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Abstract

DNA methylation is a critical epigenetic modification in plants that regulates gene expression,
silences transposable elements (TEs), and supports proper development. Traditionally,
heritable epimutations in plants have been generated using genetic mutants or chemical
inhibitors, but these approaches often lack precision or stability. In this study, we investigated
the effects of globally altering DNA methylation in tomato, a species with a large, TE-rich
genome, through the ectopic expression of the catalytic domain of the human DNA
demethylase TEN-ELEVEN TRANSLOCATIONS3 (hTET3cd). We found that TET3-mediated
demethylation induced stable hypomethylation at CG and CHG sites and that these changes
were inherited across multiple generations, including in non-transgenic siblings. Interestingly,
demethylation in heterochromatic pericentromeric regions was often accompanied by gains in
CHH methylation, suggesting the compensatory activation of the RNA-directed DNA
methylation (RADM) pathway. Differentially methylated region (DMR) analysis revealed that CG
and CHG methylation loss was widespread, while CHH DMRs showed complex patterns of
gain and loss, particularly near gene-rich regions and transposable elements enriched for 24-
nt small RNAs. Transcriptomic analyses showed distinct gene expression profiles in both TET3
and non-transgenic progeny, with altered expression of TEs and associated genes. These
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findings demonstrate that enzymatic manipulation of the methylome via hTET3cd can
generate stable, heritable epigenetic variation, and highlight the dynamic interplay between
targeted DNA demethylation and endogenous mechanisms that act to restore epigenetic
homeostasis.

Introduction

DNA methylation, which involves the addition of a methyl group to cytosine residues, is one of the
most studied epigenetic modifications in plants. It occurs in three different sequence contexts: CG,
CHG, and CHH (where H = A, T, or C), and can be established, maintained, or removed by distinct
enzymatic pathways targeting each context (Law and Jacobsen 2010, Erdmann and Picard 2020). The
establishment of DNA methylation in plants, termed de novo methylation, is primarily mediated by
the RNA-directed DNA methylation (RADM) pathway. In this mechanism, 24-nucleotide small
interfering RNAs (siRNAs), generated by RNA polymerase IV (Pol 1V) and processed by Dicer-like 3
(DCL3), guide the DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) to specific genomic loci
(Matzke and Mosher 2014, Erdmann and Picard 2020). Simultaneously, a long non-coding RNA
(IncRNA) produced by RNA polymerase V (Pol V) forms a scaffold for ARGONAUTE4 (AGO4) and other
accessory factors, ultimately recruiting DRM2 to catalyse DNA methylation (Stroud, Do et al. 2014).
Although RdDM can initiate methylation in previously unmethylated regions, its primary role is to
reinforce silencing at loci already marked by DNA methylation and repressive chromatin
modifications (Zhang, Lang et al. 2018). The maintenance of DNA methylation in plants is achieved
through different pathways for each sequence context. In the CG context, METHYLTRANSFERASE 1
(MET1) faithfully copies symmetrical methylation patterns from the parental to the newly
synthesized DNA strand during replication (Finnegan, Peacock et al. 1996). In the CHG context,
CHROMOMETHYLASE 3 (CMT3) cooperates with H3K9me2-marked chromatin and SU(VAR)3-9
HOMOLOG (SUVH) proteins to propagate methylation marks (Bartee, Malagnac et al. 2001, Stroud,
Do et al. 2014). Meanwhile, CHH methylation relies on a combination of RdDM and
chromomethylases like CHROMOMETHYLASE 2 (CMT2), often assisted by the chromatin remodeler
DECREASED DNA METHYLATION 1 (DDM1) (Zhong, Du et al. 2014, Zhang, Lang et al. 2018). Active
demethylation also plays an essential role in the dynamic regulation of the plant methylome.
REPRESSOR OF SILENCING 1 (ROS1), DEMETER (DME), and DEMETER-LIKE (DML) DNA
glycosylases/lyases remove methylated cytosines, leaving an abasic site repaired via base excision
repair (Gong, Morales-Ruiz et al. 2002, Penterman, Zilberman et al. 2007, Williams, Bechen et al.
2022). While both plants and animals perform active demethylation, the enzymatic mechanisms are
different. In mammals, Ten-Eleven Translocation (TET) enzymes oxidize 5mC into intermediates
(5hmC, 5fC, 5caC), which are then excised by DNA glycosylases (Wu and Zhang 2017, Zhang, Zhang
et al. 2023). By contrast, plants lack true TET homologs and rely directly on bifunctional glycosylases
that recognize and excise 5mC (Zhu 2009).

DNA methylation patterns can be altered in plants through various means. Mutant lines defective in
major methyltransferases (e.g., metl, cmt3) or demethylases (e.g., ros1) often display striking
phenotypic changes, revealing the significance of maintaining methylation levels for development
and stress responses (Zhang, Lang et al. 2018). Moreover, chemical inhibitors of DNA
methyltransferases like 5-azacytidine (azaC) and 5-azadeoxycytidine (azadC) can be used to induce
global demethylation. These nucleoside analogues become incorporated into DNA and bind
covalently to DNA methyltransferases, preventing the enzymes from methylating cytosines during
DNA replication (Christman 2002). While effective at reducing overall methylation levels, these
treatments can be quite aggressive, affecting many genomic regions simultaneously and sometimes
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causing developmental abnormalities or toxicity (Christman 2002, Akimoto, Katakami et al. 2007).
Tissue de-differentiation and regeneration, a common strategy used for plant clonal propagation and
genetic modification, can induce partial or widespread methylation reprogramming, an effect
sometimes referred to as somaclonal variation (Ghosh, Igamberdiev et al. 2021). Moreover, somatic
embryogenesis induced by embryonic transcription factors can reset certain epigenetic marks during
regeneration, leading to stable epigenetic variants in the regenerated plants (Wibowo, Becker et al.
2018, Wibowo, Antunez-Sanchez et al. 2022). Environmental factors offer yet another route for
manipulating the methylation landscape of plants. Abiotic stresses such as heat, drought, or salinity,
as well as biotic interactions like pathogens, can trigger locus-specific gains or losses in methylation
in plants (Dowen, Pelizzola et al. 2012, Wibowo, Becker et al. 2016). Intriguingly, these stress-induced
epigenetic modifications persist beyond the initial generation, providing an additional mechanism
for acclimation or adaptation.

Heritable changes in DNA methylation that do not involve alterations in the underlying DNA sequence
are often termed “epimutations”. These can arise spontaneously or be deliberately induced through
the methods described above. Epimutations can activate or silence transposons, modify gene
regulatory regions, or otherwise shape gene expression profiles in ways that lead to phenotypic
outcomes (Saze, Tsugane et al. 2012). For example, changes in promoter methylation in plants can
accelerate or delay flowering (Choi, Gehring et al. 2002, Kankel, Ramsey et al. 2003), alter root
architecture (Henderson and Jacobsen 2007), or enhance stress tolerance (Dowen, Pelizzola et al.
2012). Unlike mammals, which often undergo extensive waves of DNA demethylation in the germline
or early embryos, plants largely retain their epigenetic marks during reproduction. Because the plant
germline is set aside late in development and does not typically undergo wholesale erasure of DNA
methylation, epimutations that arise in somatic tissues can be transmitted to subsequent
generations (Henderson and Jacobsen 2007, Gutierrez-Marcos and Dickinson 2012, Heard and
Martienssen 2014). Although DNA demethylation is common in companion cells surrounding the
developing plant germline, methylation is not fully reset in the egg or sperm (Calarco, Borges et al.
2012). Consequently, epigenetic states can be transmitted to embryos and inherited by the progeny.
This partial reprogramming contrasts with mammalian development, in which global demethylation
waves erase most epigenetic marks in primordial germ cells and zygotes (Hackett and Azim Surani
2013, Seisenberger, Peat et al. 2013, Leeke, Varsally et al. 2025). Because methylation patterns in
plants can persist across generations, these epimutations represent a potential resource for plant
breeding, enabling the selection of new phenotypes without modifying the primary DNA sequence
(Tonosaki, Fujimoto et al. 2022).

Several studies have demonstrated the feasibility of strategies for the precise manipulation of the
methylome both in animals and in plants. Genome-editing platforms like TALENs, Zinc fingers and
CRISPR/Cas9 can be repurposed for epigenome editing by fusing catalytically inactive Cas9 (dCas9),
Zinc fingers or TAL effector domains to methylation-modifying enzymes. For instance, dCas9-TET
fusions have been employed in mammalian cells to demethylate specific loci (Amabile, Migliara et al.
2016, Liu, Wu et al. 2016). It has been shown in Arabidopsis that a dCas9-TET1 fusion can erase DNA
methylation at targeted sites, leading to altered gene expression (Gallego-Bartolomé, Gardiner et al.
2018). Such locus-specific manipulation of methylation holds promise for generating stable yet
precise epimutations, expanding the toolkit available for crop improvement.

In this study, we demonstrate that ectopic expression of the human TET3 catalytic domain in
tomato induces widespread loss of DNA methylation, primarily at CG and CHG sites. These
hypomethylated marks were largely retained across multiple generations, even in the absence of
the transgene, and were accompanied by transcriptional reprogramming. These results indicate
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that enzymatic demethylation in plants can generate stable, meiotically heritable epimutations,
offering a strategy to induce novel phenotypic variation without altering the underlying DNA
sequence.

Results

To assess the impact that global hypomethylation has in tomato we generated transgenic lines
expressing the C-terminal catalytic domain (residues 859 to 1795) of the human methylcytosine
dioxygenase Ten Eleven Translocation 3 protein (hTET3cd) (Hollwey, Out et al. 2017) (Figure 1
Supplement 1A-B). As previous work in Arabidopsis showed that the expression of human TET
proteins can have varied effects on the methylome (Ji, Jordan et al. 2018), we selected for analysis
two independent (TET3) transgenic lines with alike hTET3cd expression, normal growth and fertility.
One of the TET3 lines (A) was propagated by self-pollination over three generations, after selection
for presence of the transgene (Figure 1A). A second TET3 line (B) was self-pollinated and
segregating plants were selected for the presence (TET3) or absence (non-transgenic, NT) of the
transgene, and propagated by self-pollination (Figure 1A). We used a modified whole-genome
bisulfite sequencing (WGBS) methodology (see methods) to profile DNA methylation levels in TET3
and NT progenies (Figure 1 Supplement 1C). This analysis revealed a significant decrease in CG and
CHG methylation in all TET3 plants, with the most significant methylation decrease observed in one
of them (A). Notably, DNA hypomethylation was not fully restored in subsequent generations of
TET3 nor NT sibling plants (Figure 1B and Figure 1 Supplement 2). We found that CG and CHG
hypomethylation was similar in TET3 and NT sibling plants, suggesting that TET3-directed
demethylation can be stably inherited. In contrast, CHH sites became hypermethylated in T1 TET3
and NT sibling plants and returned to WT levels in subsequent generations indicating that the loss
of CHH methylation can be rapidly restored in absence of demethylase activity (Figure 1B).

To investigate the possible differences between transgenic lines and generations, we performed a
Principal Component Analysis (PCA) of the average %mCG. This analysis showed a clear separation
between WT and TET3 or NT sibling plants (Figure 1C and Figure 1 Supplement 3), which correlated
well with the global level of methylation (Figure 1B). The second Principal Component separated
the two TET3 lines, suggesting that hTET3cd activity mediate stochastic patterns of demethylation
of the tomato genome. We next examined the distribution of these methylation losses across
chromosomes and found that the biggest changes occurred in the heterochromatic pericentromeric
regions, with the most significant losses in CG and CHG methylation and the greatest gains in CHH
methylation (Figure 1D and Figure 1 Supplement 4A). When we split the genome into euchromatin
and heterochromatin regions (see Methods) and calculated the average methylation for each
compartment, we observed larger losses of CG methylation in both chromatin compartments, but
CHG demethylation was primarily found in heterochromatin (Figure 1 Supplement 4B).

To further investigate this observation, we split the genome into euchromatin and heterochromatin
and calculated the average methylation levels for each compartment. Heterochromatin
accumulated substantial losses in CG and CHG methylation across both TET3 lines and across
several generations, likely due to its higher baseline methylation levels. In contrast, euchromatin
exhibited consistent reductions in CG methylation, but CHG methylation remained largely
unchanged in most plants, except for a notable reduction in the T1 generation of line B (Figure 1
Supplement 4B). These findings suggest that hTET3cd can targets CG methylation ubiquitously,
while its effect on CHG methylation is more dependent on chromatin context. Interestingly, non-
transgenic siblings exhibited similar methylation patterns to their transgenic counterparts,
indicating that TET3-induced demethylation can be inherited in the absence of TET3 activity.
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Additionally, we observed gains in CHH methylation, particularly in the first transgenic generation,
which returned to near WT levels in subsequent generations in the absence of TET3 (Figure 1B-D
and Figure 1 Supplement 4B). The increase in CHH methylation in TET3 plants reveals the complex
interplay between asymmetric methylation and potential compensatory mechanisms.

Collectively, our analysis reveals that the ectopic expression of hTET3cd results in global changes in
DNA methylation, predominantly establishing CG and CHG hypomethylation. Notably, the most
pronounced demethylation effects were observed in heterochromatic regions, while euchromatin
regions appear to be more resistant. Interestingly, non-transgenic siblings exhibited levels of
demethylation comparable to their transgenic counterparts, indicating that the induced
methylation changes are inherited over several meiotic cycles.

To get a deeper understanding of the changes mediated by TET3 we carried out an in-depth
methylome analysis using two TET3 (A.T1_4) and NT sibling (A.T1_17) lines (See methods). At the
whole genome level, both showed reduced methylation in euchromatin across all methylation
contexts (Figure 2A and Figure 2 Supplement 1A). However, NT siblings exhibited greater
demethylation in heterochromatin compared to TET3 (Figure 2A and Figure 2 Supplement 1A). We
further examined methylation levels in different chromatin compartments, separating euchromatin
and heterochromatin. Both plants exhibited general demethylation in euchromatin, while in
heterochromatin, the non-transgenic sibling had a stronger demethylation effect compared to the
TET3 positive line (Figure 2 Supplement 1B). We computed methylation statistics to identify
differentially methylated regions (DMRs) between the TET3 and the WT control. We first examined
read coverage per cytosine and the spatial correlation of methylation (Figure 2 Supplement 2A-B)
and determined the most suitable parameters for the quantification of DMRs (Figure 2 Supplement
2C-D; see Methods). We then computed DMRs for the whole genome and found that loss of DNA
methylation was the predominant pattern across all contexts (Figure 2B). However, in the TET3
line, a large number of regions were hypermethylated in the CHH context. We further analysed the
differentially methylated regions (DMRs) determine the strength and number of DMRs in both TET3
and NT sibling lines across the three methylation contexts (CG, CHG, CHH) (Figure 2C). The analysis
revealed that the NT siblings exhibited a stronger and more abundant set of DMRs than TET3
plants. DMR analysis revealed distinct methylation patterns between both genotypes (Figure 2D).
In the CG context, most gain and loss DMRs were largely common in both lines, with a large
number of DMRs showing stronger demethylation. CHG DMRs resembled CG DMRs but were
exclusively found in NT siblings (Figure 2 Supplement 3). The pattern of CHH DMRs was more
complex, as the majority of gain DMRs in TET3 were not affected in NT siblings, and vice versa,
while loss DMRs showed a mixture of common and unique demethylation (Figure 2D and Figure 2
Supplement 4).

To gain a deeper understanding of the methylation changes found in the TET3 and NT siblings we
looked at the distribution of DMRs across different chromosomes. This analysis revealed that CG
and CHG demethylation, both in TET3 and NT siblings, affected different chromosomes and was
independent of the type of chromatin (Figure 3A). However, CHH DMRs exhibited stronger
methylation differences, both gain and loss, in chromosomal arms (Figure 3A). As chromosome
arms are rich in genes, we looked at the correlation between gene density and DMR density, and
found a strong correlation with genes at gain DMRs in CG and gain or loss DMRs in CHH (Figure 3B
and Figure 3 Supplement 1). Further analysis revealed that loss DMRs in CG and CHG contexts were
distal from genes, whereas gain DMRs and CHH DMRs were closer to genes (Figure 3 Supplement
2). Notably, the identified CHH DMRs, both gains and losses, were enriched at upstream and
downstream gene flanking regions, but depleted at gene bodies (Figure 3C). In contrast, CG DMRs
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were evenly distributed across of genes. We then quantified the distribution of DMRs at different
genomic features, including genes, intergenic regions, and transposable element (TE) (Figure 3D).
We found that CHH DMRs were predominantly genic and associated with DNA transposons, which
contrasted with CG loss DMRs that were largely intergenic and enriched at Gypsy retrotransposons.
Since RNA-directed DNA methylation (RADM) plays a pivotal role in CHH methylation (Law and
Jacobsen 2010), we examined whether these regions were associated with the production of 24 nt
small RNAs (sRNAs). We found that mCHH DMRs strongly methylated in TET3 plants showed low
levels of 24 nt sRNAs in WT plants (Figure 3E). In contrast, regions that showed strong mCHH loss
DMRs accumulated 24 nt sRNAs in the WT plants (Figure 3F). Collectively, these data indicates that
TET3-induced methylation changes accumulate primarily at upstream genic regions, affect primarily
CHH methylation, are associated with transposable elements and that accumulate non-coding
SiRNAs.

Given the observed changes in methylation at TE-rich regions, we measured the expression of
different transposon families in TET3 and NT siblings. We found several differentially expressed TEs
(DETEs), primarily belonging to DNA transposon and LTR retrotransposon misregulated both in TET3
and NT sibling plants (Figure 4A and Figure 4 Supplement 1A and C). Further analysis revealed that
in both genotypes downregulated DETEs were strongly repressed but upregulated DETEs were
transcriptionally active in WT plants (Figure 4B and Figure 4 Supplement 1B). Notably, we found
that upregulated DETEs were primarily high-copy LTR retrotransposons (Figure 4C), suggesting that
this class is particularly susceptible to TET3-mediated demethylation. We investigated the spatial
distribution of the identified DETEs and found that upregulated DETEs were more concentrated in
heterochromatic genomic regions, while downregulated DETEs were evenly distributed across the
genome (Figure 4D). This localisation pattern mirrors the methylation dynamics observed in
demethylated plants, reinforcing the link between methylation and transcriptional activity of
transposons. However, when we looked in more detail at the relationship between methylation
changes and transposon expression, we found that demethylation of discrete genomic regions
resulted in transcriptional misregulation of nearby transposons (Figure 4E).

We then investigated the impact that TET3-directed demethylation has on gene expression. We
found a clear separation between different genotypes, with profound differences between TET3
and NT sibling plants (Figure 5A). We identified a notable number of differentially expressed genes
(DEGs): TET3 plants had 279 downregulated and 110 upregulated genes compared to WT, NT
sibling plants had 256 downregulated and 829 upregulated genes compared to WT and 468
downregulated and 1559 upregulated genes between TET3 and NT sibling plants (Figure 5B and
Figure 5 Supplement 1). Hierarchical clustering analysis of DEGs from different comparisons
confirmed that the transcriptome of TET3 and NT sibling plants were different (Figure 5C). Gene
Ontology (GO) and KEGG pathway enrichment analyses showed that in TET3 plants, downregulated
genes were significantly enriched in cell wall function and alkaloid biosynthesis, where in NT
siblings upregulated genes were associated with energy metabolism and photosynthetic activity
(Figure 5D). To assess if the methylation changes correlated with gene expression changes, we
measured the intersection between DEGs and DMRs. We found that DEGs from both TET3 and NT
sibling plants had a significant correlation with DMRs across various methylation contexts (Figure
5E). Notably, upregulated genes in TET3 plants were associated with CHH loss and CG gain DMRs,
while downregulated genes in NT sibling plants showed a strong enrichment for CHH loss DMRs
(Figure 5E and Figure 5 Supplement 2). Collectively, these findings suggest that TET3-mediated
methylation changes are somatically and meiotically stable, and result in notable changes in gene
expression.
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Discussion

We set to investigate the consequences of enzymatic demethylating the tomato genome using the
mammalian TET3 DNA demethylase. We found that enzymatic DNA demethylation mediated by
TET3 results in somatically and meiotically stable epimutations. Previous studies in Arabidopsis,
which has a small and gene-rich genome, have shown that mammalian TET1 enzymes can catalyse
the removal of DNA methylation resulting in gene expression changes (Hollwey, Watson et al. 2016,
Gallego-Bartolomé, Gardiner et al. 2018, Ji, Jordan et al. 2018). Our study shows that the TET3-
mediated demethylation of tomato, a species with a larger and transposon-rich genome, results in
global methylation changes that are stable that are associated novel transcriptional states. These
findings open the door to harnessing the activity of different DNA demethylases in plants, as stable
epimutations could help to generate phenotypic diversity while avoiding direct edits to the
underlying DNA sequence (Tonosaki, Fujimoto et al. 2022, Zhang and Zhu 2025). A particular aspect
of the TET3-mediated demethylation in tomato, that contrast with Arabidopsis, is its partial or
“mosaic” nature across different genomic contexts, with CG and CHG sites generally losing
methylation but certain CHH regions showing notable gains in methylation. One possible
explanation for the observed hypermethylation could be that demethylation of pericentromeric or
transposon-dense regions triggers compensatory RNA-directed DNA methylation (RdADM) (Law and
Jacobsen 2010, Erdmann and Picard 2020). In plants with complex genomes, as it is the case in
tomato, such local expansions of CHH methylation (often referred to as “CHH islands”) are thought
to serve as protective boundaries, preventing transcriptional reactivation of transposable elements
(Zemach, Kim et al. 2013, Gouil and Baulcombe 2016). Moreover, differences in TET3 expression
could result in the demethylation of different regions of the genome and as such some
hypermethylated CHH regions accumulate around specific TEs or gene bodies, while others appear
stochastically, but ultimately producing specific patterns across different lines.

Molecular analyses revealed that numerous TEs exhibited altered DNA methylation in TET3 and NT
siblings, often accompanied by shifts in expression. Interestingly, while certain classes of LTR
retrotransposons showed transient upregulation, we also detected cases of TE downregulation—
possibly reflecting secondary chromatin effects or local transcriptional repression that follows initial
demethylation. The modest scale of TE methylation dynamics mediated by TET3 in tomato contrast
with the strong TE demethylation found in TET1 in Arabidopsis (Ji, Jordan et al. 2018) may be linked
to the stronger epigenetic surveillance machinery operating in tomato to control TE activity (Wang
and Baulcombe 2020). Similar partial reprogramming effects on TEs has been reported in
epimutant lines generated with tomato met1 mutants (Yang, Tang et al. 2019). In addition to
transposon-related changes, we also found in NT sibling large transcriptomic changes in the
expression of genes implicated in photosynthesis, which may be attributed to a reduction in
stomata function. In Arabidopsis, defects in active DNA demethylation or related chromatin-
remodelling factors have been linked to altered stomatal patterns, including overproduction or mis-
localization of stomatal lineage cells (Yamamuro, Miki et al. 2014, Wang, Xue et al. 2016). Whether
a similar epigenetic pathway governs stomatal development in tomato remain to be tested.

Notably, we found that TET3-mediated demethylation can persist across multiple generations in NT
siblings. This stable inheritance highlights the absent a resetting mechanism for DNA methylation
during gametogenesis and fertilisation, enabling newly formed epialleles to be stable (Henderson
and Jacobsen 2007, Tonosaki, Fujimoto et al. 2022, Hollwey, Briffa et al. 2023). The current view is
that DNA methylation mediated by mammalian demethylases do not undergoes genome-wide
reprogramming early in primordial germ cells and early embryo development, thus enabling the
transgenerational inheritance of most epimutations (Hollwey, Briffa et al. 2023). The stability of
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newly formed epialleles results in novel phenotypic traits in plants, as it has been also reported in
studies with epigenetic recombinant inbred lines (epiRILs) (Johannes, Porcher et al. 2009, Reinders,
Waulff et al. 2009), or in response to environmental stress or during developmental reprogramming
using zygotic factors on exogenous phytohormones (Wibowo, Becker et al. 2018, Wibowo,
Antunez-Sanchez et al. 2022).

In Arabidopsis, the ectopic expression of TET1 causes widespread DNA hypomethylation and in the
activation of transposable element (Gallego-Bartolomé, Gardiner et al. 2018, Ji, Jordan et al. 2018),
However, we found that TET3 produces moderate decreases in DNA methylation in tomato, which
may be attributed to the often lethal or severely deleterious effect of strong demethylation arising
from methylation defective mutants (Yang, Tang et al. 2019, Wang, Baulcombe et al. 2020) and the
strong demethylation defences operating in complex genomes rich in mobile transposable
elements (Gouil and Baulcombe 2016, Yang, Tang et al. 2019). In a similar vein, targeted TET1-
mediated demethylation in Arabidopsis could completely demethylate the FWA promoter but only
partially demethylate the CACTA1 transposon, which regained partial methylation once TET1 was
removed (Gallego-Bartolomé, Gardiner et al. 2018). Although TET1 and TET3 both belong to the
same family of 5-methylcytosine dioxygenases, but they exhibit distinct catalytic oxidation
efficiencies (Ito, Shen et al. 2011), which could contribute to the moderate demethylation
generated in tomato. Moreover, it is also possible that a transient 5-hydroxymethylcytosine (5-
hmC) formation directed by TET3 goes undetected in standard bisulfite data. However, a previous
study have shown that Arabidopsis TET1 lines do not accumulate stable 5-hmC methylation
pointing to the presence of a rapid base-excision repair and cytosine demethylation (Ji, Jordan et al.
2018).

Collectively, our findings highlight the complexity of TET-mediated epimutagenesis in plants with
large and transposon-rich genomes. Our data reveals that exogenous demethylases can produce
heritable epigenetic variation, which in large extent is modulated by the activity of the RdAdDM
pathway that controls transposable elements. Further work should be directed to examine the
stability of TET-induced epialleles during gametogenesis and across multiple cycles of sexual
reproduction.

Methods

Plant material, growth conditions and generation of transgenic lines

Plants were grown in a glasshouse under long day conditions (16 hr light, 8 hr dark, 23°C, 42%
humidity). Three weeks after germination seedlings were transferred to 3 litre pots and grown to
maturity. To generate transgenic lines the C-terminal domain of the human TET3 DNA dioxygenase
(hTET3c ) (Figure 1 Supplement 1A-B) was cloned in pGREEN 0179 (Hollwey, Watson et al. 2016)
and transferred into Agrobacterium for the transformation of tomato. More than ten independent
transgenic lines were generated after culture in kanamycin selection media and PCR genotyped
using oligos TET3.FW: 5'-CAACGCGGTGGTGGAGAGCTACTC-3" and TET3.RV: 5’-
GGGCTCAGGCTGTTGTGCAG-3’ to select lines with low copy transgene insertions. The features of
the inserted transgene in selected lines were determined using whole-genome bisulfite sequencing
data (Figure 1 Supplement 1C-D).

Reference genome construction

The composite reference used for analysis comprised Solanum lycopersicum Heinz 1706 SL4.0
assembly (Sol Genomics build 4.00) (Hosmani, Flores-Gonzalez et al. 2019), the chloroplast genome
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(GenBank NC_007898.3), the mitochondrial genome (GenBank MF034192.1) and the T-DNA
sequence containing the hTET3cd (5591 bp). ITAG 4.1 gene models, the organellar annotations and
the transgene features were concatenated into a unified GFF3 then converted to GTF for RNA-seq
analysis.

Classification of chromatin

Euchromatic regions were defined as follows. The genome was divided into 100 kbp bins. The
average H3K27ac ChIP-seq signal was calculated for each bin, followed by a moving average
calculation over a 2 Mbp window (20 bins) centered on each bin. Bins with a moving average
H3K27ac signal higher than 11 RPGC were considered euchromatic, and the rest were classified as
heterochromatic. Heterochromatic regions smaller than 500 kbp were reclassified as euchromatin
(Figure 1 Supplement 5).

Low input Whole Genome Bisulfite Sequencing

For the production of low-imput whole genome bisulfite sequencing, purified genomic DNA was
subjected to bisulfite conversion following a random priming-based approach (Smallwood, Lee et
al. 2014). Briefly, DNA was combined with 0.4 mM dNTPs and 0.4 uM oligo 1
((Biotin)CTACACGACGCTCTTCCGATCTNNNNNNNNN), then incubated at 65 °C for 3 minutes and
immediately placed on ice. Klenow exo— polymerase (50 U; Sigma) was added, and samples were
incubated at 4 °C for 5 minutes, followed by a thermal ramp of +1 °C every 15 seconds to 37 °C, and
held at 37 °C for 30 minutes. Following this, samples were denatured at 95 °C for 1 minute and
quickly cooled on ice. A fresh aliquot of oligo 1 (10 pmol), 25 U Klenow exo—, and 1 nmol dNTPs in a
total volume of 2.5 ul was added. The thermal priming and extension cycle (4 °C for 5 min, +1 °C/15
sto 37 °C, 37 °C for 30 min) was repeated for a total of five rounds. Samples were then treated with
40 U of Exonuclease | (NEB) at 37 °C for 1 hour to remove unincorporated primers. DNA was
purified using 0.8x Agencourt AMPure XP beads (Beckman Coulter) according to the manufacturer’s
instructions and eluted in 10 mM Tris-Cl (pH 8.5). The eluted DNA was incubated with washed M-
280 Streptavidin Dynabeads (Life Technologies) for 20 minutes at room temperature with rotation.
Beads were washed twice with 0.1 N NaOH to remove non-biotinylated DNA, followed by two
washes with 10 mM Tris-Cl (pH 8.5). Beads were resuspended in 48 pl of 0.4 mM dNTPs, 0.4 uM
oligo 2 (TGCTGAACCGCTCTTCCGATCTNNNNNNNNN), and 1x Blue Buffer. Samples were denatured
at 95 °Cfor 45 seconds and placed on ice. Subsequently, 100 U of Klenow exo— was added, followed
by incubation at 4 °C for 5 minutes, ramping +1 °C every 15 seconds to 37 °C, and holding at 37 °C
for 90 minutes. Beads were washed with 10 mM Tris-Cl (pH 8.5), then resuspended in 50 pl of PCR
master mix containing 0.4 mM dNTPs, 0.4 uM PE1.0 forward primer
(AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT), 0.4 uM indexed
iPCRTag reverse primer, 1 U KAPA HiFi HotStart DNA Polymerase, and 1x HiFi Fidelity Buffer (KAPA
Biosystems). Library amplification was performed under the following conditions: 95 °C for 2
minutes; 12—13 cycles of 94 °C for 80 seconds, 65 °C for 30 seconds, and 72 °C for 30 seconds;
followed by a final extension at 72 °C for 3 minutes and hold at 4 °C. Amplified libraries were
purified using 0.8x AMPure XP beads and assessed for quality using the Agilent Bioanalyzer with
High-Sensitivity DNA chips and quantified using the KAPA Library Quantification Kit for lllumina.
Final libraries were pooled and sequenced on an NextSeq 500 platform (lllumina) using 75 bp
single-end reads

Raw illumina BCL files were demultiplexed with bcl2fastq. Single-end reads were quality checked
using FastQC (v0.11.5) (Andrews, Krueger et al. 2010), and adapter- and quality-trimmed using
fastp (v0.23.2) (Chen 2023), removing bases whose four-base sliding-window mean quality fell
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below 20 and discarding reads shorter than 40 bp (--cut_right --cut_window_size 4 --
cut_mean_quality 20 --length_required 40). Quality was assessed again with FastQC again and
MultiQC (v1.17) (Ewels, Magnusson et al. 2016) was used to aggregate quality reports. Trimmed
reads were aligned to the previously converted and indexed genome using Bismark (v0.22.3)
(Krueger and Andrews 2011) with parameter --non_directional, as due to the library preparation,
most reads come from the Complementary of the original Top Strand (CTOT) and the
Complementary of the original Bottom Strand (CTOB). PCR duplicates were removed with
deduplicate_bismark. Cytosine methylation was extracted with bismark_methylation_extractor,
outputting context-resolved genome-wide reports (--cytosine_report --CX). Mapping, deduplication
and methylation extraction quality was assessed using Bismark internal scripts. Coverage BigWig
files were created from deduplicated and sorted BAM files using BAMscale (v1.0) (Pongor, Gross et
al. 2020). BigWig files representing methylation levels were generated using a custom script,
CX_report2bigwig.sh, which converts CX reports into BigWigs for visualisation. Methylation levels
were averaged within genomic bins of 100 kilo base pairs (kbp) using a custom Perl script,
CX_report2mC_bins.v1.0.pl which calculates methylation percentages for each context. Plants were
classified as TET3 positive when 210 uniquely mapped reads per million (RPM) aligned to the

TET3 T-DNA contig. Samples with <14 million covered cytosines were excluded.

Standard Whole Genome Bisulfite Sequencing

For the production of standard whole-genome bisulfite sequencing libraries, two fully expanded
leaves from tomato plants were pooled for each sample. Genomic DNA was extracted with the
DNeasy Plant Mini Kit (Qiagen, Germany). DNA libraries were generated using the lllumina TruSeq
Nano kit (lllumina, CA, USA). The bisulfite treatment was carried out using the Epitect Plus DNA
Bisulfite Conversion Kit (Qiagen, Germany) followed by the insertion of adaptors by ligation in a
thermal cycler. After clean-up of the bisulfite conversion reaction, library enrichment was done
using Kapa Hifi Uracil+ DNA polymerase (Kapa Biosystems, USA). Libraries were sequenced with 2 x
150 bp paired-end reads on an HiSeq 3000 platform (Illumina).

Reads were analysed in the same way as the low input WGBS except without the --non-directional
parameter of Bismark and in paired-end mode.

To investigate genome-wide DNA methylation differences between the wild-type and TET3 plants
we employed the DMRcaller package (v1.22.0) for DMR identification (Catoni, Tsang et al. 2018).
Initial analyses were conducted to optimize the method and parameters suitable for our dataset.
Methylation reports for all contexts (CX_reports) generated by Bismark were imported into R
(v4.0.3). Biological replicates for each genotype were individually assessed for coverage per
cytosine and spatial correlation. Coverage per cytosine was evaluated in each context (CG, CHG,
CHH). The spatial correlation of methylation levels between neighbouring cytosines was assessed
using distances ranging from 1 bp to 50,000 bp. High spatial correlation was observed in the CG and
CHG contexts over short distances (up to 200 bp), suggesting regional methylation patterns. The
CHH context exhibited low spatial correlation. Based on these assessments, biological replicates
were pooled to increase statistical power and coverage depth. We tested noise filter, bins, and
neighbourhood DMR identification methods provided by DMRcaller on chromosome 6 (47 Mbp,
the smallest in Tomato genome) using different DMR sizes (10 to 5000 bp) and minimum
proportion differences (0.1 to 0.9) to determine the most effective approach for our data. As spatial
correlation for CG and CHG was high, then Noise filter method was chosen with a sliding window of
100 bp, and a minimum methylation difference of 0.5, while for CHH what has a lower correlation,
we chose the bins method with a 50 bp bins and a threshold of 0.3. Contiguous DMRs separated by
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<200 bp (CG/CHG) or <100 bp (CHH) were merged, and only DMRs p < 0.01 and 24 cytosines per
region were kept.

Small RNA sequencing

Tomato plants (Solanum lycopersicum cv. M82) were grown from seeds in compost (Levington M3)
in plant growth chambers (24/18°C, 16 hr/8 hr day/night regime). Each sample for sRNA analysis is
a pool of expanded leaves from 3 plants that are 4-week-old. 4 samples were collected for
sRNAseq. Samples were grinded with Ns(l) mortar and pestle. Total RNA isolation was performed
with TRIzol reagent (Invitrogen) and the Direct-zol RNA Miniprep (Zymo Research) according to the
manufacturer’s instructions. SRNA library preparation and sequencing was outsourced to
Novogene (Cambridge, UK). Small RNA reads (fastq format) were subjected to 3’ Illumina universal
adaptor removal (trimming) using cutadapt (v1.18). Sequences with <15nt and >40nt in length were
discarded. Reads were processed with BBDuk from BBMap (v38.22) (Bushnell 2014) to remove
ribosomal sequences. The remaining sequences were mapped to the reference genome using
Bowtie (v1.1.2) with 3 different approaches: 1/keeping uniquely mapping reads with no
mistmaches, 2/ multi mapping reads with no mistmaches, 3/ multi mapping reads with one
mistmach. Mapping files were converted to bigwig using samtools (v1.3) for all SRNAs and also
specifically for sSRNAs sizes 21, 22 and 24 nt.

Transcriptome Analysis

For mRNA-seq analysis, total RNA (1.33 pg) from each sample was used to purify polyA+ mRNA,
which was then used for cDNA synthesis and amplification. RNA-seq libraries were prepared using
the TruSeq RNA Sample Preparation Kit from Illumina (San Diego, CA). Sequencing of RNA libraries
was carried out on an lllumina Nextseq500 (75 bp single end). Initial quality assessment of raw
RNA-seq data was performed using FastQC (v0.11.5) (Andrews, Krueger et al. 2010). Adapter
trimming and quality filtering were conducted using fastp (v0.23.2) (Chen 2023) with the
parameters --cut_right, --cut_window_size 4, --cut_mean_quality 20, --length_required 40, and --
overrepresentation_analysis. Post-trimming quality was reassessed with FastQC to ensure the
effectiveness of trimming. MultiQC (v1.17) (Ewels, Magnusson et al. 2016) was used to aggregate
quality reports from FastQC and fastp.

Trimmed reads were aligned to the genome using STAR aligner (v2.7.9a) (Dobin, Davis et al. 2013).
The reference genome was indexed with STAR using the gene annotation file and the parameter --
sjdbOverhang 75. Alignment was performed with the parameters ‘--outSAMtype BAM
SortedByCoordinate, --quantMode GeneCounts --outWigType bedGraph’ which generated sorted
BAM files, gene count files, and coverage bedGraph files that were converted to BigWig format
using bedGraphToBigWig. The --outWigStrand Unstranded option was used due to the unstranded
nature of the libraries. Differential expression analysis was performed using DESeq2 (v1.42.1) (Love,
Huber et al. 2014) from the unstranded counts. Genes were classified as significantly differentially
expressed at an FDR < 0.01 and |log2 fold-change| > 1.

Transposable-element (TE) expression was assessed with TEtranscripts (v2.2.3) (Jin, Tam et al.
2015). The trimed reads used for gene expression analysis were realigned to the genome with STAR
(parameters --outFilterMultimapNmax 100 --winAnchorMultimapNmax 200) so that up to 100 best
multihits per read were retained. The resulting BAM files were provided to TEcount (part of
TEtranscripts) in multi-mode with the libraries treated as unstranded (--stranded no). Gene models
(ITAG 4.1) and a curated GTF of RepeatModeler-predicted repeats were supplied via the --GTF and -
-TE options, respectively, and reads were presorted on the fly (--sortByPos). TEcount
simultaneously generated gene and TE read-count tables for each sample; these matrices were
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later merged with the STAR-derived gene counts and subjected to differential expression analysis
alongside the mRNA-seq data.

Data Analysis and Visualization

For visualizing genomic regions we used JBrowse2 (Diesh, Stevens et al. 2023). For figures, we used
R version 4.0.5 (www.r-project.org) with packages ggplot2 (v3.5.1) (Wickham 2016), eulerr (v7.0.2)
(Larsson 2024), ComplexHeatmap package (v2.8.0) (Gu 2022), tidyHeatmap (v 1.10.1) (Mangiola and
Papenfuss 2020) and EnrichedHeatmap (v1.32.0) (Gu, Eils et al. 2018).
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Figure 1: Characterization of Methylation Changes in Transgenic Tomato Lines Expressing
hTET3cd:

(A) Schematic representation of the pedigree of the two independent TET3 transgenic lines (Line
A and Line B) and their propagation strategy across generations (T1, T2, T3).

(B) Boxplots showing the methylation rate for each line and each generation (AT1,AT2,AT3, B
T1, BT2-, B T2+) in different methylation contexts (CG, CHG, CHH). Each dot represents the



516
517

518
519
520
521
522

523
524
525
526
527
528
529

530

average methylation rate for the whole genome of an individual plant. Triangles represent
plants containing the transgene (TET3), and circles represent non-transgenic siblings (NT).

(C) Principal Component Analysis (PCA) of CG methylation levels for 100 kbp bins. The
percentage of variance explained for each Principal Component (PC) is shown in square
brackets. Convex hulls surround each group (ControlWT, AT1,AT2,AT3,BT1,BT2-, BT2+).
Triangles represent plants containing the transgene (TET3), and circles represent non-
transgenic siblings (NT).

(D) Heatmap showing the percentage change in methylation difference between each plant and
the average of four control WT plants in different methylation contexts (CG, CHG, CHH) across
Chromosome 2 in 100 kbp bins. Chromosome 2 was chosen to illustrate the contrast between
repeat-rich heterochromatin and gene-rich euchromatin. The dotted line indicates the
boundary between heterochromatin and euchromatin. On the left, two heatmaps display the
compartmentalization of the genome: one showing heterochromatin and euchromatin as
defined by H3K27ac, and the other showing gene density per 100 kbp bins.
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Figure 2: Detailed Methylation Analysis of A.T1 Plants:

(A) Line plots showing the percentage methylation difference from the WT across Chromosome
2 for A.T1 plants (A.T1 TET3 and A.T1 NT) in three methylation contexts (CG, CHG, CHH). Dots
represent average for 100 kbp bins, while lines represent moving averages across 2 Mbp, and
the shaded region indicates heterochromatin.

(B) Column plots displaying the number of Differentially Methylated Regions (DMRs) for each
genotype in each methylation context (CG, CHG, CHH), categorized by gain and loss of
methylation. The DMRs were identified using the Noise Filter method for CG and CHG contexts
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and the Bins method for CHH context, with different minimum proportion difference (mpd)
thresholds (see Methods).

(C) Volcano plots of the DMRs for both samples (A.T1 TET3 and A.T1 NT) in the three
methylation contexts (CG, CHG, CHH). The plots show the p-value against the percentage
methylation change compared to WT, highlighting significant DMRs with blue lines indicating
the thresholds for significance.

(D) Heatmaps displaying the methylation levels of each DMR for CG contexts A.T1 plants
compared to WT. Each heatmap shows the hierarchical clustering of DMRs, with colour
gradients representing the level of methylation. The top and side dendrograms illustrate the
clustering of samples and DMRs, respectively, indicating patterns of methylation gain and loss
across different genomic regions. The column to the left of each heatmap represents the
difference in methylation between WT and the A.T1 plantin each comparison.

(E) Heatmaps displaying the methylation levels of each DMR for CHH context in A.T1 plants
compared to WT. Each heatmap shows the hierarchical clustering of DMRs, with colour
gradients representing the level of methylation. The top and side dendrograms illustrate the
clustering of samples and DMRs, respectively, indicating patterns of methylation gain and loss
across different genomic regions. The column to the left of each heatmap represents the
difference in methylation between WT and the A.T1 plantin each comparison.
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Figure 3: DMR Methylation Difference and Distribution Across the Genome

(A) Plot showing the methylation differences for the previously computed DMRs across
different chromosomes in both A.T1 TET3 (red) and A.T1 NT (blue) plants for CG and CHH
contexts. Each dot represents a specific DMR.

(B) Heatmap showing the correlation coefficients (R values) between the density of DMRs and
genes for 3 Mbp windows, split by plant, direction and context.
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(C) Metagene plot showing the distribution of DMRs relative to gene positions showing gain
(solid line) and loss (dotted line) for both A.T1 TET3 (red) and A.T1 NT (blue) plants for CG and
CHH contexts. Grey shaded area represent gene body region, with upstream and downstream
regions extending 2 kbp on either side.

(D) DMR location for DNA TEs, Gypsy TEs, Copia, TE, other TEs, genic, intergenic, 2 kb upstream
of genes and 3 kb downstream of genes across CG, and CHH contexts for each plant split by
gain and loss of methylation. Left side shows all DMRs and right side only those withing 2 kb of
genes.

(E and F) Heatmaps showing the CHH methylation in WT, NTS and TET3, and the coverage of
21nt and 24nt small RNAs (sRNAs). Centred around TET3 CHH gain DMRs (E) and NTS CHH loss
DMRs (F). The x-axis spans from 300 bp upstream and downstream of DMRs.
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580  Figure 4: TEs are affected in TET3 progenies
581 e (A)Volcano plots showing the distribution of Differentially Expressed TEs (DETEs) in TET3 vs WT
582 (left) and NTS vs WT (right). TEs with a log2 fold change > 1 and padj < 0.01 are highlighted, with
583 colors and labels indicating the main TE classifications. Red: DNATEs, Blue: LTRs TE, Green:
584 other TEs
585 e (B) Boxplots of normalised expression of DETEs in TET3 vs WT in a semilogarithmic scale, split

586 by downregulated and upregulated. Letters above each box show Tukey HSD groups (one-way
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ANOVA, P < 0.05); samples that share a letter are not significantly different within the
corresponding panel.

(C) Boxplots of copy number of DETEs classified by comparison and direction. Shape represent
group of TEs. Circle: DNATEs, Triangle: LTRs TE, Square: other TEs.

(D) Plot showing the distribution of DETEs copied across the chromosomes 1 and 2 in windows
of 2 Mbp for both TET3 and NTS upregulated and downregulated.

(E) Genome Browser view around a demethylated region in TET3 and NTS plants (yellow box)
with Transcription activation of Transposons. Tracks for methylation in CG, CHG and CHH
context and expression values for WT (Grey), TET3 (Red) and NTS (Blue) alongside DMRs, Gene
and TE annotation are shown.
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Figure 5: Transcriptome Analysis of TET3 and NT Plants and Their Connection to DMRs

(A) Principal Component Analysis (PCA) of RNA-seq counts showing variance between
replicates and plant types (A.T1 TET3, A.T1 NT, and WT). Each point represents an individual
sample, with replicates indicated by shape (circle: replicate 1; triangle: replicate 2).

(B) Bar plot displaying the number of differentially expressed genes (DEGs) in pairwise
comparisons: TET3 vs WT, NT vs WT, and NT vs TET3. Genes are separated into downregulated
(left) and upregulated (right) categories. Criteria: padj < 0.01 and |log2 fold change| > 1.

(C) Heatmaps of DEGs for TET3 vs WT (left) and NT vs WT (right), with rows representing genes
and columns representing individual samples. Log2 fold changes (lLog2FC) are colour coded.
Clustered groups highlight differences between plant types.

(D) Gene Ontology (GO) and KEGG pathway enrichment analysis of DEGs. Top enriched
categories for TET3 downregulated genes (left) and NT upregulated genes (right) are displayed
with corresponding -log10(p-value).

(E) Matrix plots showing the intersections between DEGs (downregulated and upregulated) and
DMRs (CG gain/loss, CHG gain/loss, and CHH gain/loss) for both TET3 (top) and NT (bottom).
Colour intensity represents significance (-log10(p-value)), and intersection counts are
displayed within the matrix cells.
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618  Figure 1 Supplement 1: Generation and Initial Screening of Transgenic Tomato Plants Expressing
619  hTET3cd:

620 e (A) Schematic representation of the human TET3 protein, highlighting the domains and the C-
621 terminal catalytic domain (residues 859 to 1795) used for the demethylation of tomato plants.
622 e (B) Genetic map of the T-DNA insertion used in tomato plants, which includes the resistance
623 gene and the C-terminal domain of the human TET3 (hTET3cd).

624 e (C)Table summarizing the number of plants per line used for the low-input whole-genome

625 bisulfite sequencing (WGBS) experiment. The table shows the number of sequenced plants, the
626 number of plants that passed quality control, and the number of TET3-positive plants.

627 o (D) Plot showing the Reads Per Million (RPM) mapped to the T-DNA in each plant for the low-
628 input WGBS experiment. Samples with more than 10 reads per million were considered TET3
629 positive.

630
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Figure 1 Supplement 2: Methylation Change in TET3 Plants

Boxplots showing the percentage difference in methylation levels from the WT average for
individual plants in different methylation contexts (CG, CHG, CHH) using averages over 100 kbp
bins. Each dot and column represent the average methylation rate for an individual plant.
Triangles represent plants containing the transgene (TET3), and circles represent non-
transgenic siblings (NT). Groups for each generation of the transgenic lines (AT1, AT2,AT3,B

T1, BT2-, BT2+) are displayed.



Relation between global %mCG and PC1 for 100 kbp bins

There is a strong correlation between PC1 and %mCG

85
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640
641 Figure 1 Supplement 3: Correlation Between Global %mCG and PC1 for 100 kbp Bins:
642 e Scatter plot showing the relationship between global CG methylation (%mCG) and the first
643 principal component (PC1) for 100 kbp bins. Each point represents an individual plant, with the
644 genotype indicated by triangles (TET3) and circles (NT). The data points are color-coded by
645 group (control, AT1,AT2,AT3,BT1, BT2, BT2-). Convex hulls surround each group to indicate
646 clustering. The regression line (purple) shows a strong Pearson correlation between PC1 and

647 %mCG.
648
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649

650  Figure 1 Supplement 4: Methylation Change in TET3 Plants Separated by Chromatin Context:
651 o (A)Line plots showing the percentage change in methylation levels compared to the WT

652 average for individual plants in different methylation contexts (CG, CHG, CHH) across each
653 chromosome for 100 kbp bins. Each line represents an individual plant, color-coded by

654 transgenic line and generation. Shaded areas represent Heterochromatin.

655 e (B) Boxplots showing the percentage difference in methylation levels from the Control WT
656 average for individual plants in different methylation contexts (CG, CHG, CHH), separated by
657 euchromatin and heterochromatin regions. Each dot represents the average methylation rate
658 for the whole genome of an individual plant. Triangles represent plants containing the

659 transgene (TET3), and circles represent non-transgenic siblings (NT).
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Figure 1 Supplement 5: Chromatin Classification Based on H3K27ac ChIP-seq

Chromatin classification across the tomato genome based on H3K27ac ChlP-seq data,
showing the H3K27ac signal (y-axis) across the genomic position (x-axis). A2 Mbp moving
average was used with a threshold of 11 for H3K27ac to differentiate between euchromatin and
heterochromatin regions. The histogram on the left displays the distribution of H3K27ac signal
across bins, with the red dashed line indicating the threshold. Below each chromosome plot,
the classification into euchromatin and heterochromatin is shown, with blue representing
euchromatin and grey representing heterochromatin.
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Figure 2 Supplement 1: Detailed DNA Methylation Analysis Across All Chromosomes and

Chromatin Compartments:

(A) Line plots showing the percentage methylation difference from the WT average in 100 kbp
bins across all tomato chromosomes for the two A.T1 plants (A.T1 TET3 and A.T1 NT) in three
methylation contexts (CG, CHG, CHH). The lines represent moving averages across 2 Mbp. Red
lines indicate the TET3 positive plant (A.T1 TET3), and blue lines indicate the non-transgenic
sibling (A.T1 NT). The shaded regions represent heterochromatin.

(B) Violin plots showing methylation levels for each chromatin compartment (euchromatin and
heterochromatin) in the three methylation contexts (CG, CHG, CHH). The top row shows the
absolute methylation levels, and the bottom row shows the percentage difference in
methylation compared to the WT control. Each dot represents the average methylation rate for
100 kbp bins. Red violins and dots represent the TET3 positive plant (A.T1 TET3), and blue violins
and dots represent the non-transgenic sibling (A.T1 NT).
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Figure 2 Supplement 2: Methylation Statistics and DMR Analysis:

(A) Frequency distribution of read coverage per cytosine for chromosome 6 for the three
methylation contexts (CG, CHG, CHH). The top row shows the proportion of cytosines with a
certain coverage, and the bottom row shows the proportion of cytosines with coverage over a
certain threshold. Red lines indicate A.T1 NT, blue lines indicate A.T1 TET3, and black lines
indicate WT.

(B) Spatial correlation of DNA methylation values: Spatial correlation of DNA methylation
values for chromosome 6 for the three methylation contexts (CG, CHG, CHH). The left plot uses
a linear scale, and the right plot uses a semi-logarithmic scale to show the correlation decay
with distance. Red lines indicate CG, green lines indicate CHG, and blue lines indicate CHH.

(C) Heatmaps showing the effect of varying the moving window size and the minimum
proportion difference (mpd) on the length of DMRs detected using the Bins method for
chromosome 6 (47 Mbp). DMRs are categorized by gain and loss of methylation in three
contexts (CG, CHG, CHH) for both A.T1 NT and A.T1 TET3.

(D) Heatmaps showing the effect of varying the moving window size and the minimum
proportion difference (mpd) on the length of DMRs detected using the Noise filtering method for
chromosome 6 (47 Mbp). DMRs are categorized by gain and loss of methylation in three
contexts (CG, CHG, CHH) for both A.T1 NT and A.T1 TET3.
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708  Figure 2 Supplement 3: Heatmap of Methylation Levels for CHG DMRs:
709 e Heatmap showing the methylation levels of differentially methylated regions (DMRs) in the CHG
710 context for NTS compared to the WT control. The analysis identified 3090 DMRs. Each column
711 represents an individual plant, and each row represents a DMR. The colour gradient indicates
712 the level of methylation, with hierarchical clustering applied to both DMRs and samples to
713 illustrate patterns of methylation gain and loss. The column to the left of the heatmap
714 represents the difference in methylation between WT and NTS. No CHG DMRs were found in
715 CHG context for the TET3 plant.

716
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Figure 2 Supplement 4: Genome Browser View of a Differentially Methylated Region (DMR):

Genome browser view of an example region on chromosome 3. The top panel shows WGBS
coverage for three samples: WT (grey), TET3 (red), and NTS (blue). Tracks below display cytosine
methylation levels in the CG, CHG, and CHH contexts (range 0-100% methylation) for each
sample. The gain DMRs and loss DMRs panels are split my sample with red for CG DMRs and
blue for CHH DMRs. Genes are annotated at the bottom. Highlighted region exhibits reduced
DNA methylation across all cytosine contexts in TET3 compared to WT, with a smaller reduction
in NTS plants.
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728  Figure 3 Supplement 1: DMR and Gene Density Across the Genome:
729 e Scatter plot showing correlation coefficients (R values) between the density of DMRs and genes
730 for 3 Mbp windows, split by plant, direction and context. Each dot represents a 3 Mbp bin, Blue
731 lines represent best-fit regression line, with their equations, R coefficient and p-value

732 displayed.
733
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Figure 3 Supplement 2: Distance form DMR to Genes:

o Density plots showing the distance of DMRs from the nearest gene in a semilogarithmic scale,
split by plant (NTS and TET3), direction (gain and loss) and context (CG, CHG, CHH).
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739
740  Figure 4 Supplement 1: TE expression:
741 e (A)Volcano plot showing the distribution of Differentially Expressed TEs (DETEs) in NTS vs TET3.
742 TEs with a log2 fold change > 1 and padj < 0.01 are highlighted, with colors and labels indicating
743 the main TE classifications. Red: DNA TEs, Blue: LTRs TE, Green: other TEs.
744 e (B) Boxplots of normalised expression of DETEs in NTS vs WT (left) and NTS vs TET3 (right) in a
745 semilogaritmic scale, split by downregulated and upregulated. Letters above each box show
746 Tukey HSD groups (one-way ANOVA, P < 0.05); samples that share a letter are not significantly
747 different within the corresponding panel.
748 e (C)Heatmaps of DETEs for TET3 vs WT (left), NT vs WT (centre) and NTS vs TET3 (right), with
749 rows representing TE families and columns representing individual samples. Log2 fold changes
750 (lLog2FC) are represented on the left of each heatmap. TE families are split between up and
751 down regulated and bot TE families and samples and clustered.
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Figure 5 Supplement 1: Volcano plots of Genes

e Volcano plot showing the distribution of Differentially Expressed Genes (DEGs) in TET3 vs WT
(top), NTS vs WT (middle) and NTS vs TET3 (bottom). Genes with a log2 fold change > 1 and padj
< 0.01 are highlighted in red.
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Figure 5 Supplement 2: Genome views of DMRs

(A-D) Genome Browser views around demethylated regions in TET3 and NTS plants
(yellow boxes) with Transcription activation of Genes and Transposons. Tracks for
methylation in CG, CHG and CHH context and expression values for WT (Grey), TET3
(Red) and NTS (Blue) alongside DMRs, Gene, long non-coding RNAs and TE annotation
are shown.
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