contrasts appropriate to the particular analyses discussed in the results
section were used. For differential methylation site calling, balanced contrasts
between methyltransferase mutant and wild type controls were used. For overall
methylation calls, wild type samples were compared against a fixed value of 0%
methylation.
RNA-seq data: Root RNA-seq data was adaptor- trimmed using Trimmomatic56 and
mapped to the Arabidopsis TAIR1057 reference genome using TopHat59. Data was
normalized between samples using TMM normalization64. Differentially expressed
genes were detected using Limma63.
False discovery rate (FDR) was estimated by the Storey method65.

42

Post-filtering: Called methylation sites were required to be homogeneous (C + T ≥
95% of reads) to exclude calls in bases of high read error rate or unannotated SNPs.
A minimum mean methylation fraction of 1% across WT samples was required to
exclude very low methylation calls that may be enriched for conversion artifacts due
to RNA structure, or other systematic biases.

Sequencing and analysis of RNA bisulfite amplicon sequencing (RBS-ampseq)
Total RNA was isolated from wild type and trm4b-1 10-day-old Arabidopsis seedling
shoots and 6-day-old seedling roots and 1-day post-fertilization siliques and trm4a
10-day-old seedling shoots using the Spectrum Plant total RNA kit (SIGMAALDRICH) and contaminating DNA removed using DNase I (SIGMA-ALDRICH). For
bisulfite conversion, 2-5 µg of total RNA was converted with sodium metabisulfite
(SIGMA-ALDRICH) as described above. cDNA synthesis for RBS-amp-seq was
performed using an Invitrogen SuperScript III kit as per the manufacturer’s
instructions using 1-2 μg of bisulfite treated total RNA and bulked gene specific
reverse transcription (RT) primers (Supplementary Table 9). Amplicons were PCR
amplified manually, or on an Access ArrayTM (Fluidigm) using the primers provided
(Supplementary Table 9) as per the manufacturers’ instructions. PCR amplicons
derived from the same biological replicate were bulked and indexed as
recommended by the manufacturer. Illumina sequencing was performed on a MiSeq
platform (2 x 160 nt paired end) at the ACRF, Adelaide. Three biological replicates
were prepared and sequenced for each condition.

Analysis of RBS-amp-seq libraries was performed using CLC Genomics Workbench
(Qiagen). Briefly, sequences were trimmed for adapters and filtered for low quality
reads. RBS-amp-seq reads were then mapped to in silico converted reference
sequences corresponding to the expected PCR amplicons. In order to identify
methylated cytosines, non-conversion of a cytosine in aligned read sequences was
taken to indicate the presence of m5C. Percentage methylation at specific positions
was calculated as the number of mapped cytosines divided by the combined total
number of mapped cytosines and mapped thymines.
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Accession numbers
The data sets supporting the results of this article will be available in NCBI’s GEO
database repository.
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Chapter 4 Discussion, Conclusions and Future Directions
Modification of the four ribonucleic acid bases allows expansion of the functions of
RNA. These modifications can affect RNA structure, stability, processing and inhibit
or facilitate binding of RNA binding proteins (RBPs) (reviewed in Chapter 1). The
importance of RNA modifications is demonstrated as defects in modifying enzymes
or ‘writers’ are linked to diseases and cancer in humans and various defects in other
organisms [1-3]. Furthermore, RNA modifications such as 5-methylcytosine (m5C)
are required for adaptive translational responses to abiotic and biotic stresses [4-6].
While m5C sites have been identified transcriptome-wide in human, mouse, yeast,
bacteria and archaea utilizing different detection methods [7-10], the m5C landscape
has not been previously investigated in plants.

Here, we utilize RNA Bisulfite treatment coupled with deep sequencing (RBS-seq) to
investigate m5C modifications transcriptome-wide in Arabidopsis. While there are
many detection methods available for m5C modifications in RNA, RBS-seq was the
preferred method, as RBS-seq allows high-throughput, quantitative, site-specific
detection of m5C sites in both abundant and lowly abundant transcripts such as
tRNAs and mRNAs, respectively [7, 11]. As with any method, there are pros and
cons and like-wise, appropriate controls are required when using RBS-seq to
interpret our results. It has been previously reported that incomplete denaturation of
highly structured regions of RNA, such as those found in rRNAs, can lead to
incomplete bisulfite conversion rates of unmodified cytosines, leading to false
methylation positives [7, 12]. Consequently, high conversion rates are necessary
when using RBS-seq to minimize the number of false positives. Controls such as in
vitro transcribed transcripts, analysis of rRNA conversion rates and global
conversion rates can be used to determine the background levels of false positives
[7, 11, 13]. Bisulfite treatment of RNA converts unmodified cytosine residues to
uracil, while methylated cytosines are protected and not converted. Unfortunately,
resistance to RNA Bisulfite treatment is not confined to m5C, and hence, any nonconverted sites are candidate m5C sites. Other modifications that are resistant to
conversion include 3-methylcytosine (m3C), N4-methylcytosine (m4C), N4, 2’-Odimethylcytosine (m4Cm) and other N4-acetylated variants [7, 12]. Furthermore, 551

hydroxymethylcytosine (hm5C) is converted to cytosine-5-methylenesulfonate (CMS),
instead of uracil after bisulfite treatment, so it is also indistinguishable from nonconverted m5C sites [14]. To determine bona fide m5C sites and overcome
ambiguity, we identified candidate m5C sites which were present in wild type plants
and absent or reduced in RNA 5-methylcytosine transferase mutants as true m5C
sites (Chapter 2 and Chapter 3).
Along with RBS-seq, three other high-throughput methods used for identifying m 5C
transcriptome-wide across different organisms are 1.) RNA Immunoprecipitation
(RIP) [8], 2.) 5-azacytidine Immunoprecipitation (Aza-IP) [9] and 3.) Methylation
individual-nucleotide-resolution crosslinking and Immunoprecipitation (miCLIP) [10].
These methods, along with RBS-seq are reviewed in [15, 16]. The first method, RIP
uses anti-m5C antibodies which recognise the m5C modification on both DNA and
RNA. This method can be used to specifically detect regions in RNA containing m5C,
however, this technique is not site-specific. The second high-throughput method,
Aza-IP, requires over-expression of an affinity-tagged RMTase in cells or an
organism, grown in the presence of the suicide inhibitor 5-azacytidine. 5-azacytidine
is a cytosine analogue and can be incorporated into newly synthesized RNA. When
an RMTase methylates 5-azacytidine in RNA, the enzyme becomes covalently
bound to the RNA. This allows the affinity-tagged RMTase to be immunoprecipitated
with an appropriate antibody to enrich for methylated RNA. As there is a high
percentage of C-G transversions at the site where the RMTase was covalently
bound, this enables site-specific identification of m5C sites. The third transcriptomewide method, known as miCLIP requires over-expression of a mutated affinitytagged RMTase for immunoprecipitation. The RMTase mutation results in
irreversible binding to the RNA target. This RMTase binding causes reverse
transcription to stall, enabling site-specific detection of m5C sites.

RBS-seq was chosen over these other high-throughput methods for a number of
reasons. RBS-seq requires much less input RNA to perform experiments, is sitespecific (unlike RIP) and does not require the use of affinity-tagged over-expression
constructs (unlike Aza-IP and miCLIP), which would not have allowed us to examine
tissue-specific differences in methylation. Using RBS-seq does however require
increased sequencing depth compared to the other three high-throughput methods
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to identify lowly methylated and/or expressed transcripts, as there is no enrichment
for methylated transcripts (reviewed in [15, 16]).
We required high-throughput methods of detecting m5C sites, however there are
several other, non-high-throughput methods of m5C detection including Thin Layer
Chromatography (TLC), High Pressure Liquid Chromatography (HPLC) and mass
spectrometry (MS) (reviewed in [17]). These techniques can identify and quantify
multiple RNA modifications simultaneously, and are better suited to observing
changes in multiple RNA modifications in total RNA, or in fractions of RNA, such as
tRNAs, or all mRNAs. It would be technically difficult and laborious to purify sufficient
amounts of specific, low abundant transcripts such as a mRNA species like MAG5
for analysis using these methods. Therefore, for our experimental goals, using RBSseq was the best method for high-throughput identification of specific m5C sites
transcriptome-wide in different tissues of Arabidopsis. In the future, other methods
such as RIP using anti-m5C antibodies or HPLC may help to confirm and supplement
our findings presented here.

In this thesis, we report over a thousand m5C sites transcriptome-wide in Arabidopsis
thaliana seedling shoots, roots and siliques (Chapter 3). In Arabidopsis seedling
shoots, roots and siliques, 201, 859 and 128 m5C sites were identified with
methylation levels ranging from 1% to 92%, respectively. We show that this
methylation is dynamic, as many m5C methylation sites change in methylation
amount or are unique to one tissue type, suggesting tissue-specific functions and
regulation. Of those sites which are common to multiple tissue types, some of these
are differentially methylated between tissue types, while others are constitutively
methylated at the same level across all tissue types. While the overall methylation
levels at many of these m5C sites are extremely low, and raises questions about the
physiological relevance of such low methylation, it is possible that for some of these
lowly methylated sites there may be cell type or organelle specific methylation of
RNA, so that in some compartments of the cell, or in specific cell types, methylation
at that site may be very high, but the signal may be diluted as we tested whole
tissues. We may obtain a much more complex and nuanced picture of the
methylation landscape by examining individual cell types and organelle or nuclear
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fractions. Furthermore, a proportion of these very lowly methylated sites are
expected to be false positives and hence have no physiological relevance as a false
discovery rate of 30% was used as the cut off. The additional use of complementary
techniques to detect m5C sites such as RIP using anti-m5C antibodies will be
required to confirm these sites.

In addition to identifying dynamic, tissue-specific m5C sites, we also discovered
methylation sites in most classes of RNAs including mRNAs, long non-coding RNAs,
snoRNAs, rRNAs and nuclear tRNAs (Chapter 2 and Chapter 3). Within mRNAs we
discovered that m5C sites are uniformly distributed along coding sequences and
slightly enriched at the beginning of 3’UTRs. This mirrors the deposition pattern
identified in human HeLa cells, suggesting conservation of functions and targeting
mechanisms between humans and plants [7]. Furthermore, we demonstrate
conservation of rRNA and tRNA m5C sites across six species in the kingdom
Plantae, suggesting important and highly conserved roles of this post-transcriptional
modification in non-coding RNAs.

To further investigate the role of m5C in plant development, we identified and
characterized T-DNA insertion lines in 5 predicted m5C ‘writers’ and extend the
functional characterization of TRDMT1 and NOP2A/OLI2 (Chapter 2). The
Arabidopsis thaliana genome encodes 5 predicted rRNA RNA methyltransferases
(RMTases); NSUN5, NOP2A, NOP2B, NOP2C and FMU/RNMT [18, 19]. Here we
show that Arabidopsis NSUN5 is required for methylation of C2278 in nuclear large
subunit 25S rRNA and that nsun5 mutants appear wild type under standard
laboratory conditions. Furthermore, nop2a, nop2b and nop2c single mutants failed to
show changes in methylation of any rRNA sites when compared to wild type controls
(Chapter 2). This suggests possible functional redundancies among these three
genes. In support of this, nop2a nop2b and nop2a nop2c double mutants were
unable to be identified and segregation ratios suggest that haploid-insufficiency is
lethal or occurs very rarely (Chapter 2, data not shown). nop2b nop2c double
mutants were identified and appeared wild type, suggesting that NOP2B and NOP2C
can interchangeably co-operate with NOP2A (data not shown). The lethality of nop2a
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nop2b and nop2a nop2c double mutants may be due to additional functions for these
enzymes in rRNA maturation, independent of their methylation activity as discussed
previously in Chapter 1.

Four other RMTase genes in the Arabidopsis thaliana genome are predicted to
methylate tRNAs and potentially other RNAs such as mRNAs and snoRNAs;
TRDMT1, RCMT9, TRM4A and TRM4B [18, 19]. TRDMT1 was previously shown to
methylate Arabidopsis tRNAAsp(GTC) at position C38 [20]. In Chapter 2, we
independently confirmed this finding and extend the known target sites to position
C38 of tRNAGly(GCC) and tRNAGly(CCC). We identified Arabidopsis mutants for the two
TRM4 homologs, TRM4A and TRM4B. TRM4A is predicted to be non-functional, as
TRM4A contains a deletion in motif I which is required for target cytosine binding
[21](Chapter 2). In Chapter 2, methylation of tRNAs at structural positions C48, C49
and C50 was shown to be mediated by TRM4B and no methylated sites were altered
in trm4a mutants, supporting the prediction of TRM4A being catalytically inactive.
Furthermore in Chapter 3, we identified over 100 additional m5C sites dependent on
TRM4B in other classes of RNAs such as mRNAs and snoRNAs across three
different tissue types in Arabidopsis. In comparison, we could not identify any
TRDMT1 dependent sites in seedling shoots, suggesting that TRDMT1 is tRNA
specific (Chapter 3). However, we may have missed potential TRDMT1 targeting
sites due to the limits of sequencing depth, as two mRNA m5C sites have been
shown to be dependent of TRDMT1 in human cells [9]. Perhaps TRDMT1 may target
cytosines in other classes of RNA when they mimic the secondary structure of
TRDMT1 target sites in tRNAs. While we reported thousands of m5C sites across
three different Arabidopsis tissue types, only a little over 100 of these sites were
found to be dependent on TRM4B. This may suggest that many of these candidate
m5C sites which are independent of both TRM4B and TRDMT1 may not be m 5C
sites, but may be other modifications such as m 3C, which are also resistant to
bisulfite treatment, as discussed above. Using RIP with anti-m5C antibodies could
help to confirm if these TRM4B independent sites are m 5C sites, or another, bisulfite
resistant RNA modification. Another alternative is that many of these sites may be
mediated by another, related RNA methyltransferase, named RCMT9. RCMT9 has
greater sequence similarity with TRM4B and TRM4A than with the other Arabidopsis
rRNA methyltransferases (data not shown, [18]), suggesting that RCMT9 may have
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a similar function to TRM4B and may also methylate coding RNAs. Future RBS-seq
experiments are required to identify RCMT9 dependent m5C target sites. Together,
these data suggest that TRM4B and potentially also RCMT9, play a major role in
mediating m5C methylation transcriptome-wide in plants.

To determine the role of TRM4B in plant development, we investigated primary root
growth (Chapter 3). We demonstrated trm4b mutants have a short root phenotype as
a consequence of reduced cell division when compared to wild type. Furthermore,
trm4b mutants are more sensitive to oxidative stress and have reduced RNA stability
of tRNAs targeted by TRM4B. We propose that alterations in the tRNA pool and
possibly in translation rates due to reduced tRNA abundance may be causing
reduced cell division in the root meristem. These results agree will roles for TRM4 in
other organisms, such as regulating stem cell proliferation and differentiation and
also in oxidative stress tolerance [22-24].

One of the target sites of TRM4B is position C3349 in MAG5 mRNA. This site is
methylated at 55%, 33% and 26% in siliques, shoots and roots respectively in
Arabidopsis wild type and methylation is completely lost in trm4b mutants [11]. The
physiological relevance of MAG5 mRNA methylation in particular is yet to be
elucidated. We tested if the methylation affected MAG5 RNA stability by examining
MAG5 transcript abundance in wild type and trm4b mutant plants. MAG5 transcript
levels were unchanged, suggesting that RNA stability was not affected (data not
shown). Alternatively, it is possible that non-methylated MAG5 mRNA is degraded
faster, and that transcription is increased in trm4b mutants to compensate for
increased degradation rates, so that the steady-state levels of MAG5 mRNA are the
same in wild type and trm4b. Further experiments to specifically examine
transcription rates and degradation rates of MAG5 mRNA are required to delve
deeper into answering this question. Examples include nuclear run-on assays or
RNA Immunoprecipitation using antibodies against Pol II to determine transcription
rates and utilization of transcription inhibitors such as Actinomycin D to examine
rates of degradation (methods reviewed in[25]). Furthermore, in a preliminary
experiment, the amount of translated MAG5 protein was indirectly investigated.
MAG5 is involved in export of precursors of the storage proteins 12S globulin and 2S
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albumin precursors from endoplasmic reticulum exit sites. Consequently, mag5
mutants have increased accumulation of these storage protein precursors and
decreased levels of mature storage proteins in mature, dry seeds [26]. We
hypothesised that if methylation was required for efficient translation of MAG5, that in
the absence of methylation in trm4b mutants, less MAG5 protein would be produced
and that there would be increased levels of storage protein precursors and
decreased abundance of mature storage proteins in trm4b mutants compared to wild
type. The levels of 12S globulin were unchanged between wild type and trm4b,
suggesting that methylation is not required for efficient translation of MAG5 (data not
shown, experiment performed by Trung Do). It is possible that this indirect technique
was not sensitive enough to determine if methylation of MAG5 by TRM4B has a
small effect on MAG5 translation, but not enough to reduce MAG5 protein
abundance to a level where storage protein abundance is affected. The methylation
of MAG5 mRNA has thus far not been able to help to explain the observed
phenotype of trm4b mutants, as no shared phenotypes were observed in mag5 and
trm4b mutant plants [11, 13, 26]. MAG5 mRNA is only one of over 100 TRM4B
dependent m5C sites that we have discovered and other TRM4B dependent sites
may have direct roles in mediating the phenotype of trm4b mutants. It is possible that
subtle effects of loss of MAG5 mRNA methylation are yet to be uncovered under
abiotic or biotic stress conditions. Future experiments may uncover a function for
MAG5 mRNA methylation by TRM4B.

We tested the determinants for targeting of TRM4B in Chapter 3, by performing a
motif analysis and were unable to identify a consensus sequence targeting TRM4B
methylation. We subsequently demonstrated a 50nt sequence flanking the m5C site
C3349 in MAG5 mRNA is sufficient to confer methylation of a transgene reporter in
Nicotiana benthamiana. We propose that local RNA structure or other complex
(protein and/or RNA) components may modulate the methylation activity of TRM4B
in A. thaliana and N. benthamiana. These results suggest conservation of the
targeting mechanism of TRM4B across different plant species and provide insights
into determinants required for targeting m5C methylation.
While the functional relevance of m5C in tRNAs and the respective RNA modifying
enzymes is remarkably conserved, there are also differences between different
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organisms, and there may be plant-specific functions for this modification (reviewed
in [18, 19, 27-30]). Plants provide a unique comparative system for investigating the
origin and evolution of m5C as they contain three different genomes derived from the
nucleus, mitochondria and chloroplast. We discovered that in Arabidopsis, many
nuclear tRNAs contained m5C sites, while no methylated sites were detected in
mitochondrial or chloroplast tRNAs. This trend was generally conserved across the
other five plant species we examined in Chapter 2. This contrasts with studies
performed in mammals, where methylated sites were detected in mitochondrial
tRNAs [7, 31, 32]. This suggests independent evolution of organelle methylation in
animals and plants.

While there is strong conservation of nuclear tRNA methylation in the variable region
and in the anticodon loop across different organisms [7, 13, 23, 33], there are also
kingdom and species-specific differences in methylation sites and also differences
for functions of tRNA methylation by TRDMT1/DNMT2 and TRM4.

For example, methylation mediated by TRDMT1/DNMT2 appears to have different
functions in different species as trdmt1 deficiency is lethal for zebra fish [34], while
Arabidopsis, mouse and Drosophila appear wild type under standard laboratory
conditions [13, 20]. In some species, the functions of trdmt1 are only apparent under
stress conditions, for example trdmt1 deficient Drosophila are sensitive to oxidative
and heat stress [35, 36], whereas Arabidopsis trdmt1 mutants did not show
increased sensitivity to oxidative stress in Chapter 3. These differences in functions
may be explained by either different methylated tRNA targets of TRDMT1 in different
species, or different functions for the same tRNA targets in different species.
TRDMT1 is responsible for methylating cytosine 38 in tRNAs Asp(GTC), Gly(GCC), and
Val(ACC) in mouse, human and Drosophila [9, 35, 37]. In contrast, while Arabidopsis
TRDMT1 also methylates cytosine 38 of tRNAs Asp(GTC) and Gly(GCC), Arabidopsis
TRDMT1 does not methylate tRNAVal(ACC) , but instead methylates tRNAGly(CCC) [13,
20]. One possibility for why there is animal and plant specific methylation of tRNAs
Val(AAC) and Gly(CCC) by TRDMT1 is that methylation of these different tRNAs may be
required for species specific translation of subsets of proteins with biased codon
usage. Furthermore, even though tRNAs Gly(GCC) and Asp(GTC) are methylated in
both animals and plants, their functions may be species specific due to species
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specific codon usage biases in subsets of proteins. An example of this was recently
shown when a subtle, previously over-looked function was discovered for TRDMT1
in the mouse [38]. trdmt1 deficient mice have reduced proliferative capacity of
haematopoietic stem cells. While global protein translation rates are unchanged in
trdmt1 mutants, TRDMT1 methylation of tRNAAsp(GTC) was found to be required for
efficient and accurate translation of a subset of proteins in bone marrow, where
haematopoietic stem cells are produced.

Likewise, there are also similarities and differences in functions for TRM4/NSUN2 in
mammals and plants. TRM4 has been shown to be required for methylation of
cytosine positions 34, 48, 49 and 50 in tRNAs of both animals, yeast and plants [710, 13, 17, 23, 39]. While TRM4 has been shown to be involved in regulating stem
cell proliferation and differentiation in both plants and mammals, there are
differences in the exact function of TRM4 [11, 22, 23, 37]. More specifically, TRM4
deficiency was shown to delay differentiation of epidermal stem cells, resulting in
accumulation of proliferating cells in the mouse [22, 37], while TRM4 deficiency in
Arabidopsis resulted in reduced numbers of root apical meristem cells, caused by
reduced ability of the meristem to divide [11]. These differences in the regulation of
stem cells in mammals and plants may be explained by many factors. While loss of
TRM4 methylation of tRNAs in mammals leads to increased abundance of tRNA
fragments from tRNAs which require TRM4 for methylation, steady-state levels of
these TRM4 dependent tRNAs are unchanged [23, 37]. In contrast, TRM4 deficiency
in plants causes decreased levels of mature tRNAAsp(GTC) and decreased levels of
tRNA fragments ([11], data not shown). These very different outcomes for tRNAs in
TRM4 deficient mammals and plants may explain their differences in function. The
increased abundance of tRNA fragments in mammals is thought to induce inhibition
of translation initiation [40], while decreased abundance of mature tRNAs in
Arabidopsis trm4 mutants may lead to reduced translation efficiencies for a subset of
proteins, which are biased for those codons. The reduction in potentially translation
inhibiting tRNA fragments in Arabidopsis may also have effects on translation
regulation, and may lead to an increase in translation of a subset of proteins.
Furthermore, the differences in TRM4 function between mammals and plants may
also be explained in part by methylation of different mRNA targets, which may have
different functions in regulating stem cell renewal and differentiation. The very low
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conservation of m5C mRNA target sites between human and mouse [10, 15],
suggests that most of the m5C mRNA sites in plants will be different from m5C mRNA
target sites in mammals.

Together, these data shown in this thesis, represent the first transcriptome-wide
high-resolution view of m5C in plants and provides links to biological function.
Moreover, the identification and characterization of Arabidopsis loss of function
genetic mutants provides a valuable resource for the research community to further
probe the functions of these m5C ‘writers’. Significant discussion has already been
undertaken (Chapters 2 and 3) of these research findings and below I discuss
broader implications of RNA modifications in Nature.

New Functions for Old RNA Modifications
Although the presence of RNA modifications in mRNAs such as m6A [41, 42] and the
5’ cap structure ([43-46] and reviewed in [47, 48]) were discovered decades ago,
new functions for these modifications are still being discovered and the mechanisms
elucidated (reviewed in [27]). In the following sections, I discuss potential new
functions for RNA modifications and review the supporting evidence. In particular, I
discuss the recent discovery of RNA modification ‘erasers’, uncovering new layers
for the regulation of RNA modifications. Furthermore, the broader functions of RNA
modifications are discussed in relation to plant immune responses and defence
against pathogens.

Possible contributions of RNA modifications to hybridization

barriers and hybrid vigour are discussed, as understanding these processes is
important for development and improvement of agricultural crops.

Dynamic, Reversible Regulation of RNA Modifications – ‘Yin and
Yang’
One intriguing mechanism for regulating RNA structure and function is through the
active removal of RNA modifications. This balancing act of removal and addition of
modifications can be likened to the concept of yin and yang in Chinese philosophy,
where yin and yang symbolize two opposing forces which complement each other
and are interdependent. While dynamic regulation of both m6A and very recently
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m5C, has been shown by the opposing actions of RNA modification ‘writers’ and
‘erasers’ in animals, it is unclear if this also occurs for other RNA modifications [4952]. Investigation of potential ‘erasers’ will allow insights into mechanisms and
functions of RNA modifications in development, stress responses and potentially
human diseases.

Many potential RNA modification ‘erasers’, with diverse substrate specificities have
been predicted, suggesting that many other RNA modifications could also be
dynamically regulated [53]. Further research is required to match candidate ‘erasers’
with the modifications they remove. Both RNA and DNA modification ‘erasers’ have
been identified in the superfamily of Fe(II)- and 2-oxoglutarate-dependent
oxygenases (Fe(II)/2-OG-dependent oxygenases) [54]. In particular, the ALKB
dioxygenase homologues (ALKBH) family and Ten-Eleven Translocation (TET)
subfamilies have both been shown to remove RNA and DNA modifications [49, 50,
52, 55, 56]. Dynamic regulation of m6A has been demonstrated by the ALKBH family
proteins Fat mass and obesity associated protein (FTO) and Alkylation repair
homologue protein 5 (ALKBH5) [49, 50] and discussed in (Chapter 1). Similarly to
other ALKBH family proteins, FTO is not restricted to one substrate. FTO
preferentially removes m6A in RNA, but also demethylates 3-methyluracil (m3U) in
RNA and 3-methylthymidine (m3T) in DNA [50, 57]. Meanwhile, mammalian TET
enzymes have been demonstrated to demethylate m5C to 5-hydroxymethylcytosine
(hm5C) in DNA, and more recently in RNA [52, 55, 56]. For modifications which are
not predicted to be removed by Fe(II)/2-OG-dependent oxygenases, the mechanism
may require DNA/RNA glycosylases, or other, as yet unidentified enzymes. In plants,
RNA m5C may also be removed by DNA/RNA glycosylases or other enzymes, as no
potential homologs of TET enzymes were identified [53]. Possible plant specific RNA
modification ‘erasers’ deserve further investigation to answer these questions. Future
experiments to identify potential ‘erasers’ could utilize HPLC analysis of rRNA
depleted RNA from mutants in candidate genes to identify mRNA modifications
which are increased in the absence of ‘erasers’.
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A possible function of RNA modification ‘erasers’ may be to ensure the specificity of
‘writers’ by proof-reading or removing modifications which may be deleterious. This
may help to partially explain why the targeting mechanisms of many RNA
modifications are not fully understood. To illustrate this point, although consensus
sequences were identified for the m6A ‘writer’ complex (RRACH), and the Ψ ‘writers’
PUS4 (GUΨC/NANNC) and PUS7 (UGΨA/R), not all sites with these consensus
sequences are modified, suggesting that other factors such as ‘erasers’ are editing
the activity of the RNA modification ‘writers’ [58-61]. This may also be the case for
RNA modifications which are not found in consensus sequences, such as m 5C [7,
10] and (Chapter 3). Removal of m5C sites by demethylases may be modulated by
the local RNA structure to control not only whether a cytosine is methylated, but also
perhaps the percentage of RNA molecules which are methylated at that position.
‘Erasers’ could also potentially regulate RNA modifications in response to various
stresses and control tissue and even cell compartment specific levels of
modifications in plants.

This seemingly simple picture of yin and yang RNA modification ‘erasers’ and
‘writers’ is not as black and white as it seems. It’s not just an on or off mechanism as
some ‘eraser’ reactions have multiple intermediates. For example, TET enzymes
mediate iterative oxidative demethylation of m5C to produce hm5C, then 5formylcytosine (f5C) and then subsequently 5-carboxylcytosine (ca5C) in DNA and
have also been shown to mediate oxidative demethylation of m 5C to hm5C in RNA
[52, 56]. The intermediate hm5C in DNA is associated with transcriptional activation
and cell differentiation, while RNA hm5C has recently been implicated in increasing
translation of mRNAs [62-64]. It is unknown whether other ‘eraser’ intermediates play
a functional role in RNA, or if they are passive steps in the removal of other
modifications. If other intermediates do have roles in RNA function, or attract RNA
binding proteins or ‘readers’, this will add a further layer to the complexity of dynamic
regulation of the epitranscriptome.
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RNA Modifications – Instruments of War
Several mechanisms for RNA modifications in mediating immune responses against
pathogens have already been elucidated in animals, lending support to the possibility
of additional functions for RNA modifications in plant immune responses [65]. For
example, bacterial tRNA modifications can inhibit immune responses in human cells
[66]. Furthermore, modification of in vitro transcribed mRNAs can also inhibit
immune responses, leading to increased translation efficiency [67, 68]. Modified
yeast tRNAs can also be targets for microbe produced toxins, resulting in tRNA
cleavage and reduced growth [69]. More recently, a role for tRNA modifications in
mediating plant immunity against bacterial pathogens was discovered [6]. In
Arabidopsis, the tRNA methyltransferase SUPPRESSOR OF CSB3 9 (SCS9) was
shown to be required for resistance to Pseudomonas syringe. SCS9 was required for
increased 2’-O-ribose methylation of tRNA anticodons in response to infection, and
this is thought to increase translation of proteins required for an effective immune
response [6]. Additional roles for RNA modifications in plant immunity await
discovery.

Unlike animals, plants largely lack adaptive immunity (except viral derived siRNA
priming) and must rely solely on innate immunity to detect conserved molecules
common in pathogens such as flagellin or chitin to trigger immune responses
(reviewed in [70, 71]). These molecules are also known as pathogen associated
molecular patterns (PAMPs). In order to suppress plant immune responses to
PAMPs, pathogens have evolved effector proteins. In response, plants have evolved
resistance (R) proteins to fight back by recognising or inhibiting pathogen effector
proteins. In addition, both plants and their pathogens utilize non-coding small RNAs
such as miRNAs and siRNAs as weapons in this evolutionary struggle [71]. RNA
modifications may be required for increased stability and effectiveness of these small
RNAs in defence and virulence. Furthermore, plant hosts and pathogens could target
each other’s transcripts for modifications to alter abundance and translation of
mRNAs. As discussed above, plant ‘erasers’ could also act in this war, removing
RNA modifications which increase pathogen virulence. In effect, RNA modification
‘writers’ and ‘erasers’ could act as additional effector proteins and R proteins in this
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evolutionary battle. ALKBH family ‘erasers’ have been identified in several plant
viruses, but their roles in virulence are yet to be determined [72].

RNA Modifications in Parental Conflict and Hybrid Vigour
A major goal in plant science is to understand and break through hybridization
barriers to allow the creation of new crop plants with hybrid vigour and to increase
the genetic diversity and disease resistance of agriculturally important crops.
Bypassing hybridization barriers is not an easy task, as the mechanisms are varied
and there are both pre- and post- fertilization barriers to overcome. Examples of prefertilization barriers include pollen tube guidance and pollen-stigma incompatibilities
such as self-incompatibility [73-75]. While post-fertilization barriers include
differences in genome dosages (ploidy levels), activation of transposable elements
and interspecific differences in genomic imprinting [76-78]. The potential functions of
RNA modifications in enabling and inhibiting hybridization are yet to be explored.
At

least

three

different

mechanisms for

self-incompatibility have

evolved

independently in flowering plants to promote out-crossing (reviewed in [74, 75]).
These mechanisms inhibit self-fertilization and may also inhibit interspecific crosses
[74]. One mechanism in Brassicaceae involves pollen derived proteins, which are
recognized by maternal receptor proteins and enable ‘self-recognition’. Only certain
combinations of paternal proteins and maternal receptors allow fertilization,
decreasing the rate of self-pollination. This mechanism can be likened to using
specific pollen keys to unlock maternal receptors. When crossing different species,
the maternal receptors can act as locks to inhibit pollination, as the appropriate
pollen protein, or key is not encoded in the other species genome. For example,
Arabidopsis thaliana has lost both the paternal and maternal components for selfincompatibility, allowing self-pollination. Arabidopsis arenosa on the other hand has
these components intact. As a result, A. arenosa can pollinate A. thaliana, as A.
thaliana has no maternal receptor to block pollen tube growth, while A. thaliana
pollen cannot fertilize A. arenosa, as it does not contain the appropriate pollen key
[77]. Likewise, another potential mechanism for self-incompatibility and recognition
of foreign pollen could be RNA based, instead of protein based. The pattern or
absence of diverse RNA modifications on specific RNAs from pollen may be
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deciphered by RNA modification ‘reader’ proteins, to differentiate self- from non-selfpollination events and to identify pollen from other species. Furthermore, pollen
derived RNAs may also be modified to alter their function and may be required to
complete fertilization. Similarly in animals, thousands of diverse RNAs from sperm
including both mRNAs and ncRNAs are hypothesized to play varied roles in
fertilization [79]. Modification of these RNAs may be required for their activity and
increase stability [80]. Potentially species specific male gamete RNA modifications
may create pre-fertilization hybridization barriers.

Furthermore, RNA modifications may also play roles in post-fertilization barriers.
Here, we propose a new layer of genetic imprinting – RNA imprinting. Similar to
genomic imprinting [81], RNA molecules may be differentially modified, based on
whether they were transcribed from the maternal or the paternal genomic alleles. As
the triploid endosperm of flowering plants contains twice as much genetic material
from the mother, compared to the father, this would result in regulating the
percentage of a pool of RNA transcripts which contained the modification. This could
potentially be a mechanism for subtle regulation of the function and abundance of
the imprinted transcripts, allowing fine-tuning of seed development. Like genomic
imprinting, RNA imprinting may also cause hybridization barriers. Genomic imprinting
can cause post-fertilization hybridization barriers, as many imprinted genes are not
conserved across species or even across different stains, leading to imbalances and
miss-expression of genes [76-78]. This loss of genomic imprinting and de-regulation
of genes leads to defects in endosperm development, resulting in hybrid failure [76,
77, 82].

Another post-fertilization barrier that RNA modifications may be involved in, is the
regulation of transposable elements. In Drosophila, piRNAs are maternally derived
and silence transposable elements in developing eggs. If the paternal genome
contains a transposable element not present in the maternal parent, it becomes
reactivated. This process is known as hybrid dysgenesis and results in sterile male
offspring [83, 84]. I hypothesized that RNA modifications such as m 5C may be
required for effective silencing of transposons by increasing stability of maternally
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derived piRNAs (animals) or siRNAs (plants) and mediate hybridization barriers. In
support of this, DNMT2 was found to be required for transposon silencing in
Drosophila, however due to conflicting reports, it is unknown whether this is due to
its RNA or DNA methylation activity [85, 86].

RNA modifications may also modulate another agriculturally important trait, hybrid
vigour. Hybrid vigour, or heterosis, is the production of superior offspring, with
improved qualities compared to both parents, such as increased biomass and stress
tolerance. The underlying mechanisms of hybrid vigour are still being explored, such
as DNA methylation, small RNAs and differential gene regulation [87, 88]. Beneficial
combinations of RNA modifications on transcripts might be produced in F 1 hybrids,
producing improved crop traits due to new combinations of strain specific
modifications inherited from the parents. Strain-specific m6A modifications in plants
have already been demonstrated for the Arabidopsis ecotypes Hen-16 and Can-0
[89], supporting this possibility. In addition, hybrid vigour mediated by new deposition
patterns of RNA modifications may be inherited, leading to hybrid vigour being
retained in offspring of F1 hybrids. RNA modifications have already been shown to
be inheritable and necessary in epigenetic events such as paramutation and
inheritance of an acquired metabolic disorder in mice [80, 90]. The possible functions
of RNA modifications in hybridization and hybrid vigour in animals and plants merits
further investigation.

Conclusions and Future Directions
In summary, this thesis presents the first transcriptome-wide high-resolution maps of
m5C sites which occur in Arabidopsis thaliana mRNAs, tRNAs, rRNAs and other noncoding RNAs. These methylated sites are dynamically regulated between tissue
types and many of these sites are dependent on TRM4B. Furthermore, we report
identification and/or characterization of T-DNA mutants for predicted m5C RMTases
in Arabidopsis, providing a means to further investigate the functions of these genes
in RNA metabolism, plant development and stress responses.
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As many of these RMTases methylate, or are predicted to methylate tRNAs and
rRNAs, mutations in these genes are expected to perturb translation, abundance,
and processing of tRNAs and rRNAs. Future experiments examining protein
synthesis and ribosome activity such as polysome profiling, and the use of reporter
constructs to analyse specific defects in translation such as stop codon read through
will shed light on the functions of these RMTases [91, 92]. In order to determine the
role of rRNA methyltransferases in rRNA biogenesis and processing, northern blots,
RT-PCR and assessment of poly-adenylation of rRNA can be performed to detect
alterations in rRNA RMTase mutant compared to wildtype [93, 94].

These data, combined with recent developments in uncovering the Arabidopsis
epitranscriptome (reviewed in Chapter 1) and the potential functions of dynamic,
reversible RNA modifications in plant immunity, hybrid vigour and hybridization
barriers, open up perspectives for further analysis and deepen our understanding of
the biological functions of RNA modifications in Plantae.
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Figure S1. Efficient bisulfite conversion of non-methylated cytosine
residues. (A) Above: Read coverage across cytosine residues from the
Renilla Luciferase (R-Luc) mRNA in vitro transcribed BS conversion control.
Below: Bisulfite conversion rates of cytosine residues in the R-Luc mRNA in
vitro transcribed BS conversion control. Results shown are from a
representative total RNA RBS-seq library. Nucleotide (A, T, C and G)
contributions in representative total RNA RNA-seq (B) and in stranded RBSseq libraries (C). The red triangles indicate the change in cytosine abundance.
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Figure S2. Characterization of Arabidopsis thaliana T-DNA mutants.
Phenotypes of (A) tRNA and (B) rRNA RMTase mutants grown on soil.
Photos are of 3 week old plants grown under long day photoperiods of 16 hr
light and 8 hr darkness. Scale bar = 1 cm. (C) Semi-quantitative RT-PCR of
TRM4A, TRM4B, NOP2B, NOP2C and NSUN5 transcripts in wild type, trm4a,
trm4b-1, trm4b-2, nop2b-1, nop2b-2, nop2c-1, nsun5-1 and nsun5-2. PDF2A
is used as a loading control. Due to the low abundance of NOP2C mRNA
transcripts, it was difficult to obtain a bright band in the quantitative range.
Consequently, quantitative RT-PCR was performed for nop2c-2. Expression
was normalized to PDF2A mRNA. Error bars represent standard error of 3
technical replicates.
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Figure S3. Specificity of tRNA and rRNA MTases. Heatmaps showing
percentage methylation of all cytosines detected in nuclear tRNAs of wild type
(n=1) and trm4b-2 (n=1) (A), and wild type (n=3 biological replicates), nsun5-2
(n=1) and nop2a-2/oli2-2 (n=1) (B). Cytosine positions are indicated next to
tRNAs. White boxes represent cytosine positions with coverage less than five
reads. Heatmaps showing percentage methylation of cytosines in nuclear (N),
chloroplast (C) and mitochondrial (M) rRNA sequences in wild type, trm4a,
trm4b-1, trdmt1 and trdmt1 trm4b (n=1) (C) and in wild type (n=3), nop2b-2
(n=1), nop2c-2 (n=2) and nsun5-2 (n=2) (D). Cytosine positions are indicated
next to rRNAs. Analysis shown in (A), (B), (C) and (D) are from RBS-seq.
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(E) Analysis of RNA methylation by NSUN5 at position C2268 on BS treated
nuclear LSU 25S rRNA template. Above: Restriction maps of dCAPS
amplified products showing the expected digest patterns of methylated and
non-methylated template. The 25S_rRNA_F dCAPS primer contains a G
mismatch at position four to generate a HinfI restriction site when C2268 is
methylated. Below: Cleavage of PCR amplified product by HinfI confirms
C2268 methylation in wild type as opposed to non-methylated C2268 in
nsun5-2 results in loss of HinfI restriction site. Loading control is undigested
PCR product.
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Figure S4. Multiple sequence alignment of methyltransferase motifs
from Arabidopsis thaliana RMTases. The amino acid sequences of two
subfamilies of RMTases in Arabidopsis; (A) TRM4A and TRM4B; (B)
NOP2A/OLI2, NOP2B and NOP2C were aligned using Clustal Omega [72]
and the MTase motifs were identified. Amino acids are shaded black if they
are identical, and grey if they are similar in at least half of the aligned
sequences. In panel (A), the red rectangle highlights a deletion of Motif-I in
TRM4A, which has previously been shown to be critical for RMTase activity
through AdoMet binding/catalysis. In panel (B), the red rectangle highlights a
deletion in NOP2B, which corresponds to Motif-IV in NOP2A/OLI2 and
NOP2C. Amino acid residues 86-362 and 161-487 are shown for TRM4A and
TRM4B respectively. Amino acid residues 285-563, 268-520 and 218-595 are
shown for NOP2A/OLI2, NOP2B and NOP2C respectively.
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Supplementary Figure 1: Efficient bisulfite conversion of non-methylated cytosine
residues. (a) Above: Read coverage across cytosine residues from the Renilla Luciferase
(R-Luc) mRNA in vitro transcribed BS conversion control. Below: Bisulfite conversion rates
of cytosine residues in the R-Luc mRNA in vitro transcribed BS conversion control. (b)
Global endogenous cytosine abundance is reduced after bisulfite treatment. Results show
nucleotide (A, T, C and G) contributions from the RBS-seq libraries of the two biological
replicates of wild type seedling shoots RBS-seq libraries combined. The red triangle indicates the change in cytosine abundance to less than 0.5% after bisulfite conversion
transcriptome-wide. (c) Endogenous tRNAAsp(GTC) was used as a positive control to confirm
previously identified m5C sites at cytosine positions C38, C48, C49 and C50 and to also
confirm efficient bisulfite conversion of highly structured RNAs, such as tRNAs. Results
shown are from 12 individual Sanger sequenced PCR clones. Each row represents an
individual clone. Methylated cytosines are shaded black, while non-methylated cytosines
are white.
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Supplementary Figure 2: Differences in global methylation levels of m5C sites in
Arabidopsis siliques, shoots and roots. Box-and-whisker plots (Tukey method)
show the distributions of log2 arcsin transformed methylation percentages of
transcriptome-wide m5C sites called in Arabidopsis siliques, shoots and roots (FDR≤
0.3, methylation ≥1%). The bar in the box-and-whisker plots represents the median
value, while the box encompasses the range of data between the first and third quartile
(interquartile range). The whiskers, or error bars, show the range of data points within
1.5 times the interquartile range. Differences between global methylation levels in the
three tissue types were subjected to one way ANOVA and Tukey’s multiple comparisons test (*P-value ≤0.0001).

82

6

23S rRNA C1977
23S rRNA C1940

5

AT5G47480 (5_19262126_+)

4

25S rRNA C2268
AT2G36120 (2_15165776_+)
AT2G36120 (2_15165764_+)
3_1967262_−
3_1967261_−

3
2
1

%methylation (arcsin transformed)

a

0

AT1G70940 (1_26744084_+)
AT3G14415 (3_4820045_+)
AT5G40395 (5_16166267_−)
AT5G47490 (5_19269514_+)
AT5G17920 (5_5937604_+)
AT2G33800 (2_14301150_−)
AT3G07100 (3_2245796_−)

trm4a

wild type

trm4a

wild.type

delete

b
TRM4A
Motif X

Motif IV

Motif VI

Motif VIII

Motif I

Motif IV

Motif VI

TRM4B
Motif X

Motif VIII

Supplementary Figure 3: Methylation of selected m5C sites analyzed using RBS-ampseq are not perturbed in trm4a mutants. (a) Heat map showing percentage methylation of
cytosines derived from targeted RBS-amp-sequencing in wild type and trm4a seedling
shoots. Cytosine positions are indicated on the left (3 biological replicates). (b) The amino
acid sequences of Arabidopsis RNA 5-methylcytosine methyltransferases TRM4A and
TRM4B were compared and the methyltransferase motifs were identified and are shown as
labeled purple boxes in the schematic. TRM4A is missing Motif I, which has previously been
shown to be critical for RMTase activity.
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Supplementary Figure 4: qRT-PCR expression of TRM4B-OX line and BS conversion efficiency of RBS-amplicon-seq. (a) Quantitative RT-PCR of TRM4B
transcripts in wild type and TRM4B-OX. Expression was normalized to PDF2A
mRNA abundance. Error bars represent s.e. (n=3 technical replicates). (b) Methylation percentages across the 36 cytosine residues from the MAG5 region amplified
using RBS-amp-seq in wild type (above) and TRM4B-OX (below). The TRM4B
dependent m5C site at position C3349 shows increased methylation in plants overexpressing TRM4B compared to wildtype and no increases in methylation at neighboring cytosines.
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Supplementary Figure 5: LOGO motif analysis of TRM4B dependent m5C
sites. LOGO motif analysis of TRM4B dependent sites from Arabidopsis (a)
siliques (b) shoots and (c) roots.
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Supplementary Figure 6: Complementation of trm4b short-root phenotype. (a) Root
elongation of seven day after germination seedlings of wild type (Col-0); trm4b-1 and trm4b-2
T-DNA mutants and two independent TRM4B over-expression transgenic lines; 3.0 and 5.0,
grown on grown on half-strength MS medium with 1% sucrose. Scale bar, 1 cm. (b) Quantification
of primary root length (7 DAG) of wild type, trm4b mutants and TRM4B-OX lines. (*P<0.001,
Students t-test; n≥10-40 seedlings).
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Supplementary Figure 7: Primary root length of trdmt1 mutants is similar
to wild type plants. (a) Root elongation of 10 days after germination (DAG)
wild type, trdmt1, trm4b-1 and trdmt1 trm4b double mutants, grown on halfstrength MS media with 1% sucrose. Scale bar, 1 cm. (b) Primary root growth
measurements at 10 DAG for wild type, trm4b-1, trdmt1 trm4b and trdmt1
mutants. Error bars indicate s.e. (*P<0.05, Students t-test; n≥14 seedlings)
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Supplementary Figure 8: Mature cortical cell length of wild type and trm4b-1 mutant
roots. (a) Propidium iodide stained confocal images of cortical cells in the root differentiatiation
zone of wild type and trm4b-1 mutant seedlings (7 DAG). White arrowheads indicate cortical
cell wall boundaries. Scale bar, 100 μm. (b) Average mature root cortical cell length for wild type
and trm4b-1 mutant. Error bars indicate the s.e. (*P<0.05, Students t-test; n = 9 seedlings).
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Supplementary Figure 9: Northern blot analysis of tRNAHis(GTG) . (a) Northern blot
detection of TRM4B substrate tRNAHis(GTG) in wild type and trm4b-1. Normalised intensity
values are given beneath each lane. (b) Average signal intensity of tRNAHis(GTG) in wild type
and trm4b-1. The tRNA signal intensities were normalized to rRNA loading control and then
compared to wild type.Error bars represent s.d; n=2 replicate RNA samples from one
Northern blot experiment.
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Supplementary Figure 10: Oxidative stress responsive biological process GO
terms are constitutively activated in trm4b mutants. Whole roots at 6 DAG were
harvested from wild type (WT), trm4b-1 and paraquat treated wild type seedlings and
RNA-seq analysis was performed (n=3). Biological process GO terms involved in the
oxidative stress response are significantly enriched (FDR<0.05) in (a) paraquat
treated wild type plants compared to wild type controls and in (b) trm4b-1 mutants
compared to wild type plants. Black stars indicate GO terms relating to oxidative
stress responses. The heat map shows the significance level using the negative log
of the p-value, where red = very significant and yellow = significant (FDR <0.05).
Analyses were performed using the GOrilla package64 and REVIGO65 to create nonredundant GO term sets.
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