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Methylations at position N€ of internal adenosines (mfAs) are the most abundant and widespread mRNA modifications. These
modifications play crucial roles in reproduction, growth, and development by controlling gene expression patterns at the
posttranscriptional level. Their function is decoded by readers that share the YTH domain, which forms a hydrophobic pocket
that directly accommodates the m€A residues. While the physiological and molecular functions of YTH readers have been
extensively studied in animals, little is known about plant readers, even though m®As are crucial for plant survival and
development. Viridiplantae contains high numbers of YTH domain proteins. Here, we performed comprehensive evolutionary
analysis of YTH domain proteins and demonstrated that they are highly likely to be actual readers with redundant as well as
specific functions. We also show that the ECT2 protein from Arabidopsis thaliana binds to m®A-containing RNAs in vivo and
that this property relies on the m®A binding pocket carried by its YTH domain. ECT2 is cytoplasmic and relocates to stress
granules upon heat exposure, suggesting that it controls mRNA fate in the cytosol. Finally, we demonstrate that ECT2 acts to
decode the m®A signal in the trichome and is required for their normal branching through controlling their ploidy levels.

INTRODUCTION

Gene expression regulation is a multilayered process that takes
place at the transcriptional and posttranscriptional levels and is
crucial for organism development, growth, and survival. Recently,
chemical modification of mMRNAs has emerged as an additional
and important layer in the control of gene expression. The rep-
ertoire of these transcriptomic modifications represents what is
now called the cell RNA epigenome (He, 2010) or epitranscriptome
(Saletore et al., 2012). Methylation at position N€ of internal ad-
enosines (M®As) is the most abundant and widespread of these
modifications. This modification is conserved and found in
mRNAs of most eukaryotes, such as animals (Dominissini et al.,
2013), yeast (Schwartz et al., 2013), and vascular plants (Li et al.,
2014b; Luo et al., 2014; Wan et al., 2015), and represents some
1.5% of the total number of adenosines on mRNAs. In plants, asin
other eukaryotes, mPAs are not evenly distributed on an mRNA
molecule. They are found at the RRACH (R=G/A, H: U>A>C)
consensus site (GAC in 70% of the cases) and almost exclusively
on exons, with a very strong enrichment in terminal exons and 3’
untranslated regions (Meyer et al., 2012; Dominissini et al., 2013;
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Schwartz et al., 2013, 2014; Ke et al., 2015). m®As are cotran-
scriptionally deposited by a so-called writer complex and can be
reverted to unmodified adenosines by so-called erasers. The core
of the heteromultimeric writer complex contains METTL3, the
active methylase, METTL 14, a degenerated methylase (Sledz and
Jinek, 2016; Wang et al., 2016), and WTAP, a stabilizing cofactor
required for m®A deposition (Schwartz et al., 2014) and localization
of the complex to nuclear speckles (Ping et al., 2014). In animals,
this complex was also found to contain the KIAA1429 (fruit fly
[Drosophila melanogaster] Virilizer) (Lence et al., 2016) protein,
which associates with METTL3 (Schwartz et al., 2014). The core
components of the writer complex are also present in Arabidopsis
thaliana, with the MTA (METTL13) and MTB (METTL14) meth-
ylases, the FIP37 (WTAP) and VIRILIZER (VIR; KIAA1429) co-
factors, plus the E3 ubiquitin ligase HAKAI (Zhong et al., 2008;
Bodietal.,2012; Razickaetal.,2017), whichis also likely to be part
of the mammalian writer complex (Horiuchi et al., 2013). The bi-
ological consequences of m®A methylation are multiple, but
acommon feature is that it is required in fundamental processes in
all organisms studied to date (Roignant and Soller, 2017). In
Arabidopsis, so far the sole plant where m®A roles have been
reported, downregulation of components of the writer complex
leads to reduced relative levels of m®A in mRNAs and shared
pleitropic phenotypes. Deletion of MTA, MTB, FIP37, or VIR stops
embryogenesis at the globular stage (Vespa et al., 2004; Zhong
et al., 2008; Bodi et al., 2012; Shen et al., 2016; Razicka et al.,
2017). Hypomorphic mta, mtb, fip37, or vir mutants show growth
delay, aberrant shoot apical meristem proliferation, reduced root
growth, and aberrant gravitropic responses, the severity of which
is directly proportional to the diminution of the m®A:A ratio (Shen
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IN A NUTSHELL

Background: mRNA molecules carry nongenetically encoded chemical modifications, the most abundant of which is
the addition of a methyl group at position N6 of internal adenosines (m6A). At the molecular level, these m6A marks
are "decoded" by so-called "reader" proteins carrying the YTH domain, a highly conserved and structured m6A-
binding pocket. In recent years, the functions of YTH domain proteins have been investigated in animals, where they
were found to regulate several steps of MRNA metabolism. Although m6A marks are crucial for plant reproduction
and development, and despite the identification of several YTH protein coding genes, studies of the functions and of
mo6As and YTH proteins in plants are lacking.

Question: To fill in this gap, we investigated the evolutionary history of YTH readers in green plants and initiated
functional characterization of one of them as an m6A reader in the model plant Arabidopsis thaliana.

Findings: Using a systematic phylogenetic approach in a representative panel of plant species, we illustrate that all
plant YTH domain proteins contain a canonical aromatic cage domain and can be classified in the two previously defined
groups in metazoans. To get a closer view, we focused on the ECT2 protein from Arabidopsis and show that, as in
animals, its m6A-binding ability is dependent on the presence of the three conserved amino acid residues of the
aromatic cage. At the physiological level, when the ECT2 protein is either absent or defective in binding m6A-modified
RNAs, we observed an abnomal trichome branching pattern (differentiated cells on aerial surfaces) and an increase in
ploidy (number of chromosomes) in these cells. We propose that ECT2 is a functional m6A reader in Arabidopsis that
plays a role in trichome development by regulating key m6A-modified transcripts (which are yet to be identified).

Next steps: We wish to identify the transcripts whose expression is controlled by ECT2-m6A activity and understand
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how they are regulated to pemit proper cell cycle and trichome development.

et al., 2016; Rizicka et al., 2017). Moreover, downregulation of
MTA or overexpression of FIP37 leads to aberrant trichome for-
mation, with an increase in the number of trichomes with four to six
branches (Vespa et al., 2004; Bodi et al., 2012). Assessment of the
DNA content of FIP37 overexpressor lines supports that this
phenotype might be the consequence of excessive rounds of
endoreduplication (Vespa et al., 2004).

Studies conducted in animals clearly established that, under
constitutive growth conditions, m8A marks trigger mRNA turnover
(Wang et al., 2014; Du et al., 2016; Ke et al., 2017; Shi et al., 2017)
and stimulate translation (Wang et al., 2015; Hsu et al., 2017; Li
et al., 2017; Shi et al., 2017). These modifications also affect,
although to a limited extent, alternative splicing control (Lence
etal., 2016; Ke et al., 2017) and alternative poly(A) site choice (Ke
et al.,, 2015). How m®A modifications of mRNAs control plant
development at the cellular level remains so far largely unknown.
One study in Arabidopsis demonstrated that m®A in plants neg-
atively controls the stability of at least two key regulators of stem
cell differentiation (Wushel and STM), spatially and temporally
confining their expression to control shoot apical meristem pro-
liferation (Shen et al., 2016).

At the molecular level, the mfA mark directly influences the
recruitment of RNA Binding Proteins (RBPs) to the transcript,
acting in particular as anchors for so-called meA readers (Patil
etal., 2018). The most widespread and well characterized of these
reader proteins are those sharing the YTH (YT512-B homology)
domain (Zhang et al., 2010). YTH domains form two evolutionary
clades, named DC and DF, which adopt a similar a-helix-p-sheet
fold, forming a hydrophobic pocket containing two to three aro-
matic residues essential for m®A mononucleoside binding (Li et al.,
2014a; Luoand Tong, 2014; Theleretal.,2014; Xu et al.,2014; Zhu
etal.,2014). Three of the DF-type (YTHDF1 to YTHDF3) and two of
the DC-type (YTHDC1 and YTHDC2) proteins are present in

mammals (Wang and He, 2014). The YTHDF1 to YTHDF3 proteins
act in a cooperative and integrated manner in the cytoplasm of
mammalian cell lines to convey the constitutive roles of m8A on
mRNA translation and stability control (Shi et al., 2017). In mouse
(Mus musculus) testis, YTHDC2 promotes the translation and
triggers the decay of a few hundred transcripts (Hsu et al.,2017). In
human (Homo sapiens) and mouse cell lines, YTHDC1 mediates
the role of mPA in transcriptional repression through binding to the
XIST long noncoding RNA at its m®A sites (Patil et al., 2016). In fruit
fly, Ythdc1 mediates the role of mPA in a few alternative splicing
events, in particular that of the sex-lethal transcript (Haussmann
et al., 2016; Lence et al., 2016). Consistent with their m®A reader
functions, the physiological roles of these YTH proteins overlap
with those of the writer complex (lvanova et al., 2017).

How mBA controls mRNA fate and expression in plants at the
molecular level is currently unclear. Nevertheless, the presence of
YTH domain proteins suggests that, here again, it can act as an
anchorto RBPs. Eleven of the 13 members of the Arabidopsis YTH
protein family were initially recognized as proteins that share
ahighly conserved C terminus and were named ECT1to ECT11 for
Evolutionarily Conserved C Terminus (Ok et al., 2005). ECT1 and
ECT2 were found to physically interact (via their YTH domain) to
the CIPK1 serine/threonine kinase in yeast-two hybrid assays and
(for ECT1) in vitro assays (Ok et al., 2005). ECT1 was found (in
onion [Allium cepa] epidermal cells) to display a nucleocytoplas-
mic distribution, andits YTH domain was found to be necessary for
its nuclear localization. Moreover, its nuclear targeting is triggered
in the presence of exogenous calcium, supporting the notion that
ECT1 function might be regulated by stress. However, the mfA
reading activity of YTH domain proteins and the physiological and
molecular importance of such a property are currently unclear.

Here, we performed comprehensive evolutionary analysis of
YTH domains from Viridiplantae and functional characterization of
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aputative plant m®A reader, the ECT2 protein. We show that ECT2
is mainly cytosolic, relocalizes to stress granules (SGs) upon heat
stress, and forms a complex in vivo with m8A RNA only when
carrying an unaltered aromatic m®A binding cage. Plants depleted
of ECT2 show a trichome-branching defect, likely related to an
excessive number of endoreduplication cycles, identical to that of
hypomethylated plants (Bodi et al., 2012) or FIP37 overexpressor
plants (Vespa et al., 2004). This phenotype cannot be com-
plemented with an ECT2 allele with a defective m®A binding
pocket. Therefore, we identified a physiological role for a plant
YTH protein and demonstrated that trichome formation requires
that the m®A mark is decoded by at least 1 of the 13 Arabidopsis
YTH proteins.

RESULTS

Evolutionary Analysis of YTH Domain Proteins
from Viridiplantae

Using a phylogenetic approach, we first compared representative
Viridiplantae YTH domains with several yeast and metazoan
YTHSs, including those from human, fruit fly, the yeast Saccha-
romyces cerevisiae, and the fission yeast Schizosaccharomyces
pombe. To represent the Viridiplantae lineage, we initially col-
lected YTH-containing proteins from a chlorophyte species
(Chlamydomonas reinhardtii), from species that are outgroups for
the angiosperms (the liverwort Marchantia polymorpha and the
moss Physcomitrella patens), at the root of the angiosperm lineage
(Amborella trichopoda), and from Arabidopsis. We confirm by this
analysis that Viridiplantae YTH domains have a common ancestry
with yeast and metazoan domains and can be classified in the two
previously defined YTH-DC and YTH-DF groups (Roundtree and
He, 2016) (Figure 1; Supplemental Figure 1). Based on this result,
and to adopt a systematic nomenclature, we decided to name
each YTH-containing protein by the initials of its species of origin,
followed by either DF or DC, by a number, and possibly by a letter
(A, B, or C) referring to a subgroup when appropriate (see below).
When another name already existed in the literature, it was kept
and its systematic nomenclature name was added in parentheses
(see Supplemental Data Set 1 for all YTH sequences and for the list
of all name codes used in this study).

To have a closer look at the evolutionary history of Viridiplantae
YTH domains, we next identified and collected 297 YTH-containing
proteins from 32 representative species and found that 57 of these
domains belong to the DC group and 240 to the DF group. Our
phylogenetic analysis of the DF group showed that plant DF proteins
can be further separated into three subgroups (DFA, DFB, and DFC),
with the exception of species that are outgroups for the angiosperms,
where a single DF version is present, and chlorophyte species, which
lack DF proteins (Figure 2; Supplemental Figure 2). The conservation
of at least one protein version from each DF subgroup in all an-
giosperm species strongly suggests a scenario in which a gene
duplication event occurred in the common ancestor and was fol-
lowed by the neofunctionalization of the duplicated copies. This also
supports the notion that DF-containing proteins from the different
subgroups are likely not completely redundant. Consistent with
a putative neofunctionalization of the DF-type domains, we observe

that an aspartic acid (position 401 in human proteins) from helix a1
is systematically replaced by an asparagine (Asp for Asn) in the
clade of the DFB domains (see position labeled with an asterisk in
Supplemental Figure 2). This substitution was shown through in vitro
approaches conducted with the YTH domain from the human
YTHDF1 protein to increase the affinity for an mPA target 15-fold (Xu
et al., 2015). Therefore, plant DFB proteins are likely to have a higher
affinity for m@A than proteins belonging to the two other subgroups.
Apart from the YTH motif, plant DF proteins do not contain other
highly conserved amino acid regions, except for a small domain
(around 50 amino acids), N terminal to most YTHDF motifs, that
presents a bias in amino acid composition in favor of tyrosine, proline,
and glutamine (YPQ-rich; Figure 3). This bias in composition is
similar to the one found in the three human DF proteins that pos-
sess a PQ-rich region, N-terminal to their YTH domain, that is likely to
promote HsYTHDF2 aggregation in processing bodies as well as
protein-protein interactions (Wang et al., 2014).

The phylogenetic tree of the Viridiplantae DC group also
revealed two subgroups, DCA and DCB (Figure 4; Supplemental
Figure 3). The DCA subgroup includes Arabidopsis CPSF30
(AtDC1A), which was shown to be a member of the plant poly-
adenylation complex (Addepalli and Hunt, 2007). As for CPSF30,
all plant DCA proteins possess, in addition to the YTH domain,
three highly conserved N-terminal zinc fingers (Supplemental
Figure 4). Surprisingly, while DCA and DCB proteins are present in
all species that are outgroups to the angiosperms and in all di-
cotyledon species, no DCB protein was found in the mono-
cotyledon lineage, suggesting that this version of the YTH motif
was lost in the common ancestor of monocotyledons.

To obtain an initial understanding of YTH domain protein
function in plants, we performed an initial functional analysis of the
ECT2 (AtDF2A) protein (AT3G13460), whose transcript, according
to public databases, appears to be the most abundant and
ubiquitously expressed of all YTH domain-containing protein
transcripts.

Characterization of Two ect2 Loss-of-Function Mutants and
ECT2-Specific Antibodies

To study the physiological and molecular functions of ECT2, we
collected two T-DNA insertion lines from Arabidopsis stock centers
and determined whether they are full loss-of-function (lof) mutants.
Through sequencing, we mapped the positions of the T-DNAs and
foundthatthey areinsertedinexon 3 (at position +524 from the ATG)
inline SALK_002225 and in exon 7 (at position +2402 from the ATG)
in line SAIL_11_D07. We named these lines ect2-1 and ect2-2,
respectively (Figure 5A). Using an RT-PCR approach with three
sets of primers, we analyzed the steady-state levels of ECT2 mRNA
in the wild-type and mutant backgrounds. No PCR signal was
amplified from cDNAs prepared from either mutant line using pri-
mers respectively located at the 5’ and 3’ ends of the coding region
and allowing the full-length ECT2 mRNA to be amplified (primers
a and d, Figure 5A). The ect2-1 mutant does not seem to produce
any stable mRNA, as no PCR signal was detected even when using
a primer pair located downstream of the T-DNA insertion site,
suggesting that it is a null allele. Conversely, the ect2-2 allele ap-
peared to produce a truncated mRNA corresponding to the coding
regionlocated upstream of the T-DNA insertion site, suggesting that
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Figure 1. Phylogenetic Relationships among Viridiplantae, Metazoan, and Yeast Core (31 to «3) YTH Domains.

The phylogenetic tree was built using representative YTH motifs from Viridiplantae compared with several yeast and metazoan YTHs, including those from
human, fruit fly, the yeast S. cerevisiae, and the fission yeast S. pombe (see Supplemental Data Set 1 for YTH sequences and for a list of name codes and
Supplemental Figure 1 for the alignment used to build the tree). The two clades, YTHDF and YTHDC, are indicated. The color code is as follows: brown for
yeast species, green for plant species, blue for chlorophyte species, and red for metazoan species. Statistical supports of key nodes that are important for
our argumentation, calculated with the approximate likelihood-ratio test (aLRT), are indicated. The scale bar indicates a length of 0.1 substitution per site.

a truncated form of ECT2 might be expressed in this mutant. To
explore this possibility and to confirm that ect2-7 does not produce
any full-length or truncated protein, we raised antibodies against
two synthetic peptides respectively located in the central part
upstream of the YTH domain (Pep 1) and at the very C terminus of
the protein downstream of the YTH domain (Pep 2) (Figure 5B). We
found that both antibodies enabled the detection of a protein with an
apparent size of 100 kD in wild-type extracts (Figure 5B). In extracts
prepared fromthe ect2-1 and ect2-2 mutant lines, this signal was no
longer detected regardless of the antibody used, supporting that it
corresponds to the endogenous ECT2 protein. In addition, no signal
specific to one or both mutant lines was detected, suggesting that
neither mutant allele produces a full-length or truncated ECT2
protein. Considering the positions of the peptides (both down-
stream of the T-DNA location in ect2-7), one could argue that asmall
protein corresponding to the first 50 amino acids of ECT2 could
remain undetected. Even if this was the case, this small protein
could not support ECT2 function. Hence, we conclude that ect2-1
and ect2-2 are both lof mutants.

ECT2 Expression Is Likely Regulated at the
Posttranscriptional Level

Analysis of ECT2 mRNA expression profiles in publicly available
databases (ATH1 Affymetrix data at the eFP browser [http://bar.
utoronto.ca/efp/cgi-bin/efpWeb.cgi] [Winter et al., 2007] and RNA-
seq data at TraVA db [http://travadb.org/]) (Figures 6A and 6B)

suggested that this gene is ubiquitously expressed across plant
development, with its highest level of expression in embryos at the
green cotyledon stage and indry and imbibed seeds. To confirm this
observation, we monitored ECT2 full-length transcript and protein
levels across plant development from dry seed to mature siliques
(Figures 6C and 6D). The RT-PCR assays, consistent with the datain
public databases, supported the notion that ECT2 transcript is
ubiquitously expressed (Figure 6C), while protein gel blot analysis
showed that this is not the case for the ECT2 protein (Figure 6D).
Indeed, ECT2 was detected in extracts from whole seedlings, roots,
rosettes, mature leaves, and whole flowers (Figure 6D, lanes 3to 7,
9, and 11) but was undetectable in dry and imbibed seeds, sen-
escent leaves, and green and mature siliques (Figure 6D, lanes 1, 2,
10, 12, and 13), a set of tissues where ECT2 transcript is present
(Figure 6C). Since we utilized the same biological samples to an-
alyze ECT2 mRNA and protein accumulation, we can exclude the
possibility that these discrepancies are the result of distinct growth
conditions and propose that ECT2 expression is tightly regulated at
the posttranscriptional level.

ECT2 Protein Is Required for Normal Trichome Branching
and Ploidy Levels

We next looked for growth or developmental phenotypes linked to
ect2 lof and did not observe any obvious morphological defects at
the macroscale level (Supplemental Figures 5A to 5F). Next, we
looked for more subtle phenotypes. As a potential m®A reader,
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Figure 2. Phylogenetic Relationships among Plant YTHDF Proteins.

The phylogenetic tree was built using the YTH domain of 240 DF proteins from 29 species representing the diversity of the Viridiplantae lineage (see
Supplemental Data Set 1 for YTH sequences and for a list of name codes and Supplemental Figure 2 for the alignment used to build the tree). The three
clades, DFA, DFB, DFC, are indicated. The color code is as follows: green for outgroup species to angiosperms, orange for A. trichopoda, blue for di-

cotyledon species, and dark red for monocotyledon species. Statistical supports of key nodes that are important for our argumentation, calculated with the
aLRT, are indicated. The scale bar indicates a length of 0.1 substitutions per site.
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Figure 3. Identification of a YPQ-Rich Region in Plant YTHDF Proteins.

Alignment of the YPQ-rich region present in most plant YTHDF proteins. The three amino acids are highlighted in red. The histogram shows the bias in
composition of the YPQ-rich region compared with all Arabidopsis proteins. The y axis represents the proportion of each amino acid in the YPQ-rich region
compared with adatabase of all Arabidopsis proteins. The YPQ amino acids are statistically (P <0.005) overrepresented in this region. Statistical significance
associated with a specific enrichment or depletion is estimated using the two-sampile t test including a Bonferroni correction according to the Composition
Profiler website (http://www.cprofiler.org).
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Figure 4. Phylogenetic Relationships among Plant YTHDC Proteins.

The phylogenetic tree was built using 57 YTHDC proteins from 32 species representing the diversity of the Viridiplantae lineage (see Supplemental Data Set 1
for YTH sequences and for a list of name codes and Supplemental Figure 3 for the alignment used to build the tree). The two clades, DCA and DCB, are
indicated. The color code is as follows: brown for chlorophyte species, green for outgroup species to angiosperms, yellow for A. trichopoda, blue for
dicotyledon species, and dark red formonocotyledon species. Statistical supports of key nodes that are important for our argumentation, calculated with the
aLRT, are indicated. The scale bar indicates a length of one substitution per site.

ECT2 should perform at least some physiological roles of m°A,;
hence, its lof mutants should display at least some phenotypes of
hypomethylated mutants (Rlzicka et al., 2017), such as that of the
ABI3p,,:MTA (mta-kd) hypomorph (Bodi et al., 2012). Considering
that we found high levels of ECT2 in flowers, we looked at the floral
architecture of ect2 lof mutants because mta-kd stamens often
show partial conversion to petals (Bodi et al., 2012). Nonetheless,
a close examination of ect2 mutant flowers did not reveal any
significant defect (Supplemental Figure 5G). A second subtle
defect of the mta-kd mutant is an increase in the percentage of
abnormal trichomes compared with the wild type. Bodietal. (2012)
found that, in the mta-kd background, 60% of the observed tri-
chomes have four or more branches versus 24% in wild-type

plants. Such a phenotype was also observed in plants over-
expressing FIP37, a core component and cofactor of the meth-
ylation complex (Vespa et al., 2004; Zhong et al., 2008; Shen et al.,
2016; RuZicka et al., 2017). Vespa et al. (2004) found that over-
expressor lines display on average twice as many (42 to 45%)
trichomes with four branches as the wild type and that 5 to 10% of
trichomes have five or six branches, a population undetected in
normal plants. Hence, we monitored trichome morphology in
3-week-old mta-kd (as a reference), ect2-1, ect2-2, and wild-type
plants (Figures 7Ato 7C). Wild-type plants displayed an average of
71.9 and 28.1% trichomes with three and four branches, re-
spectively, whereas no trichomes with five or six branches (as
previously reported) were detected (Vespa et al., 2004; Bodi et al.,


http://www.plantcell.org/cgi/content/full/tpc.17.00854/DC1
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Figure 5. Characterization of Two ECT2 Insertion Mutants.
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(A) RT-PCR analyses of steady-state levels of ECT2 mRNA in wild-type (WT), ect2-1 (SALK_002225), and ect2-2 (SAIL_11_D07) seedlings. The top panel
shows a schematic representation of the ECT2 genomic locus; boxes represent exons, with light blue corresponding to untranslated regions (UTR) and dark
blue to coding regions. In addition, green boxes label the region coding for the ECT2 YTH domain. The positions of primers used for the PCR assays are

reported as well as the T-DNA insertion sites in ect2-1 and ect2-2.

(B) Protein gel blot analyses of steady-state levels of ECT2 protein in wild-type, ect2-1, and ect2-2 plants. Custom-made antibodies raised against
a centrally (pep1, pos. 281 to 295) and a C-terminally (pep2, pos. 642 to 656) located peptide, respectively, were used.

2012). We reproduced the mta-kd phenotype, observing an in-
crease in the frequency of trichomes with more than three
branches (55.1%), and found that, as was the case for the FIP37
overexpressor line, five-branched trichomes appeared at a fre-
quency of 1.9% on average (Figure 7C). Both ect2 lof mutants
displayed a clear trichome developmental defect. First, they
showed a significant increase in the frequency of trichomes with
more than three branches (47.3% for ect2-1 and 50.4% for

ect2-2). Second, looking at the distribution of trichomes according
to the number of branches, we observed that the loss of ECT2
appeared to trigger the appearance of five-branched trichomes at
a frequency of 4.3 and 3.5% in ect2-1 and ect2-2, respectively.
These frequency variations are not related to discrepancies in
trichome density between genotypes, as each line displayed an
average of 25to 30 trichomes per leaf (Figure 7A). Notably, besides
the appearance of supernumerary branches, trichomes from the
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Figure 6. ECT2 Has a Tissue-Specific Expression Profile.

(A) and (B) ECT2 mRNA expression levels across plant development. Data were selected from publicly available databases at the eFP browser (microarray)
(A) and TraVA db (RNA-seq) (B).

(C) RT-PCR monitoring of ECT2 mRNA levels across development; primers a and d (Figure 5A) were used for reverse transcription. ACTIN mRNA was used
as a control. RNAs were prepared from the same tissues as those used for protein gel blot analysis in (D).

(D) Protein gel blot analyses of ECT2 steady-state levels across development and in various tissues. Sample tissue from 2-d-old whole seedlings was used
as a reference and loaded on both gels 1 (left) and 2 (right) (lanes 3 and 8). ACTIN levels were used as a loading control.



mutant lines did not appear to display additional morphological
defects (Figure 7D).

Trichomes are differentiated protodermal cells that have
stopped mitosis and undergo replication cycles without cell di-
vision (a process known as endoreduplication). Mature leaf tri-
chomes are branched single cells, most with three branches, with
a DNA content of 32C (resulting from four endoreduplication
cycles) (Hulskamp, 2004), with the number of branches directly
correlated to ploidy levels (Vespa et al., 2004). To determine
whether the supernumerary branches of the ect2 lof mutant re-
sult from extra rounds of endoreduplication, we measured the
nuclear DNA content of four-branched trichomes of ect2-1 and
ect2-2 compared with the ploidy level of normal three-branched

A B

% of trichomes with
more than 3 branches

Av. Trichome density
40 70

*kk

D 3 branches 4 branches 5 branches

Nuclear DNA content
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trichomes from wild-type plants (Figure 7E). Individual trichomes
were isolated and their DNA content evaluated through epi-
fluorescence imaging. We used the average fluorescence in-
tensity of the nucleus of guard cells, which are known to have a2C
ploidy level, to normalize the fluorescent signals of wild-type and
mutant trichomes and deduce their ploidy levels. The average
DNA content was higher in both mutants compared with the wild
type, with an average ploidy of 40C for the wild type and 60 to 70C
for the ect2 mutants. This result indicates that ect2 trichomes
underwent extra rounds of endoreduplication. To determine
whether this increase was restricted to trichome cells, we moni-
tored DNA content in cells from various organs, including roots,
cotyledons, and cauline leaves, by flow cytometry and observed

Cc % of trichomes with
3, 4 or 5 branches
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Figure 7. ECT2 Is Required for Normal Trichome Branching and Ploidy Levels.

(A) to (C) Histogram representation of the average trichome density per leaf (A), the percentage of trichomes with more than three branches (B), and the
percentage of trichomes with three (light green), four (green), and five branches (dark green) (C) in wild-type (WT), mta knockdown (mta-kd), and ect2-1 and
ect2-2 lof lines. sb values were calculated from 11 biological replicates (one biological replicate corresponds to the analysis of four plants of each genotype
sown and grown together and issued from seed stocks harvested at the same time and stored together). P values were obtained using Dunnett’s test to
determine whether mutant values are statistically distinct from wild-type values (***P < 10E-4). The table in (C) reports the sp and P values related to the values

represented in the histogram shown in (C). na, not applicable.

(D) Representative photographs of each type of trichome observed in each genotype. Bars = 50 um.

(E) Histogram representation of the average DNA content of trichomes with three branches in the wild type and trichomes with four branches in ect2 mutants.
DNA content was calculated based on the fluorescence intensity of guard cells that are known to have a 2C content. sb was calculated from three biological
replicates. P values were calculated with Student’s t test to determine whether mutant values are statistically different from wild-type ones.
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Figure 8. m°®A Binding by ECT2 Is Required for Normal Trichome Formation.

(A) and (B) RIP assays.

(A) Dot blot analysis of the input (lanes 1 to 3) and eluate (lanes 4 to 6) fractions obtained from wild-type (WT), ect2-2 (YFP-ECT2; ECT2), and ect2-2 (YFP-
ECT2**; ECT2***) 15-d-old seedlings. Serial dilutions of the input and eluate fractions were spotted onto the membrane as follows: 1:300, 1:1500, 1:7500,
and 1:37.5e-3 for the input and 1:6, 1:30, 1:150, and 1:750 for the eluate. The blot was probed with an anti-m®A antibody.



no increase in the ect2 lof mutant nuclei relative to the wild type.
Therefore, we conclude that ECT2 is required for normal trichome
branching and for the control of the number of endoreduplication
cycles in developing trichomes.

ECT2 Associates with m®A-Containing RNAs in Vivo

Considering our evolutionary analyses of the plant YTH domain
proteins (Figures 1, 2, and 4), we reasoned that Arabidopsis YTH
proteins might possess m®A reading activity. To test this possi-
bility for ECT2 protein, we prepared a point mutant allele (ECT2**)
where the tryptophans (Trp-464, Trp-521, and Trp-526 on ECT2)
(Supplemental Figure 2) homologous to those that form the m®A
binding aromatic cage in mammalian and yeast proteins were
substituted with alanines (Theler et al., 2014). We next constructed
transgenic lines expressing YFP-tagged versions of the wild-type
and triple point mutant proteins in the ect2-2 ko background under
the control of the ECT2 upstream genomic sequences and se-
lected two independent lines per construct. Each of these four
lines expressed the YFP fusions at levels higher than that of the
endogenous protein, demonstrating that the mutations do not
affect its stability (Supplemental Figure 6). To determine whether
ECT2 can interact with m8A-containing RNAs in vivo, we per-
formed RNA immunoprecipitation (RIP) assays (Figures 8A and
8B). RNA-protein complexes were immunopurified from YFP-
ECT2 and YFP-ECT2*** crude extracts, and the presence of méA-
containing RNAs in the eluate fractions was monitored by dot blots
using anti-mfA antibodies. This experiment was repeated over
four independent biological replicates, which gave identical
results (Figures 8A and 8B). The méA-containing RNAs were
immunoprecipitated together with the YFP-ECT2 fusion, as
demonstrated by the presence of an m®A signal in lane 5 of Figure
8A and no signal in lane 4 corresponding to the negative control,
even though similar levels of m®A-containing RNAs were detected
in both inputs (Figure 8A, lanes 1 and 2). When experiments were
conducted with YFP-ECT2*** crude extracts, the protein, which
accumulated to levels similar to that of the YFP-ECT2 fusion in
the inputs (compare lanes 2 and 3, Figure 8B), was im-
munoprecipitated as efficiently as the unmutated version (lanes
5 and 6, Figure 8B). Yet, mSA-containing RNAs were no longer
significantly enriched in the eluate fraction (lane 6, Figure 8A).
We conclude from these RIP assays that ECT2 forms a complex
in vivo with m8A-containing RNAs and that its formation is de-
pendent upon the presence of an unmutated aromatic cage on its
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YTH domain. Given the very high conservation of ECT2 at the
primary sequence level over a large evolutionary time, we propose
that its YTH domain is an m®A reading domain.

ECT2 mPA Reading Activity Is Required for Normal
Trichome Branching

To explore the possibility that the trichome-branching defect in
ect2 results from the loss of ECT2 mSA reading activity, we
monitored the trichome morphology of ect2-2 lines expressing
either a wild-type or a triple (Trp-to-Ala) mutant allele of ECT2
(Figures 8C to 8E) at levels similar to that of the endogenous
protein (Supplemental Figure 6). Lines expressing a wild-type
ECT2 allele displayed a trichome morphology similar to that of
wild-type plants, with an average level of four-branched trichomes
of 35 and 19% in the transgenic lines and 26% in the wild type.
Moreover, the population of five-branched trichomes was sig-
nificantly reduced in lines expressing a wild-type ECT2 allele
compared with the ect2-2 mutant (0.9 versus 4.1%) (Figure 8E).
These results indicate that the trichome defects of ect2-1 and
ect2-2 are a direct consequence of the full inactivation of ECT2
and that the YFP and GFP translational fusions of ECT2 are
functional. When the mutated version was the sole allele of ECT2
expressed, the trichome morphology of ect2-2 was not restored to
normal. Trichomes of the point mutant lines displayed more than
three branches at a frequency identical to that of the ect2-2 mutant
and significantly above that of wild-type plants (55 and 60% for
lines 46 and 47, respectively). In addition, five-branched trichomes
were also detected at frequencies similar to that of the lof mutants
(4.2 and 4.9%) (Figure 8E). These results show that an ECT2
protein with a defective YTH domain was not able to restore
normal trichome branching.

We postulate from the results of these and RIP experiments that
the trichome-branching defect of ect2 null mutants is linked to the
loss of ECT2 mPA reading activity.

ECT2 Is Mainly Cytoplasmic and Relocates to SGs upon
Heat Treatment

Next, to obtain hints about the molecular roles of ECT2, we
characterized its subcellular distribution in the root tips of 7-d-old
seedlings grown under normal conditions (Figure 9). To this end,
we used transgenic lines expressing fluorescently labeled ECT2
and found that it complemented ect2-2 trichome-branching

Figure 8. (continued).

(B) Protein gel blot monitoring of the levels of proteins that were respectively present in each input, unbound, and eluate fraction. Totals of 1:100 of the input
and unbound fractions and 1:6 of the eluate fractions were loaded for each genotype. The blots were probed with the anti-ECT2 antibody (pep2). Images
presented correspond to one replicate over four independent replicates.

(C) to (E) Monitoring of trichome-branching defects. Histograms show the density of trichomes for each genotype (C). The total number of trichomes
monitored is reported for each genotype. The percentages of trichomes with more than three branches (D) and three, four, or five branches (E) are shown.
ECT2 represents the ect2-2 lof mutant expressing the YFP-ECT2 transgene. Two independent transgenic lines were tested (nb 5 and 17). ECT2*** represents
transgenic ect2-1 lines expressing the triple ECT2 point mutant (as in [A] and [B]) fused to the YFP tag. Two independent lines (nb 46 and 47) were analyzed.
The experiment was conducted over six independent replicates. Four pairs of leaves were analyzed in each replicate. Error bars represent the sp calculated
over the six replicates. P values reported over the histograms in (D) and in the table in (E) were obtained with Dunnett’s test to determine if the values are
significantly distinct from the wild type (labeled in black) or from ect2-2 (labeled in red and with red bars). *P < 0.05, **P < 0.005, and ***P < 0.0001; ns, not
significant; na; not applicable.
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Figure 9. ECT2 Mainly Accumulates in the Cytosol under Normal Growth Conditions.

Monitoring of N-terminally and C-terminally tagged versions of ECT2 (YPF-ECT2 and ECT2-GFP, respectively) expressed in the ect2-2 mutant background.
The YFP or GFP signals of roots of 7-d-old seedlings were observed under a confocal microscope and counterstained with 4’,6-diamidino-2-phenylindole
(DAPI). The transgenic lines used are the same as those used to monitor ECT2’s ability to complement the trichome-branching defect of the ect2-2 lof

mutant. DIC, differential interference contrast; N, nucleus; No, nucleolus.

defects (Figures 8C to 8E). The N-terminal YFP and C-terminal
GFP fusions displayed identical subcellular distributions (Figure
9). Under normal growth conditions, they mostly accumulated in
the cytoplasm with a diffuse pattern. Counterstaining with 4',6-
diamidino-2-phenylindole to visualize the limits of the nucleus
suggested that some of the YFP/GFP signal might also be present
in the nucleus. mMRNA binding proteins located in the cytoplasm
and involved in translation or stability control often aggregate
together with mRNPs into membraneless supramolecular struc-
tures. There are two major types of these bodies in the cytoplasm:
processing bodies (P-bodies) and SGs (Anderson and Kedersha,
2008; Erickson and Lykke-Andersen, 2011). In addition to various
RBPs, P-bodies contain playersinthe 5’-mRNA turnover process,
while SGs contain the 48S preinitiation complex and various
proteins involved in translation, such as the Poly(A) Binding
Protein. Unlike SGs, P-bodies in mammalian and plant cells
(Kedersha et al., 2005; Weber et al., 2008) can be detected under
normal growth conditions, while stress situations that block
translation initiation increases their size and number and trigger
SG formation (Weber et al., 2008; Sfakianos et al., 2016). We

previously found that exposure to 38°C for 30 min triggers the
formation of such aggregates in Arabidopsis seedlings (Merret
etal., 2013). Hence, we exposed transgenic plantlets to such heat
stress, monitored the fluorescent signal in roots, and observed
that the tagged ECT2 proteins formed punctate foci in the cytosol
(Figure 10A). Since the formation of SGs and P-bodies is inhibited
when translation elongation is blocked, we repeated an identical
experiment but in the presence of cycloheximide (a translation
elongation inhibitor) (Figure 10B). While ECT2 still formed foci in
response to heat under mock treatment (DMSO), it showed
a diffuse pattern in the presence of cycloheximide, supporting the
notion that ECT2 aggregates correspond to P-bodies or SGs.
Since ECT2 does not appear to form foci under normal growth
conditions, we postulated that it associates in SGs rather than
P-bodies. We next ran colocalization experiments using a stable
line coexpressing both YFP-ECT2 and RFP-PAB2, a canonical
marker of SGs (Weber et al., 2008; Merret et al., 2017) (Figures 10C
and 10D). As expected, both the YFP and RFP signals appeared as
discrete foci in the cytosol in response to heat stress, and the vast
majority of them overlapped (merged panels in Figure 10C). Here
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Figure 10. ECT2 Relocates to SGs under Heat Stress Conditions.

Root tips of 7-d-old seedlings were monitored after 30 min of exposure to 38°C (heat stress), 30 min of exposure to 38°C in the presence of 100 nM
cycloheximide (CHX), or 30 min of exposure to 38°C in the presence of DMSO for mock treatment.
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again, cycloheximide treatment prevented foci formation at 38°C
(Figure 10D). All in all, these findings allow us to propose that,
under normal growth conditions, ECT2 is mostly present in the
cytosol and that, upon stress-triggered inhibition of translation
initiation, it relocates to SGs. Consistent with this conclusion,
Arribas-Hernandez et al. (2018) show that ECT2 foci do not contain
VCS protein, a cofactor of the decapping holoenzyme that is
exclusively found in P-bodies (Xu et al., 2006).

DISCUSSION

We performed a systematic evolutionary analysis of YTH domains
from Viridiplantae and retraced their evolutionary history. We
demonstrate that, like mammals, vascular plants and bryophytes
systematically display both DF- and DC-type motifs, while
chlorophytes only possess the DC type (Figures 1, 2, and 4).
Moreover, we found that YTH motifs carry the amino acids re-
quired to bind RNA and accommodate m®A and that they are
predicted to adopt the same structural fold as animal and yeast
YTH domains (Supplemental Figures 2 and 3). In S. pombe, the
Mmi1 protein carries a YTH domain that unambiguously belongs
tothe DC group (Figure 1, statistical support of 1) and could (based
on this analysis) be considered to be an mfA binding motif. Yet,
this domain lost this ability in the absence of such an epitran-
scriptomic mark in fission yeast (Wu et al., 2017). Mmi1 YTH
adopts a structural fold highly similar to that of mA binding motifs
and displays a putative meA aromatic cage (Touat-Todeschini
etal.,2017; Wuetal., 2017). Nevertheless, while bona fide binding
cages create a hydrophobic environment to accommodate m®A
that consists of three amino acids with hydrophobic side chains
[W/W/(Y, W, or L)], the S. pombe cage has a positively charged
histidine in the third position that is likely to hinder m8A binding. All
Viridiplantae YTH domains display a canonical aromatic cage
sequence (Supplemental Figures 2 and 3), and hence, we propose
that these YTHSs carry bona fide m®A binding pockets. Our evo-
lutionary analyses also demonstrated that YTH proteins con-
taining the DC- and DF-type motifs from the green lineage are
further classified into three and two subclades, respectively,
suggesting that a neofunctionalization process has most likely
taken place. Thus, itis likely that YTH domain proteins from plants
are not fully redundant, as is the case for animal proteins. In
agreement with this hypothesis, we found that domains from
different clades are likely to have significantly different mSA
binding affinities and that this feature was conserved across
evolution.

We also performed an initial functional characterization of
a putative plant reader: the Arabidopsis ECT2 protein. We dem-
onstrated that, in vivo, the full-length protein is in a complex with
mBA-containing RNAs. When the three tryptophan residues of the

ECT2 m®A binding pocket were substituted with alanines, mfA
RNAs were no longer coimmunoprecipitated by ECT2. Consid-
ering that these point mutations do not alter the level of ECT2***
protein and that structural studies demonstrated that these
tryptophans are directly involved in the recognition of the m®A
residues (Theler et al., 2014), we propose that ECT2 directly binds
m®A in vivo and that this binding relies on its YTH domain.

We uncovered a physiological role for an m®A reader by
demonstrating that ect2 lof mutants display abnormal trichome
development. Trichomes formed in the absence of ECT2 dis-
played the same morphological defect as that observed when
m©®A levels are reduced or when FIP37, a core component of the
writer complex, is overexpressed. Moreover, we clearly
showed that the m®A binding ability of ECT2 is necessary for
normal trichome development, as expression of an allele with
an inactive m®A binding pocket did not restore normal trichome
morphology. Hence, we propose that ECT2 functions in the
trichome development process to allow m®A to perform mo-
lecularroles in the control of gene expression. Considering that
we cannot evaluate the impact of a full loss of m®A, we cannot
exclude the possibility that other readers also allow m®A to
function in trichome development, but it appears that their
functions are not fully redundant, at least in this developmental
process.

One puzzling observation is that the overexpression of FIP37
phenocopies ect2 and mta-kd trichome-branching defects
(Vespaetal., 2004). FIP37 is a conserved core component of the
writer complex required for mfA deposition, as shown by the
strong decrease in the mBA:A ratio in fip37 hypomorphic lines
(RuZicka et al., 2017). Whether overexpression of FIP37 in-
creases this ratio has not been tested, but if this were the case,
one could propose that, not only is m8A necessary for trichome
branching, butits levels must also be finely balanced. WTAP, the
mammalian homolog of FIP37, is required for the proper local-
ization of the catalytic subunits of the writer complex (Ping et al.,
2014) and, hence, is thought to act as a regulatory component.
As such, appropriate stoichiometric levels of WTAP/FIP37 might
be necessary for proper functioning of the writer, leading us to
propose an alternative scenario where FIP37 overexpression
would have a dominant negative effect and provoke a decrease
in m8A levels.

Trichomes are elongated cells that consist of a stalk with three to
four branches and a DNA content of 32 to 64C. The onset of their
formation involves the exit of pluripotent epidermal cells from the
mitotic program and their transit into the endocycle. These cells
undergo the first DNA replication event coupled to an arrest of their
mitotic cycle at the G2-to-M transition. They then enter an
endocycle during which they undergo three to four endor-
eduplication events before DNA replication ceases (Breuer et al.,

Figure 10. (continued).

(A) and (B) Subcellular distribution of YFP-ECT2 and ECT2-GFP. The same transgenic lines as those used in Figure 8 were analyzed.

(C) and (D) Confocal monitoring of the colocalization of YFP-ECT2 and RFP-PAB2 using the ect2-2 (YFP-ECT2 and RFP-PAB?2) line.

One representative image is shown for each transgenic line in each environmental condition. Each experiment was conducted over three independent
replicates, and at least four roots were monitored for each condition and replicate. The sizes of the scale bars are indicated. Images labeled X 2.5 correspond
to a 2.5X enlargement of images in the panels immediately to the left. DIC, differential interference contrast.
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2014). The number of branches of a trichome is directly correlated
toits ploidy, and mutants with overbranched trichomes often have
an elevated DNA content related to an excessive number of en-
docycles (Schellmann and Hulskamp, 2005). We demonstrate
here that overbranched trichomes of the ect2 lof mutants display
a significant increase in their DNA content and ploidy levels. We
conclude from these observations that the overbranched phe-
notype of ect2 lof mutants is likely the direct consequence of
extra rounds of endoreduplication. Trichomes of plants over-
expressing FIP37 display an elevated DNA content, with 44 and
9% of mutant trichomes with DNA contents of 128 and 256C,
respectively, compared with wild-type trichomes, which peak at
32C (Vespaet al., 2004). This supports the notion that misregulation
of m®A levels or of their decoding triggers excessive rounds of
endoreduplication, resulting in the formation of overbranched
trichomes.

The endoreduplication process that occurs in protodermal cells
in the course of trichome formation is controlled at the entry step,
during its progression, and at the exit (Breuer et al., 2014). These
steps are regulated through the precise control of cyclin (CYC) and
cyclin-dependent kinase (CDK) levels (Breuer et al., 2014; Edgar
et al., 2014). Several studies have demonstrated the role of mfA
(Horiuchi et al., 2006, 2013) and of its readers (Zhao et al., 2017) in
the control of cell cycle progression through posttranscriptional
control of cyclin mRNA expression in animals and animal cell lines.
The observation that, in plants, m8A and at least one of its readers
are required to control the ploidy level and, hence, the number of
endocycles necessary for trichome formation supports the notion
that the role of the m®A reader system in the control of cell cycle
progression was conserved across evolution. It is tempting to
propose that ECT2, through its m®A reading activity, could be
required for the posttranscriptional regulation of CYC and/or CDK
expression levels in protodermal cells and/or in trichomes.

The molecular roles of ECT2, which type of m®A-containing
RNAs it binds, and how it influences méA-containing RNA fate
and/or function are still largely unexplored. Amino acid sequence
analysis of regions outside of its YTH domain did not allow us to
determine if ECT2 is the ortholog of one of the three mammalian
YTHDF proteins, nor to propose a molecular mode of action of
ECT2 on its targets. Indeed, apart from the YTH, a motif search
conducted against a Conserved Domain Database (https://www.
ncbi.nim.nih.gov/Structure/cdd/wrpsb.cgi) did not allow us to
identify any remarkable protein domains in ECT2, as well as in any
other plant DF-type protein, with the exception of a YPQ-rich
region reminiscent of that found in human YTHDF proteins and in
aggregation-prone factors such as TIA-1, TIAR, and prion proteins
(Wang et al., 2014) (Figure 3). The presence of such an aggre-
gation-prone domain in the N-terminal domain of ECT2 is con-
sistent with the observation that this protein is a component of
mRNP aggregates. Indeed, we clearly showed that, while ECT2 is
mainly localized to the soluble fraction of the cytosol under normal
growth conditions, it relocates to SGs in response to heat stress.
Considering that, so far, long noncoding RNAs or other noncoding
RNAs modified with m®A have not been shown to be present in
SGs, we hypothesize that ECT2 binds to mRNAs. Nevertheless, at
this stage, we cannot exclude the possibility that, like YTHDC1,
ECT2 might play a dual role and also bind m®A-containing non-
coding RNAs.
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METHODS

Sequence Selection, Multiple Sequence Alignments, and
Phylogenetic Reconstruction

BLAST searches (blastp and tblastn) were performed starting from
known Arabidopsis thaliana YTH domains on 32 species representing the
diversity of the Viridiplantae lineage at the JGI Phytozome (V11) genomic
resource (https://phytozome.jgi.doe.gov/pz/portal.html). Each time
anew YTH was found in a given species, it was itself used as a query in
a new BLAST search. YTH sequences were aligned using the multiple
sequence comparison by log expectation (MUSCLE v3.7) software
(Edgar, 2004) using standard parameters. Trees were reconstructed
using the fast maximum likelihood tree estimation program PHYML
(Guindon and Gascuel, 2003) with the LG amino acid replacement matrix
(Le and Gascuel, 2008). Statistical support for the major clusters was
obtained using the aLRT (Anisimova and Gascuel, 2006). Bias in amino
acid composition was detected using the Composition Profiler website
(http://www.cprofiler.org/).

Arabidopsis Lines and Growth Conditions

Columbia-0 was used as the wild-type ecotype. The ect2-1 (SALK_002225)
and ect2-2 (SAIL_11_D07) lines were obtained from the Nottingham
Arabidopsis Stock Centre. Stable transgenic lines were obtained using
the floral dip technique (Clough and Bent, 1998; Zhang et al., 2006).
Plants were either grown in soil or cultivated in vitro on plates con-
taining 4.41 g/L synthetic Murashige and Skoog (MS) (Duchefa) me-
dium, pH5.7,and 8 g/L agar. Transgenic seed selection was performed
on MS medium containing 25 ng/L gentamycin. Seeds were surface
sterilized, sown on plates, incubated for 48 h at 6°C in the dark, and
placed in a growth cabinet at 20°C with a 16-h-day/8-h-dark cycle and
130 wE m~—2 s~ light (LEDs with white 4500K spectrum, purchased
from Vegeled). For growth in soil, plants were placed in a growth
chamber with a 16-h-day/8-h-dark cycle, 100 uE m~=2 s~ light (fluo-
rescent bulbs with white 6500K spectrum, purchased from Sylvania),
60 to 75% humidity, and 20°C.

Cloning

To obtain the p825 plasmid, the genomic region upstream of the ECT2
(AT3G13460) coding region (spanning from position —2000 to —1 from
the ATG) was PCR amplified with primers 1156 and 1157, digested with
EcoRV and Kpnl, and cloned into restrictions sites Ec/1361l and Kpnl of
a derivative of pPZP221 upstream of a Gateway receptor cassette and
bearing the gentamycin resistance gene aacC1 (Hajdukiewicz et al.,
1994). The ECT2 coding region was PCR amplified from cDNAs reverse
transcribed from total RNA with an oligo(dT) primer. To obtain plasmid
p819, the ECT2 coding sequence was PCR amplified with primers
1152 and 1153 and inserted at Spel and EcoRV sites downstream of the
YFP tag into a derivative of pBluescript between the AttL1 and AttL2
Gateway donor sites. To obtain the p827 plasmid, the ECT2 coding
sequence was PCR amplified with primers 1152 and 1154 and inserted at
sites Spel and EcoRV upstream of the GFP tag into a pBluescript de-
rivative between the AttL1 and AttL2 Gateway donor sites. The final
binary vectors respectively expressing YFP-ECT2 and ECT2-GFP under
the control of ECT2 genomic sequences were obtained through Gateway
recombination. The triple point mutant coding sequence labeled ect2**
codes foramutated version of ECT2 bearing three tryptophan-to-alanine
substitutions (TGG to GCT) at positions 464,521, and 526. It was custom
made and ordered from Biomatik (https://www.biomatik.com/). This
sequence was fused downstream of the YFP tag and inserted through
Gateway recombination into plasmid p825 downstream of the ECT2
genomic sequences.
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Protein Gel Blot Analyses

Total proteins were extracted with Laemmli denaturing buffer, separated by
SDS-PAGE (6.5% acrylamide), and electrotransferred onto a PVDF mem-
brane. Custom-made antibodies generated from rabbit with two ECT2-
specific peptides were ordered from Eurogentec (double-X immunization
program): pep1-TVSSRNQNYRSNSH, pos. 281 to 295, and pep2-
TSSDVKVAENGSVAK, pos. 642 to 656. The anti-pep1 antibody was used at
1:100 dilution and anti-pep2 at 1:2000 dilution. The anti-ACTIN antibodies
were used at 1:6 X 10° dilution. Primary antibodies were incubated on
membranes overnight at 4°C in TBS-1% Tween-5% dry milk buffer, and
secondary antibodies (anti-rabbit horseradish peroxidase at 1:7500 for ECT2
detection and anti-mouse horseradish peroxidase at 1:5000 for ACTIN
detection) were incubated in the same buffer for 45 min at room temperature.

RT-PCR Assays

Total RNAs were extracted from various plant tissues using the plant
RNeasy mini kit from Qiagen according to the manufacturer’s instructions.
cDNAs were prepared from 0.5 g of DNase-free total RNA using an
oligo(dT),g primer and a SuperScript IV reverse transcriptase kit (Invitrogen)
following the manufacturer’s instructions. PCR was conducted using 1:20
dilutions of cDNA with GoTagq (Promega) polymerase and the appropriate
primers (Supplemental Data Set 2) according to the manufacturer’s in-
structions. PCR was conducted in a thermocycler with an initial step at
95°C for 3 min followed by 25 cycles at 95°C for 30 s, at T, for 30 s, and at
72°C for 1 kb/min.

RIP and m®A Dot Blot Assays

Whole 15-d-old seedlings were flash frozen and crushed in liquid nitrogen,
and 2.1 g of frozen powder was homogenized in 15.75 mL of lysis buffer
(100 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5% IGEPAL, and 1% plant
protease inhibitor cocktail from Sigma). The crude extract was clarified by
centrifugation for 10 min at 3000g at 4°C. The immunoprecipitation was
performed using 11.25 mL of crude extract incubated for 1.5 h at 4°C on
a rotating wheel with 120 pL of GFP-trap magnetic beads (Chromotek). To
monitor protein immunoprecipitation efficiency, a parallel immunopre-
cipitation experiment was conducted using 700 L of crude extract in-
cubated with 7.5 pL of GFP-trap. The beads were washed six times with
9 mL of lysis buffer at 4°C. RNAs were eluted from the beads with 400 p.L of
guanidium extraction buffer and precipitated overnight at —20°C with
800 pL of 100% ethanol. RNAs were precipitated by centrifugation, re-
suspended in 350 pL of RTL buffer (Qiagen RNEasy Micro kit), purified
according to the manufacturer’s instructions, and eluted in 15 pL of RNase-
free water. The RNA solution was concentrated into a 6 pL volume of
RNase-free water using the RNA clean and concentrator kit R1015 from
Zymo Research. To monitor RNAs from the input fraction, RNAs were
extracted from 200 pL of crude extract following the same procedure.
Notably, RNAs from both the eluate and input fractions were treated with
DNase as part of the Qiagen RNEasy purification procedure. To elute the
proteins, the beads were resuspended in 15 pL of Laemmli buffer and
incubated for 5 min at 95°C, and the supernatant was collected from the
beads using a magnetic device. The dot blot analysis was performed as
follows: 1 wL of RNA solutions correspondingto 1:6, 1:30, 1:150, and 1:750
of the RNA eluate and 1:300, 1:1500, 1:7500, and 1:37.5 e-3 of the input
were spotted onto and UV cross-linked to a Hybond N+ membrane (GE
Healthcare) according to the manufacturer’s instructions. The membrane
was saturated for 2 h at room temperature in TBS-1% Tween-5% fat-free
dried milk before being incubated with an anti-m®A antibody (Synaptic
Systems) diluted at 1:1000 overnight at 4°C.

The experiment was repeated four times independently. For each
replicate, whole RIP and protein immunoprecipitation experiments were
conducted from freshly prepared and harvested seedlings.

Trichome Counting and Ploidy Measurements

To monitor trichome-branching defects, trichomes from the second pair of
leaves of soil-grown (see above for culture conditions) 3-week-old plants
were observed under a binocular loupe. The number of trichomes with
three, four, and five branches was counted for each plant and respectively
expressed as a percentage over the total number of trichomes. One bi-
ological replicate corresponds to the analysis of four plants of each ge-
notype sown and grown together and issued from seed stocks harvested at
the same time and stored together. For each genotype, trichomes were
monitored and counted on the second pair of leaves (leaves number 3 and
4) on the rosettes of four plants. The value of one replicate corresponds to
the average value:total number of trichomes counted in one category
divided by 4 for each genotype. The statistical analysis was performed with
ANOVA followed by Dunnett’s posthoc test using XLSTAT software (Ad-
dinsoft) (Supplemental Figure 7). To analyze trichome DNA content, in-
dividual trichomes were isolated from fully expanded rosette leaves as
described (Zhang and Oppenheimer, 2004). Briefly, fully expanded rosette
leaves were incubated overnight at 4°C in PBS EGTA solution (50 mM, pH9)
supplemented with 0.05% (v/v) Triton X-100. Trichomes were removed
from leaves using a paintbrush. After staining with Hoechst 3342 solution
(10 ng/mLy), trichomes and leaf epidermis fragments were imaged using an
epifluorescence microscope (Zeiss, Axioimager Z.2). Average fluores-
cence intensity was measured for 20 nuclei for each genotype and nor-
malized to the average fluorescence intensity of guard cells, which are
known to have a 2C DNA content. One biological replicate corresponds to
one set of all genotypes grown independently. Average values were ob-
tained from two biological replicates.

Confocal Microscopy and Heat Treatment

Root tips from 7-d-old seedlings cultivated on solid MS medium in vitro (as
described above) were used to monitor the subcellular distribution of fluo-
rescently labeled ECT2. To perform cycloheximide and/or heat stress
treatment, seedlings were transferred to a six-well plate containing 3 mL of
liquid MS medium with 100 wM cycloheximide or 0.1% DMSO (for mock
treatment) and incubated for 30 min at 20 or 38°C (heat stress). Plantlets were
vacuum infiltrated for 5 min in 1 mL of fixation solution (2% para-
formaldehyde, 1xX MTSB [50 mM PIPES, pH 7, 5 mM EGTA, and 5 mM
MgS04], and 0.2% Triton X-100) and further incubated at room temperature
for 10 min. The seedlings were washed twice for 5 minin 2 mL of 1xX MTSB
and stored at 4°C prior to microscopy analyses. The subcellular distribution
of tagged ECT2 was assessed with an LSM700 (Zeiss) confocal microscope
with the following excitation/emission wavelengths: GFP, 488 nm/490 to
540 nm; YFP, 514 nm/520 to 550 nm; and RFP, 561 nm/580 to 640 nm.

Accession Numbers

Sequence data from this article can be found in Supplemental Data Set 1.
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