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Abstract

Posttranscriptional regulation of mRNA mediated by methylation at the N°® position of adenine (N°-methyladenosine [m°A])
has profound effects on transcriptome regulation in plants. Focused studies across eukaryotes offer glimpses into the processes
governed by m®A throughout developmental and disease states. However, we lack an understanding of the dynamics and the
regulatory potential of m®A during biotic stress in plants. Here, we provide a comprehensive look into the effects of m°A on
both the short-term and long-term responses to pathogen signaling in Arabidopsis (Arabidopsis thaliana). We demonstrate
that m®A-deficient plants are more resistant to bacterial and fungal pathogen infections and have altered immune responses.
Furthermore, m®A deposition is specifically coordinated on transcripts involved in defense and immunity prior to and proceed-
ing the pathogen signal flagellin. Consequently, the dynamic modulation of m°A on specific stress-responsive transcripts is
correlated with changes in abundance and cleavage of these transcripts. Overall, we show that the m°A methylome is regulated
prior to and during simulated and active pathogen stress and functions in the coordination and balancing of normal growth
and pathogen responses.

mitogen-activated protein kinases (MAPKs), and activation
of defense genes characteristic of a PTI response (Jones and
Takemoto 2004; Denoux et al. 2008; Bigeard et al. 2015).
Upon activation, PTI changes plant defense hormone profiles
(i.e. salicylic acid [SA] and jasmonic acid [JA]) to optimize the
immune response toward specific pathogens and reprogram
normal development (Felix et al. 1999; Zhang et al. 2010;

Introduction

Plants respond to their environment through a constant bal-
ancing act, mitigating action, and reaction to harmful and
beneficial stimuli. In the innate immune response specifically,
Arabidopsis (Arabidopsis thaliana) can detect and respond to
bacterial and fungal proteins through recognition of con-

served pathogen/microbe-associated molecular patterns
(PAMPs/MAMPs) thereby initiating PAMP/MAMP-triggered
immunity (PTI/MTI) (Jones and Dangl 2006). For example, a
well-characterized PAMP of Pseudomonas is flagellin (fig22),
which triggers downstream signaling responses including
reactive oxygen species (ROS) production, activation of

Berens et al. 2017). Such coordination in response to patho-
gen infection requires complex regulation on multiple tiers of
gene expression (Schenk et al. 2000; Birkenbihl et al. 2017; Li
et al. 2019).

More recently, it has been shown that posttranscriptional
regulatory mechanisms, such as RNA modifications, are major
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IN A NUTSHELL

Background: To determine how plants respond to bacterial and fungal pathogens, researchers are interested in ana-
lyzing the transcriptome, the global collection of RNAs in eukaryotic cells to see how plants react. Not only changes in
individual RNA copy number (abundance) but also significant changes in the covalent additions to specific nucleo-
tides in messenger RNAs (mRNAs) (i.e. nucleotide modification) are observed. In this work, we investigate the addition
of a methyl group onto the mRNA nucleotide adenosine (N®-methyladenosine [m°®A]). m®A addition to mRNA is of
great interest because its presence in individual mRNAs is known to affect RNA stability, translation, and maturation.

Question: What is the m°®A transcriptomic landscape before and after exposure to simulated and real pathogen in-
fection in Arabidopsis? How does global reduction in m°®A across all mRNAs affect plant preparedness and reactivity to
pathogen stress?

Findings: Global depletion of m®A in mutant and transgenic seedlings and adult Arabidopsis plants (mta mutant and
35S:ALKBH10B overexpressor) results in increased resistance to bacterial and fungal infections, altering fundamental
plant immune response. m®A deposition is specifically coordinated on RNA transcripts directly involved in defense
and immunity prior to and following pathogen signaling and stress. The modulation of m®A on specific transcripts
is correlated with changes in abundance and internal mRNA cleavage demonstrating this modification as another
layer of control before and during the immune response.

Next Steps: The m°A modification is added to transcripts by “writer” proteins, removed by “erasers,” and bound by
“readers.” Understanding how these proteins are regulated themselves and how they regulate the selective addition
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and removal of these marks in the context of pathogen infection is of critical importance.

regulators of cellular gene expression during stress responses
(Floris et al. 2009; Anders et al. 2018; Anderson et al. 2018;
Bazin et al. 2018; Engel et al. 2018; Rigo et al. 2019;
Wilkinson et al. 2021; Govindan et al. 2022).
Né-methyladenosine (m°A) is the most prevalent internal co-
valent mRNA modification currently known in eukaryotic
transcriptomes and has been shown to influence transcript
fate and function (Dominissini et al. 2012; Meyer et al. 2012;
Wang, Lu, et al. 2014; Wang et al. 2015; Wang, Li, et al. 2014;
Zhao et al. 2017; Prall et al. 2023; Sharma et al. 2023). The pri-
mary m°A writer complex in Arabidopsis consists of
METHYLTRANSFERASE A (MTA), METHYLTRANSFERASE B
(MTB), FKBP INTERACTING PROTEIN 37 (FIP37), and
VIRILIZER (VIR), accompanied by other cofactors which
all have highly conserved mammalian orthologs (METTL3,
METTL14, and Wilms tumor 1-associated protein)
(Roundtree and He 2016; Reichel et al. 2019). Deficiency in
these proteins can result in altered m°A deposition and subse-
quent gene expression causing infertility, developmental de-
fects, and cellular and organismal death in both plant and
animal systems (Bodi et al. 2012; Batista et al. 2014; Schwartz
et al. 2014; Haussmann et al. 2016; Yoon et al. 2017). m°A
marks are directly recognized and bound by reader proteins
that contain methyl-binding aromatic pockets (YTH
domains). Due to their highly conserved C-termini that
contain the YTH domains, the reader proteins are named
EVOLUTIONARILY CONSERVED C-TERMINAL REGION
(ECT) in Arabidopsis and have been shown to have important
functions in plant development (Arribas-Hernandez et al.
2018; Scutenaire et al. 2018). Likewise, m°A can be removed
from mRNAs by both active demethylases (erasers including

ALKB and ALKB-Homology (ALKBH) family proteins) and by
passive “dilution” (multiple rounds of RNA decay and tran-
scription). Two out of 5 Arabidopsis ALKBH proteins have
been shown to be physiologically relevant during development
by directly affecting the stability of transcripts involved in flor-
al transition and most recently in biomass and yield (Duan
et al. 2017; Yu et al. 2021) and in response to viral and patho-
gen infection (Martinez-Pérez et al. 2017; Li et al. 2018; Zhang,
Zhuang, et al. 2021; Zhang, Wang, et al. 2021). However, our
understanding of the functional significance of m°A in the
context of plant biotic stress responses remains largely
understudied.

The biological role of m°A on mRNAs has been studied in
more detail recently. It has been shown that m°A exerts mul-
tiple effects on transcript fate, notably destabilizing effects
with examples in zebrafish (Zhao et al. 2017), Drosophila
(Haussmann et al. 2016), mouse (Zheng et al. 2013), and hu-
man cells (Wang, Lu, et al. 2014), positively (Mao et al. 2019)
and negatively (Choi et al. 2016; Slobodin et al. 2017) impact-
ing translation in bacterial and human cells, and in plants, in-
fluencing alternative polyadenylation (Farhat et al. 2021),
noncoding RNA maturation (Bhat et al. 2020), and transla-
tion (Luo et al. 2020; Govindan et al. 2022; Guo et al.
2022). In Arabidopsis, global analysis of mRNA stability in
plants deficient in the m°A writer MTA (mta ABI3:MTA;
hereafter referred to as mta) indicated that m°A deposition
has a stabilizing capacity in adult leaf tissue (Anderson et al.
2018). Investigation across plant species has shown both
negative and positive impacts on transcript fate and matur-
ation (Duan et al. 2017; Wei et al. 2018; Zhou et al. 2019; Bhat
et al. 2020; Parker et al. 2020; Shao et al. 2021; Guo et al. 2022),
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with 1 study in strawberry (Fragaria vesca) supporting a
location- and context-specific model of m°A function in
plants (Zhou et al. 2021). Here, we assessed the dynamic
and multifaceted role of m®A during the pathogen defense
response in plants. Based on the finding that deficiency in
mCA resulted in an altered transcriptomic response and an
increase in resistance to challenge by both simulated and
virulent abiotic stressors, we used a combination of
transcriptome-wide and phenotypic analyses to provide evi-
dence for a potent role for m®A in dynamically modulating
transcript abundance and stability during the pathogen in-
fection process in plants.

Results

m°A function modulates plant immune responses
and immunity to pathogen infection

In an effort to understand the role of m°A in the posttran-
scriptional regulation of the plant immune response to
pathogen infections, we took advantage of Arabidopsis lines
known to be deficient in m°A methylation including mta
(ABI3:MTA), carrying a T-DNA insertion in the major methyl-
transferase that has its embryonic development defects res-
cued by expressing MTA with the embryo-specific ABI3
promoter (Bodi et al. 2012) and 2 T-DNA insertion lines:
fip37-4 (SALK_018636), which contains an insertion in intron
7 of FIP37 (AT3G54170) and was previously described as a
weak allele (Rizicka et al. 2017), and vir-2 (SALK_014875),
which contains an insertion in exon 19 of VIRILIZER (VIR,
AT3G05680) and acts as a weak allele of this genotype,
both of which are components of the m°A methyltransferase
complex (Supplemental Fig. S1A). We detected transcripts
upstream of both insertions and significantly less down-
stream of each insertion, suggesting comparable amounts
of truncated FIP37 and VIR as well as small amounts of
full-length transcript being produced in these lines
(Supplemental Fig. S1B). We also added into our analyses
an overexpressing line (35S:ALKBH10B) of the most abundant
mCA erasing protein ALKBH10B (AT4G02940) and a rescue
complementation line of mta, pMTA:MTA-YFP. To assess
the relative difference in total m°A on mRNA, we per-
formed m°A dot blot analyses comparing levels in
polyA*-selected RNA of the 35S:ALKB10B, fip37-4, and
vir-2 lines described above compared to Col-0 and the es-
tablished mta mutant line. We observed the greatest de-
crease in global m®A in mta as expected and considerable
decrease in all other lines relative to Col-0 (Supplemental
Fig. S1C). To assess their response to pathogen stress, we
challenged mta, 35S:ALKBH10B, fip37-4, and vir-2 with
Pseudomonas syringae DC3000 (Pst DC3000). Compared
to Col-0, we observed significantly less bacterial multiplica-
tion in mta, fip37-4, vir-2, and 35S:ALKBH10B (Fig. 1, A and B;
Supplemental Fig. S1D). Relatedly, we could reverse this en-
hanced immunity phenotype conferred by m°A deficiency
in the pMTA:MMTA-YFP rescue line as we observed no
changes in bacterial load compared to wild type, suggesting
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a specific role of m°A machinery in proper bacterial immun-
ity (Fig. 1A; Supplemental Fig. S1D). An additional pathovar
of P. syringae, pv. maculicola ES4326 (Psm ES4326), and a
fungal pathogen, Botrytis cinerea, were also tested on mta
mutant plants. We observed more efficiently restricted in-
fection of both additional pathogens (Fig. 1, B and C), like
the results for P. syringae (Fig. 1A). Overall, these results re-
veal a role for the m®A writing and erasing machinery in the
global response to pathogen infection.

To further examine the effects that a global decrease in
m°A has on basal immune responses, we measured several
fig22-induced early and late PTI readouts in mta and 35S:
ALKBH10B genotypes. For late PTI readouts, we observed a
notable difference in response to long-term fig22 growth in-
hibition in both mta and 35S:ALKBH10B. More specifically,
we observed a significant difference in response to flg22 in
both root growth and total seedling weight in both
mCA-deficient genotypes compared to in Col-0 (Fig. 1D;
Supplemental Fig. STE). This was most notable for the 35S:
ALKBH10B, which had similar root growth and total seedling
weight before and after flg22 treatment compared with Col-0
(Fig. 1D; Supplemental Fig. S1E), suggesting that m°A hypo-
methylation affects late PTI responses in plants. Measuring
callose deposition, we observed a significant increase in de-
position in mta plants compared to Col-0 after fig22 treat-
ment (Fig. 1F). For early PTI readouts, we measured ROS
bursts and found that mta plants show a sharp peak of
fig22-induced production that decreases at a faster rate
than that in Col-0 (Fig. 1E). Additionally, the activation of
the MPK3, 4, and 6 were elevated in mta mutants compared
to in Col-0 after fig22 elicitation (Supplemental Fig. S1F).
Finally, we measured defense-related hormones SA and JA
along with the antimicrobial compound camalexin (CA) as
key components to an optimized immune response (Berens
et al. 2017; Zhou et al. 2019). We observed a significant in-
crease in quantified SA, JA, and CA levels in mta after Pst
DC300 challenge (Fig. 1, G to I). In total, these results indicate
that deficiency in m°A through perturbation of the methyl-
transferase complex or overexpression of a major eraser en-
zyme significantly affects basal immune responses in plants,
likely through m®A-mediated regulation of the transcriptome.

m°®A abundance affects immune-related mRNA
profile before and after pathogen exposure

To further investigate the immunity phenotypes observed in
mC°A-depleted genotypes, we analyzed the flg22-triggered
transcriptomic response in 14-d-old Col-0, mta, and 35S:
ALKBH10B plants, as well as the Pst DC3000-triggered tran-
scriptomic response in 4-wk-old Col-0 and mta plants.
RNA sequencing (RNA-seq) identified ~4,000 to 6,500 tran-
scripts differentially regulated in flg22-treated seedlings
of both m°A-depleted genotypes (Fig. 2, A to D;
Supplemental Data Set S1), and ~2,400 to 3,200 in Pst
DC3000-treated mta adult plants (Supplemental Fig. S2, A
to D, and Data Set S1). Next, we overlapped the differentially

£20Z 1890190 6 U0 Jasn ABojouyoa ] pue 9ousiog Jo AlsieAlun yeinpay Bury Aq 098812/ /vZZPeoy/I1891d/S601 01 /10p/a[o1e-aoueApe/|[8o]d/woo dno-olwspese//:sdny woJj papeojumod


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad224#supplementary-data

4 THE PLANT CELL 2023: Page 1 of 18 Prall et al.

Pst DC3000 Psm ES4326 Botrytis
6.0 61 —— 20
* a
|
N 2
o~ 55 Y 15
€ X 3
£ Col-0 £ 4 Cok-0 £ .
Z 50 S K 10
2 7 =} w
& 2 5
T 454 3
45 mta mta A 05 -
£ au%
40 LIS o LN I & ol TEE
& € & & 00\/
Col-0
Col-0  35S:ALKBH10B mta 200 X ‘ b ’
-+ - 4+ -  + flg22(9d) 1' -
: j e 78 Il co0
e fel \ ot 25 150 & mea
[§~ | : H s+ o
g 2125 [ 35S:ALKBH108B
&= E1.00
| 2C @
§2E 75
£Lw
[SE=]
2z ¢ 50
£e 25
w
0
50000
12500
2 40000
o
° 2 10000 5
3 g 2 30000
3 750 s ]
s T 20000
5 5000
Qo
S 5 10000
g 2 2500
0 0 T T T T T T T 1
flg22 treated Col-0 mta 0 5 10 15 20 25 30 35 40
Time (min)
Salicylic acid 1500 Jasmonic acid 1000 Camalexin
200 *
[ coto [ coto [ coro
*
[] mta [ mta 200 ] mta
150 .
1000
ns 600
z e : g
27 100 E) Ea
2 @ 2 2 400
500
50 ns ns *
Q Q ns ns ns 200
0 ﬁﬁ& [ oL sxeens p@ o o
24 0 1 6 24 0 1 6 24
Pst De3000 (hp') Pst De3000 (hpi) Pst Dc3000 (hpi)

Figure 1. Effects of global m°A levels on immune response. A) Bacterial count in Col-0 and mta plants infected with PstDC3000. Leaves were syringe
infiltrated with 10® CFU/mL of bacteria and bacterial count was determined at 2 dpi. Results are represented as mean = sem (n = 3). Asterisks in-
dicate statistical differences according to Student’s t-test, * denotes P < 0.05. B) Psm ES4326 multiplication measured 2 dpi in Col-0 and mta. Results
are shown as mean = sem (n = 3). Asterisks indicate statistical differences according to Student’s t-test, * denotes P < 0.05. C) B. cinerea lesions in
Col-0 and mta. Four-week-old plants were drop inoculated with 5 x 10° spores/mL suspension, and lesion size was measured at 72 hpi. Box plot
center line, median; box limits, upper and lower quartiles; whiskers, 1.5X interquartile range; and points, outliers. Results are mean + sem. *** denotes
P < 0.001, 2-tailed t-test. D) Growth inhibition of Col-0 and mta seedlings grown with 1 ym concentration of fig22 peptide for 9 d. Results are mean
+ sem (n = 24), * denotes P < 0.05, 2-tailed t-test. E) fig22-induced callose deposition. Col-0 and mta leaves were treated with 1 um fig22 for 24 h. Box
plot center line, median; box limits, upper and lower quartiles; whiskers, 1.5X interquartile range; and points, outliers. Results are mean = sem. ***
denotes P < 0.001, 2-tailed t-test. F) ROS burst in Arabidopsis Col-0 and mta leaf discs triggered by 1 um flg22. The data are shown as means + sem
from 12 leaf discs. G to 1) SA G), JA H), and CA 1) quantification in Col-0 and mta plants is shown as ng/g of fresh weight. The data are shown as
means + sem from 4 replicates. * represents P < 0.05 when mta was compared with data from Col-0 plants, 2-tailed t-test. Box plot center line, me-
dian; box limits, upper and lower quartiles; whiskers, 1.5X interquartile range; and points, outliers. Results are mean =+ sem.
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Figure 2. Transcriptome profile during pathogen stress in m®A-depleted backgrounds. A to D) Volcano plots of differentially expressed RNA tran-
scripts from mRNA-seq in 14-d-old seedlings using DeSeq2 (2.0 FC, FDR P, < 0.05) in A) mta before treatment, B) mta 4-h fig22 treatment, C) 35S:
ALKBH10B before treatment, and D) 35S:ALKBH10B 4-h fig22 treatment. E) Overlap of significantly differential transcripts in both m®A-depleted
backgrounds before and after fig22 treatment. *** represents P < 0.001 for enrichment in the overlap, hypergeometric test used. GO analysis en-
richment represented as fold enrichment for transcripts significantly up or down in each overlap with corresponding P-values of <0.05 compared
against background of all detectable transcripts.
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abundant transcripts in mta and 35S:ALKBH10B, revealing
4,877 and 6,620 transcripts significantly up- or downregu-
lated in both m®A depletion backgrounds before and after
fig22 exposure, respectively (Fig. 2E; Supplemental Data Set
S1). Interestingly, we observed a significant enrichment
for transcripts involved in defense response in these
mC®A-depleted backgrounds prior to any biotic stress per-
turbation (Fig. 2E). After flg22 exposure, transcripts involved
in stress and fundamental cellular processes were also differ-
entially regulated (Fig. 2E). The same trend was observed in
adult plants in the m®A-depleted mta background; there
was significant enrichment of defense transcripts prior to
any exposure, confirming a transcriptomic “priming” to de-
fense in m®A-depleted backgrounds and an altered response
following exposure (Supplemental Fig. S2E). Comparing the
distribution of fold change in these m®A-affected transcripts
revealed an overall negative shift in fold change in seedlings,
providing further evidence of m°®A acting as a stabilizing
mark in plants (Anderson et al. 2018; Parker et al. 2020)
(Supplemental Fig. S2, F and G).

m°A deposition is regulated on immune transcripts
before and after pathogen exposure

We evaluated the m®A methylation profile before and after
pathogenic challenge to further interpret the transcriptome
and whole plant phenotypes. We performed mC®A-seq
(Dominissini et al. 2013) in 14-d-old Col-0, mta, and 35S:
ALKBH10B seedlings before and after fig22 treatment, as
well as before and after PstDC3000 treatment in 4-wk-old
Col-0 and mta plants. The libraries were prepared with 3 bio-
logical replicates and resulted in 8 to 10 million uniquely
mapped reads across conditions. The MACS2 peak-calling al-
gorithm was used to identify peaks using a false discovery
rate (FDR) < 0.01, and high-confidence peaks were deter-
mined to be those present in all 3 replicates for each geno-
type and condition. We identified ~9,300 to 13,000 peaks
across all conditions corresponding to ~7,500 to 9,400 tran-
scripts (Fig. 3A; Supplemental Fig. S3, A to D). We observed a
decrease in total peak number in the mta and 35S:ALKBH10B
backgrounds as expected, reporting 2,271 to 2,919 hypo-
methylated (loss of detectable m°A high-confidence peaks)
peaks in mta and 35S:ALKBH10B across conditions (Fig. 3A;
Supplemental Data Set S2). The distribution of m®A predo-
minated in the 3’ UTR of transcripts with detectable enrich-
ment after the start codon and across the coding region
(CDS) (Fig. 3B). Gene ontology (GO) analysis revealed dis-
tinct functional profiles of m®A harboring transcripts before
and after fig22 and PstDC3000 treatment (Supplemental Fig.
S4, A to C). High-confidence sequence motifs were identified
across all conditions within m®A peaks: the highly conserved
RRACH (R=A/G;, H=A/C/U) sequence was enriched in
seedlings before and after treatment, UGUA in flg22-treated
seedlings, and RRACH in untreated and treated adult tissue
(Supplemental Fig. S5). Interestingly, we observed a decrease
in peak enrichment in the 3" UTR and an inverse increase
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near the start codon in seedlings following flg22 treatment,
while the opposite trend was observed for Pst DC3000-
treated adult plants (Fig. 3, C and D; Supplemental Fig. S4A).
This could suggest a possible condition- and developmental-
specific m°A accumulation switching in plant transcriptomes
in response to biotic stressors. Continuing, we identified the hy-
pomethylated peaks in both mta and 35S:ALKBH10B seedlings
before and after fig22 treatment, revealing 731 and 493 high-
confidence MTA and ALKBH10B targets, respectively (Fig. 3E;
Supplemental Data Set S2). GO enrichment revealed a striking
polarization in these hypomethylated populations, with a
significant fold enrichment for immune and defense-related
transcripts prior to flg22 exposure and enrichment for develop-
ment, growth, and cellular processes after treatment (Fig. 3F;
Supplemental Data Set S2) suggesting that in response to
pathogen signaling, m°A deposition is specifically enriched
in transcripts related to the defense and growth trade-off.
We then assessed if this was also occurring in adult tissue by
comparing seedling- and adult-specific hypomethylated tran-
scripts and confirmed a shared and adult-specific defense and
immune m®A profile prior to any pathogenic exposure. In to-
tal, these results suggest that m°A is involved in posttranscrip-
tionally regulating the trade-off between pathogen and
growth responses during biotic stress responses.

Next, in order to obtain transcripts with decreased m®A le-
vels in m®A-deficient backgrounds, we utilized the m°A site
differential algorithm within the exomePeak package with
slight modification and a >1.5-fold cutoff as performed pre-
viously (Meng et al. 2013; Zhou et al. 2021) to compare
changes in m®A peak enrichment between samples. We iden-
tified 293 and 152 transcripts with significantly decreased
m®A levels in both mta and 35S:ALKBH10B seedlings before
and after fig22, respectively, and 646 in mta adult plants be-
fore treatment (Supplemental Fig. S6, A to C, and Data Set
S2). In agreement with the hypomethylation analysis, we ob-
served enrichment for defense and immune transcripts be-
fore flg22 and PstDC3000 treatment in seedling and adult
tissue, confirming a distinct immune-related m®A profile
which is significantly altered in m°A-deficient genotypes
(Supplemental Fig. S6, A to C).

5" mRNA cleavage sites are enriched in m°A peaks
and less abundant in m®A-containing transcripts
following flg22 treatment

Previous work has described a relationship between m°A and
transcript stability. To test this, we performed genome-wide
mapping of uncapped and cleaved transcripts (GMUCT)
(Willmann et al. 2014). The GMUCT method captures
cleaved and degradation intermediates through specific
adapter ligation to the 5’end of RNAs with a free
5’-monophosphate (Vandivier et al. 2015; Anderson et al.
2018; Yu et al. 2021). Using the high-confidence hypomethy-
lated transcripts and transcripts with 1.5 fold change (FC) de-
crease in m°A intensity in the m°A-deficient backgrounds,
we calculated the percent enrichment of 5’end cleavage
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Figure 3. m°A profile during pathogen stress. A) Summary table of m°A sequencing results and MACS2 high confidence called peaks with FDR < 0.0
(+) indicates sequencing was not performed, and (—) is replicate data in table. B) Average stacked localization of high-confidence m°®A peaks before
and after treatment, 14-d-old seedlings in Col-0, mta, and 35S:ALKBH10B genotypes. C, D) Average stacked localization of m6A-RIP-seq read density
in the +200 bp surrounding START C) and STOP D) codons, Col-0 visualized. E) Overlap of high-confidence m®A peaks before and after and fig22
treatment in seedlings between Col-0, mta, and 35S:ALKBH10B. Highlighted peaks represent hypomethylated transcripts in both m®A-deficient gen-
otypes in each condition and were used to generate F). F) GO enrichment represented as heat map, P < 0.05 against background of all m°®A contain-
ing transcripts. Hypomethylated transcripts found in both mta and 35S:ALKBH10B represented before and after fig22 treatment. G) Overlap of
seedling- and adult-specific hypomethylated transcripts in mta before treatment. GO analysis enrichment represented as fold enrichment for tran-
scripts significantly up- or downregulated in each overlap with corresponding P-values of <0.05 compared against background of all detectable

transcripts.
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Figure 4. Transcript stability of m°A containing RNAs during flg22 treatment. A) Percent enrichment of 5 GMUCT cleavage sites within m°A peaks
in 14-d-old Col-0, mta, and 35S:ALKBH10B seedlings. Transcripts with complete loss or significant reduction in m®A-deficient backgrounds were
used, percent enrichment compared to random peaks generated from 3’ UTRs containing no m®A, and random peaks generated from entire
mRNA. ** represents P < 0.001 for enrichment in the overlap between m°A peaks and GMUCT 5’end reads, hypergeometric test used. B, C)
Average proportion uncapped (GMUCT RPM normalized to RNA-seq RPM for each mRNA) for B) transcripts hypomethylated in mta and 35S:
ALKBH10B representing MTA ALKBH10B high-confidence targets OR C) transcripts with significant reduction in m°A intensity. Boxplot center
line, median; box limits, upper and lower quartiles; whiskers, 1.5X interquartile. Points represent outliers. Statistical significance determined through

Wilcoxon ranked sum test, 3 replicates per genotype/condition. *

within these m®A peaks. We observed significant enrichment
of GMUCT 5 cleavage sites in m°A peaks in Col-0 plants, while
a reduction in mta and 35S:ALKBH10B-deficient backgrounds
was identified as expected. Interestingly, we also found a re-
duction in m®A-regulated cleavage in fig22-treated plants

across all

genotypes (Fig. 4A). These data provide further evi-

dence that m®A likely inhibits local ribonucleolytic cleavage, as
previously described (Anderson et al. 2018). Furthermore, the
overall reduction of m®A peaks in fig22-treated tissue (Fig. 3, A
to C) suggests a coordination of m°®A reduction or removal in

and ** denote P < 0.05 and 0.01, respectively.

response to pathogen signaling. We then calculated the rela-
tive stability of mMRNAs using the proportion uncapped metric
for each expressed transcript as performed previously
(Vandivier et al. 2015; Anderson et al. 2018). Using the high-
confidence MTA and ALKBH10B targets from above, we did
not observe an average bias in GMUCT stability before flg22
treatment in this population (Fig. 4, B and G Supplemental
Data Set S3). However, we did observe a significant increase
in average transcript stability following flg22 treatment in
Col-0 for both groups of transcripts, while this trend was no
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longer significant or reversed in both hypomethylation back-
grounds (Fig. 4, B and C; Supplemental Data Set S3). These re-
sults imply that the fig22-induced changes in stability are lost
with global m®A reduction, further suggesting a direct connec-
tion between m°A and stability of these mRNAs.

Region- and condition-specific reductions in m°A
correlate with differential mMRNA abundance

To determine whether the loss of m°A has a significant
impact on transcript abundance, we compared the
mRNA-seq reads from transcripts containing m°A peaks
(peaks lost in mta and 35S:ALKBH10B), as defined above, be-
fore and after treatment. We confidently determined which
transcripts have a significant change in mRNA abundance
when they lose or have a significant reduction in m°A, before
and after treatment (Supplemental Fig. S7, A and B, and Data
Set S2). We observed a relatively small population of tran-
scripts when using these criteria: 69 and 74 transcripts with
decreased m°A and a measured decrease and increase in
abundance before treatment, respectively (Supplemental
Fig. S7A), and 111 and 33 transcripts with the same pattern
after flg22 treatment (Supplemental Fig. S7B). We performed
GO analysis on these transcripts which have m°A-dependent
mRNA abundance profiles. Before any treatment, we found
enrichment for defense response transcripts in the increasing
mRNA abundance population, suggesting loss of m°A contri-
butes to their increased abundance prior to pathogen per-
turbation (Supplemental Fig. S7A). Of interest were
transcripts encoding PECTIN METHYLESTRERASE 17
(PME17), known to be directly involved in resistance to
B. cinerea (Penninckx et al. 1998; Bethke et al. 2014; Del
Corpo et al. 2020), and PAMP-INDUCED COILED COIL
(PICC), a regulatory protein involved in pathogen-induced
callose deposition and plant immunity through interaction
with the PAMP-mediated induction of callose synthase
POWDERY MILDEW RESISTANT 4 (PMR4) (Nishimura
et al. 2003; Wang et al. 2019) (Supplemental Data Sets S1
to S3). Alternatively, the transcript-encoding ZINC-FINGER
PROTEIN1 (ZF1), which functions as a transcriptional repres-
sor involved in the inhibition of growth under stress, was
found to be positively regulated by m°A (i.e. decreased in
the m°A-deficient pool) (Kodaira et al. 2011; Xie et al.
2019). Analysis in flg22-treated samples revealed increased
enrichment for immune and defense transcripts in the popu-
lation with decreased abundance after loss of m°A
(Supplemental Fig. S7B). We highlight transcripts encoding
RNA polymerase Il C-terminal domain CTD phosphatase-
like-3 (CPL3), a negative regulator of immune gene expression
(Li et al. 2014); SMALL PHYTOCYTOKINES REGULATING
DEFENSE AND WATER LOSS (SCREW), which functions as
an immunomodulatory phytocytokine-relaying immune sig-
naling (Liu et al. 2022); and VASCULAR ASSOCIATED
DEATH1 (VADT1), a protein involved in the regulation of de-
fense and cell death in response to pathogens (Lorrain et al.
2004; Khafif et al. 2017) in this group.
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Additionally, in the population of transcripts with an in-
crease in MRNA and decreased m°A in mta and 35S:
ALKBH10B after flg22 treatment, we found the transcript-
encoding WRKY46, a known interactor of NONEXPRESSER
OF PR GENES1 (NPR1) (Zhang, Zhu, et al. 2021), which is a
key regulator of SA-mediated systemic acquired resistance
(Myers et al. 2023), and OVERLY TOLERANT TO SALT2
(OTS2), a deSUMOylating enzyme involved in modulating
SA signaling stress responses (Supplemental Data Sets S1 to
S3). We observed the same trend in adult tissue, confirming
an enrichment for transcripts with decreased m®A and in-
creased mMRNA abundance involved in defense response
and immunity before infection conditions (Supplemental
Fig. S7C and Data Sets S1 and S2). We then asked if there
were any specific signatures within these mRNA subpopula-
tions that may explain their differential abundance. We did
not find any subpopulation-specific m®A peaks or patterns.
However, we identified an enrichment of a GAAAG motif
in the increasing population only (Supplemental Fig. S8A).
We also observed significantly more m®A signal present along
the CDS in the population of mMRNAs with decreasing abun-
dance in the hypomethylation backgrounds, which is not
present in the population with increasing abundance
(Fig. 5, A to D). It is notable that there was no significant dif-
ference in the 3 UTR m°A levels between the 2 populations
in Col-0 before and after fig22 treatment (Fig. 5, A to D). We
also observed a massive reduction of m°A signal in the 3’
UTR in mta as compared to Col-0 specifically in the subpo-
pulation of transcripts with increased mRNA abundance in
the hypomethylation backgrounds (Fig. 5, A to D).
Assessing the cumulative distribution of FC in these popula-
tions revealed a population of m®A-deficient transcripts with
decreased levels prior to pathogen stimulation in both seed-
ling and adult tissue, as well as a population with increased
abundance in agreement with previous studies (Fig. 5, E
and F) (Anderson et al. 2018; Parker et al. 2020).
Interestingly, we observed a major shift after fig22 treatment
revealing a cumulative distribution of transcripts biased to-
ward decreasing abundance in m°A-deficient backgrounds,
suggesting a shift toward m°A stabilizing transcripts during
flg22 treatment specifically (Fig. 5E). Overall, our results re-
veal a target transcript stabilizing effect for m®A specifically
in the context of plant pathogen signaling.

mCA has an established connection with modulating tran-
script stability. We thus sought to determine how individual
transcript stability changes in both mC®A-deficient back-
grounds focused on genes with established functions in the
response to pathogens. To test the influence of each
mCA-deficient background on individual transcript stability,
before and after pathogen stress, we assessed the relative
degradation rates of transcripts encoding proteins involved
in the coordinated defense response. Following vacuum infil-
tration with the transcriptional inhibitor cordycepin, we
compared transcript abundance over time before and after
fig22 treatment. We highlight VAD1, CPL3, SCREWS3, and
ZF1 as examples of transcripts encoding proteins involved
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Figure 5. Condition and developmental m°A signatures. A to D) Average stacked localization of transcripts with decreased m®A and significant FC
in mRNA abundance in m°A-depleted backgrounds. 14-d-old seedlings before and after fig22 treatment, Col-0 (black), mta (red), increasing abun-
dance (dotted), and decreasing abundance (solid). A) Distribution before treatment B) Quantification of average sequencing read density in A). C)
Distribution after 4-h fig22 treatment. D) Quantification of C. Statistical significance determined by Wilcoxon ranked sum test and 1-tailed t-test; *
and ** denote P < 0.05 and 0.01, respectively; error bars calculated as standard error. E) Cumulative distribution of transcript FC for transcripts with
loss of m®A in mta and 35S:ALKBH10B before and after 4-h fig22 treatment. F) Cumulative distribution of transcript FC for transcripts with loss of
mPA in mta and significant change in transcript abundance mta/Col-0 in adult tissue after as compared to before infection. G) mRNA stability assay
for VAD1, CPL3, SCREWS3, and ZF1 mRNAs in mta and 35S:ALKBH10B m®A-deficient backgrounds as compared to Col-0. Total RNA extractions fol-
lowing cordycepin treatment and RT-qPCR at indicated time points. MUSE7 mRNA was utilized as an internal control, DUF569 was chosen as a m°A
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in the defense response that were negatively impacted in
mCA-deficient backgrounds (faster degradation) (Fig. 5G),
validating a stabilizing role of m°A on these RNAs.
Additional analysis of other transcripts encoding proteins in-
volved in the pathogen response before and after flg22 treat-
ment in mta and 35S:ALKBH10B m®A-deficient backgrounds
revealed similar trends but not as strong as those highlighted
in Fig. 5G (Supplemental Fig. S8B). These data validate that
loss of m®A can negatively impact transcript stability in 2 in-
dependent genetic backgrounds.

Taken together, these findings suggest that many m°A tar-
gets linked to biotic stress can be positively and negatively
influenced by loss of m°A before and after stress. We hy-
pothesize that these observed differences are not only a re-
sult of changes in deposition but also of condition and
developmental differences in the growing number of known
m°®A interactors and complexes recognizing, binding, and re-
moving these marks during both stress and development.

Discussion

As with other RNA maturation and modification processes,
the addition of m°A has the capability to influence many as-
pects of the transcript life cycle. Despite recent progress, we
still lack a complete understanding of the scope and poten-
tial of the most abundant internal mRNA modification, spe-
cifically the selectivity and dynamic nature of this mark
during plant immunity responses. It has been shown that
both the deposition and interpretation of m°A are signifi-
cantly reprogrammed during short- and long-term stress re-
sponse (Martinez-Pérez et al. 2017; Anderson et al. 2018;
Engel et al. 2018; Li et al. 2018; Alvarado-Marchena et al.
2021; Tian et al. 2027; Yang et al. 2021; Zhang Wang, et al.
2027; Govindan et al. 2022; Mao et al. 2022; Wang et al. 2022).
Our study demonstrates and broadens this understanding
of m®A in the posttranscriptional regulation of the plant
transcriptome in response to pathogen stress. We describe
arole of m®A in regulating and reprogramming the transcrip-
tome in the context of the immune response both before the
pathogen signal is detected and following immediate and
long-term pathogen infection. We demonstrate that deple-
tion of m®A positively alters the response to simulated and
virulent pathogen exposure (Fig. 1). These data present a
complex paradigm, whereby m°A plays a regulatory role in
both the short- and long-term response to PAMP and patho-
gen signals. Furthermore, we observed heightened levels of
SA, JA, and CA following infection, suggesting that either
or both hormone sensing and signaling networks are altered
in the context of RNA hypomethylation plant genotypes
(Fig. 1).

Comparing the transcriptomic profiles before and after
pathogen stress in m°A-depleted mutants revealed enrich-
ment of m°A occurrence for key defense and immunity tran-
scripts prior to any exposure. Thus, m°A-deficient plants
were observed to be in a “primed” hyperactive status in
both seedling and adult tissue before pathogen or elicitor
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exposure, followed by further alteration in the immune
response by pathogen or immune elicitation (Fig. 2). The
m°®A epitranscriptome in these conditions revealed a
distinct polarization, whereby transcripts involved in im-
munity and defense were hypomethylated in the m°A-
deficient backgrounds before treatment and growth and
development transcripts hypomethylated after pathogen
signaling (Fig. 3). This suggests a distinct m®A signature
on defense-related transcripts under normal conditions
that is altered in the m°A-deficient backgrounds and
contributes to the phenotypes we observe. These findings
corroborate with previous studies on the stress and
developmental-specific m°A signatures in mRNAs (Anderson
et al. 2018; Zhou et al. 2021; Govindan et al. 2022; Wang
et al. 2022). Degradome analysis filtering with these transcripts
revealed significant enrichment of cleavage sites within m°A
peaks and revealed a significant correlation between transcript
stability and m®A presence after but not prior to pathogen
stress (Figs. 4 and 5). Furthermore, we highlight transcripts
with significant depletion in m°A and corresponding changes
in MRNA abundance across all conditions. Interestingly, we re-
vealed subpopulations of transcripts, whereby loss of m°A dif-
ferentially regulated their abundance (Fig. 5) as shown before
(Zhou et al. 2021). We observed significant enrichment of m°A
in the CDS of transcripts with decreasing abundance in the
RNA methylation-deficient backgrounds suggesting that the
m°®A location along the mRNA may also influence transcript
abundance and stability (Fig. 5). Furthermore, global shifts
in total abundance of mC°A-depleted transcripts in
mPA-deficient backgrounds prior to and during stress and in
seedlings and adults revealed that m°®A has stabilizing effects
that are likely condition- and or development-dependent in-
fluences on transcript fate. More specifically, both the m°A
profile and correlation to transcript abundance and stability
changed in each condition (Figs. 3 to 5). Our data agree
with previous findings (Anderson et al. 2018; Parker et al.
2020) that demonstrate bias of m°A to positively influence
transcript stability and abundance in the Arabidopsis tran-
scriptome. Interestingly, we expand on this showing a dramat-
ic global shift during flg22 treatment, whereby most
transcripts that lost m®A signal had significantly decreased
abundance compared to Col-0, implying an increased potency
of m®A on these transcripts in a condition-specific manner
(Figs. 2 to 5). Importantly, we used 2 m®A-deficient back-
grounds to determine hypomethylated transcripts with sig-
nificant mMRNA level changes. We determined with high
confidence which transcripts are directly and significantly al-
tered in mC®A-deficient mutants prior to and proceeding
pathogen stress and validated changes in stability for selected
candidates. Our analysis revealed a list of high-confidence
transcripts involved in balancing the plant defense response
influenced both directly and indirectly by the m®A mark.

In total, we describe a transcriptome regulatory role for
mCA in plant immunity in Arabidopsis, showing that plant
defense is orchestrated by a complex regulation of posttran-
scriptional m®A modification of specific sets of mMRNAs in the
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plant transcriptome. We show the m°A methylome is care-
fully regulated prior to and during simulated and active
pathogen stress to coordinate normal growth and pathogen
responses. In total, our findings provide evidence that further
studies focusing on the coordinated deposition, removal, and
interpretation of the m®A mark are necessary to fully under-
stand its functions during biotic as well as abiotic plant stress
responses.

Materials and methods

Plant material and treatments

The Arabidopsis (A. thaliana) genotypes used were ecotype
Col-0, mta ABI3:MTA (mta) (Bodi et al. 2012), virilizer-2
(vir-2, SALK_014875), and fip37-4 (SALK_018636) (Ruzicka
et al. 2017). Mutant lines were obtained from ABRC, homo-
zygocity was confirmed, and primers are listed in
Supplemental Data Set S4. Transcript abundance from the
mutant loci in these lines was determined through reverse
transcription quantitative PCR (RT-qPCR) as described be-
low relative to Col-0. The MTA complementation line was
generated by agrobacterium-mediated transformation of
mta plants by the MTA genomic locus cloned into the
pGWB440 vector. The overexpression line 35S:ALKBH10B
was generated by transforming plasmids into alkbh10b-1
(SALK_00421C), described previously (Duan et al. 2017). For
fig22 and stability assays, seeds were surface-sterilized and
stratified at 4 °C for 3 to 5 d. Seedlings were then grown for
14 d in vitro in large Petri dishes containing 0.5x MS Basal
Salts (Sigma #M6899), 0.5% sucrose (Euromedex 200-301-B)
v/v, 0.5% agar Type E (Sigma #A4675) w/v, and 0.05% MES
pH 5.7 (Sigma #M8250) v/v, in the following conditions:
16-h light/8-h dark, average lighting of 120 ymol/m?/s, 20 °C
day/18 °C night, 60% hygrometry. One day before treatment,
a liquid medium (same medium without agar) was added to
the plates under sterile conditions, and plates were transferred
onto the bench. Seedlings were treated with a final concentra-
tion of 1 um flg22 for 0 (no treatment) or 240 min. Seedlings
were finally harvested, rapidly dried with paper, flash-frozen
in liquid nitrogen, and stored at —80 °C.

Generation of transgenic plants

For the construction of 35S:ALKBH10B, full-length cDNA was
obtained from ABRC. The GreenGate hierarchical cloning
system was used (Lampropoulos et al. 2013; Engler et al.
2014). Briefly, all Type Il restriction sites were removed, and
full-length ALKBH10B cDNA was cloned into Level —1. 35S:
ALKBH10B was constructed using GreenGate toolkit supplied
by Addgene. All parts were assembled into the pAGM4723
binary vector, including the red seed fluorescent expression
cassette as a selectable seed marker. Transformation was per-
formed using the floral dip method (Zhang et al. 2006). All pri-
mers used are included in Supplemental Data Set S4. For the
generation of the MTA complementation line, the genomic lo-
cus of MTA (AT4G10760) was cloned into the gateway-
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compatible pDONR207 vector and later transferred to the
pGWB440 binary vector. The plasmid harboring the construct
was transformed into Agrobacterium GV3101 competent cells.
Later, mta mutant plants were transformed with the construct
using the floral dip method as described.

Growth inhibition assays

For assaying long-term flg22 responses, 5-d-old seedlings,
grown on MS agar plates, were transferred to liquid media
for 24 h. A final concentration of 1 um flg22 peptide was
added, and plants were grown as mentioned above with light
shaking for 9 d. Thereafter, seedling weight was measured.

Pathogen infection assays

P. syringae tomato DC3000 and P. syringae maculicola ES4326
strains (Dong et al. 1991; Xin and He 2013) were grown on
King’s B agar plates with 50-ug/mL rifampicin at 28 °C.
Bacteria were collected in 10 mm MgCl,. Twelve 4-wk-old
plant leaves were infiltrated with bacteria at a concentration
of 10° cfu/mL using a needleless syringe. Bacteria were released
from 3 leaf discs (4 mm) in 500 uL of 10 mm MgCl, with 0.01%
Silwet 77 v/v by incubating at 28 °C at 1,000 X g for 1 h. Serial
dilutions were plated on LB medium with appropriate antibio-
tics. After incubation at 28 °C, bacterial colonies were counted.
The experiment was repeated 3X with similar results. B. ciner-
ea infection was performed as described in (Rayapuram et
al. 2021). Briefly, 4-wk-old plants were inoculated with B. ciner-
ea (strain: B05.10) by placing a 5 uL droplet of a spore suspen-
sion (5 X 10° spores/mL) on each rosette leaf (3 fully expanded
leaves per plant). Trays were covered by a transparent plastic
lid to maintain high humidity. Lesion diameter was measured
after 72 h of infection using ImageJ analysis tool.

ROS production assay

ROS burst was determined by a luminol-based assay as de-
scribed with modifications (Ranf et al. 2011). Twelve leaf discs
(4 mm) were incubated overnight in a white 96-well plate
with 100 uL of H,O to reduce the wounding effect. The
next day, 100 yL of reaction solution containing 50 ym of lumi-
nol (Sigma) and 10 pyg/mL of horseradish peroxidase (Sigma)
supplemented with 1 um of fig22. The measurement was con-
ducted immediately after adding the solution with a lumin-
ometer (GloMax, Promega), for a period of 40 min with a
1 min reading interval between readings. The measurements
were indicated as means of Relative Light Units (RLU). The ex-
periments were repeated 3X with similar results.

MAPK activation assays

Col-0 and mta seedlings were grown on % MS-agar plates.
After 14 d, seedlings were transferred to liquid % MS over-
night to eliminate stress. The % MS was replaced with fresh
% MS supplemented with 1 um of fig22 and harvested at in-
dicated time points. Proteins were extracted using extraction
buffer. The frozen seedlings were homogenized in 100 pL of
extraction buffer (150 mm Tris-HCI, pH 7.5, 150 mm NadCl,
5mm EDTA, 2 mm EGTA, 10 mm DTT, 10 mm Na,MoO,,
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1mm NaVO; 10 mm NaF, 10 mm B-glycerol phosphate,
0.5 mm phenylmethylsulfonyl fluoride, and 1% proteinase in-
hibitor cocktail v/v [Sigma]). After centrifugation at
13,000 X g for 20 min at 4 °C, the protein concentration of
the supernatants was determined using a Bradford assay.
Thirty micrograms of protein was separated on a 10% poly-
acrylamide gel and transferred on a PVDF membrane. After
overnight blocking with TBST-5% milk, the membrane was
washed 3X with TBST. Immunoblot analysis was performed
using antiphospho-p44/42 MAPK (1:5,000; Cell Signaling
Technology) for 2 h as primary antibody and peroxidase-
conjugated goat antirabbit antibody (1:10,000; Promega)
for 1 h with 5 10-min washes in between the incubations.
The experiment was repeated twice with similar results.

Callose deposition

Callose deposition was conducted as described by (Wang
et al. 2021) with modifications. Briefly, 4-wk-old Col-0 and
mta mutant plants were infiltrated with 1pum of flg22.
After 24 h, 12 excised leaves from each genotype were de-
stained in ethanol:acetic acid solution (3:1) for 3 to 4 h.
Samples were washed with 150 mm K,HPO, for 30 min.
Cleared leaves were stained with 0.01% aniline blue v/v
(Sigma) in 150 mm K,HPO, (pH =19.5) overnight in the
dark with constant shaking. Callose deposits were visualized
under a DAPI filter using a fluorescence microscope. Callose
deposits were counted using Image) software. The experi-
ment was repeated 2X with similar results.

SA and CA measurement

The extraction of phytohormones (SA and CA) was per-
formed according to (Almeida Trapp et al. 2014) using a so-
lution of 80% methanol in water containing 10 ng/mL of
d5-1AA as an internal standard. The compounds were quan-
tified by HPLC-ESI-SRM in a Thermo Fisher TQS-Altis Triple
Quadrupole Mass Spectrometer coupled to a Thermo
Scientific Vanquish MD HPLC system. The chromatographic
separation was carried out in a UPLC column (Agilent Eclipse
Plus C18, RRHD, 1.8 ym, 2.1 X 50 mm), and the compounds
were eluted using water (A) and acetonitrile (B) as the mo-
bile phase at 0.6 mL/min and in a gradient elution mode as
follows: 10% B for 0.5 min, 10% to 55% B at 4.5 min, 55%
to 100% B at 4.7 min, 100% until 6.0 min, and 100% to 10%
B at 6.1% and 10% until 8 min. The column was kept at
55 °C. The statistical analyses were perfumed in R studio
(V. 1.2.5033). When needed, the data were transformed to
achieve a normal distribution of the residues, and the statis-
tical significance from 3 replicates was evaluated by ANOVA
followed by a Tukey test (Tukey HSD).

RNA isolation (mRNA-, m6A-, RIP-, and GMUCT-seq-
qPCR)

RNA was extracted from whole seedlings (flg22-treated) using
liquid N, homogenization. QIAzol-resuspended samples were
heated to 45 °C and then further homogenized using Omni

THE PLANT CELL 2023: Page 1 of 18 | 13

Tips (OMNI, Kennesaw GA, USA). RNA isolation was per-
formed using QIAGEN miRNeasy mini columns (QIAGEN,
Valencia, CA, USA), as detailed in the manufacturer’s protocol.
RNA was treated with RNase-free DNase (QIAGEN, Valencia,
CA, USA) for 30 min and ethanol precipitated. RNA isolation
from adult plants after PstDC3000 infection was performed
using a NucleoSpin RNA plant kit (Macherey-Nagel,
#740949) as per the manufacturer’s instructions.

PolyA™ mRNA selection (mMRNA-, m6A-, RIP-, and
GMUCT-seq)

PolyA™ mRNA was selected using Dynabeads oligo dT beads
from a Dynabeads mRNA direct purification kit (Thermo
Fisher, Waltham, MA, USA). Purification was performed as
described in the manufacturer’s protocol using 2 selection
rounds per batch of beads. PolyA-selected RNA was used
for RNA-seq, GMUCT-seq, and input for m°A-RNA immuno-
precipitation sequencing (m°®A-RIP-seq).

RNA-seq

RNA-seq of flg22-treated samples from 14-d-old mta, 35S:
ALKBH10B, and Col-0 seedlings was performed with 3 bio-
logical replicates. RNA was extracted as detailed above, and
eukaryotic RNA-seq with library preparation and sequencing
(20 million raw reads) was performed using Illumina
paired-end sequencing at Novogene (CA, USA). RNA quality
from Col-0 and mta adult plants was validated by Bioanalyzer
and quantified using a Qubit RNA Assay kit. RNA-seq was
conducted using the Illlumina TruSeq standard mRNA
Library Preparation protocol as per the manufacturer’s in-
structions for 50-bp paired-end sequencing. Three biological
replicates were sequenced per condition.

mGA-RIP-seq

mCA-RIP-seq was performed using 3 ug of polyA*-selected
mRNA (from above) per replicate for 3 biological replicates
of mta, 35S:ALKBH10B, and Col-0, before and after fig22.
Immunoprecipitation was performed as described previously
(Anderson et al. 2018) with the following changes. RNA was
heated at 75 °C for 5 min and immediately placed on ice for
2 min. The volume was brought to 660 pL for all samples
with nuclease-free water. Then, 10-uL RNaseOUT (Life
Technologies; Carlsbad, CA, USA), 200-uL 5Xx IP buffer
(250 mm  Tris-HCl, 750 mm  NaCl, 0.5% v/v Igepal
[CA-6300]), and 40 L of 1 pg/uL m°A antibody (202003,
SYSY, Goettingen, Germany) were added to each sample,
and samples were rotated at 4 °C for 2 h. While the samples
and antibody mixture were rotating, Protein A beads
(Dynabeads Protein A, Thermo Fisher Scientific, Waltham,
MA, USA) were washed twice with 1-mL 1X IP buffer and re-
suspended in 1-mL 1X IP buffer containing 0.5-mg/mL BSA
and rotated for 2 h at 4 °C. RNA antibody mixture was
then cross-linked 2x with 0.15-Jcm™ UV light (254 nm) in
a Stratalinker. Meanwhile, Protein A beads were washed 2x
in 1-mL 1X IP buffer, resuspended in 250 pL of 1x IP buffer,
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and combined with RNA antibody solution. The mixture was
incubated for 2 h at 4 °C. Beads were pelleted using a mag-
netic stand, and the supernatant was removed and stored
at —80 °C as the unbound supernatant. Associated RNA
was removed from beads by adding 95-uL proteinase K buffer
(5 mm Tris pH 7.5, 1 mm EDTA, 0.25% SDS) supplemented
with 5 uL of proteinase K and incubated for 45 min at 50 °C.
The supernatant was removed as the m°A* fraction. Beads
were washed 2X with 300-uL 1X IP buffer and saved as
mPA* fractions. RNA was precipitated using glycogen, 3 m
NaOAc, and 3X v/v 100% ethanol at —80 °C. The resulting
RNA samples were prepared into libraries using the strand-
specific RNA-seq protocol Illumina TruSeq standard mRNA
Library Preparation and sent to Novogene (CA, USA) for
20 million paired-end reads per sample sequencing.

GMUCT sequencing

GMUCT libraries were constructed using polyA™ RNA that
was isolated as described above from 14-d-old seedlings,
mta, and Col-0. Three biological replicates were prepared
and sequenced for all samples used in this study as previously
described (Willmann et al. 2014). GMUCT libraries were se-
quenced by Novogene (CA, USA) giving 20 million
paired-end reads per sample.

Transcriptional arrest time course

MRNA degradation analysis was performed as previously de-
scribed in Sorenson et al. (2018) with the following modifica-
tions. Four-day-old seedlings were grown as described above
in the Plant material and treatments section and transferred
to 1-mL liquid media in 24-well Petri dish plates with aeration
(swirling 150 X g) for 24 h for acclimatization to liquid media.
For fig22-treated samples, wells were spiked with 1 um fig22
with continued shaking for 240 min. Before and following
fig22 treatment, fresh liquid media supplemented with
1 mm cordycepin was introduced. Initial Tq samples were fro-
zen in liquid nitrogen. Vacuum infiltration was conducted
3X. Following the third release, tissue (10 seedlings per repli-
cate) was collected at 15, 30, 60, and 240 min and immediate-
ly frozen and stored at —80 °C for RNA extraction.

RT-qPCR analysis

Total RNA was extracted from seedlings as described above.
RNA (1 pg) was used for reverse transcription reactions using
Maxima H Minus Reverse Transcriptase (Thermo Fisher).
Resulting cDNA was amplified using a LightCycler 480 ther-
mocycler (45 cycles, 60 °C). All experiments were done in bio-
logical triplicates with 2 technical replicates per biological
replicate. Relative expression was normalized to MUSE7
mRNA (AT5G466020) for decay experiments, as determined
in Sorenson et al. (2018), which showed delayed decay rates
during cordycepin treatment. MUSE7 also did not display any
alternative m®A profiles or expression profiles across conditions.
ACTIN mRNA was used to normalize RT analysis of T-DNA in-
sertion mutants. Relative quantification of transcription was
performed using the C;2“" method, and final values are
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reported relative to T, to indicate decay over time. All primers
used are listed in Supplemental Data Set S4.

Dot blot analysis

PolyA*-selected mRNA (50, 150, and 300 ng) from 14-d-old
seedlings was spotted on a SensiBlot plus Nylon membrane
(Fermentas #M1002) and air-dried for 5 min. The membrane
was UV cross-linked using a Stratalinker and blocked with
PBST-5% milk for 3 h. The membrane was incubated overnight
with m°®A antibody (Abcam#15320, 1:3500), washed, and sub-
sequently incubated with goat antirabbit-HRP (Promega,
1:10000). The membrane was developed using Immobilon
Forte Western HRP substrate (Millipore #WBLUFO500).

Analysis and quantification

Sequencing read analysis (NRNA-, m®A-RIP-, and GMUCT-seq)
Reads from all RNA-seq were trimmed of adaptors using
Cutadapt (version 1.9.1 using parameters -e 0.06 -O 6 -m 14)
(Martin 2011). Trimmed sequence reads were collapsed to un-
ique reads and first mapped to rRNA and repetitive regions in
the TAIR10 reference genome using STAR (version 2.4.0; Dobin
and Gingeras 2015), and the remaining reads were
then mapped to the TAIR10 Arabidopsis reference genome
using STAR with parameters—bamRemoveDuplicatesType
Uniqueldentical. Subsequent read counts were calculated by
HTSeg-count.

Differential abundance analysis (mMRNA-seq)

To determine significant differences in transcript counts, dif-
ferential abundance was calculated using featureCounts with
default parameters from aligned RNA-seq read (Liao et al.
2014). Significant differential abundance was determined
using the R package DESeq2 pairwise analysis (Love et al.
2014) for all replicates of mta, 35S:ALKBH10B, and Col-0
with and without fig22 and PstDC3000 treatments. Gene
functional ontology (GO enrichment) was performed using
DAVID tools set at default parameters (Huang da et al.
2009). Background genes for each GO enrichment analysis
were set to all transcripts detected across all conditions
with read counts >10, as determined through featureCounts.

Identification of m°A peaks and data analysis

In order to identify transcripts from our m°A-seq experi-
ments, which show statistical significant enrichment for
m®A, m°A peaks were called using MACS2 as first detailed
in (Dominissini et al. 2012). MACS2 was used to call peaks
using significant cutoff of <5e—2. Peaks were called against
the m®A(=) fraction (supernatant of m°A pull down), and
transcripts enriched in IP pull down as compared to the
supernatant fraction were deemed m°A peaks as in
(Anderson et al. 2018). In brief, MACS2 was run under the fol-
lowing parameters -nomodel, -extsize 50, -p5e-2, -g32542107,
with -g being set to approximately half the genome size to
account for input files either + or — strandedness. Peaks
were called against m®A(—) fraction. Transcripts enriched
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for m®A peaks in all replicates and with higher abundance
mRNA (reads per million [RPM] > 10) were utilized for sub-
sequent analysis and deemed high-confidence MTA and
ALKBH10B targets. Hypomethylated transcripts were deter-
mined as those loosing m°A in both deficient mutants.
Gene functional ontology (GO enrichment) was performed
on transcripts with significant m°A peaks using DAVID tools
set at default parameters (Huang da et al. 2009). Background
genes for each GO enrichment analysis were set to all tran-
scripts detected across all conditions deemed to contain sig-
nificant m°A peaks using MACS2. To determine differentially
methylated peaks between genotypes and conditions, the
m°A site differential algorithm was used (Meng et al. 2013).
Transcripts with >1.5 FC decrease in m°A signal in both
mta and 35S:ALKBH10B compared to in Col-0 and with a
P < 0.05 were used for subsequent analysis. Motif analysis
was carried out using HOMER (version 4.7; http://homer.
ucsd.edu/homer), 6 nucleotide length.

Measurement of mRNA cleavage and stability through
proportion uncapped metric

RNA-seq and GMUCT-seq 50 nt single-end raw reads were
trimmed to remove adapter sequences using Cutadapt
(Martin  2011). Trimmed reads were aligned to the
Arabidopsis reference genome using STAR as described above
(Dobin et al. 2013). HTSeq was utilized to determine the num-
ber of raw reads mapping to each given transcript using
strand-specific parameters (Anders et al. 2015). Mapped reads
for each transcript were normalized to total mapped RPM.
Proportion uncapped was calculated using the calculated
RPM from mRNA-seq and GMUCT-seq libraries as previously
described (Anderson et al. 2018). Proportion uncapped was
defined as log, ratio of normalized GMUCT reads divided by
normalized RNA-seq reads for each transcript ((log,-
[RPMGmuct/RPMgna—seq])- Transcripts with higher propor-
tion uncapped were considered “de-stabilized” mta
compared Col-0 and before and after flg22 treatment. To de-
termine percent cleaved within m6A peaks, a number of cleav-
age sites determined through GMUCT were overlapped within
significant m®A peaks. Details of all statistical tests used in this
study can be found in Supplemental Data Set S5.
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