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Introduction

Summary

e Among many mRNA modifications, adenine methylation at the N® position (N°-
methyladenosine, m®A) is known to affect mRNA biology extensively. The influence of m°A
has yet to be assessed under drought, one of the most impactful abiotic stresses.

e We show that Arabidopsis thaliana (L.) Heynh. (Arabidopsis) plants lacking mRNA ADE-
NOSINE METHYLASE (MTA) are drought-sensitive. Subsequently, we comprehensively assess
the impacts of MTA-dependent m®A changes during drought on mRNA abundance, stability,
and translation in Arabidopsis.

e During drought, there is a global trend toward hypermethylation of many protein-coding
transcripts that does not occur in mta. We also observe complex regulation of m®A at a
transcript-specific level, possibly reflecting compensation by other m®A components. Impor-
tantly, a subset of transcripts that are hypermethylated in an MTA-dependent manner exhib-
ited reduced turnover and translation in mta, compared with wild-type (WT) plants, during
drought. Additionally, MTA impacts transcript stability and translation independently of m°A.
We also correlate drought-associated deposition of m®A with increased translation of modula-
tors of drought response, such as RD29A, COR47, COR413, ALDH2B, ERD7, and ABF4 in
WT, which is impaired in mta.

e m®A is dynamic during drought and, alongside MTA, promotes tolerance by regulating
drought-responsive changes in transcript turnover and translation.

understanding of the molecular mechanisms promoting drought
tolerance.

Among various abiotic stressors, drought is more widespread in
its occurrence and poses a major threat to global crop yields.
Alongside an increasing human population, this posits an intensi-
fying need for drought-resilient crops to maintain adequate food
production. Drought-induced losses to the production of the
four major staple crops in the United States alone has been esti-
mated at $44 billion per year (Razzaq et al., 2021). Much pro-
gress has been made toward uncovering the molecular and
biochemical pathways underlying stress tolerance (Mickelbart
et al, 2015; Chan et al, 2016; Zhu, 2016; Bechtold &
Field, 2018). However, genetic manipulation of proteins
involved in stress response pathways often entail yield penalties
during good seasons (Mickelbart ¢t al, 2015). A promising
approach to improve stress tolerance, while minimizing yield
penalties, may be to alter the regulation of these pathways
(Ganguly e al., 2022). This emphasizes a need for expanding our

*These authors contributed equally to this work.

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

Abiotic stresses, such as drought, have profound effects on
plant growth. Drought triggers a complex signaling cascade that
regulates gene expression to facilitate acclimation. Multiple
kinases including sucrose nonfermentingl-related protein
kinases, mitogen-activated protein kinases, calcium-dependent
protein kinases, calcineurin B-like-interacting protein kinases,
and receptor-like kinase are integral components of drought sig-
naling (Chen ez al., 2021). Likewise, drought-induced signaling
compounds, including reactive oxygen species, abscisic acid
(ABA), 3 '-phosphoadenosine 5 ’-phosphate, and Ca®', partici-
pate in transducing drought signals (Chan et al, 2016). These
signals culminate into the induction of osmotic stress-responsive
genes, including DEHYDRATION-RESPONSIVE ELEMENT-
BINDING PROTEINs (DREBs), ABA-RESPONSIVE
ELEMENT-BINDING FACTORs (ABFs), RESPONSE TO
DEHYDRATION 29A (RD29A), and COLD-REGULATED
(COR) genes, many of which drive additional transcriptional
changes that help orchestrate downstream drought responses
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(Yamaguchi-Shinozaki & Shinozaki, 2006; Zhu, 2016; Bechtold
& Field, 2018). While much is known regarding transcriptional
regulation during drought (Ramanjulu & Bartels, 2002;
Yamaguchi-Shinozaki & Shinozaki, 2006; Sunkar ez al., 2012),
the contribution of RNA modifications is still being elucidated.

Across Eukaryota, mRNA modifications are widespread (often
essential) and affect various aspects of mRNA regulation includ-
ing splicing, stability, and translation. Among those identified so
far, methylation of adenosine at position N° (m®A) is the most
abundant internal RNA modification (Vandivier & Gregory,
2018; Arribas-Hernidndez & Brodersen, 2020). It has a character-
istic distribution across a transcript, being predominantly
enriched in the 3’ untranslated region (UTR) alongside modest
enrichment at the start and stop codons (Luo er 4/, 2014; Prall
et al., 2023a). In Arabidopsis thaliana (L.) Heynh. (Arabidopsis),
the majority of m®A is deposited by MTA with assistance from
accessory proteins mMRNA METHYLTRANSFERASE B (MTB),
FKBP12 Interacting Protein 37KD (FIP37), VIRILIZER (VIR),
and HAKAI (Reichel et 4/, 2019). MTA, MTB, and FIP37 form
the core of the complex and disruption of these components
often results in embryo lethality (Bodi er al, 2012; Shen
et al., 2016; Ruzicka et al., 2017). Recently, FIONA1 (FIO1) has
also been demonstrated to possess m°A methyltransferase activity
(Sun ez al, 2022; Wang et al., 2022; Xu et al., 2022). FIO1
knockout plants show ¢. 10-14% reduction in global m°A levels
and are viable with an early flowering phenotype (Sun
et al., 2022; Wang et al., 2022; Xu et al, 2022). m°A tends to
occur in a sequence-specific DRACH (D = A/G/U, R = A/G,
H = A/C/U) motif; however, there are multiple observations of
its occurrence at a plant-specific UGUA motif (Hu et 4/, 2021;
Govindan ez al,, 2022; Wang et al., 2022; Sharma er al., 2024).
Its presence does not change the sequence context; rather, m®A
affects RNA fate indirectly via changes in secondary structure or
the recruitment (or lack thereof) of various proteins (Kierzek &
Kierzek, 2003; Liu et al., 2015, 2017; Anderson ez al., 2018; Kra-
mer et al, 2020). Notable proteins that can recognize
m°A include ‘readers’ designated as Evolutionary Conserved
C-Terminal Domain (ECT) proteins (Arribas-Hernandez
et al., 2018; Scutenaire et al., 2018; Wei et al., 2018) and ‘era-
sers’ (e.g. AlkB-homology (ALKBH) family proteins) (Mielecki
et al., 2012; Duan et al., 2017).

Plant response to stress includes changes in their m°A topol-
ogy. For instance, in response to salt stress, mC®A deposition was
observed to stabilize salt stress-responsive transcripts via changes
in mRNA secondary structure (Anderson et al, 2018; Kramer
et al., 2020). A global lack of m®A (in vir mutant) was also shown
to result in hypersensitivity to salt stress (Hu er 4/, 2021). Like-
wise, VIR-mediated m°A deposition was important for regulating
the translation of photoprotective proteins during high light
(Zhang et al., 2022). Similar results were reported from cold and
copper-induced oxidative stress, where m®A-modified transcripts
showed increased abundance and ribosome occupancy (Govin-
dan et al, 2022; Sharma et al., 2024). m°A has also been linked
to biotic responses, including viral and bacterial infections
(Martinez-Pérez et al., 2021; Prall et al., 2023b). However, the
role of MTA and m°A has yet to be investigated during plant
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drought stress response. Here, we investigate the extent to which
MTA-dependent m°A dynamics during drought impacts mRNA
abundance, translation, and stability to promote drought toler-
ance in Arabidopsis.

Materials and Methods

Plant growth conditions and drought imposition for
sequencing

Arabidopsis thaliana (L.) Heynh. Col-0 (wild-type, WT) and mza
mutants (proABI3:MTA/mta (Bodi er al., 2012)) were used to
conduct experiments. Seeds were planted on soil-filled pots
(11 x 9 cm) and kept at 4°C for 3 d for stratification. Seeds
were transferred to a growth chamber maintained under
8 h: 16 h, 22°C : 20°C, light : dark for 8 d. Germinated seed-
lings were then transferred to a growth chamber under a
12 h : 12 h, 22°C : 20°C, light : dark for 9 d. These 17-d-old
seedlings were watered to soil capacity, then divided into two
groups; watering was withheld for one group in order to progres-
sively induce drought for 12 d, whereas the control group
received regular watering. We harvested rosette leaves from c.
30—40 plants under control and drought-treated conditions in
biological triplicate (biological replicates reflect independently
grown plants), which were immediately frozen in liquid nitrogen
then stored at —80°C.

Physiological assays and drought phenotyping

For phenotyping, plants were drought-stressed as described
above, except that water was withheld for between 21 and 27 d.
After this, between the 21% and 27% day of stress, one pot at a
time was rewatered each consecutive day and allowed to grow to
assess recovery.

Electrolyte leakage was assessed in WT and m#a under control
and drought conditions to compare drought tolerance as
described previously (Govindan ez af., 2022). Briefly, seven repli-
cates of two fully developed rosette leaves were excised from
drought-stressed  WT
20 x 150 mm tubes containing 100 pl of deionized water.
Then, 12 ml of deionized water was added to each tube followed
by gentle shaking overnight at room temperature. Solution con-

and mza plants and placed in

ductivity was measured using a conductivity meter (Orion Star
A212; Thermo Fisher Scientific, Carlsbad, CA, USA). Next, the
samples were autoclaved at 121°C for 20 min, and then agitated
for 2 h before measuring conductivity again. The percentage of
electrolyte leakage was calculated as the ratio of conductivity
before and after autoclaving.

Proline content was analyzed as described previously (Carillo
& Yves, 2011). The ethanolic extract was prepared by homoge-
nizing ¢. 100 mg leaves in 1 ml of 70% ethanol. The 100 ul
reaction mixture constituted 1% (w/v) ninhydrin in 60% (v/v)
acetic acid and 20% (v/v) ethanol, mixed with 50 pl of ethanolic
extract. The reaction mixture was then incubated at 95°C for
20 min, cooled to room temperature, and absorbance was
recorded at 520 nm in a microplate reader.

© 2024 The Author(s).
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Data shown represent means and SD from three biological
and nine technical replicates. Analysis of variance and post hoc
Tukey’s test was used to test for significant differences.

RNA isolation and poly(A) selection

Total RNA was extracted using TRIzol reagent (Thermo Fisher
Scientific). The quantity and integrity of total RNA were mea-
sured using a Nanodrop ND-1000 (Thermo Fisher Scientific)
and gel electrophoresis, respectively. Approximately 170 g total
RNA was used for poly(A) RNA isolation using the Dynabeads
mRNA Purification Kit (Invitrogen). The mRNA-seq, m®A-IP-
seq, and GMUCT libraries were produced using the same RNA
for each sample.

m®A-RNA immunoprecipitation and library preparation

Approximately 1.5 pg of poly(A) RNA (mRNA) was chemically
fragmented with the NEBNext Magnesium RNA Fragmentation
Module (NEB, Ipswich, MA, USA). Fragmented mRNA was
used for m°A-IP using the EpiMark NG6-Methyladenosine
Enrichment Kit (NEB) and 10% was kept, before IP, as the input
control. Libraries from input mRNA and immunoprecipitated
RNA (m°A-IP) were prepared with the NEBNext Ultra IT Direc-
tional RNA Library Prep Kit for Illumina (NEB).

Polysomal RNA library preparation

Polysomes were isolated as previously described (Li ez al., 2017;
Govindan ez al., 2022). Harvested leaf tissue was ground into a
fine powder in liquid nitrogen. Approximately 1.25 ml of poly-
some extraction buffer (200 mM Tris-Cl (pH 9.0), 200 mM
KCl, 26 mM MgCl,, 25 mM EGTA, 100 pM  2-
mercaptoethanol, 50 pg ml~" cycloheximide, 50 pg ml™" chlor-
amphenicol, 1% Triton X-100, 1% Brij-35, 1% Tween-40, 1%
IGEPAL CA-630, 2% polyoxyethylene (10) tridecyl ether,
1% deoxycholic acid) was added to the powdered dssue
(500 mg), mixed thoroughly, and then incubated on ice for
10 min with occasional mixing by inversion. The mixture was
centrifuged at 4°C for 2 min at 16 900 g Approximately 600 pl
of supernatant was layered onto the top of a sucrose gradient
(20-60% sucrose, w/v) and centrifuged for 120 min at
275 000 g in an Optima LE-80 centrifuge (Beckman, Indiana-
polis, IN, USA). The optical density of the gradient fractions was
measured by using a UA-5 detector and a Gradient Fractionator
(model 640; ISCO) at 254 nm. Sucrose fractions with more than
two ribosomes were pooled and used for polysomal RNA isola-
tion using TRIzol reagent. Approximately 8 pig of polysomal
RNA was used for mRNA purification, which was then used for
library construction using the KAPA Stranded mRNA-seq Kit.

RT-qPCR

First-strand ¢cDNA synthesis was performed with 2 pg of
DNase-treated (DNase I; Invitrogen) RNA using Superscript
reverse transcriptase 11 (Invitrogen). PCRs were performed in the

© 2024 The Author(s).
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total volume of 10 pl, with 0.5 pM of each forward and reverse
primers and 2x Power SYBR Green PCR mix (Applied Biosys-
tems, Waltham, MA, USA) on a LightCycler 96 system (Roche).
The PCR conditions included an initial denaturation at 96°C for
1 min, followed by 40 cycles of 5 s at 94°C and 1 min at 60°C.
The PCR was performed on two independent biological samples
with two technical replicates. The relative expression levels of the
target genes were calculated using 27AAC (Livak & Schmitt-
gen, 2001) and normalized against PP2AA3 (AT1G13320). Pri-
mers are listed in Supporting Information Table S1.

GMUCT

GMUCT libraries were constructed as previously described
(Willmann ez al., 2014) using 600 ng poly(A) RNA.

Sequence analysis

A full description of the sequencing analyses performed is pro-
vided in the Methods S1. All code used for analyses are available
on GitHub (https://github.com/dtrain16/NGS-scripts). Sequen-
cing statistics are summarized in Table S2.

Results

MTA contributes to drought tolerance

To investigate whether MTA contributes toward drought toler-
ance, we compared drought sensitivity between wild-type Col-0
(WT) and a line with embryo-specific expression of MTA
(proABI3:MTA/mta herein referred to as mta) that is required
for these mm mutant plants to properly progress through
embryonic development (Bodi ez al, 2012). We imposed
drought on 17-d-old WT and mz#a plants by withholding water
for up to 27 d followed by rewatering to evaluate recovery
(Fig. 1a,b). After 21 d, WT and mza showed 100% and 38%
recovery, respectively (Fig. 1b). This decreased to 91% and 14%
in WT and mza plants, respectively, after 23 d. None of the mza
plants could recover after 25 d, whereas ¢. 30% of WT plants
could recover. We also characterized drought sensitivity using
physiological assays. First, we measured electrolyte leakage as a
measure of damage to the plasma membrane. Under control
conditions, ion leakage was comparable between WT and mza.
However, mzta displayed significantly higher levels of leakage
(72%), compared with WT (46%), under drought (Fig. 1c). We
next evaluated proline accumulation, a drought-induced solute
considered to act as an osmoprotectant (Ramanjulu & Sudha-
kar, 2000; Bartels & Sunkar, 2005). While proline levels were
elevated in both WT and mza plants under drought, the level of
accumulation was significantly lower in mza (Fig. 1d). We also
evaluated changes in M7TA transcript abundance, in both total
mRNA and polysomal RNA fractions, in WT and mza under
drought (Fig. le). This was especially important since MTA is
under the control of the drought-inducible ABI3 promoter in
the mta mutant. In WT, we observed a subtle decrease of MTA
in the total mRNA pool under drought; however, MTA levels

New Phytologist (2024)
www.newphytologist.com

ASUAOIT SUOWIWIO)) 0A1IEAI)) d[qear[dde oy Aq pauIdA0S o1e SA[ANIE V() oSN JO Sa[nI 10J AIeIqIT dul[uQ AJ[IA\ UO (SUOIIPUOI-PUE-SULId} 0D AO[IM" ATeIqi[aut|uo//:sd)y) suonipuo) pue swia ], oy 39S [$20z/¢1/20] uo Areiqry suruQ AdIA ‘£z207 udu/1 1 11°01/10p/wod Kopim Areiqrjauruoyduy/:sdny woiy papeojumo


https://github.com/dtrain16/NGS-scripts
https://github.com/dtrain16/NGS-scripts
https://github.com/dtrain16/NGS-scripts

New

Phytoogi

(@)

Before drought

WT ; mta WT mta WT mta

Recovery
®) e () Hrr @ ¢
= WT 100
mta —_ —
g g 5
s ~ 80 w
< 1001 g T 4
- £ >
g g L
o ) ns
9 o
o 50 5 40 £ 2 ns
(13 2 ° (
S 20 el e
w =
0. |
Day 21 Day22 Day23 Day?24 Day25 Day27 0 WT mta WT mta 0 WT mta WT mta
Drought duration Control Drought Control Drought
(e) * ns ns ns
504 — —_ A
45—
40
354
30 Ea Control

MTA expression relative to
PP2A4A43 (%)
N
a
]

= Drought
20+
15
10
5 ii'
0- !

mRNA Polysomal mRNA  Polysomal
RNA RNA

WT mta

Fig. 1 mRNA ADENOSINE METHYLASE (MTA) is important for drought tolerance in Arabidopsis. (a) Phenotype of wild-type (WT) (Col-0, left) and mta
(proABI3::MTA/mta, right) plants before, during, and after drought. (b) Percent of WT and mta plants that were viable after rewatering following
drought. (c, d) Electrolyte leakage (c) and proline (d) quantification in WT and mta following 21 d of drought. (e) Relative expression of MTA in total and
polysomal mRNA after 12 d of drought as determined by reverse transcription quantitative polymerase chain reaction. Expression level is normalized to
PP2AA3 (AT1G173320). Data are shown as mean and SD. Statistical significance denoted by: ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,

P < 0.0001.
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were unchanged in the polysomal RNA fraction. Importantly, in
mta, we observed substantially reduced expression of MTA in
the total mRNA pool and negligible levels in the polysomal
RNA fraction. Furthermore, M7TA expression was not induced
under drought in mza. Taken together, mza mutants exhibit atte-
nuated expression of MTA, which correlates with increased
drought sensitivity.

m®A dynamics during drought

To study m°A dynamics during drought, we performed
m°A-RNA immunoprecipitation sequencing (m6A-RIP-seq) on
WT and mta plants subjected to 12 days of drought (DT)
along with control (CK) plants. We confirmed data reproduci-
bility through multidimensional scaling analysis (MDA)
(Fig. SIA). We observed separation by condition (PC1) and
genotype (PC2), suggesting that these were the primary sources
of variation in m°A across our samples. We then calculated
transcriptome-wide m®A  enrichment across all samples
(Fig. 2a). In WT under CK conditions, we observed m°A to
be highly enriched throughout the 3’ UTR with relatively
modest, yet pronounced, levels at the start and stop codons,
which is consistent with previous observations (Luo
et al., 2014). Compared with WT, mza exhibits a substantial
depletion of m°A largely at the stop codon and throughout the
3" UTR. Interestingly, transcripts in 7t plants showed higher
levels of m®A in both the 5’ UTR and CDS than WT, which
may reflect altered activity of other m®A regulators, including
FIO1 and m°A erasers, in the absence of MTA (herein referred
to as compensatory regulation). In WT, DT was associated
with hypermethylation at the start and stop codons, within the
CDS, and across the 3’ UTR, while hypomethylation was
observed in the 5’ UTR. Interestingly, m#a showed similar
mC®A changes to WT in the 5/ UTR (hypomethylation) and
stop codon (hypermethylation) under DT. However, mta also
showed hypo-methylation within the CDS and, critically, no
change in m®A at the start codon and throughout the 3’ UTR
during DT. These observations suggest that m°A deposition is
likely to be regulated during DT in both an MTA-dependent
and -independent manner. Our results link MTA to
DT-induced hypermethylation within the CDS and the 3’
UTR (as observed in WT), whereas MTA-independent changes
(observed in mta) may reflect compensatory regulation that
occurs when MTA function is disrupted.

To investigate transcript-specific changes in m®A, we
employed MACS2 to identify regions enriched for m®A. We con-
sidered high-confidence peaks as those detected in all three biolo-
gical replicates for each genotype and condition (Fig. S1B). A
total of 6213, 8472, 5344, and 5349 high-confidence peaks were
identified across WT and mtza in CK and DT, respectively
(Table S3). Visualizing mPA levels at these sites revealed complex
patterns of change between genotypes and conditions (Fig. S1C).
Consistent with the global trend, there were a large proportion of
sites showing hypermethylation in WT under DT. On the other
hand, while 7t showed overall depletion in m®A, there were still
clusters of sites where hypermethylation still occurred, possibly

© 2024 The Author(s).
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reflecting FIO1 or m®A eraser activity. However, this induction
appears insufficient to recapitulate WT levels of m°A under DT
at the majority of sites.

Since mta is drought-sensitive, we reasoned that
MTA-induced hyper-methylation may contribute to DT toler-
ance. To investigate transcript-specific regulation of m°A by
MTA, we adopted a strategy to focus on regions with m°A peaks
in WT, but not mza, which we term MTA-affected sites (Fig. 2b)
(Prall et al., 2023b). We identified 2697 and 4233 such sites in
CK and DT, respectively, which formed the basis for further ana-
lysis (Table S4). Of these peaks, 1270 out of 5660 (22.4%) were
detected in both conditions while 1427 (25.2%) and 2963
(52.3%) were observed specifically under CK or DT, respectively.
These latter peaks correspond to 1370 and 2674 transcripts in
CK and DT, respectively. Testing for enriched motifs within
MTA-affected sites revealed the plant-specific UGUA motif that
has been repeatedly identified (Luo er a4l, 2020; Govindan
et al., 2022; Wang et al., 2022; Prall er al, 2023b; Sharma
et al., 2024). This motif was highly prevalent (69.2%) amongst
MTA-affected sites under DT (Fig. 2b). We also identified the
motifs GAAGAA and UAUAUA among hypomethylated and
hypermethylated targets, respectively, albeit at a lower proportion
than UGUA.

Hierarchical clustering of MTA-affected sites revealed five
clusters of interest (Fig. 2c). These clusters were enriched for sites
that were hypo- (I, II) or hyper-methylated (II, V) during DT in
WT, with reduced m°A levels in 7z plants. Cluster IV also
showed a bias toward hypermethylation during DT in WT
alongside a subset of hypomethylated sites that were difficult to
separate without forming an excessive number of clusters.
Despite the overall reduction in m®A levels in mza, clusters III
and IV showed comparable fold-changes in m®A, between CK
and DT, in WT and mia, which may reflect compensatory regu-
lation. Similarly, Cluster I, which had a bias of hypomethylated
sites under DT in WT, were hypermethylated under DT in mza.
Conversely, Clusters II and V contained hypo- and hypermethy-
lated sites in W'T, respectively, without m®A changes in mza.
Although both sets of sites display an overall reduction in m®A in
mita, the DT-responsive m°A status of Cluster V sites seem to be
primarily governed by MTA activity, whereas secondary regula-
tion may be occurring at Cluster I sites.

We next considered the location of MTA-dependent m°A
sites, which predominantly occurred (> 75%) within the 3’
UTR of protein-coding transcripts (Fig. 2d). This was consistent
across each cluster of MTA-affected m°A sites. We next explored
the biological functions of the proteins encoded by transcripts
overlapping with m°A sites, from each cluster, by testing for
over-represented GO terms using PANTHER (Mi ez al., 2019).
The strongest enrichments were observed for higher level (or par-
ent) GO terms, related to primary metabolism and cellular pro-
cesses (Fig. 2e). These were evident across all clusters of m°A
sites, although they were most pronounced in Clusters III and
IV. Importantly, we also observed enriched terms related to
photosynthesis and stress in specific clusters. For example,
response to salt stress and proteolysis were evident amongst tran-
scripts  overlapping with Cluster II sites (hypomethylated),
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Fig. 2 RNA m6A is remodeled during drought in Arabidopsis. (a) m°®A enrichment (RPMp/RPMinp), binned into 10 nt rolling windows, across all
detected transcripts. (b) Venn diagrams representing the number of high-confidence m°A peaks identified in wild-type (WT) and mta under CK and DT.
mRNA ADENOSINE METHYLASE (MTA)-affected sites were defined as those detected only in WT. Numbers in brackets denote number of unique
overlapping genes. Enriched motifs were identified using STREME. (c) Heatmaps with one-dimensional hierarchical clustering of rows representing m°A
enrichment, scaled as row-wise Z-scores, at MTA-affected sites. Roman numerals denote cluster and the mean fold-change in m®A under DT, among sites
within each cluster, is shown for WT and mta. (d) Proportion of MTA-affected m®A sites occurring within a 5 UTR, CDS, 3’ UTR, or intergenic region.
Number in brackets represents the number of m®A sites in each cluster. (e) Over-represented GO terms among protein-coding genes harboring MTA-

dependent mCA sites. Gray denotes nonsignificant (P-value > 0.05) terms.

functions, DT-induced changes in mCA are found on stress-
related transcripts in their 3’ UTR.

Impacts of MTA and m®A on drought-responsive changes
in MRNA abundance

The presence of m°A has been linked to various aspects of
mRNA regulation, including stability and translation (Prall
et al., 2023a). Therefore, we hypothesized that the altered m°A
regulation in mza could influence the abundance, stability, or
translation of stress-related transcripts, leading to drought sensi-
tivity. Additionally, since there may be multiple impacts on
mRNA regulation, we first highlight the changes that can be
attributed to lack of MTA before evaluating the extent to which
these changes can be directly associated with changes in m®A, or
not, as measured by our m®A-RIP-seq. We consider this strategy
to more precisely capture the impact of m°A on mRNA regula-
tion.

We first investigated DT-responsive changes in mRNA abun-
dance. When directly comparing differential expression during
DT, we observed a significant overlap between WT and mz
(Fig. S2A,B; Table S5). For both genotypes, the DT-responsive
transcripts were enriched for functions related to stress response,
including water deprivation and abscisic acid (Fig. S2C).
Although a significant proportion of the same transcripts are
DT-responsive in both genotypes, it is not clear whether this is
occurring to the same magnitude. We identified 2725 such tran-
scripts with altered DT-responsive abundance changes with a bias
(1731, 63.5%) toward larger increases in abundance in mta com-
pared with WT (Fig. 3a). Within this collection of transcripts,
we observe a striking over-representation of functional terms
related to stress response (Fig. 3b). These results suggest that mza
exhibits larger increases in mRNA abundance of stress-associated
transcripts, which may reflect its increased sensitivity to DT.

Next, we assessed the extent to which changes in mRNA abun-
dance in mza was correlated with changes in mPA either constitu-
tively or under DT. To test the former, we compared mRNA
abundance, measured under CK, between transcripts with and
without MTA-affected mCA sites (Fig. 3c). We observed a bias
toward increased abundance for transcripts harboring a MTA-
affected m®A site compared with those that did not. Interestingly,
although statistical significance was achieved, we observed highly
comparable transcript abundances between WT and mzz for each
fraction. For transcripts harboring MTA-affected m®A sites in
WT under CK, we utilized linear modeling to relate m°A levels

© 2024 The Author(s).
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to mRNA abundance. Counterintuitively, we observed that m°A
was moderately anticorrelated with mRNA abundance (adjusted
R =0.24, slope = —0.47, Pearson’s r = —0.49, Fig. S3A). We
then interrogated whether m®A dynamics could influence DT-
responsive changes in mRNA abundance. Since there is a global
trend toward hypermethylation, and MTA activity facilitates
mCA deposition, we reasoned that Clusters IIT (904 m°A peaks,
854 transcripts) and V (613 m°A peaks, 586 transcripts) provide
an ideal subgroup of sites with which to reveal the regulatory con-
sequences of attenuated m°A regulation in mza (Fig. 2¢). Hence,
we compared the DT-induced fold-changes between WT and
mita in transcripts with Cluster 11T or V MTA-affected m°A sites
(Fig. 3d). Interestingly, for transcripts with Cluster V sites, a
small but statistically significant increase in fold-change was
observed in mza. Taken together, these results suggest that while
MTA has a substantial impact on DT-responsive changes in
stress-related transcript abundance, m°A has a relatively minor
contribution to a subset of transcripts.

MTA impacts RNA turnover and drought-responsive
changes in transcript stability is influenced by m°A

Since m°A has been reported to stabilize mRNAs (Anderson
et al., 2018), we interrogated the extent to which MTA-affected
mC®A changes impacted transcript stability. For this, we per-
formed global mapping of uncapped and cleaved transcripts
(GMUCT) (Willmann et al., 2014). This method profiles 5'-
monophosphorylated RNAs (i.e. uncapped mRNAs) represent-
ing transcripts undergoing 5 '-end decay, allowing for inferences
on mRNA turnover and stability. Our quality control analysis
using MDA revealed high reproducibility (86%, Fig. S4A), and
we observed 3-nucleotide phasing with a bias for the translational
frame (frame 0, Fig. S4B) as previously reported (Hou
et al., 2016; Yu et al., 2016). In order to assess differences in
cotranslational decay, we summarized 5'-P end accumulation
based on the position of the 5’ edge of a terminating ribosome
(17 nucleotides upstream of the stop codon) as previously
described (Hou ez al., 2016; Yu ez al., 2016). For each genotype,
DT-treated samples showed higher accumulation of 5’-P ends,
whereas mta mutants had higher accumulation of 5 ’-P ends than
WT in both CK and DT conditions. However, when expressed
as a percentage of the total 5’-P ends at each transcript (relative
frequency of 5’-P ends, see Supporting Information (Lee
et al., 2020)), we observed highly comparable signatures between
genotypes and conditions (Fig. 4b). This suggests that there is a
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Fig. 3 Assessing the impacts of mMRNA ADENOSINE METHYLASE (MTA) and m®A on drought-responsive changes in mRNA abundance in Arabidopsis. (a, b)
Volcano plot of (a), and over-represented GO terms in (b), genes with differential DT-responsive changes in mRNA abundance in mta. Gray denotes
nonsignificant GO terms. (c) Violin plot of log, mRNA abundance in wild-type (WT) and mta (CK only) for transcripts with (+) or without (—) a MTA-affected
m°®A site. Horizontal line denotes median. (d) Standard boxplots of log, fold-changes in mMRNA abundance, in WT and mta, for transcripts that contain a MTA-
affected mPA site from Cluster Il or V. Horizontal lines denote the first (bottom), second (median, middle), and third quartiles (top). Whiskers denote 1.5x
interquartile range. Data outside the interquartile range are denoted as circles. Numbers denote the number of genes detected for each category. Statistical
significance was determined using Dunn’s test of multiple comparisons with P-values adjusted using the Bonferroni method: **, P < 0.01; *, P < 0.05.

global increase in RNA turnover, as opposed to specific changes
in ribosome stalling or cotranslational RNA decay, when MTA is
disrupted and during DT conditions.

We then assessed the impact of MTA on differential accumu-
lation of uncapped RNAs, relative to total mRNAs, in a
transcript-specific manner by combining our GMUCT and
mRNA-seq datasets (Tables S5, S6). Interestingly, there were a
greater number of transcripts with significant changes in the
levels of uncapped RNAs, compared to mRNAs, with a bias
toward an increased abundance (Fig. S4C). This aligns with the
global trend of increased uncapped RNAs, reinforcing a link
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between MTA and RNA turnover. We then interrogated changes
under DT, which induced changes in uncapped RNAs for 7185
and 5690 transcripts in WT and mza, respectively. Importantly,
we identified 2306 mRNAs with differential DT-induced
changes in uncapped RNAs in mta of which 637 occurred with-
out a significant change in total mRNA (Fig. 4c). We tested for
over-represented GO terms amongst these transcripts and
observed an enrichment for stress-related terms, especially for
those with altered DT-responsiveness in both mRNA and
uncapped RNA (Fig. 4d). This suggests that MTA impacts DT-
induced changes in the turnover of stress-related transcripts.
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We next investigated the extent to which transcript stability
was associated with perturbed m°A in mza mutants. To facilitate
associating changes in m°A with those in transcript stability,
while accounting for transcription, we utilize the proportion
uncapped metric (GMUCTgrpp/mRNARpy) where an increase
in proportion uncapped equates to reduced stability (Vandivier
et al., 2015) and vice versa. We first considered the steady-state
relationship between m°A and transcript stability. A small, but
significant, decrease in proportion uncapped was observed in
transcripts with an MTA-affected m°A site compared to those
without (Fig. 4e). However, as with mRNA abundance, propor-
tion uncapped was highly comparable between genotypes for
transcripts with and without an MTA-affected m®A site. Further-
more, linear regression revealed a negligible relationship between
mCA and proportion uncapped in WT samples under CK condi-
tions (adjusted R =1.5 x 10°% slope = 0.01, Pearson’s
7= 0.01, Fig. S3B). These results suggest that m®A has a minor
contribution toward steady-state transcript stability at a
transcriptome-wide level.

We then tested how m®A impacts transcript stability during
DT by comparing the DT-induced fold-changes in proportion
uncapped, between WT and ma, for transcripts harboring Clus-
ter I1I and V MTA-affected m°A sites (Fig. 2¢; Table S7). While
transcripts with Cluster III sites did not show a significant differ-
ence in proportion uncapped, those with Cluster V sites had a
significantly lower median value in mza compared with WT
(Fig. 4f). This analysis suggests that those transcripts that are no
longer methylated during DT in mi#a mutants (Cluster V sites)
have a lower change in proportion uncapped, corresponding to a
reduced destabilization (or relatively higher stability). On the
other hand, sites at which m°®A was attenuated in 72z but display-
ing DT-responsive hypermethylation (Cluster III sites) showed
comparable stability changes between genotypes. Together, this
suggests that m®A dynamics has a minor role in influencing tran-
script stability during DT.

mCA promotes increased polysome occupancy for a subset
of stress-associated transcripts during drought

m°A has been documented to influence translation in plants
(Luo et al, 2020; Zhou et al, 2021; Govindan et al, 2022;
Sharma et al, 2024). Therefore, we udilized polyribosome
(polysome)-associated RNA-sequencing to investigate the
impacts of m°A on DT-induced changes in translation (Li
et al., 2017). MDA revealed high reproducibility with DT being
the primary source of variation (PC1 = 88%) between samples
followed by genotype (PC2 = 9%, Fig. S5A). We then interro-
gated changes in polysomal RNA relative to changes in total
mRNA (Tables S5, S8). Examining miza under CK conditions,
there was a striking bias toward changes in the polysomal RNA
fractions compared with total mRNA (as measured from input
mRNA samples), highlighting that MTA-mediated mCA deposi-
tion has greater impacts posttranscriptionally (Fig. S5B). To
explore the extent to which these occur under DT, we compared
changes in the total and polysomal RNA fractions between WT
and mta (Fig. 5a). Once again, there was a striking bias toward

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.
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changes observed in the polysomal RNA fraction. Of interest,
was the enrichment of stress-associated transcripts whose associa-
tion to polysomes were impacted (Fig. 5b). As expected, there
was a significant enrichment of transcripts associated with stress
responses, including response to water and oxidative stress. This
enrichment was most evident among transcripts with altered
polysomal RNA abundance as compared to changes in their over-
all mRNA abundance. This suggests that MTA is important for
polysome association, especially for stress-related transcripts
during DT.

We then evaluated whether the impacts in polysome associa-
tion in 7z could be associated with changes in m°A. We com-
bined our polysomal RNA- and mRNA-seq data to compute
transcript-specific polysome occupancy for evaluating changes in
polysome association that are independent of changes in total
mRNA (Table S9). Under steady state, we again observe a small,
but significant, difference in polysome occupancy in transcripts
that contain an MTA-affected m°A site compared to those with-
out (Fig. 5¢). Similarly, abundances between genotypes, for both
transcript fractions, were comparable despite statistical signifi-
cance. Linear modeling revealed a negligible relationship between
mCA levels and polysome occupancy amongst transcripts harbor-
ing an MTA-affected mCA site (adjusted R =61 x 1072,
slope = —0.03, Pearson’s » = 0.08, Fig. S3C). We then asso-
ciated m®A status to DT-induced changes in polysome occu-
pancy for transcripts harboring Clusters IIl and V m°A sites
(Fig. 2¢). A statistically significant decrease in DT-induced fold-
changes in polysome occupancy was observed in transcripts with
Cluster V sites (Fig. 5d). This analysis aligns with results
obtained regarding the proportion of uncapped transcripts sug-
gesting that, although steady-state mCA levels have a negligible
relationship with polysome occupancy, changes in m°®A influence
the regulation of transcript-specific translation during DT.

Validation of translational regulation of drought-associated
transcripts by MTA and correlation with m®A

Our sequencing-based analysis links DT-associated changes in
mCA with subtle impacts on the abundance, stability, and trans-
lation of transcripts largely associated with metabolic and gene
regulatory processes (Cluster V, Fig. 2¢). We further explored
our polysomal RNA-sequencing dataset for evidence of altered
translation of drought-related transcripts. We found several
important drought-associated genes that had attenuated regula-
tion in muta, including RD29A, COR47, COR413, ALDEHYDE
DEHYDROGENASE 2B (ALDH2B), EARLY RESPONSE TO
DEHYDRATION 7 (ERD?), and ABF4 (Tables S8, S9). Con-
sistent with our analysis of polysome occupancy (Fig. 5d), we
observed weaker DT-responsive changes in polysomal RNA
abundance in mta, compared with WT plants for many DT-
relevant genes including RD294, COR413, COR47, ALDH2B,
ERD7, and ABF4 (Fig. 6). Impaired translation of such tran-
scripts may explain why mza is drought-sensitive. We corrobo-
rated three of these observations (RD29A, COR47, and
COR413) using quantitative reverse transcription polymerase
chain reaction on total and polysomal RNA fractions (Fig. 7a).
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Additionally, given the importance of DREBs in plant drought
responses, we measured DREBIB, DREBIC, and DREBIA
along with CORI15A and KINI (targets of DREBs) in WT and
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significantly reduced DT-responsive fold-changes in the polyso-
mal RNA fraction in mta compared with WT (Fig. 7a).
A limitation in our analysis is that many critical modulators

of drought, such as the DREBs, were not captured as an
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Fig. 4 mRNA ADENOSINE METHYLASE (MTA) influences global RNA turnover and m®A dynamics influence DT-responsive changes in transcript stability
in Arabidopsis. (a, b) Mean normalized (a) and relative frequency (b) of 5'-P ends relative to stop codons. Dotted line represents the 5’ edge of a ribosome
17 nucleotides upstream of a stop codon at the A site. (c, d) Scatter plot of changes in uncapped and input mRNA (c), and over-represented GO terms (d),
for genes with differential DT response in mta. Colours denote statistically significant changes in input mRNA (blue), uncapped mRNA (green), or both
(magenta). (e) Violin plot of log, proportion uncapped in wild-type (WT) and mta (CK only) for transcripts with (+) or without (—) a MTA-affected m°®A
site. Horizontal line denotes median. (f) Standard boxplots of log, fold-changes in proportion uncapped during DT, in WT and mta, for transcripts that
contain a MTA-affected m®A site from Cluster |1l or V. Horizontal lines denote the first (bottom), second (median, middle), and third quartiles (top).
Whiskers denote 1.5x interquartile range. Data outside the interquartile range are denoted as circles. Numbers denote the number of genes detected for
each category. Statistical significance was determined using Dunn's test of multiple comparisons with P-values adjusted using the Bonferroni method: **,

P <0.01; *, P <0.05.

MTA-affected m°A site. Since these transcription factors are
DT-responsive, we reasoned that this may be due to DT-induced
transcription reducing the m®A enrichment at these genes (deter-
mined by MACS2), thereby decreasing peak calling sensitivity.
In our data, increased polysomal RNA abundance, under DT,
was evident in WT alongside a concomitant increase in m°A
(Fig. 6). Conversely, in 7z, where m°A levels are visibly lower, a
weakened induction under DT was observed. This suggests that
mCA changes are occurring at transcripts important for drought
and contribute to their regulation at the level of translation. To
further quantify this, we extracted m°A enrichment, mRNA
abundance, proportion of uncapped transcripts, and polysome
occupancy for the abovementioned genes, as well as genes related
to proline metabolism (Fig. 7b). Counterintuitively, many of
these transcripts had higher levels of m®A in 74, again potentiat-
ing compensatory feedback by other m®A machinery. Regardless
of overall m°A, many transcripts demonstrated DT-induced
hypomethylation, which opposes the global trend toward hyper-
methylation. This suggests that these transcripts are generally
methylated by MTA, however, are subject to secondary m°A reg-
ulation during DT. Most of these transcripts showed comparable
changes in mRNA abundance between genotypes, which likely
reflects that these were driven by DT-induced transcription.
There was also a combination of DT-induced changes in the pro-
portion of uncapped transcripts and polysome occupancy that
were in opposing directions (e.g. COR47). On the other hand,
mta sometimes showed a weaker response (e.g. DREBIC) or a
stronger response (e.g. RD29A). Curiously, the most striking
observation was the correlation between increased m°A in mia,
compared to WT, with increased turnover and translation for a
range of transcripts including COR47, KINI, COR413,
CORI15A, DREBIA, and DREBIB. In the case of these tran-
scripts, which were hypomethylated during DT in both geno-
types, there was a more pronounced reduction in RNA turnover
and translation under DT. This suggests that m®A may have the
most pronounced effect on the regulation of these transcripts,
while also highlighting the complexity of disentangling m®A-
mediated regulation from that of stress-signaling pathways.

Discussion

Covalent RNA modifications such as m®A have been linked to
multiple aspects of RNA regulation including processing, stabi-
lity, and translation. In plants, stress-induced changes in m°A
have been associated with proper stress response (Hu ez 4/, 2021;
Martinez-Pérez ez al, 2021; Govindan ez al, 2022; Zhang

© 2024 The Author(s).
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et al., 2022; Prall et al., 2023b). An analysis of the role of MTA-
dependent m°A regulation during drought, a significant stressor
that affects grain and fodder production, has yet to be investi-
gated. Here, we demonstrate that MTA, the catalytic subunit of
the major m®A methyltransferase, is important for drought toler-
ance in Arabidopsis. We find that drought repatterns m°®A across
thousands of transcripts in a largely MTA-dependent manner,
alongside evidence of possible compensatory m®A regulation
when MTA is disrupted. Critically, changes at MTA-affected
sites were tied to drought-responsive mRNA regulation. Our ana-
lysis also suggests that MTA has m®A-independent impacts on
mRNA regulation, warranting caution of the extent to which we
assign regulatory potential to m°A.

We demonstrate that plants lacking MTA are drought-sensitive
(Fig. 1). This aligns with work showing mza to be susceptible to
variable abiotic factors, including cold, salt, copper-induced oxida-
tive stress, and high light (Hu ez al., 2021; Govindan ez al., 2022;
Zhang et al., 2022; Sharma et al., 2024). Contrastingly, mza has
improved pathogen resistance (Martinez-Pérez ez al., 2021; Prall
et al., 2023b). This dichotomy suggests that MTA, or m®A reader
proteins, may have condition-specific effects and/or regulation.
For example, ECT2/3/4 stabilizes m®A-modified mRNAs encod-
ing ABA signaling proteins (Song ez al, 2023). Contrarily, ECT8
inhibits translation of m°A-modified ABA-related transcripts dur-
ing drought (Wu er al, 2024). Despite such complexities, these
observations reinforce m°A as an important component of gene
regulation during stress.

We observe a predominantly MTA-dependent global increase
in m°A during drought in the 3’ UTR of transcripts related to
metabolism, gene regulation, and stress response (Fig. 2a,d,e).
However, an MTA-independent increase occurred in the 5’
UTR, albeit representing a small number of sites. This aligns
with a global increase in m°A that was observed in Arabidopsis
under high light at the 3’ end of transcripts related to photo-
synthesis and RNA regulation (Zhang ez al., 2022). This process
was perturbed in vir-1 mutants, again implicating the major m°A
methyltransferase complex (Zhang et al., 2022). Similarly, FIO1
was found to methylate ¢. 1000 salt-inducible transcripts to facili-
tate salt tolerance (Cai er al, 2024). Contrastingly, cold and
pathogen stress lead to reduced m®A in the 3’ UTR (Govindan
et al., 2022; Prall et al,, 2023b). Interestingly, reduction of m°A
during infection may involve the mCA eraser, ALKBH10B, at
defense-related transcripts (Prall ez al, 2023b). These findings
highlight the condition- and transcript-specific nature of m®A
dynamics, possibly underpinned by differential regulation of the
mCA writing and erasing machinery.
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Bonferroni method: **, P < 0.01; *, P < 0.05.

m°A can directly inhibit endonucleolytic mRNA cleavage
(Anderson et al, 2018) and influence RNA-protein binding
(Wang ez al., 2014; Zhu et al., 2014). It is, therefore, unsurpris-
ing that m°A can have contrasting effects on mRNA regulation.
Under steady state, m®A had the most notable impact on mRNA
abundance and stability (Figs 3c, 4¢). Although it is unclear what

New Phytologist (2024)
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is cause and effect, since there were negligible differences between
WT and mta for transcripts harboring MTA-dependent m°A
sites. Furthermore, amongst transcripts with MTA-affected
m®A sites, the only relationship observed was a modest negative
correlation with mRNA abundance (Pearson’s r= —0.49)

(Fig. S3). Interestingly, this relationship between m°A and

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.
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mRNA abundance was also observed in maize lines B73 (Pear-
son’s r= —0.66) and Mol7 (Pearson’s »= —0.65) (Luo
et al., 2020). The limited relationships observed may reflect com-
pensatory regulation in mfa that counteracts m°A-dependent
effects when unperturbed.

Contrarily, the impacts of m°A on mRNA regulation appear
to be more pronounced during stress (Anderson ¢t al., 2018; Hu
et al., 2021; Govindan et al., 2022; Zhang et al., 2022; Prall
et al., 2023b; Sharma ez al., 2024). Despite an overall reduction
in m°A, stress-induced increases in m®A in mita were still preva-
lent (Fig. 2c), which we hypothesize reflects compensatory

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.

activity by other m®A regulators. However, such a phenomenon
has yet to be described and requires measuring m°A levels in
higher order mutants of the relevant methyltransferases and/or
demethylases. Nonetheless, this complexity allowed us to contrast
sites with (Cluster V) and without (Cluster III) MTA-dependent
changes. Using this method, we associated MTA-dependent
increases in m°A with decreased abundance (Fig. 3d), decreased
stability (Fig. 4f) and increased translation (Fig. 5d) for ¢. 586
transcripts, related to metabolism and gene regulation, during
drought. Comparisons to other studies highlight the context-
dependent impacts of m®A. For example, flagellin 22 (a fragment
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of bacterial flagellin) treatment led to reduced m®A in the 3’
UTR, which was associated with increased stability and abun-
dance of 144 defense-related transcripts (Prall ez al, 2023b). On
the other hand, m®A was positively correlated with transcript sta-
bility during salt stress (Cai ez al., 2024). During strawberry fruit
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each metric.

ripening, m®A was positively correlated with increased stability
for two ABA-related transcripts and five transcripts encoding
translation factors (Zhou ez a4/, 2021). In maize, increased mCA
at the start codon was linked with higher translation; however,
heavy m®A in the 3’ UTR was associated with reduced

© 2024 The Author(s).
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translation (Luo er al, 2020). These contrasting observations
reinforce the need for a context-dependent understanding of
mGA—dependent mRNA regulation, including the regulation and
activities of m®A reader proteins such as the ECTs.

Drought susceptibility of mza is likely a consequence of impro-
per regulation of key drought responders such as DREBIA/B/C,
COR47/413, and RD29A (Figs 6, 7). Our targeted analysis
showed a positive correlation between mCA and translation for
COR413, COR47, RD294, ERD7, ALDH2B, and ABF4 (Fig. 6).
Similar observations were made during cold stress, where m®A
promoted the translation of COR47 and COR413 (Govindan
et al., 2022). Impaired translation of DREBIA/B/C could impact
the transcription of ¢. 6000 target genes (Song ez al., 2021). Con-
sistent with this, multiple DREB targets (RD294, COR47,
COR413, CORI5A, and KINI) were significantly lower in mia,
compared with WT, under drought (Figs 6, 7). This aligns with
the observation of substantial changes in drought-responsive
mRNA regulation in mtza, especially for stress-responsive tran-
scripts (Figs 3a,b, 4c,d, 5a,b). The breadth of impacts observed
in mta raises the possibility of m®A-independent effects. Indeed,
crosstalk between MTA and RNA Polymerase 11 (RNAPII) could
affect the pool of transcripts available for methylation. In human
cells, attenuated RNAPII transcription was linked to higher m®A
and reduced translation (Slobodin ez 4/, 2017). In plants, inter-
action between MTA and RNAPII was demonstrated in the con-
text of miRNA biogenesis (Bhat ez 4/, 2020). In addition, Bhat
et al. (2023) show that m°A-modified transcripts during cold
stress had higher RNAPII occupancy. Lack of MTA disrupted
RNAPII elongation, which impaired cold-responsive gene regula-
tion (Bhat er al, 2023). Transcription and mRNA decay are
coupled processes, whereby decay factors can shuttle between the
nucleus and cytoplasm to synchronize decay rates with the tran-
scription of a given mRNA (Chattopadhyay ez al., 2022). Newly
synthesized mRNAs can also be cotranscriptionally ‘imprinted’
in the nucleus, which can influence its export, decay, and transla-
tion (Dahan & Choder, 2013). Additionally, disruption of RNA-
PII termination has also been associated with a global increase in
uncapped RNAs (Crisp er al, 2018). It is possible RNAPII
dynamics are impaired in the absence of MTA, which may influ-
ence mRNA stability through a similar process, as described
above, providing a potential mechanism of mGA—independent
impacts of MTA on mRNA regulation. However, such findings
should not negate the importance of m°A. For example, an Ara-
bidopsis line expressing catalytically inactive FIO1 had reduced
salt tolerance (Cai et al., 2024). Similarly, expression of catalyti-
cally inactive MTA resulted in impaired MIR393b biogenesis
(Bhat ez al., 2020). Therefore, drought-specific changes in m°A
at a subset of transcripts could profoundly impact drought toler-
ance. Taken together, we conclude that MTA is important for
drought tolerance in Arabidopsis through both m®A-dependent
and -independent effects on mRNA regulation.
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