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INCREASED DNA METHYLATION 3 forms a potential
chromatin remodelling complex with HAIRPLUS to regulate
DNA methylation and trichome development in tomato
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SUMMARY

DNA methylation, a dynamic epigenetic mark influencing gene expression, is regulated by DNA demethy-
lases that remove methylated cytosines at genomic regions marked by the INCREASED DNA METHYLATION
(IDM) complex. In Arabidopsis, IDM3, a small a-crystalline domain-containing protein, stabilises the IDM
complex. To investigate its role in tomato, we generated slidm3 mutants using genome editing. These
mutants displayed a ‘hairy’ phenotype with increased glandular trichomes, resembling the hairplus (hap)
mutant. Affinity purification of SIIDM3-GFP associated proteins identified several chromatin remodelling fac-
tors, including HAP. Genome-wide DNA methylation analysis revealed sequence context dependent alter-
ations in the slidm3-1 plants, similar to the hap mutant. CHH methylation was predominantly increased,
while CG methylation, particularly in intergenic regions, was decreased in both mutants. This imbalanced
methylation suggests the presence of a ‘methylstat’ mechanism attempting to restore methylation levels at
abnormally demethylated sites in the mutants. Comparative functional analysis of differentially methylated
regions in the slidm3-1 and hap mutants identified potential methylation-regulated genes that could be
linked to the hairy phenotype. Our findings indicate that SIIDM3 may form a chromatin remodelling com-
plex with HAP, epigenetically regulating trichome development.

Keywords: DNA methylation, DNA demethylation, Epigenomics, Chromatin remodelling, Gene expression
regulation, Trichomes, Plant, Tomato.

INTRODUCTION classes of DNA methyltransferases (Zhang et al., 2018).

Epigenetics refers to heritable changes in gene expression
that occur without modification of the underlying DNA
sequence. Epigenetic regulation involves reversible
post-translational modifications of histone proteins and
the methylation of DNA which could alter the chromatin
structure affecting DNA recombination, transposon silenc-
ing or regulation of gene expression (Law & Jacob-
sen, 2010; Matzke et al., 2015). Epigenetic marks could be
inherited during DNA replication and cell division deter-
mining and maintaining cell type-specific gene expression
patterns (Zhang et al., 2018). DNA methylation in plants
can occur at cytosine residues both in symmetrical (CG or
CHG) and non-symmetrical (CHH) contexts (where H can
be an A, C, or T but not G) and is controlled by three

© 2025 The Author(s).

Symmetric DNA methylation could be copied to the
nascent DNA strand during DNA replication inheriting the
methylation status of certain genomic regions to the
daughter cells. On the other hand, asymmetric DNA meth-
ylation cannot be copied during replication but the methyl-
ation status could be transferred by a special group of 24-
nt-long siRNAs (small interfering RNAs) that are produced
by the concerted action of POLYMERASE IV (PollV), RNA
DEPENDENT RNA POLYMERASE 2 (RDR2), DICER-LIKE 3
(DCL3), and numerous other accessory proteins (Zhai
et al., 2015). These siRNAs are cell-to-cell mobile and can
travel systemically to distant tissues to induce de novo
DNA methylation at siRNA-homologous sites (Tamiru
et al., 2018). At the target sites, siRNAs are bound by
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ARGONAUTE 4 (AGO4) type of proteins which can
recognise homologous sequences in PolV-generated RNA
transcripts. This interaction recruits DRM2 DNA methyl-
transferase that methylates nearby cytosine residues in the
CHH context. This RNA dependent DNA methylation
(RdDM) pathway is responsible for the silencing of trans-
posable elements (TEs). If a TE resides in a promoter of a
gene, the methylation status of this TE could affect the
transcription of that gene (Galindo-Gonzéalez et al., 2018;
Hollister & Gaut, 2009; Wang et al., 2013; Yamamuro
et al., 2014).

Plants can also actively demethylate DNA via the
action of DNA glycosylase-lyases, the so-called
DEMETER-like DNA demethylases (DMLs) (Zhu, 2009). The
active DNA demethylation by DMLs appear to be less
sequence context dependent than the DNA methylation
(Gehring et al., 2006; Gong et al., 2002; Hsieh et al., 2009;
Ibarra et al., 2012; Penterman et al., 2007).

The mechanism of active DNA demethylation was
extensively investigated in the model plant Arabidopsis
thaliana. The main question was how certain methylated
DNA regions are marked for demethylation while others
are not. In the current model, the target selection of the
DNA demethylases is defined by the INCREASED DNA
METHYLATION (IDM) complex which marks the target sites
for AtROS1 (also known as DML1). The Arabidopsis IDM
complex contains two DNA binding proteins that recognise
methylated cytosines, MBD7 (canonical Methyl-CpG-
binding domain) and HDP2 (Harbinger transposon-derived
DNA methyl-binding-protein) which ensure that the IDM
complex is targeted to highly methylated regulatory
sequences, where active DNA demethylation is required
for gene expression (Lang et al., 2015; Nie et al., 2019).
Two a-crystallin domain-containing proteins, IDM2 and
IDM3 proteins hold the IDM complex together and connect
the methylated DNA recognition components to the core
enzyme, which is the IDM1 histone acetyltransferase. Fur-
thermore, IDM2 and IDM3 also function as chaperone pro-
teins to ensure IDM1 activity (Duan et al., 2017). The action
of IDM1 create a permissive chromatin environment for
recruitment and function of ROS1 and related DNA
demethylases by specifically binding to chromatin sites
that lack histone H3K4 di- or trimethylation and acetylating
H3K18 and H3K23 (Qian et al., 2014; Zhao et al., 2014).

DNA methylation in the promoters of genes is known
to inhibit gene transcription (Gehring & Henikoff, 2007;
Zhang et al., 2010). Active removal of these inhibitory
methylation marks during plant development and plant cell
fate reprogramming could lead to an elevated gene expres-
sion (Liu & Lang, 2020; Zhang et al., 2022). DNA methyla-
tion also occurs in gene bodies of certain genes that are
constitutively expressed (‘housekeeping genes’), while
inducible genes are usually depleted in gene body methyl-
ation and enriched in H2A.Z histone variant (Coleman-Derr

& Zilberman, 2012; Zilberman et al., 2008). A recent study
identified a third group of genes, the gene bodies of which
are dynamically methylated and demethylated during
development by the antagonistic action of DMLs and an
unidentified, noncanonical de novo DNA methyltransferase
that prefers CG context (Williams et al., 2023). Similar to
several earlier studies, this study also could not find a
direct correlation between gene body methylation and
gene expression level. However, there was a correlation of
gene body DNA methylation level heterogeneity and gene
expression plasticity which was attributed to the action
of DMLs.

The active DNA demethylation results in a hypo-
methylated state that could trigger de novo DNA methyla-
tion to restore the original methylation status. The global
methylation level is measured by a methylstat mechanism
(Lei et al., 2015; Williams et al., 2015). The basis of this
mechanism is that the promoter of ROS1 DNA demethy-
lase contains a TE that is target of ROS1 itself and also tar-
get of the RADM pathway. For the proper expression of
ROS1, this promoter region must be hypermethylated and
should be bound by a group of SUVH and DnaJ-domain
proteins that could maintain gene expression despite
hypermethylation (Xiao et al., 2019). If this region is
demethylated as the result of high ROS1 level, the expres-
sion of ROS1 is decreased. The hypomethylation triggers
RdDM that restores the hypermethylated state of the
methylstat region.

The tomato genome contains four putative DML genes
encoding proteins with characteristic domains of func-
tional DNA glycosylase-lyases (Liu et al., 2015; Mok
et al., 2010). SIDML1 and SIDML2 are orthologous to the
Arabidopsis AtROS1 (REPRESSOR OF SILENCING 1) gene
and SIDML3 to AtDME (DEMETER), whereas SIDML4 has
no closely related Arabidopsis orthologue. All four SIDML
genes are ubiquitously expressed in tomato plants,
although SIDML4 is expressed at a very low level in all
organs (Liu et al., 2015). It was shown that the expression
of SIDML2 was increased during fruit ripening, and in line
with this, in mutants lacking a functional SIDML2 gene,
fruit ripening was delayed (Lang et al., 2017). However,
there is no information about the function of the other
three DMLs in tomato.

A novel mutant named hairplus (hap) exhibiting a
high Type | trichome density has been described in tomato
(Fonseca et al., 2022). The HAP gene encodes for a SUVH3
histone lysine methyltransferase that binds methylated
DNA and has lost its histone methyltransferase activity. It
was shown that HAP promotes epigenetic modifications in
the tomato genome and links epigenome remodelling with
Type | trichome formation most likely through a novel
genetic network (Fonseca et al., 2022). In this work, we
show that a tomato homologue of the a-crystallin
domain-containing protein IDM3 (SIIDM3) interacts
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physically with HAP (SISUVH3), SIIDM2, SIDNAJ1, and
SIMBD5 and potentially forms a protein complex that
causes DNA demethylation in the promoter and gene body
regions of hundreds of protein coding genes. Consistent
with this, our comparative DNA methylome analysis of
slidm3-1 and hap mutants revealed similar alterations in
global DNA methylation patterns. Moreover, CRISPR/Cas9-
generated slidm3 mutants displayed the same increased
trichome density (hairy phenotype) as hap mutants. Our
findings suggest that SIIDM3, in conjunction with HAP,
may epigenetically regulate the alternative splicing and
expression of genes crucial for trichome development.

RESULTS

Generation of stable loss-of-function mutant alleles of
SIIDM3 using the CRISPR/Cas9 gene editing system

DNA methylation is a conserved epigenetic mark that plays
important roles in development, gene expression regulation
and genome stability. Cytosine methylation levels are
dynamically regulated by DNA methylation and demethyla-
tion reactions. It was shown in Arabidopsis that IDM proteins
enable DNA demethylases to prevent aberrant spreading of
DNA methylation (Tang et al., 2016). IDM3 is an a-crystallin
domain-containing protein that physically associates with
other anti-silencing factors that prevent gene repression and
hypermethylation at some genomic loci in Arabidopsis (Lang
et al., 2015; Li et al., 2015). To study the molecular function
of the tomato orthologue of Arabidopsis IDM3 (SIIDM3,
Solyc04g082720), first we checked its expression in different
tissues of tomato plants. We found that SIIDM3 was ubiqui-
tously expressed in all the tested tissues and was markedly
induced during fruit ripening (Figure S1a). This observation
suggested that SIIDM3, as a part of the hypothetical tomato
IDM complex, may play a role in fruit ripening by marking
the genomic sites for SIDML2-dependent DNA demethyla-
tion. The Arabidopsis IDM complex play a positive role in
the regulation of DNA demethylation at dedicated sites,
therefore, we expected that the lack of the SIIDM3 would
result in a fruit ripening phenotype similar to that of the
sldmi2 mutant (delayed ripening).

To find out if SIIDM3 plays a role in fruit ripening, we
generated stable loss-of-function slidm3 mutants using the
CRISPR/Cas9 gene editing system. Two independent guide
RNAs (gRNA) were designed to target the first exon of
SIIDM3 (Figure 1). We cloned the gRNAs along with Cas9
and Kan® expression cassettes into a binary vector that
was transformed into tomato plants (Moneymaker variety).
Independent transformant lines (T0) were characterised by
genotyping PCR and Sanger sequencing of the gRNA tar-
get regions (the primers used for the cloning and genotyp-
ing are listed in Table S1). Two independent homozygous
T2 lines carrying single-nucleotide deletions causing
frame-shift in the open reading frame of the SIIDM3 gene

© 2025 The Author(s).

(@) Solyc04g082720.3.1 (S/IDM3)
TSS

-] -_’_E
l exon (CDS) Wexon (3-UTR) === intron

gRNAT  gRNA2

WT GTGTTGCGCTTCCTGGTGTA

slidm3-1 GTGTTGCGCTTCCTG-TGTA
\
149 nt from TSS

WT GATATCATTCTGACTGGGAC
slidm3-2 GAT-TCATTCTGACTGGGAC

43 nt from TSS

(b) 1 153
WT | | ocrystalindomain | |16.7kDa

1 50

sligm3-1 [ | ]5.2kpa
1 16
slidm3-2 ] 1.8 kDa

Figure 1. CRISPR/Cas9-based genome editing of SIIDM3.

(A) Structure of the SIIDM3 gene showing the location of the two guide
RNAs designed to target the first exon of the gene. The gene has two exons,
the coding sequence (CDS) is separated by one intron. There is one long 3
untranslated region (3'-UTR) and no annotated 5'-UTR. TSS: transcription
start site. We obtained frame-shift mutants with both guides and we named
them slidm3-1and slidm3-2.

(B) Both mutants express truncated versions of the small a-crystallin
domain containing SIIDM3 protein. The number of amino acid residues and
the theoretical molecular weights of the protein products are shown.

were selected and named slidm3-1 (targeted by gRNA1),
and slidm3-2 (targeted by gRNA2) for further characterisa-
tion (Figure 1).

Contrary to our expectations, homozygous slidm3-1
and slidm3-2 plants showed no observable fruit ripening
phenotype but exhibited a hairy phenotype in their vegeta-
tive and inflorescence stems when compared with
wild-type (WT) plants (Figure 2a). The use of two indepen-
dent lines created by two different guide RNAs makes the
off-target effect unlikely as the explanation of the observed
hairy phenotype.

In tomato, trichomes are multicellular and have been
classified into eight different types, including both glandu-
lar (Type I, IV, VI and VII) and non-glandular (Type II, lll, V
and VIII) trichomes (Glas et al., 2012). Glandular trichomes
produce specialised metabolites that are toxic or deterrent
to pests, while non-glandular trichomes act as mechanical
barriers that hinder pest movement along the plants (Sim-
mons & Gurr, 2005). To investigate the trichome pheno-
type of the slidm3 plants in more detail, trichome identity
and density of slidm3-1 and WT plants were examined
using optical and scanning electron microscopy. The
slidm3-1 and slidm3-2 plants showed a higher density of
Type | glandular trichomes than the WT plants on the veg-
etative and inflorescence stems (Figure 2b; Figure S2a).
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Figure 2. The slidm3-1 mutant has increased glandular trichome density.
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(A) The main vegetative stem (upper and middle panel) and the inflorescence stem (lower panel) of a wild-type (WT) Moneymaker plant and slidm3-1 mutant

plant with increased trichome density.

(B) Optical microscopic and scanning electron microscopic images of the stem of the wild-type and mutant plants.
(C) Density of Type | trichomes on WT, slidm3-1 and slidm3-2 mutant stems. Dunnett’s test was performed to determine if there was a significant difference
between the wild-type and the two mutants regarding trichome density. There was a significant difference between slidm3-7 and WT (P-value = 1.5e-9) and also

between slidm3-2 and WT (P-value = 1.1e-9).

Additionally, we observed aberrant, branched Type | tri-
chomes at different maturation stages on the leaves of
slidm3-1 mutant plants (Figure S2b,c), similar to the
recently described hairplus (hap) mutant tomato plants
(Figure S4 in Fonseca et al., 2022). Since tomato Type |
glandular trichomes are the production sites of acyl sugars
(Schuurink & Tissier, 2020), we checked the level of acyl
sugars in the leaves and vegetative stems of WT and
slidm3-1 mutant plants. In accordance with the higher den-
sity of Type | trichomes, we observed higher acyl sugar

levels in slidm3-1 mutants compared with WT plants
(Figure S3).

In summary, these results suggest that SIIDM3 has a
role to control Type | glandular trichome density in vegeta-
tive and reproductive organs in tomatoes.

Immunopurification and mass-spectrometric identification
of SIIDM3 interacting proteins

IDM3 is a part of the IDM protein complex that participates
in active DNA demethylation in Arabidopsis (Lang

© 2025 The Author(s).
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Table 1 Mass-spectrometric analysis of proteins co-purifying with IDM3 in the stem and leaf

Stem Leaf
Protein ID Gene ID Name MW (kDa) All/unique peptides % Cov. All/unique peptides % Cov.
AOA3Q7GCP8 Solyc04g082720 SIIDM3 16.7 95/12 56.2 62/12 62.1
AO0A3Q7EMVO Solyc01g098810 SIIDM2 29.1 30/8 18.4 30/8 20.6
AOA3Q7ERD6 Solyc01g105780 SIDNAJ1 59.1 10/6 27.9 24/19 34.0
A0A3Q71JC6 Solyc10g077070 HAP 78.4 66/21 42.7 112/48 64.3
AOA0S2GYF0 Solyc11g068740 SIMBD5 26.9 80/14 72.2 50/20 77.4

et al., 2015). To identify the components of the tomato IDM
complex, we set out to purify the proteins associated with
SIIDM3. We generated transgenic tomato plants expres-
sing SIIDM3-GFP driven by the 35S promoter. The pres-
ence of the SIIDM3-GFP fusion protein in the transgenic
lines was confirmed by Western blot analysis and confocal
fluorescence microscopy. The fluorescent microscopy anal-
ysis revealed that the SIIDM3-GFP is mainly localised in
the nucleus (Figure S4), consistent with its proposed role
as an IDM complex subunit.

We purified SIIDM3-GFP and its interacting proteins
from stem and leaf extracts using magnetic beads covered
with anti-GFP antibodies. As a background control, the
purification procedure was also carried out with samples
from plants overexpressing GFP only. Tryptic peptides
derived from the purified proteins were determined by
mass spectrometry (Table 1; Table S2). We performed a
differential expression analysis to identify significantly
enriched proteins in the SIIDM3-GFP samples compared
with the background samples. The resulting list contained
orthologues of known Arabidopsis IDM3 interacting
proteins such as SIIDM2 and SISUVH3 (HAIRPLUS). The
presence of DnaJ-domain proteins, SIMBD5 and
PICKLE-homologues was also verified (Table 1). The full
list of the identified proteins can be found in Table S2. To
further validate our findings, the interactions of SIIDM3
with HAP/SISUVH3, SIIDM2, SIMBD5 and SIDNAJ1 were
confirmed in a co-immunoprecipitation experiment con-
ducted in agroinfiltrated Nicotiana benthamiana leaves
(Figure 3).

The presence of the HAP protein in the
SIIDM3-interacting complex and the shared hairy pheno-
type of the slidm3 and hap mutants suggested that both
genes were involved in the epigenetic regulation of tri-
chome development of tomato.

The slidm3-1 mutation leads to alteration in the DNA
methylome in a sequence context-dependent manner

In order to examine the possible role of SIIDM3 in epigen-
ome remodelling, we selected the slidm3-1 mutant line for
further analysis. We performed a whole-genome bisulphite
sequencing (WGBS) in three biological replicates to

© 2025 The Author(s).

generate a single-base resolution map of DNA methylation
from the vegetative stem of slidm3-1 and WT plants
because this tissue showed the strongest trichome pheno-
type. We obtained 9.5 M clean reads on average after
adapter trimming and quality filtering (around 89% of the
raw sequences) of which 81% mapped to the reference
genome. The bisulphite conversion rate was uniformly
99.7%. The global methylation level of cytosine residues
was 19.5%. Around 75% of the Cs in the CG context was
methylated globally while the methylation percentage
were 50 and 7.5 for the CHG and CHH context, respectively.
The detailed sequencing statistics can be found in
Table S3. These numbers indicated that the data were
good quality and we proceeded with the identification of
differentially methylated cytosines and regions between
the mutant and the wild-type samples.

We found that the distribution of differentially methyl-
ated cytosines along the 12 tomato chromosomes was
dependent on their sequence context. We observed that
cytosines in the CHG and CHH sequence context (where H
stands for a ‘not G’ nucleotide) were mostly hypermethy-
lated in the slidm3-1 mutant around the gene-rich regions
(Figure 4a,b). Along the gene-rich chromosomal arms, the
CG sites were also hypermethylated in the slidm3-1 mutant
compared with the wild-type (Figure 4a,b). However, we
have detected mostly hypomethylated cytosines in the CG
context in the pericentromeric regions.

Next, we identified the significantly differentially
methylated regions (DMRs) in the slidm3-1 mutant
(Table S3). Our analysis identified 36 148 hyper-DMRs and
53 175 hypo-DMRs in slidm3-1 plants. The genome-wide
distribution of hyper-DMRs and hypo-DMRs was also
sequence context-dependent (Figure 5). DNA hypomethyla-
tion in slidm3-1 plants mostly occurred in the CG sequence
context (8634 hyper-DMRs vs. 30 847 hypo-DMRs) while
we observed more hypermethylation than hypomethyla-
tion in the CHH sequence context (19 995 hyper-DMRs vs.
10 822 hypo-DMRs). There were somewhat more hypo-
methylated than hypermethylated DMRs in the CHG con-
text (7519 hyper-DMRs vs. 11 506 hypo-DMRs). Hypo-CHG
DMRs were located mainly in intergenic regions, while
hyper-CHG DMRs were mostly found in gene bodies
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Figure 3. The SIIDM3 protein is associated with plant epigenetic regulators.
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(A) Schematic, non-proportional representation of the constructs used in the co-immunoprecipitation experiments.

(B) N. benthamiana leaves were Agroinfiltrated with HA-tagged SIIDM3 (SIIDM3-HA) along with the GFP- or MYC-tagged partner. Three days after infiltration (3
dpi), proteins were extracted and affinity purification using magnetic beads covered with anti-GFP was carried out. Input (I) and elutes (E) were analysed by
Western blot either with anti-HA antibody to test the presence of the prey (SIIDM3-HA) or anti-GFP to test the presence of the bait (the potential interactor).

(C) Same as B but the baits were tested with anti-MYC antibody. The GFP and the MYC-tagged eRF3 translation release factor (eRF3-MYC) were used as negative

controls.

(Figure 5b). The overall number of hypermethylated DMRs
was the highest in the CHH context and they mostly co-
localised with gene-rich regions of the genome (Figure 5a),
most notably with promoters, gene bodies, and other,
unspecified regions (Figure 5b; Table S3). It must be noted
that these regions quite often overlap with each other (i.e.
a DMR can overlap with promoter and gene body, or pro-
moter and repeats, etc).

In summary, we found a significant hypomethylation
in the CG context in the gene depleted regions and hyper-
methylation mainly in the CHH context in the gene associ-
ated regions in the slidm3-1 mutant compared with WT.

Gene expression changes in the slidm3-1 mutant

DNA methylation is mainly associated with repression of
transcription when it occurs in the promoter regions
of genes (Zhang et al., 2018). Components of active DNA
demethylation are also known as anti-silencing factors
because of their function in preventing DNA hypermethyla-
tion and transcriptional gene silencing (Harris et al., 2018;
Zhang et al., 2018). Since we observed DNA hypermethyla-
tion in the promoter region of protein coding genes of
slidm3-1 plants, we speculated that SIIDM3 may function

to prevent transcriptional silencing of protein coding genes
where DNA methylation could spread from nearby
transposons to the promoters, as described earlier
(Galindo-Gonzalez et al., 2018; Hollister & Gaut, 2009;
Wang et al., 2013; Yamamuro et al., 2014). Although we
have found examples for this spreading (Figure S5), these
were not associated with differential gene expression.

To gain insight into the role of SIIDM3 in the mainte-
nance of gene expression, we determined the transcription
profile in the vegetative stems of slidm3-1 and WT plants
in three biological replicates. We performed a differential
gene expression analysis to get a list of the significantly
differentially expressed genes (DEGs) between the WT and
the mutant plants. We considered genes as differentially
expressed when the Q-value was less than 0.05. Our analy-
sis identified 169 upregulated and 268 downregulated
genes in slidm3-1 mutant plants (Figure 6a; Table S4) of
which 12 and 16 encoded transcription factors (Table S4).
There was no significant GO term enrichment among the
upregulated genes but the term oxidation-reduction pro-
cess (GO:0055114) and its parent terms were enriched in
the list of the downregulated genes (Figure 6b; Figure S6,
Table S4).

© 2025 The Author(s).
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Figure 4. Genome wide cytosine methylation level is altered in the slidm3-1 mutant.

(A) The 12 tomato chromosomes are shown as a circle. The circos plots represent (from outside to inside): 1. Methylation level along the genome in slidm3-1. 2.
Methylation level difference between the slidm3-1 and the WT. 3. Methylation level along the genome in the WT.

(B) An overview of methylation level distribution at up/downstream 2 kb and gene body in each sequence context (CG, CHG, CHH). The x-axis represents the
functional genetic elements, the y-axis represents the methylation level. Each region was divided into 50 bins and methylation level was calculated in each bin.
The lines represent the mean methylation level in the three biological replicates, while the coloured areas around the lines represent the standard error.

A number of different transcription factors involved
especially in glandular trichome initiation and morphogen-
esis have been identified (Chalvin et al., 2020). Woolly
(Wo), an HD-ZIP IV transcriptional factor, mainly regulating
Type | trichome formation, was the first gene identified to
control trichome development in tomato (Yang
et al., 2011). A search for downstream factors uncovered a
Cyclin B2 homologue in tomato (SICYCB2) that was
induced by Wo and participated in Wo-mediated Type | tri-
chome development (Gao et al., 2017; Yang et al., 2011).
This gene was recently renamed as multicellular trichome
repressor 1 (MTR1; Wu et al.,, 2023). In the proposed
model, Wo protein concentration is maintained by the
opposing actions of MTR-mediated negative feedback reg-
ulation and self-reinforcement of expression. It was also
demonstrated that Wo is a master transcriptional factor
that specifies fates of multicellular trichomes via dosage-
dependent mechanisms (Wu et al., 2023). Other transcrip-
tion factors involved in glandular trichome development
have also been characterised in tomato: The C2H2

© 2025 The Author(s).

zinc-finger protein HAIR (Chang et al., 2018) and the
bHLH protein MYELOCYTOMATOSIS-RELATED 1 (SIMYC1)
(Xu et al., 2018). The HAIR gene interacts with Wo and it is
also essential for Type | trichome development (Chang
et al., 2018). Another, R2R3-MYB type of transcription fac-
tor, the SIMIXTA-LIKE acts as a repressor of trichome for-
mation and determines trichome patterning in leaves
(Galdon-Armero et al., 2020). An earlier study showed that
ectopic expression of SIMIXTA1 led to higher number of
glandular and non-glandular trichomes in tomato; the
plants produced more Type | trichomes, and RNAi plants
had fewer Type | trichomes (Ewas et al., 2017, 2016).

Unfortunately, none of the differentially expressed
transcription factors were known regulators of trichome
development, although there were several members of
the HD-ZIP, SBP, bHLH or Myb family of transcription
factors known to regulate developmental patterns
(Table S4). Furthermore, none of the transcripts of
putative IDM complex members were changed at the
transcriptional level.
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Figure 5. Differentially methylated regions in the slidm3-1 mutant.

(A) The 12 tomato chromosomes are shown as a circle. The circos plots represent (from outside to inside): 1. Hyper-DMR statistical value by sequence context
(CG, CHG, CHH). The higher and bigger the point, the larger the differences between two groups. 2. Transposable element (TE) density along the genome (less
TE are located at the chromosome arms). 3. Gene density along the genome (more genes are located at the chromosome arms). 4. Hypo-DMR statistical value

by sequence context.

(B) A summary of the DMRs by genomic annotations and by sequence context. Promoter: 2 kb upstream of gene feature; gene body: gene feature; CGl (CpG
islands, CpG-rich regions); CGl shore: 2-kb-long regions that lie on both sides of a CGl; SINE: Short Interspersed Nuclear Element; LTR: various classes of Long
Terminal Repeat type of retrotransposons; DNA: DNA transposons of various classes; other region: anything except the above categories, mostly intergenic

regions.

Overlap between DEGs and DMRs

The higher number of CHH-hyper-DMRs in the promoter
and gene body regions in the slidm3-1 mutant suggested
that DNA methylation/demethylation could affect the gene
expression of the associated genes. To reveal such a possi-
ble regulatory effect, we investigated the overlap between
the promoter and gene body localised DMRs and the
DEGs. The analysis revealed that only a fraction of DEGs
were associated with DMRs. And 68 up- and 95 downregu-
lated DEGs of the 169 and 268 total up- and downregulated
DEGs (40 and 35.5%, respectively) contained a DMR in their
promoters, while 76 and 134 of them (45 and 50%, respec-
tively) contained a DMR in their gene bodies. Only a small
fraction of genes with promoter-associated DMRs (163 of
the 10 244, 1.6%) or gene body DMRs (210 of the 11 362,

1.85%) were differentially expressed (Figure 6¢c; Figure S7).
The most abundant overlapping sets between the DEGs
and DMRs were the downregulated DEGs associated with
gene body CG-hypomethylation only (18 genes) and pro-
moter CHH-hypermethylation only (17 genes). The upregu-
lated DEGs were associated either with promoter CHH-
hyper- or hypomethylated DMRs only (9 and 6, respec-
tively). There were many other combinations as well
(Figure 6c).

Comparing the slidm3-1 and hap transcriptome and
methylome data

The interaction of SIIDM3 with HAP and the similar hairy
phenotype of their mutants suggested that the two genes
are involved in the same pathway that regulates DNA (de)
methylation and trichome development. If this is true, one

© 2025 The Author(s).
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Figure 6. Gene expression changes in the slidm3-1 mutant compared with wild-type.
(A) Volcano plot showing the distribution of the statistical significance values (Q-value or FDR corrected P-value on y-axis) of the differential expression of genes
as a function of the magnitude of their change (estimated fold-change or b parameter in the model, x-axis). Genes were considered significantly differentially

expressed if Q-value <0.05.

(B) Gene Ontology term enrichment analysis of the downregulated genes. Only the significantly enriched categories in the biological process supercategory are
shown. The significantly enriched subcategories within the molecular function supercategory are shown in Figure S5. There were no significantly enriched cate-

gories in the list of upregulated genes.

(C) Intersections between the DEGs and gene body or promoter-associated DMRs. DMRs without associated DEGs or DEGs without DMRs in their promoters or

gene bodies are not shown. These intersections are shown in Figure S7.

would speculate that the lack of either of them would
result in a similar pattern of DNA methylation change and
consequently a transcriptome change as well. Since the
transcriptome and methylome data from the hap mutant is
publicly available, we downloaded and analysed them in
the same way as we analysed our slidm3-1 dataset. Our
transcriptome analysis resulted in 428 downregulated and
251 upregulated genes, whereas in the hap paper (Fonseca
et al., 2022) the authors identified 82 downregulated and 8
upregulated genes in the hap mutant. The reason for the

© 2025 The Author(s).

difference could be that we used different softwares and
filtering rules. There were many transcription factor genes
among the DEGs but they differed from the ones found in
the slidm3-1 mutant (Table S4d,i). When we compared the
hap DEGs with the slidm3-1 DEGs, we found only a moder-
ate overlap: 44 genes were commonly downregulated and
five genes were commonly upregulated in the two mutants
with no transcription factor genes, while five genes were
regulated oppositely (Figure 7a; Table S4i). To determine
whether the observed overlaps occurred by chance, we
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Figure 7. Comparison of the slidm3-7 and hap transcriptome and DNA methylome.

(A) Overlap of the differentially expressed genes (DEGs) we identified in the slidm3-1 and the hap mutant (B) Comparison of the log2-transformed fold-changes
of the common DEGs (the genes in the intersections in panel A) in the hap and slidm3-1 mutants. Every dot represents a gene. If a gene is changed to the same
extent in both mutants, the dot should appear along the dashed line. Spearman’s rank correlation test revealed a weak positive correlation (p = 0.243,

P =0.077).

(C) Summary statistics of the differentially methylated regions (DMRs) identified in the slidm3-7 and the hap mutants by sequence context. Hyper and Hypo

means hyper- and hypomethylated DMRs.

(D) Overlap of the hap DMRs with various genomic features by sequence context. See legend of Figure 5 for feature descriptions.

conducted hypergeometric tests. The overlaps containing
the above-mentioned 44, 5, 4 and 1 genes were 13.3,
4.1, 1.9, and 0.5 times higher than expected by chance (P-
values: 5.97e-36, 0.008, 0.157 and 0.858), respectively.
These results indicate that the overlaps involving downre-
gulated genes in both mutants, as well as upregulated
genes in both mutants, were statistically significant
(P <0.05). In contrast, the overlaps involving genes with
opposing expression patterns were likely due to random
chance. This suggests that SIIDM3 and HAP likely target
common downstream genes.

When we plotted the fold-changes of gene expres-
sions in the two mutants against each other, we observed
that only a few genes changed to a similar extent in the
two mutants (dots along the dashed line in Figure 7b). A
Spearman’s rank correlation test indicated a weak positive

correlation between slidm3-1 and hap DEGs (p = 0.243),
but this correlation was not statistically significant
(P=10.077). The Gene Ontology term enrichment analysis
of the downregulated hap DEGs gave a very similar result
to the slidm3-1 analysis (Table S4k). We investigated if the
common DEGs have some GO terms enriched compared
with the union of the DEGs in the two mutants. One term
‘oxidation-reduction process’ (G0O:0055114) was enriched
with nine genes. These genes might be involved in the sec-
ondary metabolite production of the hairs, hormone
metabolism, or ROS levels that could affect stress
response.

Analysing the hap DNA methylome data, we identified
51 817 DMRs altogether (versus the 112 911 DMRs in
slidm3-1) of which 2023 were CG-hyper-DMR, and 9991
CG-hypo-DMR, 2483 CHG-hyper-DMR and 7685

© 2025 The Author(s).
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CHG-hypo-DMR, 25117 CHH-hyper-DMR and 4518 CHH-
hypo-DMR (Figure 7c). This pattern was similar to the one
identified in the slidm3-1 mutant, namely, there were more
hypo-DMRs in the CG and CHG context and more hyper-
DMRs in the CHH context. The genomic location of the hap
DMRs were also similar to the DMRs in the slidm3-1
mutant (Figure 7d). Most of the DMRs were associated
either with genes (promoter and gene body regions) or
intergenic regions that were not associated with transpo-
sons or repeat elements (‘other region’ in the figure).

When we analysed the overlap between hap and
slidm3-1 DMRs associated with promoter regions and gene
bodies, irrespective of sequence context, DMR type and
DEG association, only a moderate overlap was observed
between the two mutants. Specifically, 1307 and 1322
intersections were identified for promoter-associated and
gene body-associated DMRs, respectively. The correspond-
ing Jaccard indices (ratio of the intersection to the union of
the DMR sets) were 0.037 and 0.034, indicating limited
overlap. However, these overlaps were 35.586 and 28.381
times higher than expected by chance as measured by
Fisher's exact tests (P ~ 0 in both cases).

To delve deeper into the functional implications of the
limited but significant overlap in promoter and gene body-
associated DMRs between the slidm3-1 and hap mutants,
we analysed the Gene Ontology (GO) terms associated
with genes harbouring these DMRs. When focusing on
genes with promoter DMRs, we identified a single shared
GO category between the two mutants: ‘ADP-binding’
(GO:0043531) (Figure 8a). This category is exclusively com-
posed of nucleotide-binding site and leucine-rich repeat
domain-containing (NBS-LRR) proteins, which are key
players in immune response (Marone et al., 2013). In con-
trast, genes with DMRs in their gene bodies shared 29 GO
categories (Figure 8a,b), with half of them being associated
with the higher-level ‘catalytic activity’ category
(G0:0003824) (Figure 8b). Notably, the ‘ADP-binding’ cate-
gory was also shared by genes with gene body DMRs. To
explore potential regulatory mechanisms, we examined
the ‘cell communication’ category (GO:0007154). This cate-
gory encompasses genes with diverse functions, including
transcription factors, small GTPase signalling components,
various protein kinases (including NBS-LRR proteins),
auxin signalling components, photoreceptors, and other
proteins all of which can be related to trichome develop-
mental regulation. A comparison of the gene content
within this category revealed 73 overlapping genes
between the two mutants (Figure 8c). To determine
whether these overlapping genes differed from non-
overlapping ones, we performed a GO term enrichment
analysis using the union set of genes in this category as a
reference. Two related GO categories were enriched:
‘nucleic acid binding’ (GO:0003676) and ‘DNA binding’
(G0:0003677), primarily comprising MADS-box

© 2025 The Author(s).

transcription factors and two-component response regula-
tors with DNA-binding domains (Figure 8d,e). MADS-box
transcription factors are known to regulate developmental
pattern formation and stress responses (Castelan-Munoz
et al., 2019; Gramzow & Theissen, 2010) while the two
component system is involved in cytokinin hormone sig-
nalling (Mason et al., 2004) and also in stress responses
(Grefen & Harter, 2004). The expression of these genes in
our dataset remained unchanged in both slidm3-1 and hap
mutants. It is important to note that epigenetic regulation
often establishes a permissive or restrictive chromatin
environment, which may not always manifest in immediate
gene expression changes. Additionally, DNA methylation
can exhibit greater stability than gene expression alter-
ations. A compelling example is a gene called SIARR-B9
(Wang et al., 2020) encoding a B-type two-component
response regulator with a Myb-SANT DNA-binding domain
(gene ID in SL3.0 genome assembly is Solyc07g009575.1,
while in SL4.0, it is called Solyc07g009580.2). This gene
harbours a hypo-CHH DMR at its exon-intron junction site
in both mutants (Figure 8f), suggesting potential DNA
methylation-regulated alternative splicing. It should be
noted that the methylation pattern in the two mutants were
remarkably similar despite the fact that the samples derive
from two different labs, tissues and growth conditions.
While our dataset shows no expression of this gene, the
concordant DNA methylation site and its methylation level
in both mutants suggest active regulation and potential
expression in specific, possibly underrepresented cell
types like hair tips or initial cells. This notion is supported
by the very low expression of SIARR-B9 across various tis-
sues, with the highest levels observed in young leaves
(Wang et al., 2020). Intriguingly, a similar Type-B response
regulator gene (RR22) has been implicated in rice trichome
development (Worthen et al.,, 2019; Yamburenko et al.,
2020). Further research is needed to explore the potential
regulatory role of the SIARR-B9 gene in tomato hair
development.

Taken together, we have shown that the tomato IDM3
protein was associated with proteins that might form a
chromatin remodelling complex at hypermethylated DNA
regions, and that the lack of a functional S/IIDM3 gene
altered the global DNA methylome and transcriptome that
could potentially lead to altered trichome development.

DISCUSSION

Increased DNA Methylation 3 (IDM3) protein was originally
identified in complex with MBD7, IDM1, IDM2 in Arabidop-
sis (Lang et al., 2015; Li et al., 2015). The Arabidopsis IDM
complex inhibits DNA hypermethylation at some genomic
regions and prevents transcriptional gene silencing. Pro-
moter methylation is mainly, although not exclusively,
associated with gene repression (Law & Jacobsen, 2010).
Methylation at TEs may spread to and silence adjacent,
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Figure 8. Functional analysis of the genes with differentially methylated regions in their promoters and gene bodies.

(A) Gene Ontology term enrichment analysis of the slidm3-1 and hap DMRs located either in the promoter or gene body regions. The intersection of the GO
terms were determined by Venn analysis.

(B) The 29 common GO categories in the gene body DMR containing genes. The letters P or F in the name of GO terms refer to Biological Process and Molecular
Function GO terms, respectively. The Enrichment factor was calculated by dividing the ratio of the genes of the given category within the submitted genes by
the ratio of the genes in that category in the reference gene set.

(C) Gene content of the GO category cell communication in the two mutants.

(D) GO term enrichment analysis of the 73 common genes in cell communication category compared with the union of the genes in the same category in the
two mutants.

(E) List of the genes in the DNA-binding category.

(F) Genome browser snapshot of the cytosine methylation levels in the slidm3-1 and the hap mutants across the genomic region containing the Myb-SANT
domain containing two-component regulator gene called SIARR-B9 (Wang et al., 2020) the gene ID of which in the SL3.0 genome assembly is Solyc079g009575.1,
while in the 4.0 version, it is Solyc07g00580.2. Each track shows the mean of three biological replicates from both the slidm3-1 and the hap data series. The red
square shows the hypo-CHH DMRs in the two mutants at the exon-intron junction at exon 2 (black bars show exons, black lines between them show introns).
Note the remarkably similar methylation pattern in the two mutants despite the fact that the samples derive from two different labs, tissues and growth

conditions.

transcriptionally active genes (Tang et al., 2016; Yamamuro
et al., 2014). It was shown that MBD7 associates with meth-
ylated DNA and recruits other anti-silencing factors to cre-
ate a permissible chromatin environment for binding of
DNA demethylases (Lang et al., 2015). These observations
suggested that MBD7 and the IDM proteins limit the
spread of DNA methylation by promoting active DNA
demethylation (Lang et al., 2015; Li et al., 2015). Although
the components and the function of the IDM complex was
characterised in detail in the model plant Arabidopsis, the
agriculturally important tomato IDM complex remained
unidentified. Active demethylation was shown to play a
role in tomato fruit ripening (Lang et al., 2017; Liu
et al., 2015) suggesting that the tomato IDM complex was
also involved in the regulation of this process. We found
that the expression of the tomato homologue of the Arabi-
dopsis IDM3 was induced during fruit ripening, similarly to
the induction of SIDML2. We created homozygous slidm3
mutants by CRISPR-Cas9-based genome editing hoping
that we would observe a fruit ripening phenotype but we
could not observe any. However, we noticed that the
mutant plants had more Type | glandular trichomes than
the wild-type plants along with some trichome develop-
mental defects that were similar to the phenotype of the
recently identified hairplus (hap) mutant.

To identify the components of the tomato IDM com-
plex, we immuno-purified the SIIDM3-GFP interacting pro-
teins from tomato vegetative stems and leaves and
analysed them with mass spectrometry. We showed that
SIIDM3 interacted with HAP (SISUVH3), SIIDM2, SIMBD5
and SIDNAJ1 proteins (Table 1; Table S1). We confirmed
these interactions in a heterologous Agrobacterium-
mediated leaf infiltration system (Figure 3). These results
suggest that SIIDM3, along with SIMBD5, HAP (SISUVH3),
SIDNAJ1 and SIIDM2 may form a putative IDM complex in
tomato that could influence trichome development by reg-
ulating active DNA demethylation at certain genomic loci.
SIIDM3 is localised in cell nuclei (Figure S4) and its muta-
tion results in genome-wide alteration of DNA methylation

© 2025 The Author(s).

pattern, consistent with its putative epigenetic regulatory
role. Since no fruit ripening phenotype was observed in
the slidm3 mutants, it is possible that IDM complex(es)
other than the one we identified may exist that could regu-
late fruit ripening. This possibility is also supported by the
fact that all the components we identified in our complex
are members of multigene families with possible divergent
roles. Also, there are four DNA demethylases in tomato
and only one of them (SIDML2) was described as a regula-
tor of fruit ripening so far (Lang et al., 2017; Liu
et al., 2015) while no information is available about the
function of the other three SIDMLs. It is possible that one
or more of them may regulate trichome development.

The IDM demethylase complex subunits perform well-
defined roles. IDM3 and IDM2 are a-crystallin domain pro-
teins that may act as scaffold or structural units within the
IDM complex; besides, they may act as chaperones that
help folding of the other subunit proteins (Lang
et al., 2015). In tomato, there are 50 genes encoding o-
crystallin domain proteins (Paul et al., 2016) and four of
them belong to a clade containing SIIDM3 and SIIDM2.

SIMBD5 is a methyl-CG binding domain protein
(MBD) and previously it was shown to be targeted to the
nucleus. Furthermore, electrophoresis mobility shift analy-
sis showed that the MBD domain of SIMBD5 specifically
binds to DNA that contains methylated cytosines in the CG
context but not to cytosines in the CHG or CHH contexts.
When expressed in protoplasts, SIMBD5 was capable of
activating transcription of CG islands (Li et al., 2016).
SIMBD5 is also a member of a gene family containing 18
MBD genes (Parida et al., 2018).

HAP/SISUVH3 is homologous to a group of SET
domain-containing SUVH proteins (Aiese Cigliano et al.,
2013) linked to epigenetic control of the expression of
genes including ROST (Harris et al., 2018; Xiao et al., 2019).
SUVH family proteins bind methylated DNA in a sequence
context dependent manner (Li et al., 2018). It was shown
that HAP/SISUVH3 similarly to its Arabidopsis homologues
(SUVH1T and SUVH3) does not have histone
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methyltransferase activity (Fonseca et al., 2022). However,
it has been demonstrated that in Arabidopsis, SUVH1 and
SUVH3 interact with the DNAJ domain-containing proteins
forming a protein complex that binds to methylated DNA
sites near TEs, inducing the demethylation and transcrip-
tional activation of adjacent genes (Harris et al., 2018; Xiao
et al.,, 2019; Zhao et al., 2019). The function of HAP/-
SISUVH3 gene was identified in tomato. The tomato HAP
gene controls Type | glandular trichome density and hap
loss-of-function mutation induces a large number of epige-
netic changes (DNA demethylation) in the tomato genome
(Fonseca et al., 2022). We have shown here that HAP is part
of a SIIDM3 containing protein complex and in agreement
with this, both the hap and slidm3 mutant tomato plants
exhibit the same high Type | trichome density phenotype.
Furthermore, slidm3 mutant plants show genome scale
epigenetic changes very similar to that of the hap mutant
(Figure 7).

SIDNAJ1 is a putative transcriptional activator. It was
shown previously that ectopic recruitment of Arabidopsis
DNAJ1 enhanced gene transcription in plants, yeast, and
mammals (Harris et al., 2018). In Arabidopsis SUVH1
and SUVH3 are required to recruit DNAJ1 and DNAJ2 to
methylated DNA. It was also shown that SUVH1, SUVH3,
DNAJ1 and DNAJ2 are localised at RADM sites in Arabi-
dopsis. Therefore, it was proposed that SUVH1 and SUVH3
in complex with DNAJ1 and DNAJ2 evolved to counteract
the repressive effect of TE insertion near genes (Harris
et al., 2018).

There are conflicting data regarding the role of the
IDM3-containing chromatin remodelling complexes. IDM3
(together with SUVH and DNAJ proteins) functions as a
DNA methylation reader complex component to trigger
ROS1-mediated DNA demethylation in Arabidopsis (Duan
et al., 2017; Lang et al., 2015). On the other hand, IDM3
was also shown to be needed for establishment or mainte-
nance of DNA methylation; IDM3 loss-of-function allele led
to genome-wide DNA methylation loss at specific genomic
loci (Miao et al., 2021). The Arabidopsis, IDM3 interacts
with RDM1 and DMS3, therefore, it was suggested that
IDM3 may participate in DNA methylation through RdDM
(Miao et al., 2021). The seemingly contradictory roles of
IDM3 (DNA demethylation versus methylation activities),
therefore, may depend on protein complex composition
and could reflect the existence of a competition between
DNA methylation and demethylation effectors. Compo-
nents of the RADM pathway (RDM1, DMS3 or others); how-
ever, were not enriched in our IP-MS dataset. The reason
for this could be that RdDM-related alternate IDM3-
containing protein complexes may present in tissues
or developmental stages other than our samples
derived from.

Alternatively, the DNA methylation and demethylation
may be indirectly connected, for example, DNA

demethylation of certain sites that normally should be in a
hypermethylated state would trigger de novo methylation
genome-wide. This is how the ‘methylstat’ works in Arabi-
dopsis (Lei et al., 2015; Xiao et al., 2019): the promoter of
ROS1 DNA demethylase contains a transposon that should
be hypermethylated to allow ROST expression. This region
is a ROS1 target, therefore, when ROS1 level is high, the
hypermethylated region is demethylated, which in turn
causes the ROST expression to drop. The hypomethylated
state of this region triggers de novo methylation by RdDM
which restores the hypermethylated state and ROS7
expression. This region is not the only target of ROS1, the
demethylation affects thousands of other sites in
the genome which triggers de novo methylation by RdDM
at these sites. We speculate that the same methylstat
should work in tomato as well, although not necessarily in
the same way, that is, the methylation sensor region may
reside in the promoter of other DNA demethylation or
RdDM-related genes. Such a methylstat mechanism has
not been described in tomato yet, although a recent study
suggested that one of the four tomato DNA demethylases,
SIDML1, might be a part of it (Bianchetti et al., 2020).
Although we could not identify the methylstat using the
slidm3-1 and hap datasets, we think that the observed bias
of methylation status by sequence context could be a sign
of a methylstat mechanism.

Gene body methylation cannot be directly linked to
transcriptional changes; however, it was shown that it can
affect the inducibility or the transcriptional plasticity of
genes. Gene bodies of constitutively expressing genes
(‘housekeeping genes’) are fully methylated in the CG
context while they are void of CHG or CHH methylation.
Inducible genes, however, are hypomethylated in all
sequence contexts (Coleman-Derr & Zilberman, 2012; Zil-
berman et al., 2008). A recent study revealed a third group
of genes that contain heterogeneously methylated cyto-
sines in CG context (Williams et al., 2023). These genes
were found to display a higher level of gene expression
plasticity than other genes either with fully methylated or
not methylated gene bodies. The mentioned genes are
dynamically targeted by active DNA demethylation and de
novo methylation (in the CG context) and when DNA
demethylases are missing (in the ddrd mutant) they dis-
play a gene body methylation pattern similar to the con-
stitutively expressing (‘housekeeping’) genes, namely,
they are fully methylated. We observed mainly gene body
hypomethylation in the CG context (especially in the hap
mutant) and hypermethylation in the CHH context which
suggests that the situation is the opposite in our mutants
than in the DNA demethylase mutants in Arabidopsis,
namely, DNA demethylation is not missing but hyperac-
tive, which results in a hypomethylation in all contexts,
that triggers de novo DNA methylation only in the CHH
context by RdDM.
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Figure 9. Schematic models of the tomato IDM complex.

(A) In the first scenario, similarly to the Arabidopsis IDM complex, the hypothetical tomato IDM complex binds hypermethylated DNA at certain regions promot-
ing their demethylation. SIMBD5 and possibly HAP (SISUVH3) bind methylated DNA directly while SIIDM3 serves as a bridge between the methyl DNA-binding
components and the rest of the complex. The lack of functional SIIDM3 or HAP could lead to the hypermethylation of the regions in all sequence contexts (CG,
CHG, CHH).

(B) To explain the observed bias in methylation in the CHH context (mostly hypermethylation) versus the CG and CHG contexts (mostly hypomethylation) in
both the slidm3-1 and the hap mutant, we formulated an alternative hypothesis. According to this, the complex we identified works differently to the Arabidop-
sis IDM complex, it prevents the hypermethylated regions from demethylation. The lack of functional IDM3 or HAP could lead to the demethylation of the
regions that are hypermethylated in the wild-type plants in all the three possible sequence contexts (CG, CHG, CHH). This could trigger a countereffect, a
genome-wide de novo DNA methylation in the CHH sequence context at sites that should be normally hypermethylated. As a result, we can observe residual
hypomethylation in the CG and CHG context, and mostly hypermethylation in the CHH context.

Based on our results and the literature, we can form
hypothetical models of the tomato IDM complex actions
(Figure 9). According to one model, similarly to the current
model of the Arabidopsis IDM complex, the tomato IDM
complex positively regulates DNA demethylation at certain
hypermethylated sites (Figure 9a). In this model, SIIDM3
forms a protein complex with HAP, SIIDM2, SIMBD5 and
SIDNAJ1 at certain hypermethylated sites leading to their
targeted demethylation by DNA demethylases. The lack of
SIIDM3 or HAP in the slidm3-1 mutant causes cytosine

© 2025 The Author(s).

hypermethylation in all sequence contexts at hundreds of
loci in the euchromatic regions. Alternatively, the protein
complex we identified may be different to its Arabidopsis
counterpart and may have a negative regulatory role in the
DNA demethylation process (Figure 9b). According to this
alternative hypothesis, this complex blocks the demethyla-
tion of the hypermethylated sites in the WT plants. The
lack of functional SIIDM3 or HAP could prevent the assem-
bly of this IDM complex allowing DNA cytosine demethyla-
tion in all the three sequence contexts which could
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eventually trigger de novo DNA methylation in the CHH
context to ensure the hypermethylation of the marked
sites. In our hypothetical model, similarly to the Arabidop-
sis IDM complex, we assume that the identified interacting
proteins form a single large protein complex, however, we
cannot rule out the possibility of the existence of more
than one IDM3-containing complexes.

The disturbed balance between DNA methylation and
demethylation could alter the expression of some genes
that regulate trichome development which would subse-
quently result in a hairy phenotype. Such candidate is the
Myb-SANT domain-containing two-component response
regulator SIARR-BSY, the alternative splicing of which might
be regulated by DNA methylation. To reveal the exact epi-
genetic regulation of trichome development in the slidm3-
1 mutant, further work is required.

EXPERIMENTAL PROCEDURES
Plant material and growth conditions

Solanum lycopersicum cultivar Moneymaker was used as wild-
type (WT). Tomato plants were grown in a greenhouse under long
day conditions (16 h light, 8 h dark). Tobacco (Nicotiana
benthamiana) plants used for transient co-immunoprecipitation
(co-IP) were grown in a growth chamber with controlled light and
temperature (16 h day, 8 h night, 24°C). For tomato transforma-
tion, Moneymaker seedlings were germinated on sterile MS
medium, in a growth chamber (16 h day, 8 h night; 25°C and
18°C, respectively) for 10 days.

Sample preparation for the WGBS and RNAseq
experiments

For the WGBS and RNAseq experiments, vegetative stem samples
(third internode counted from the top) were collected from 6-
week-old WT and slidm3-1 plants grown in the greenhouse in
three biological replicates. Every replicate consisted of three
pieces of stems from different individuals. Each stem was split
into half, one half was used for DNA and one for RNA isolation.

Molecular cloning

To design CRISPR/Cas9 guide sequences targeting SIIDM3
(Solyc049082720), we used the CRISPOR server (http://crispor.
tefor.net; Haeussler et al., 2016). To create a CRISPR/Cas9-based
knock-out gene construct, we followed the protocol described by
Rodriguez-Leal et al. (2017) utilising modular cloning and the prin-
ciple of GoldenGate assembly (Engler et al., 2014). For this, we
used the MoClo Toolkit (Werner et al., 2012). The individual guide
RNAs were PCR amplified with Phusion™ Hot Start I DNA Poly-
merase (Thermo Scientific, Waltham, MA, USA) using the tem-
plate plCH86966_AtU6-sgRNA-PDS (Addgene) in an overlap
extension PCR in which the overlapping part was the 20 bp guide
sequence and the two halves were the U6 promoter and the scaf-
fold RNA with the U6 terminator. The PCR primers contained Bsal
recognition sites to be able to clone the product into the
plCH47751 vector with the Golden Gate assembly method. Next,
the kanamycin resistance module in pICH47732 (Addgene), the
Cas9 module in pICH47742 (Addgene), and the gRNA module in
plCH47751 were cloned into pAGM4723 along with the end-linker

pICH79277 in a Golden Gate reaction. Primers are listed in
Table S1.

For the 35S5:GFP and 35S:SIIDM3-GFP and for the constructs
used in the co-IPs, derivatives of the Bin61S binary vector (Bin-HA,
Bin-MYC and Bin-mGFP4) were used (Kertész et al., 2006). The
appropriate intronless coding sequences were amplified with
Phusion™ Hot Start Il DNA Polymerase (Thermo Scientific, Wal-
tham, MA, USA) from a cDNA library prepared from wild-type
Moneymaker tomato stems using the primers described in
Table S1. The PCR products and vectors were digested with the
appropriate restriction enzyme as noted in Table S1 and after liga-
tion, transformed into E. coli. The sequences of the gene con-
structs were validated by Sanger sequencing. The eRF3-MYC
construct was previously described (Auber et al., 2018; Nyikd
et al., 2017).

Plant transformation

The genome editing constructs, the 35S:GFP, and the 35S:SIIDM3-
GFP constructs were transformed into Agrobacterium tumefaciens
strain LB4404 competent cells with the freeze-thaw method (Chen
et al., 1994). Moneymaker tomato plants were transformed using
an Agrobacterium tumefaciens-mediated transformation method
described earlier (Fernandez et al., 2009). We selected homozy-
gous plants by sampling different parts of the plants, and then
mixing them for PCR and sequencing. Genomic DNA for genotyp-
ing was purified as described in the DNA and RNA extraction part
of the Materials and Methods. Primers used for genotyping were
listed in Table S4. Homozygous lines were used for phenotypic
and molecular characterisation.

Optical microscopy

For trichome observation, we selected 6-week-old tomato plants
for study. We compared the trichome density of WT and slidm3-1
mutant stems using the third internodes (the internode next to the
meristem was counted as the first one and the internode close to
hypocotyls as the last one). The stem samples from 6-week-old
plants were observed under the confocal microscope Leica SP8
LIGHTNING and digital microscope Keyence VHX-5000.

Scanning electron microscopy

Trichome number and morphology were analysed in vegetative
stems, using the third internodes of 6 weeks old mutant and wild-
type plants. Five mutant and five control plants were analysed by
scanning electron microscopy. Briefly, samples were fixed in 2%
glutaraldehyde (100 mM phosphate buffer, pH 7.2) and after wash-
ing them in the same buffer, samples were dehydrated in increas-
ing ethanol gradient, transferred to amyl acetate, and completely
dried by CO, critical point dryer equipment (Polaron CPD 7501).
Finally, samples were gold-coated in a Zeiss HBA 1 vacuum evap-
orator and visualised in a Hitachi S-2360 N scanning electron
microscope. Trichome counts were performed on at least 20
images obtained from 10 randomly chosen samples per geno-
types. Type I-VII trichomes were counted.

Fluorescent protein immunoprecipitation (FP-IP) and mass
spectrometry analysis

Total proteins from the third internodes of frozen 6 weeks old
tomato stems expressing 35S:GFP control or 35S:SIIDM3-GFP
fusion constructs were extracted as described (Kobayashi
et al., 2015). Total protein extracts (4 mg/IP) were immuno-purified
using anti-GFP antibody coupled magnetic beads (WMACS™ GFP
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Isolation Kit, Miltenyi Biotec Inc, Auburn, USA, #130-091-125)
digested in column with trypsin, and analysed in a single run on
the mass spectrometer (Hubner et al., 2010). The resulting tryptic
peptide mixture was desalted prior to LC-MS/MS analysis on a
C18 ZipTip (Omix C18 100 pL tips, Varian), and the purified
peptide mixture was analysed by LC-MS/MS using a nanoflow
RP-HPLC (LC program: linear gradient of 3%-40% B in 100 min,
solvent A: 0.1% formic acid in water, solvent B: 0.1% formic acid
in acetonitrile) on-line coupled to a linear ion trap-Orbitrap
(Orbitrap-Fusion Lumos, Thermo Fisher Scientific, Waltham, MA,
USA) mass spectrometer operating in positive ion mode. Data
acquisition was carried out in data-dependent fashion, the 20
most abundant, multiply charged ions were selected from each
MS survey for MS/MS analysis (MS spectra were acquired in the
Orbitrap, and CID spectra in the linear ion trap). Data interpreta-
tion: Raw data were converted into peak lists using the in-house
Proteome Discoverer (v 1.4) and searched against the Uniprot
Solanum lycopersicum (SOLLC) database (downloaded 2019.6.12,
37 006 proteins) using our in-cloud Protein Prospector search
engine (v5.15.1) with the following parameters: enzyme: trypsin
with maximum two missed cleavage; mass accuracies: 5 ppm for
precursor ions and 0.6 Da for fragment ions (both monoisotopic);
fixed modification: carbamidomethylation of Cys residues; vari-
able modifications: acetylation of protein N-termini; Met oxida-
tion; cyclisation of N-terminal GIn residues, allowing maximum
two variable modifications per peptide. Acceptance criteria: mini-
mum scores: 22 and 15; maximum E values: 0.01 and 0.05 for pro-
tein and peptide identifications, respectively. Spectral counting
was used to estimate relative abundance of individual proteins in
the GFP overexpressing negative controls (Jankovics et al., 2018).

Protein immunoprecipitation (IP) and western blot

For the Agroinfiltration assay, the Bin-HA, Bin-MYC and Bin-
mGFP4 vectors carrying the tagged versions of genes of interest
were directly transformed into the competent cells of Agrobacter-
ium tumefaciens strain C58C1 by the freeze-thaw method (Chen
et al., 1994). Wild-type, 3-week-old N. benthamiana leaves were
infiltrated with a mixture of different Agro Bacterial cultures
(ODggo of each culture was 0.4). The Agroinfiltration assays were
performed as described earlier (Kertész et al., 2006). Briefly, 3 days
post-infiltration (3 dpi), 1 g agroinfiltrated leaf patches were frozen
in liquid N, and protein extraction was carried out using a lysis
buffer (4 mL buffer/1 g plant material) containing: 100 mM Tris—
HCI pH 7.6, 10 mM EDTA, 10 mM MgCl,, 1% 2-mercaptoethanol,
0.05% sodium lauryl sarcosine. The lysis buffer was supplemented
with one oComplete protease inhibitor tablet (Merck Millipore,
Burlington, USA, #11697498001) before use. IP was carried out as
described earlier (Baumberger & Baulcombe, 2005), except that G-
25 separation was omitted and we used another IP buffer opti-
mised for nuclear protein extraction: 100 mM Tris—HCI pH 7.6,
10 mM EDTA, 10 mM MgCl,, 1% 2-mercaptoethanol, 1 piece of
protease inhibitor tablet (Roche, Basel, Switzerland). Briefly the
homogenised lysate was centrifuged 3 x 10 min at maximum
14 000 rpm until we get clear plant lysate. 1 mL from this clear
plant lysate was added to 50 pL of Anti-c-MYC Agarose Affinity
Gel antibody produced in rabbit (Merck Millipore, Burlington,
USA, #A7470) or GFP Magnetic beads (W(MACS™ GFP Isolation Kit,
Miltenyi Biotec Inc, Auburn, USA, #130-091-125) and incubated
for 1 h at 4 °C with continuous shaking (1400 rpm). Protein sam-
ples were resolved on 12% TGX Stain-Free™ FastCast™ Acrylam-
ide Kit (Bio-Rad Laboratories, Hercules, CA, USA, #1610185) and
transferred to PVDF membrane (Bio-Rad Laboratories, Hercules,
CA, USA, #1620177). Transfer and subsequent processing of the

© 2025 The Author(s).

membranes were performed according to the manufacturer’s
instructions. The following antibodies were used: HRP conjugated
anti-GFP antibody (Miltenyi Biotec Inc, Auburn, USA, #130-091-
833), HRP conjugated anti-HA and anti-c-myc antibodies (Merck
Millipore, Burlington, USA, #12013819001 and #11814150001,
respectively). For detection, the Clarity Western ECL substrate
(Bio-Rad Laboratories, Hercules, CA, USA, #1705061) was used.
Western blots were imaged on a ChemiDoc™ MP Imaging System
and its own ImagelLab™ v5.1 software (Bio-Rad Laboratories, Her-
cules, CA, USA).

Genomic DNA and total RNA purification

For both the DNA and RNA purification, 100 mg stem sample fro-
zen in liquid nitrogen was homogenised in a pre-chilled mortar
with a pestle. Either a mixture of 750 uL DNA extraction buffer
(5 M urea, 50 mM Tris-HCI pH 7.6, 300 mM NaCl, 20 mM EDTA,
0.5% SDS, 2% sarkosyl, 0.1% sodium metabisulphite) and 600 pL
phenol (pH 8.0) or 750 pL RNA extraction buffer (100 mM glycine-
NaOH pH 9.0, 100 mM NaCl, 10 mM EDTA, 2% SDS) and 600 pL of
phenol (pH 4.3) pre-warmed at 65 °C in a 1.5 mL tube was poured
onto the sample, mixed thoroughly with the pestle and the liquid
was transferred back to the tube, shaken vigorously, and centri-
fuged at maximum speed for 5 min. About 500 uL of the upper
phase was transferred into a new tube and 500 pL phenol:chloro-
form:isoamyl alcohol (25:24:1, pH 8.0 or pH 4.3) was added,
shaken vigorously, and centrifuged at maximum speed for 5 min.
About 400 pL of the upper phase was transferred into a new tube,
then 40 pL 3 M sodium-acetate (pH 5.2) and 800 pL (for DNA sam-
ples) or 1 mL (for RNA samples) ethanol was added. The samples
were mixed thoroughly and incubated at —20°C for 1 h to precipi-
tate nucleic acid. The precipitated nucleic acid was collected by
centrifuging the tube at maximum speed at 4°C for 10 min, then
the pellet was washed with 1 mL pre-chilled 70% ethanol two
times. The pellet was dried in a SpeedVac, and resuspended in
nuclease-free water. The DNA samples were treated with DNase-
free RNase A (Thermo Fisher Scientific, Waltham, MA, USA,
#ENO0531) for 1 h at 37°C. After phenol/chloroform extraction and
ethanol precipitation, the pellet was resuspended in nuclease-free
water. The RNA samples was DNase | treated (Thermo Fisher Sci-
entific, Waltham, MA, USA, #EN0521), phenol:chloroform
extracted, precipitated in ethanol and resuspended in nuclease-
free water. DNA and RNA integrity was determined by agarose gel
electrophoresis and quantity was determined using a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA).

DNA methylome and transcriptome sequencing

The library preparations and sequencing reactions were per-
formed by Novogene (Cambridge, UK). For the DNA methylome
(whole-genome bisulphite conversion, WGBS) libraries, the geno-
mic DNA spiked with lambda DNA was fragmented to 200-400 bp.
Half of the DNA samples were bisulphite treated to convert
unmethylated cytosine into uracil while methylated cytosine
stayed unchanged. Sequencing adapters were ligated, followed by
second-strand DNA synthesis. The libraries were size selected and
PCR amplified.

For the transcriptome libraries, the total RNA was first polyA
selected and then sequencing libraries were prepared following
the TruSeq® Stranded mRNA Library Prep protocol. For both
types of sequencing, 150 bp paired-end sequencing reactions
were performed by Novogene on a NovaSeq 6000 platform (lllu-
mina, San Diego, USA).
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Bioinformatic analysis of the WGBS data

First, FastQC v0.11.5 (Andrews, 2010) was used to perform basic
statistics relevant to the quality of the raw reads. Thereafter, reads
produced by the Illumina pipeline in FASTQ format were prepro-
cessed through Trimmomatic v0.36 software (Bolger et al., 2014)
using the following parameters: SLIDINGWINDOW:4:15 LEAD-
ING:3 TRAILING:3 ILLUMINACLIP:adapter.fa:2:30:10 MINLEN:36.
After discarding unpaired reads, the remaining reads that passed
all filtering steps were counted as clean reads and used in all sub-
sequent analyses. Finally, FastQC was used to perform basic sta-
tistics on the quality of clean data reads.

Bismark software v0.16.3 (Krueger & Andrews, 2011) was
used to perform alignments of bisulphite-treated reads to the
tomato reference genome (version SL3.0 downloaded from
the Ensembl database, not repeat masked version) with the fol-
lowing parameters: --score_min L,0,-0.2 -X 700 --dovetail. For this,
the reference genome was first transformed into a bisulphite-
converted version (C-to-T and G-to-A converted) and then indexed
using bowtie2 (Langmead & Salzberg, 2012). Sequence reads
were also transformed into fully bisulphite-converted versions (C-
to-T and G-to-A converted) before they were aligned to similarly
converted versions of the genome in a directional manner.
Sequence reads that produced a unique alignment from the two
alignment processes (original top and bottom strand) were then
compared with the normal genomic sequence, and the methyla-
tion state of all cytosine positions in the read was inferred. The
same reads that aligned to the same regions of the genome were
regarded as duplicates. The sequencing depth and coverage were
summarised using deduplicated reads (deduplicate_bismark --
paired). The bisulphite nonconversion rate was calculated as the
percentage of cytosine sequenced at cytosine reference positions
in the lambda genome.

To calculate the methylation level (ML) of the sequence,
sequences were divided into multiple bins, with a bin size of 10
kbp (Figure 4a) or 50 bp (Figure 4b). The sum of methylated and
unmethylated read counts in each window was calculated. Methyl-
ation level (ML) for each C site shows the fraction of methylated
Cs. It is defined as: ML (C) = reads (mC)/reads (mC) + reads (C).
Calculated ML was further corrected with the bisulphite noncon-
version rate according to previous studies (Lister et al., 2013).
Given the bisulphite nonconversion rate r, the corrected ML was
estimated as: ML (corrected) = ML — /1 — r. The percentage of
methylation levels was calculated as the proportion of mCs on the
total C sites. The relative proportion of mCs in three contexts was
calculated as the proportion of mCG, mCHG and mCHH on the
total mC sites, respectively.

DMRs were identified using DSS software v2.12.0 (Feng
et al., 2014; Park & Wu, 2016; Wu et al., 2015) with the following
parameters: smoothing = TRUE, sequencing depth >1, smooth-
ing.span = 200, delta=0, p.threshold =1e—05  minlen = 50,
minCG = 3, dis.merge = 100, pct.sig = 0.5.

The overlaps of the DMRs with known genomic features were
determined with bedtools v2.30.0 (Quinlan & Hall, 2010). Gene bod-
ies were defined as the gene feature in the annotation file down-
loaded from https://ftp.ensemblgenomes.ebi.ac.uk/pub/plants/
release-53/gff3/solanum_lycopersicum/Solanum_lycopersicum.
SL3.0.53.gff3.gz, while promoters were the 2 kb regions upstream
of the gene bodies and were extracted from the annotation file
using the bedtools flank command. The annotation file containing
the repeats and transposons was downloaded from the UCSC
Genome Browser Gateway (https://hgdownload.soe.ucsc.edu/
hubs/GCF/000/188/115/GCF_000188115.4/GCF_000188115.4.repeat

Masker.out.gz) and reformatted to bed format. The extent of DMR
overlaps was calculated using the Jaccard index as implemented in
bedtools v2.31.1 (Quinlan & Hall, 2010). Hypergeometric tests (bed-
tools fisher) were used to determine the statistical significance of
observed overlaps. Prior to analysis, DMRs within each sample
were merged using bedtools merge.

Bioinformatic analysis of the RNA-seq data

As a first step of the transcriptome analysis, the reads were
pseudoaligned to the tomato reference transcriptome v3.0.56
(downloaded  from  EnsemblPlants  database, https://ftp.
ensemblgenomes.ebi.ac.uk/pub/plants/release-56/fasta/solanum_
lycopersicum/cdna/Solanum_lycopersicum.SL3.0.cdna.all.fa.gz)
with kallisto v0.48.0 with the following parameters: -b 10 --bias.
The differential expression analysis was performed with sleuth
v0.30.0 using the default settings (Pimentel et al., 2017). Genes
were considered differentially expressed if the Q-value was lower
than 0.05. Transcription factors were identified using the list of
tomato transcription factors downloaded from the PlantTFDB
(http://planttfdb.gao-lab.org/download/TF_list/Sly_TF_list.txt.gz).
The GO term enrichment analysis of the differentially expressed
gene lists was performed with the AgriGO server v2 (http:/
systemsbiology.cau.edu.cn/agriGOv2; Du et al., 2010) using the
default settings. Overlaps between the DEGs and DMRs were ana-
lysed with bedtools v2.31.1 (Quinlan & Hall, 2010) and the UpSetR
R package v1.4.0 (Conway et al., 2017). The statistical analysis of
the overlaps and the correlation of the DEG fold-changes were
performed using the phyper and cor.test functions of the stats R
package, respectively.
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Figure S1. Tissue specific expression of SIIDM3 and growth char-
acteristic of the slidm3-1 plant. RT-qPCR measurement of SIIDM3
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expression in several tissues in WT tomato plants and pictures of
the WT and slidm3-1 plant grown in the greenhouse.

Figure S2. Morphological differences of trichomes between the
WT and slidm3-1 plants. Optical and electron microscopic pictures
of the aberrant trichomes observed on slidm3-1 plants.

Figure S3. HPLC measurement of acyl sugars from six-week-old
WT and slidm3-1 plants.

Figure S4. Intracellular localisation of the SIIDM3-GFP protein.
Confocal fluorescent microscopic images of the SIIDM3-GFP sig-
nal in epidermal cells, trichomes, and guard cells.

Figure S5. Examples of spreading of methylation from TEs to the
neighbouring regions in slidm3-1. Genome browser snapshots of
two examples where the DNA methylation expands into the neigh-
bouring regions in the promoter of genes in the slidm3-1 mutant.
Figure S6. GO term enrichment analysis of the genes that were
downregulated in the slidm3-1 mutant. Significantly enriched GO
term categories related to the Molecular Function category.

Figure S7. Intersections between the DEGs and promoter or gene
body-associated DMRs. Showing all intersections between pro-
moter and gene body associated differentially methylated regions
(DMRs) with differentially expressed genes (DEGs) in the slidm3-1
mutant compared to wild-type, non-intersecting included.

Data S1. Supporting Information.

Table S1. Primers. List of primers used for the cloning of the
CRISPR guide RNAs, gene constructs, genotyping, and the RT-
gPCRs.

Table S2. Mass spectrometry analysis of IDM3-GFP interacting
proteins. List of identified SIIDM3-GFP interacting proteins with
peptide coverages.

Table S3. WGBS analysis. Sequence statistics, list of identified dif-
ferentially methylated regions with coordinates, length, number of
cytosines, methylation levels, test statistics, sequence context,
and annotation.

Table S4. Transcriptome analysis. Sequence statistics, list of dif-
ferentially expressed genes with annotations, list of all genes with
expressions, differentially expressed transcription factor genes,
and the result of the GO term enrichment analysis.
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