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In plants, cytosine methylation, an epigenetic mark critical for transposon silencing, is maintained over generations by key
enzymes that directly methylate DNA and is facilitated by chromatin remodelers, like DECREASE IN DNA METHYLATION1
(DDM1). Short-interfering RNAs (siRNAs) also mediate transposon DNA methylation through a process called RNA-directed
DNA methylation (RdDM). In tomato (Solanum lycopersicum), siRNAs are primarily mapped to gene-rich chromosome arms,
and not to pericentromeric regions as in Arabidopsis thaliana. Tomato encodes two DDM1 genes. To better understand their
functions and interaction with the RdDM pathway, we targeted the corresponding genes via the CRISPR/Cas9 technology,
resulting in the isolation of Slddm1a and Slddm1b knockout mutants. Unlike the single mutants, Slddm1a Siddm1b double
mutant plants display pleiotropic vegetative and reproductive phenotypes, associated with severe hypomethylation of the
heterochromatic transposons in both the CG and CHG methylation contexts. The methylation in the CHH context increased
for some heterochromatic transposons and conversely decreased for others localized in euchromatin. We found that the
number of heterochromatin-associated siRNAs, including RdADM-specific small RNAs, increased significantly, likely limiting
the transcriptional reactivation of transposons in Siddm1a Siddm1b. Taken together, we propose that the global production
of siRNAs and the CHH methylation mediated by the RADM pathway are restricted to chromosome arms in tomato. Our
data suggest that both pathways are greatly enhanced in heterochromatin when DDM1 functions are lost, at the expense of

silencing mechanisms normally occurring in euchromatin.

INTRODUCTION

In plants, DNA methylation occurs in all cytosine contexts, mainly
to silence repeats and transposable elements (TEs) found in
heterochromatic regions. Methylation is maintained over gener-
ations by specific proteins, like DNA METHYLTRANSFERASE1
for CG sites or CHROMOMETHYLASEs (CMT2 and CMTS3) for
CHG and CHH sites (where H is any nucleotide except G). In
addition to these well-characterized maintenance pathways,
cytosines can be methylated de novo, in all contexts, by an
RNA-directed DNA methylation (RADM) mechanism (Matzke
et al., 2015). The RdDM pathway occurs through two sequential
steps involving the production of small interfering RNAs (siR-
NAs) and noncoding transcripts generated by the plant-specific
DNA-dependent RNA polymerase V (Pol V). In the canonical
form of RdDM, 24-nucleotide siRNAs are first produced by the
successive actions of another plant specific polymerase, the Pol
IV, coupled to RNA-DEPENDENT RNA POLYMERASE2 (RDR2)
and DICER-LIKE3 (DCL3) (Herr et al., 2005; Onodera et al.,
2005; Kasschau et al., 2007; Zhang et al., 2007; Jia et al., 2009;
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Law et al., 2011; Haag et al., 2012; Blevins et al., 2015; Li et al.,
2015b; Zhai et al., 2015). The biosynthesis of siRNAs also
results from alternative RdADM pathways. For instance, 21/22-
nucleotide siRNAs are produced by Pol Il, RDR6, DCL4, and
ARGONAUTE1 (AGO1), in particular when TEs are transcriptionally
reactivated (McCue et al., 2012, 2015; Nuthikattu et al., 2013). The
siRNAs then guide either AGO4 or AGOB, by base-pairing associ-
ation, toward Pol V nascent scaffold transcripts (Wierzbicki et al.,
2008, 2009). Finally, the complex formed by AGOs and siRNAs
recruits the DNA methyltransferase DOMAIN REARRANGED
METHYLTRANSFERASE2 to de novo methylate the genomic
region that remained associated with the Pol V transcript (Cao
and Jacobsen, 2002; Zhong et al., 2014). Additional proteins,
such as DECREASE IN DNA METHYLATION1 (DDM1), a chro-
matin remodeling protein that belongs to the SWI2/SNF2 family,
are involved in preserving heterochromatic features. Indeed,
DDM1 was shown to shift nucleosomes in vitro (Brzeski and
Jerzmanowski, 2003), assisting enzymes maintaining epigenetic
marks on DNA or histones to access condensed heterochromatin
(Zemach et al., 2013; Lyons and Zilberman, 2017). In this con-
text, recent data suggest that the function of DDM1 and RdDM
are antagonistic (Zemach et al., 2013).

In Arabidopsis thaliana, DDM1 is essential to sustain global
levels of DNA methylation and ddm7 mutants are extensively
hypomethylated in all cytosine contexts (Vongs et al., 1993;
Kakutani et al., 1995, 1996; Lippman et al., 2004; Zemach et al.,
2013). Disrupting the mouse LYMPHOID SPECIFIC HELICASE
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Tomato ddm1 Mutants

IN A NUTSHELL

Background: Crop genomes are covered by transposons, which are DNA sequences that can jump from one place
to another. Transposon mobility must be tightly controlled to avoid deleterious mutations and genome instability. This
is especially critical in tomato where transposons are very abundant, not only near the chromosome center, where
they are usually concentrated in regions called “heterochromatin,” but also at chromosome arms in the “euchromatin”
that contains the genes. One function of cytosine DNA methylation is to stabilize the genome by silencing
transposons. In plants, the methylation of euchromatic transposons is mainly related to the constant production of
small 20- to 24-nucleotide-long RNA molecules that are driving a specific type of de novo cytosine methylation,
restricted to these regions. The vast majority of heterochromatic transposons are kept silent over generations by
other mechanisms of cytosine methylation controlled by enzymes like DECREASE IN DNA METHYLATION1 (DDM1).

Question: Our research was aimed at elucidating the way transposons are controlled in a complex genome like
tomato, by perturbing DDM1 function. How do plants cope with such harmful mobile elements when the main
mechanism controlling their silencing is deficient?

Findings: We utilized CRISPR/Cas9 technology to generate knockout mutants of the two DDM1 genes identified in
tomato, and generated a double mutant by crossing them. While each single ddm7 mutant was indistinguishable from
wild-type plants, the double mutant displayed pleiotropic developmental phenotypes, associated with severe loss of
DNA methylation found in the heterochromatic transposons. Interestingly, euchromatic transposons, controlled by
small RNAs and not DDM1, also lost their capacity to be de novo methylated. We discovered that the ddm1 cells start
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to remethylate transposons of heterochromatin at the expense of euchromatic transposons. When the control of
heterochromatin is severely impaired, the silencing mechanism normally controlling euchromatic transposons is
partially retargeted towards heterochromatin, thus limiting the consequences of a major transposon awakening.

Next steps: We aim to evaluate the function of additional genes regulating cytosine methylation in tomato, towards
a deeper understanding of epigenetic regulation in a model crop with a complex genome.

gene, which is the mammalian gene most related to DDM1, also
leads to demethylation of the genome (Dennis et al., 2001), sug-
gesting an ancient and widespread role for DDM1 in maintaining
methylation. DDM1 preferentially controls the silencing of TEs
(Lippman et al., 2004), particularly long TEs located in the het-
erochromatin (Zemach et al., 2013), preventing their reactivation
and transposition. Consequently, Arabidopsis self-pollinating
ddm1 lines undergo a burst of uncontrolled retrotransposition
events associated with developmental abnormalities gradually
acquired over generations (Miura et al., 2001; Singer et al., 2001;
Tsukahara et al., 2009). By contrast, some of the phenotypes re-
vealed in a ddm1 background are not alterations in the structure
of the genome, but are rather associated with epigenetic modifi-
cations that influence gene expression and generate stable epi-
alleles (Kakutani, 1997; Saze and Kakutani, 2007). Accordingly,
the epigenetic recombinant inbred lines derived from a ddm1
mutant show heritable phenotypic variation (Cortijo et al., 2014).
Aside from Arabidopsis, ddm1 mutants have been isolated in
maize (Zea mays; Li et al., 2014) and rice (Oryza sativa; Tan
et al., 2016), both species containing two DDM1 homologs. Inrice,
the T-DNA insertion loss-of-function single mutants Osddm1a
and Osddm1b had no distinct phenotype but severe growth de-
fects were observed at the first generation of the double mutant,
presenting a major reduction of methylation in all contexts. In
maize, two single T-DNA insertion loss-of-function ddm7 mu-
tants showed a significant reduction of methylation in non-CG
contexts. Nonetheless, a double ddm1 mutant could not be iso-
lated by crossing the two single mutants.

Tomato (Solanum lycopersicum) is one of the major crops
cultivated worldwide, and the regulation of DNA methylation is
crucial for fruit ripening in this species (Zhong et al., 2013; Liu
et al., 2015; Gallusci et al., 2016; Lang et al., 2017). Tomato
pericentromeric regions largely extend beyond centromeres and

repeats cover ~65% of the genome (Tomato Genome Consor-
tium, 2012; Zhong et al., 2013; Jouffroy et al., 2016). Under-
standing how tomato transposons are controlled and silenced
is therefore both of fundamental and agronomic interest. Still,
few mutants corresponding to epigenetic pathways have been
reported in this model plant (Kravchik et al., 2014a; Gouil and
Baulcombe, 2016; Lang et al., 2017), and in particular, ddm1
mutants are yet to be obtained.

In this study, we characterized the methylome, transcriptome,
and small RNA content of tomato plants deficient for DDM1.
DDMT1 is encoded in tomato by two genes for which we gener-
ated loss-of-function alleles using the CRISPR/Cas9 technol-
ogy. We found that the Slddm1a Slddm1b mutant had drastic
hypomethylation particularly in TEs of heterochromatic regions
in both CG and CHG contexts. As a counterbalancing mecha-
nism, the distribution of both 24-nucleotide siRNAs and CHH
methylated sites was strongly modified in this mutant. RNA-seq
analyses revealed that the transcriptional reactivation of TEs
remained limited in the mutant despite the major changes occur-
ring between heterochromatin and euchromatin.

RESULTS

Generation of SIddm1 Knockout Mutants

To identify the tomato DDM1 genes, the BLASTP program
was used to search the tomato protein databases (ITAG 2.40
release) using the Arabidopsis DDM1 protein sequence. We
found two proteins showing 81.5% identity to each other
and 73% (SIDDM1a, Solyc029g062780) or 70% (SIDDM1b,
Solyc02g085390) identity to AtDDM1, suggesting that the
tomato genome contains two DDM1 genes (Supplemental
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Figure 1A). The SIDDM1a and SIDDM1b proteins also display
domain architectures similar to their respective Arabidopsis and
rice orthologs (Supplemental Figure 1B). Analysis of published
RNA-seq data (Tomato Genome Consortium, 2012) reveals that
the genes are expressed at relatively low levels at anthesis and
are upregulated following fruit set, reaching maximum levels at
immature young fruit (Supplemental Figure 1C). The expression
of SIDDM1a and SIDDM1b gradually decreases during fruit mat-
uration, and, upon ripening, the expression of both genes de-
clines (Supplemental Figure 1C).

To functionally characterize SIDDM1, we edited the corre-
sponding genes, using the CRISPR/Cas9 technology, to pro-
duce loss-of-function mutants. Single-guide RNAs (sgRNAs)
were designed to target the second exon of the SIDDM1a gene
and the fourth exon of SIDDM1b (Figure 1A). These sgRNAs, to-
gether with the plant codon-optimized version of Cas9 (Li et al.,
2013), were transgenically expressed in tomato. Genotyping of
regenerated TO transgenic plants identified individual plants that
showed Cas9 activity in SIDDM1 genes and nontransgenic ho-
mozygous SIDDM1 mutants were successfully isolated among
their progenies. Sequencing the crispr-slddm1a-5 and the crispr-
slddm1b-16 mutant alleles (hereafter called S/lddm7a and
Slddm1b, respectively) revealed a large deletion of 131 bp in the
2nd exon of SIDDM1a (nucleotides 1109-1239; Figure 1B) and
a 1-bp deletion in the 4th exon of SIDDM1b (nucleotide 1605;
Figure 1B), both causing frameshift mutations near the N-terminal
parts of the corresponding proteins (Figure 1C). Phenotype
analysis of Slddm71a and Slddm1b mutants did not reveal any
differences with the wild type (Figure 1D). A Slddm1a Slddm1b
double mutant was obtained by crossing Siddm1a and Siddm1b
homozygotes. Genotyping of the resulting F2 progeny revealed
that while all heterozygous and single homozygous genotypes
were indistinguishable from wild-type plants and segregated in a
Mendelian manner, the frequencies of the Slddm1b mutant were
lower (4%, n = 24/581) than the expected theoretical frequency
(6%, y? test P = 0.035). The Slddm1a Slddm1b plants exhibited
pleiotropic vegetative and reproductive phenotypes. Vegetative
phenotypes included variegated cotyledons and leaves and
overall smaller size likely due to growth retardation (Figures 1D
and 2A). Reproductive phenotypes included smaller floral buds,
most of which senesced prematurely except few that produced
small flowers displaying partially opened petals and normal
anthers and pistils (Figure 2B). Compared with the wild type,
mutant anthers produced much less pollen with significantly re-
duced viability as indicated by Alexander staining (Supplemental
Figure 2). Occasionally, mutant flowers could set a small parthe-
nocarpic fruit (Figure 2C) that never produced viable offspring.
Altogether, our results indicate that DDM1 is essential for normal
vegetative and reproductive tomato development.

The ddm1 Mutations Have a Limited Effect on Global CHH
Methylation Levels in Tomato

We determined the methylation patterns of Slddm1 single and
double mutants by sequencing their genomes after bisulfite
conversion. Genomic DNAs were extracted from leaves of two
biological replicates per genotype. The levels of methylation per
cytosine confirmed that the biological replicates were closely

correlated (pairwise Pearson correlation values between biolog-
ical replicates >0.87 for CGs and CHG and 0.79 for CHH; Sup-
plemental Figure 3) and that the bisulfite conversion rates were
>99% because the chloroplast sequences remained unmethyl-
ated (Supplemental Table 1). In the Siddm1a Slddm1b mutant,
the total number of methylated cytosines was decreased by 49,
64, and 24% in the CG, CHG, and CHH contexts, respectively,
compared with the wild type (Supplemental Table 1). We ob-
served similar changes when the average levels of methylation
were calculated in 1-kb tiles partitioning the genome (Figures 3A
and 3B). Consistent with results obtained in Arabidopsis (Vongs
et al., 1993; Kakutani et al., 1995, 1996; Lippman et al., 2004;
Zemach et al., 2013) and rice (Tan et al., 2016), the complete
disruption of DDM1 genes in tomato led to a drastic hypometh-
ylation of the genome, mainly in the CG and CHG contexts.
Monitoring the global methylation of genes and TEs revealed
several interesting features. On average, the CG, CHG, and
CHH methylation levels of the Siddm1a Slddm1b mutant were
reduced by 12, 42, and 21% in gene bodies, respectively (Figure
3C). CG methylation is frequently found in genes of plants and is
independent of DDM1 (Stroud et al., 2013). The presence of non-
CG methylation in tomato genes is more unusual but could pos-
sibly be explained by the large number of TEs associated with
gene-enriched regions (Jouffroy et al., 2016). When TEs were
inspected globally, we found that both CG and CHG methylation
levels were drastically reduced (by 41 and 51%, respectively) in
the Slddm1a Slddm1b mutant, in agreement with the role played
by DDM1 to maintain heterochromatin. However, the CHH meth-
ylation level of TEs was decreased by only 7% (Figure 3C), in
sharp contrast with the strong global loss of CHH methylation
(40%) observed in Arabidopsis or rice ddm1 TEs (Zemach et al.,
2013; Ito et al., 2015; Panda et al., 2016; Tan et al., 2016). These
data suggest that both CG and CHG methylations of TEs are
severely altered in Slddm1a Slddm1b, unlike CHH methylation,
and this was confirmed by measuring the methylation levels for
different families of TEs and repeats (Supplemental Figure 4).

CHH Methylation Changes between Euchromatic and
Heterochromatic Siddm1 TEs

The regions that were significantly differentially methylated
(DMRs) between mutants and the wild type were identified.
The Slddm1a Slddm1b mutant contained a very high number
of DMRs hypomethylated (hypoDMRs) in the CG and CHG
contexts (190,026 and 249,593, respectively; Figure 4A; Sup-
plemental Data Set 1) predominantly related to heterochromatic
regions (Figure 4B; Supplemental Figure 5, regions in green)
and overlapping with TEs (82% for the CG hypoDMRs, 87% for
the CHG hypoDMRs; Figure 4C) that were heavily methylated
in the wild type (Figure 4D). In parallel, a more limited number
of hypermethylated DMRs (hyperDMRs) was identified for CGs
and CHGs (719 and 1816 respectively; Figure 4A; Supplemental
Data Set 2). Seventy-one percent (507) of the CG hyperDMRs
and 64% (1164) of the CHG hyperDMRs were included in
repeat-poor regions (Supplemental Data Set 3) and were therefore
mostly localized in euchromatic regions (Figure 4B; Supplemental
Figure 5, regions in black). They overlap with genes or genes
containing TEs (30% of the CG hyperDMRs and 40% of the


http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00167/DC1

Tomato ddm1 Mutants 1631

A SIDDM1la
—_ Exon 2 -
L
GATAAAAGCACGTGTAAAGGAGG
Pmil —_—
0.1 Kb
SIDDM1b
—_ Exon 4 -
GGGACTTGACTGTCAAATTGGAGG
MiuCl
PAM
B wild type ATGGGGAT...............CTTGATARAAGCACGTGTAAAGGAGGAA.......... TTGGACGA
T D . - S —— R N — ACGA
PAM

wild type TGAGGATACCTGCAAAGAGGACTTGACTGTCAAATTGGAGGAAGAAGTAAGTTTG
Slddmlb  TGAGGATACCTGCAAAGAGGACTTGACTGTCAAA-TGGAGGAAGAAGTAAGTTTG

c
SIDDM1a — Y G

SIDDM1b T = e
v 100 aa

wild type ... | g RDNGNEDVELLSESMKKEEENL IKARVKEEEVNNPKEA. . .

Slddmla ... RAIERDNGNERARY TNPALLRYPAGEDN * HHNDWSER*RGRQ. . .
v

wild type ... NCIAONRIL EEEVSLY SENEDATHI PENMAKEEETLIJTR. . .

siddmib .. .| i RS RIRRNIEWRKK *VCTOKMEMPL I Y LKTWORRKKY * *[HG . . .

wild type Siddm1a Slddmib Slddmia Slddm1b

Figure 1. CRISPR/Cas9 Knockout of SIDDM1a and SIDDM1b Genes.

(A) Schematic illustrations of SIDDM1a and SIDDM1b gene regions targeted by the guide RNA. Black bars indicate exons and lines introns. The sgR-
NA-target sequences are shown, protospacer adjacent motif sequences are colored in red, black triangles mark the predicted Cas9 cut site, restriction
enzyme recognition sites are underlined, and black half arrows indicate the location of primers used for mutant genotyping by PCR.

(B) Sequences of isolated mutant Siddm7a and Siddm1b alleles aligned to their respective wild types. The guide RNA target sequence is highlighted
in red. PAM, protospacer adjacent motif.

(C) Scheme of SIDDM1 proteins and predicted mutant protein sequences aligned to their respective wild types below. The DNA binding domain
(green), SNF2 family N-terminal domain (blue), DEAD-like helicases superfamily domain (yellow), and helicase superfamily C-terminal domain (orange)
are indicated. Arrowheads indicate the site of mutation.

(D) Representative 25-d postgermination seedlings of indicated genotypes, all segregated from the same double heterozygote parent plant. Bar =
2.cm.
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Figure 2. Phenotypes of Siddm1a Slddm1b Mutant Plants.

(A) Representative vegetative organs of wild type and Siddm1a Slddm1b. Left to right: adaxial and abaxial sides of cotyledons (bar = 2 mm), mature
expanded leaf (bar = 5 cm), terminal leaflet (bar = 4 mm), and a whole plant (bar = 20 cm).

(B) Representative floral organs of wild-type and Siddm1a Slddm1b flowers. Left to right: mature bud (bar = 2 cm), an inflorescence (bar = 1 cm), flower
and ovary at anthesis (bars = 2 mm), and a manual cross section of an ovary (bars = 0.4 mm).

(C) Representative wild-type and Slddm1a Slddm1b red fruits and their respective cross sections (bars = 1 cm).
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Figure 3. Patterns of Methylation in Tomato Slddm7 Mutants.

(A) Box plots showing mean methylation content of the Slddm1 mutants and the corresponding wild type (WT). The tomato genome (SL2.5 release)
was partitioned in 1-kb tiles, and methylation levels correspond to the ratios of methylated cytosines over the total number of cytosines. Only cytosines
covered by at least five reads were considered. The average methylation levels were determined by combining the two biological replicates for each
genotype.

(B) Pairwise comparison of methylation in the wild type and the Slddm1a Slddm1b mutant. Each dot represents a 1-kb window and their methylation
levels were determined as in (A). The color scale measures the density of points (red being very dense). The Pearson correlation coefficients between
the samples are 0.29 for mCG, 0.55 for mCHG, and 0.7 for mCHH.

(C) Patterns of methylation in genes and TEs of the Slddm7 mutants. The average methylation levels of genes (upper panels) and TEs (lower panels)
were determined by dividing the corresponding annotated regions (ITAG 2.40 release) into 100-bp bins. Regions located 1 kb upstream and 1 kb
downstream of the gene bodies and TEs are also presented in these metaplot analyses. TE genes (see Methods) were removed to perform the analysis.
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CHG hyperDMRs), or with TEs alone (16% of the CG hyperDMRs
and 23% of the CHG hyperDMRs) (Figure 4C). CG hyperDMRs
corresponded to regions unmethylated in the wild type that
become methylated at both CGs and CHGs in Slddm1a Slddm1b
(Supplemental Figure 6). CHG hyperDMRs were methylated
in all contexts in the wild type and gained additional mCHG,
and to a lesser extent mCHH (Supplemental Figure 6). There-
fore, TEs of the heterochromatin were vastly depleted of CG
and CHG methylated sites in Siddm71a Slddm1b; addition-
ally, certain euchromatic regions become methylated in these
contexts.

The opposite situation was observed for regions differentially
methylated in the CHH context. The density of CHH hypoDMRs
(8518 were identified; Figure 4A; Supplemental Data Set 1) was
higher at chromosome arms (Figure 4B; Supplemental Figure 5,
regions in green) in regions enriched for genes or localized at
the frontiers between euchromatin and heterochromatin (i.e., in
repeat-intermediate regions). Indeed, 30% (2582) of the CHH
hypoDMRs were localized in repeat-poor regions, 33% (2802) in
repeat-intermediate regions, and 39% (3313) in repeat-rich re-
gions, a distribution that differed (y? test, P < 10-3%) from the one
expected if those DMRs were equally distributed in all regions
(26, 19, and 55%, respectively). Our results were consistent with
previous analyses showing a reduction of mCHH in euchromatin
of the rice ddm1 mutants (Tan et al., 2016). The CHH hypoDMRs
mostly overlapped with TEs (74% of the CHH hypoDMRs;
Figure 4C). A total of 10,297 CHH hyperDMRs (Figure 4A; Sup-
plemental Data Set 2) were detected between Siddm1a Slddm1b
and the wild type, but this time, mostly localized in heterochro-
matic regions (Figure 4B; Supplemental Figure 5, CHH regions
in black). They correspond to TEs (85% of CHH hyperDMRs
overlap with TEs; Figure 4C) in which mCHH levels increase by
almost 3 times in Siddm1a Slddm1b (Figure 5; CHH hyperDMRs).
Three (0.1%) of the hypoCHH DMRs found in repeat-poor re-
gions were close to (within 500 bp) a CG hyperDMR and 0.4%
(11) to a CHG hyperDMR. Therefore, in repeat-poor regions,
CHH hypomethylation and CG/CHG hypermethylation occurred
at different locations. By contrast, 64% (4841) of the CHH hy-
perDMRs found in repeat-rich areas were close to (within 500
bp) a CG hypoDMR and 60% (4478) to a CHG hypoDMR. There-
fore, some heterochromatic TEs were actively remethylated at
CHH sites, while others, localized within gene-enriched regions,
became hypomethylated in this context, altogether resulting in
limited quantifiable changes in overall CHH methylation of TEs
(Figure 3C).

In Arabidopsis, CHH methylation is both maintained by CMT2
(Zemach et al., 2013; Stroud et al., 2014) or the RADM pathway
that depends on Pol IV and Pol V. To examine whether the RdADM
pathway is altered in Sliddm1a Slddm1b, thus compromising the
methylation of CHH sites in TEs, we retrieved the methylome
sequences of both Sipol iv and Sipol v tomato crispr mutants
(Gouil and Baulcombe, 2016). A total of 51,482 CHH hypoDMRs
were identified between Slpol iv and the corresponding wild type
and 41,016 CHH hypoDMRs for Sipol v. Sixty percent of these
CHH hypoDMRs were localized in regions enriched for genes
and 20% were in repeat-rich regions, confirming that the RdDM
is mostly active in euchromatin. Interestingly, we found that
60% (1546) of the CHH hypoDMRs (Supplemental Data Set 1)

identified in the euchromatin of Slddm7ia Slddm1b overlapped
with CHH hypoDMRs of Sipol iv and 50% (1299) overlapped
with those of Sipol v. This indicates that euchromatic regions
hypomethylated in the CHH context in Slddm1a Slddm1b are
mainly TEs targeted by the RADM. We confirmed this result by
dividing the Slddm1a Slddm1b CHH hypoDMRs of repeat-poor
regions in two groups: the first one (1198 DMRs) depended on
RdDM and corresponded to CHH hypoDMRs overlapping be-
tween Slddm1a Slddm1b, poliv,andpolv. The second group (943
DMRs) corresponded to RdDM-independent CHH hypoDMRs
not overlapping with pol iv or pol v DMRs. Seventy-six percent
(917) of RdADM CHH hypoDMRs overlapped with short euchro-
matic TEs (mean length: 238 bp) that had lost almost 13% of
mCHG and 52% of mCHH in Siddmi1a Slddm1b (Figure 5;
Supplemental Figure 7A). Seventy-seven percent (726) of the
hypoCHH non-RdDM DMRs corresponded to long heterochro-
matic TEs (mean length: 751 bp) not targeted by the RADM in the
wild type and losing 39% of mCG, 66% of mCHG, and 69% of
mCHH in Slddm1a Slddm1b (Figure 5; Supplemental Figure 7B).
Thus, tomato euchromatin contains two types of TEs differently
controlled by DDM1 and the RdADM.

The Production of siRNAs Increases in Heterochromatin
and Decreases in Euchromatin of Siddm1a Siddm1b

The RADM pathway depends on the production of small RNAs,
in particular 24-nucleotide siRNAs; hence, we sequenced the
small RNAs of Slddm1a Slddm1b and compared their distribu-
tion along the genome to that in wild-type tomato. Reproduc-
ibility between biological replicates was confirmed by performing
a principal component analysis to visualize the differences
(Supplemental Figure 8A). Mapping the reads revealed that the
24-nucleotide siRNAs of wild-type tomato follow the general
patterns of small RNAs along the chromosomes (Tomato Genome
Consortium, 2012), being almost excluded from the large peri-
centromeric regions and accumulating in chromosome arms
(Figure 6A). Indeed, repeat-poor regions of the wild-type plants
contain 7-fold more 24-nucleotide reads, compared with re-
gions highly enriched in repeats (Figure 6B). While the pro-
duction of these 24-nucleotide siRNAs, depending on both
SIPol IV and SIDCL3 (Figures 6A and 6B), was similar to that
in Arabidopsis, their genomic distribution differed sharply as
Arabidopsis siRNAs are highly prevalent at pericentromeres
(Zhang et al., 2007; Mosher et al., 2008; Law et al., 2013; Liu
et al., 2014). The distribution of 24-nucleotide siRNAs in the
Slddm1a Slddm1b mutant was drastically modified compared
with the wild type. Their levels decreased by almost 2-fold in
repeat-poor regions and increased by the same proportion in
repeat-rich regions when reads were normalized against total
mapped reads (Figure 6B). Similar results were obtained when
reads were normalized against miRNA reads (Supplemental
Figure 9). Then, 106926 siRNA clusters were defined (see Meth-
ods) and we compared their profiles of expression between
the wild type and the Slddm71a Slddm1b mutant (Figure 6C).
We found that 6913 heterochromatic siRNA clusters showed
increased (log2FC(SIddm1aSIddm1b/WT) > 2) expression of
24-nucleotide siRNAs compared with the wild type (DESeq2
significance cutoff of 0.01). In repeat-poor regions, the levels of
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Figure 4. Number, Localization, and Nature of the DMRs Identified in the Tomato Slddm7 Mutants.

1635

(A) Total number of DMRs found in the three methylation contexts (CG, CHG, and CHH). Hypo- and hyperDMRs are shown. DMRs associated with
Chr00 were excluded from the count.

(B) Densities of DMRs between the Slddm1a Slddm1b mutant and the wild type, for chromosomes 3 (SL2.5 genome release). Chromosome 6 is shown
in Supplemental Figure 5A, and all chromosomes are presented in Supplemental Figure 5B. The density of hyperDMRs is represented in black, and
the density of hypoDMRs is represented in green. The numbers of TEs (Gypsy elements) and genes contained within bins of 100 kb are plotted on
histograms. The scale is 0 to 100 elements for TEs and 0 to 30 for genes. Regions were considered to be differentially methylated when the absolute
differences of methylation were at least 10% for mCHH, 20% for mCHG, or 30% for mCG, between the mutant and the wild type.

(C) Nature of the DMRs identified in the Slddm1 mutants. CDS+TE corresponds to DMRs overlapping with both genes and TEs, CDS corresponds
to DMRs overlapping with genes, and TE corresponds to DMRs overlapping with TEs. All other remaining DMRs are classified as Intergenic. DMRs
associated with chrO0 were excluded from the count.

(D) Methylation levels of CG and CHG hypoDMRs. The average methylation levels of the DMRs were determined by dividing the corresponding regions
into 100-bp bins. Regions located 1 kb upstream and 1 kb downstream of the DMRs are shown.
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Figure 5. Methylation Levels and siRNA Contents of CHH DMRs.

The average methylation levels and 24-nucleotide siRNA contents of the
DMRs were determined by dividing the corresponding regions into 100-
bp bins. Regions located 1 kb upstream and 1 kb downstream of the
DMRs are shown. CHH hypoDMRs localized within repeat-poor regions
(Supplemental Data Set 3) were divided in two groups: one that depends
on RdDM (i.e., corresponding to Slddm1a Slddm1b, Sipol iv, and Sipol
v overlapping hypoCHH DMRs), and the other one that is RdADM inde-
pendent (i.e., corresponding to Siddm1a Slddm1b not overlapping with
Sipol iv or Sipol v hypoCHH DMRSs). The results correspond to the mean
values obtained for the two biological repeats.

24-nucleotide siRNAs were decreased for 967 siRNAs clusters
and increased for 680 clusters. Furthermore, we determined
the levels of 21-, 22-, and 23-nucleotide siRNAs in repeat-poor
and repeat-rich regions containing a significant (DESeq?2 signif-
icance cutoff of 0.01) number of reads (Figure 7; Supplemental
Figure 10). The production of 23/24-nucleotide siRNAs was
inhibited and enhanced in gene-rich and gene-poor regions,
respectively, and the production of 21/22-nucleotide siRNAs
was increased in repeat-rich regions of Siddm1ia Slddm1b,
likely because the RDR6-RdDM pathway was activated. Less
than 3% of CG or CHG DMRs overlapped with siRNAs clus-
ters deregulated (log2FC(Slddm1a Slddm1b/WT) > 2 or < -2)
in Slddm1a Slddm1b. The same results were obtained for CHH
hypoDMRs found in repeat-poor areas. By contrast, 14% of
the CHH hyperDMRs localized in regions enriched for repeats

overlapped with 23/24-nucleotide siRNA clusters upregulated
(log2FC(Slddm1aSIiddm1b/WT) > 2) in Slddm1a Slddm1b and
6% with 21/22-nucleotide siRNA clusters. CHH hyperDMRs cor-
responded to heterochromatic TEs that were heavily methylated
in the wild type but were not targeted by 24-nucleotide siRNAs
and the canonical RdDM pathway (Figure 5; CHH hyperDMRs).
In Siddm1a Slddm1b, these TEs gained mCHH and became the
targets of 24-nucleotide siRNAs, although their levels remained
modest (Figure 5; CHH hyperDMRs). Further analyses will help
to determine the functional role of these small RNA populations
in the Slddm1a Slddm1b mutant.

Finally, we examined the distribution of siRNAs around genes.
In the wild type, the metaprofile of 24-nucleotide siRNAs revealed
a peak at ~500 bp upstream of the transcription start and to a
lesser extent downstream of the transcription stop site that cor-
responded to similar changes in the levels of mCHH (Figure 6D).
Interestingly, both peaks were markedly reduced in Siddm1a
Slddm1b, further indicating that the RdDM pathway is compro-
mised in euchromatin of the mutant.

The Number of TEs Reactivated in the First Generation of
Siddm1a Slddm1b Mutants Is Limited

To better understand whether disrupting the RdDM in tomato
affects the expression of genes and TEs, we performed RNA-seq
analyses using three biological replicates for the wild type and
four for the Slddm1ia Slddm1b mutant, including those already
used for the sRNA-seq (Supplemental Table 2). We verified that
all biological replicates were grouped together (Supplemental
Figure 8B). We found a total of 138 genes that were significantly
(false discover rate [FDR] threshold < 0.01) downregulated [log-
2FC(Slddm1a Slddm1b/WT) < —1.5] in Slddm1a Slddm1b, com-
pared with the wild type, and 1239 upregulated [log,FC(Slddm1a
Slddm1b/WT) > 1.5] genes (Supplemental Data Set 4) that in-
clude 390 TE genes, corresponding to TEs incorrectly annotated
as genes (Jouffroy et al., 2016). Almost 50% of the upregulated
genes were overlapping with hypoDMRs in the CG or CHG
contexts and 10% with CHH hypoDMRs (Figure 8A). Moreover,
71% of these different types of hypoDMRs were overlapping
between them (Figure 8B), and 50 to 70% overlapped with TEs
(Figure 8A). Yet, very few deregulated genes overlapped with
hyperDMRs (Figure 8A). Therefore, our RNA-seq data show that
TEs localized near or within genes were derepressed.

We determined more precisely whether the TEs were tran-
scriptionally reactivated in the Siddm1a Slddm1b mutant using
the annotations obtained for each family (see Methods). To mon-
itor their expression, we used both a multiple-mapping strategy,
where reads mapping to different locations with a high score
were assigned to all these locations and a unique-mapping
strategy (see Methods). The results showed that the transcrip-
tional reactivation of TEs was limited to a small fraction of the
annotated TEs in Slddm1a Slddm1b mutants. Indeed, in a total
of 5636643 TE annotations, we found that 2% were upregulated
when reads were mapped at unique locations and 3% when
they were mapped multiple times (Table 1). On average, 65%
of the derepressed TEs were localized in repeat-rich regions,
while 12% and 23% were localized in repeat-intermediate and
repeat-poor regions, respectively (Figure 8C). Only a fraction of
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Figure 6. The 24-Nucleotide siRNA Patterns of Slddm1a Slddm1b Mutants.

(A) Distribution of 24-nucleotide reads along chromosome 11 (chosen as a representative example of all chromosomes). Both sense (blue) and an-
tisense (red) normalized (RPM) reads were plotted. The numbers of TEs (Gypsy elements) and genes contained within bins of 100 kb are plotted on
histograms. Sldcl3, Sipol iv, and Sipol v sSRNA-seq data were obtained from previous reports (Kravchik et al., 2014a; Gouil and Baulcombe, 2016). The
24-nucleotide read content of one genomic region comprising between 19 and 26 Mb and corresponding to a repeat-rich region are shown below
(reads from both strands were collapsed and the values correspond to 5-kb bins).

(B) Average number of 24-nucleotide reads contained within the 106 repeat-rich and 68 repeat-poor regions defined in this study (Supplemental Data
Set 3). The numbers of reads were normalized to the total number of mapped reads. Error bars indicate sb (n = 2 biological repeats). Asterisks indicate
significant differences (Mann-Whitney U-test, P < 0.01).

(C) MA plots for 24-nucleotide siRNA clusters. Each dot represents a siRNA cluster that was identified as significantly differentially expressed at a
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Figure 7. siRNA Content in Repeat-Rich and Repeat-Poor Regions of the Siddm1a Slddm1b Mutant and the Wild Type.

Box plots showing average numbers of 21- to 24-nucleotide reads contained within repeat-rich and repeat-poor regions (n) having a significant number
of reads (DESeq2 cutoff of 0.01). The numbers of reads were normalized to the total number of mapped reads. Asterisks indicate significant differences

and NS indicates nonsignificant differences (Mann-Whitney U-test, P < 0.01).

the TEs annotated could potentially be both reactivated tran-
scriptionally and detected by our RNA-seq analysis. Although
their exact number was difficult to establish, we hypothesized
that longer elements (>2 kb) were the most conserved, contain-
ing functional internal genes that could be transcribed. We found
that 6.6% of the Gypsy elements longer than 2 kb and 9.4% for
the Copia were derepressed in Siddm1ia Slddm1b. From these
data, we conclude that the fraction of TEs transcriptionally reac-
tivated in the first generation upon loss-of-SIDDM1 function was
restricted. The reactivation of additional TEs in Slddm1 might
take more generations, or alternatively, the RADM pathway of
tomato might be particularly efficient to rapidly resilence TEs
localized in the heterochromatin.

DISCUSSION

In this study, we used the CRISPR/Cas9 technology to gen-
erate loss-of-function Slddm1 alleles and used them to in-
vestigate SIDDM1 functions in tomato, a model crop with a
complex genome rich in TEs. We isolated single Siddm1a and
Slddm1b mutants, as well as the corresponding Slddm1a
Slddm1b mutant plants that show severe developmental de-
fects. In plants deficient for SIDDM1, heterochromatic TEs
are depleted of mCGs and mCHGs that normally silence
them. We also found that some euchromatic TEs have lost
DNA methylation, but in the CHH context. Similarly, the produc-
tion of siRNAs, including 24-nucleotide siRNAs, is enhanced
in heterochromatin.

The ddm1 alleles can be propagated in the homozygous state
for several generations in Arabidopsis, but not in other plant spe-
cies. In maize, two DDM1 orthologs were identified. The corre-
sponding single mutants are viable, but the double mutant could
not be recovered despite the screening of a substantial amount
of offspring (Li et al., 2014). Rice also contains two DDM1 genes
and the double mutant exhibits severe developmental abnormal-
ities and sterility (Tan et al., 2016). In tomato, we report that the
vegetative and reproductive development of Siddm1a Slddm1b
is drastically altered (Figure 2) and that the plants are completely
sterile. Although Arabidopsis seems to be particularly tolerant to
genome-wide modifications of methylation patterns, other plant
species including crops are much more sensitive. One expla-
nation could be that the number of TEs remobilized in a ddm1
background remains limited in Arabidopsis in contrast to these
sensitive species. In addition, the chromatin is structured and
organized very differently in plants enriched in TEs. For instance,
the genome of rice is partitioned in thousands of topologically
associated domains that greatly differ from the chromatin packing
patterns of Arabidopsis (Liu et al., 2017).

DDM1 is essential for global maintenance of DNA methylation;
consequently, the corresponding tomato mutants are extensively
hypomethylated, in particular in heterochromatic regions, as
observed in Arabidopsis (Vongs et al., 1993; Kakutani et al., 1995,
1996; Lippman et al., 2004; Zemach et al., 2013) and rice (Tan
et al., 2016). We also reveal that the Siddm1a Slddm1b mutant
is drastically hypomethylated in both the CG and CHG contexts
(Figures 3A and 3B) in regions corresponding to heterochromatic

Figure 6. (continued).

1% FDR using the DESeq2 R package. The clusters differentially expressed by 2-fold [log,FC(Slddm1a Slddm1b/WT) > 2 or < 2] are in red and their
numbers are indicated within each panel. Above the center horizontal line are 24-nucleotide clusters that are more expressed in Siddm7a Slddm1b

compared with the wild type and below are the ones that are less expressed.

(D) Patterns of CHH methylation and 24-nucleotide siRNAs for regions surrounding the transcription start and stop of genes in the wild type and
Slddm1a Slddm1b. The average mCHH levels and normalized 24-nucleotide siRNA contents were determined by dividing the corresponding regions,
into 100 bp bins. Regions located 1 kb upstream and 1 kb downstream of the gene bodies and TEs are shown. TE-Genes (see Methods) were removed
to perform the analysis. The results correspond to the mean values obtained for the two biological repeats.
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Figure 8. Methylation Patterns and Gene Expression Are Correlated in
Slddm1a Slddm1b.

(A) Number of genes that are significantly (FDR < 0.01) downregulated
[log2FC(SIddm1a Slddm1b/WT) < —1.5] or upregulated [log2FC(Slddm1a
Slddm1b/WT) > 1.5] and overlapping a DMR in either one of the three
contexts (CG, CHG, and CHH) are indicated. For the upregulated genes
corresponding to CG or CHG hypoDMRs, the proportion of DMRs over-
lapping genes (CDS) or both genes and TEs (CDS+TE) is shown.

(B) Overlap between hypoDMR localized within the CDS of upregulated
genes.

(C) Localization of derepressed TEs. RP, repeat-poor regions; INT, re-
gions containing an intermediate number of repeats; RR, repeat-rich
regions.

TEs (Figure 4). Additionally, our results show that hypoDMRs are
already detectable in both Slddm7a and Slddm1b single mu-
tants (Figure 4A), indicating that the absence of one of the two
DDM1 proteins is not fully compensated for by the other one.
Nevertheless, the two single mutants and the wild type develop
similarly (Figure 1D), at least in the first generations. Future work
will help to determine whether the heterochromatic hypomethyl-
ation observed in the single mutants is stable over generations,
whether TEs are derepressed in these backgrounds, and finally
if the two tomato DDM1 proteins have specific functions.

In Arabidopsis, the methylomes of first-generation homozy-
gous ddm1 plants diverge from those of the progenies obtained
after eight rounds of self-propagation (lto et al., 2015). Whereas
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the CG methylation continuously decreases over generations,
genes tend to gain ectopic methylation at non-CG sites. A pos-
sible explanation is that factors normally targeting heterochro-
matin are released in a ddm1 background, inducing the spreading
of methylation into euchromatic regions in later generations.
We observe an ectopic gain of CG and CHG methylation in the
euchromatin of the Slddm1a Slddm1b mutant (Figure 4B; Sup-
plemental Figure 6) occurring by two different ways. First, some
regions that are not methylated in the wild type, or targeted by
siRNAs, are de novo methylated at both CGs and CHGs sites
in Slddm1a Slddm1b, by a mechanism independent of RdADM
and siRNA targeting (Supplemental Figure 6A; CG hyperDMR).
More data are needed to determine whether these regions carry
specific features that attract chromatin modifying factors or
methyltransferases. Second, the CHG and more slightly the
CHH methylations increase in regions that are already methyl-
ated and targeted by 23/24-nucleotide siRNAs in the wild type
(Supplemental Figure 6A; CHG hyperDMR). These euchromatic
regions are likely TEs remethylated by both CMT3 and CMT2
in Slddm1a Slddm1b, reinforcing their silencing (an example is
given in Supplemental Figure 6B). The CHG hypermethylation
changes, detected after multiple generations in Arabidopsis,
occur in only one generation for tomato, suggesting that dis-
rupting SIDDM1 activities has more immediate consequences.
However, we found very few genes deregulated in the Siddm1ia
Slddm1b mutant and associated with hypermethylated CG or
CHG-DMRs (Figure 8A) despite the presence of these hyper-
DMRs in numerous genes (Figure 4C). Thus, the euchromatic
CG and CHG methylation gained in one generation in tomato
does not significantly alter the transcription of the associated
genes. By contrast, we found that almost 50% of the upregu-
lated genes in Slddm1a Slddm1b are associated with regions
hypomethylated (Figure 8A) in both the CG and CHG contexts
(Figure 8B). The majority of these genes are overlapping TEs
(Figure 8A; CDS+TE) that are likely derepressed. Further studies
will be required to determine if TE activation within tomato genes
controls gene expression.

Two parallel pathways controlling the methylation at CHH
sites of TEs were discovered in Arabidopsis. The first pathway
involves CMT2, depends on DDM1, and targets the long TEs
predominantly found in the constitutive heterochromatin, like
the Gypsy elements (Zemach et al., 2013; Stroud et al., 2014).
Although CMT2 seems to be absent from maize (Zemach et al.,
2013), BLAST analyses reveal the presence of one homolog in
the genome of tomato (Gallusci et al., 2016). Direct evidence to
confirm the function of this gene is yet to be provided, but indi-
rect evidence exists, such as the methylation profiles of tomato
RdDM mutants (Gouil and Baulcombe, 2016). Indeed, the methy-
lation of CHH sites decreases in gene-enriched regions of both
Slpol iv and Sipol v crispr mutants, toward chromosome arms,
and remains unchanged in heterochromatin where mCHH most
likely depends on SICMT2 (Gouil and Baulcombe, 2016). Sec-
ond, the RADM (Matzke et al., 2015) is active at short TEs and
edges of long TEs (Zemach et al., 2013; Stroud et al., 2014), is
required to maintain the CHH methylation of TEs located within
genic regions, relies on Pol IV-dependent 24-nucleotide siRNAs,
and is independent of DDM1. In the Siddm1a Slddm1b mutant,
the CHH methylation decreases in certain TEs that are found
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Table 1. TEs Are Derepressed in the Siddm1a Slddm1b Mutant

Fraction = Mean No. of Unique-Mapping Strategy Multiple-Mapping Strategy
TE/Repeat No. of Covered Element Annotated
Type Family Bases Covered (%) Size (bp) TEs TE Down TE Up TE Down TE Up
Gypsy 247,495,673 46.2 1,394 177,553 40 (0.02%) 4,688 (2.6%) 2,186 (1.2%) 6,047 (3.4%)
Copia 75,592,636 14.1 1,175 64,329 33 (0.05%) 1,472 (2.3%) 333 (0.5%) 2,229 (3.5%)
Line 25,233,169 4.7 656 38,480 (0.02%) 401 (1%) 114 (0.3%) 1,074 (2.8%)
DNA 20,558,297 3.8 777 26,454 (0.06%) 1,162 (4.4%) 277 (1%) 1,744 (6.6%)
MITE 6,758,477 1.3 458 14,744 (0.03%) 73 (0.5%) 54 (0.4%) 223 (1.5%)
Others 159,808,192 29.8 918 215,083 53 (0.02%) 2,506 (1.1%) 624 (0.3%) 4,857 (2.3%)
Total 535,446,444 100 536,643 151 (0.03%) 10,302 (1.9%) 3,588 (0.7%) 16,174 (3%)

The number of bases covered genome wide, by a specific TE family, is indicated, as well as the corresponding proportions compared to all TEs. The av-
erage size and the numbers of TEs annotated with REPET (Flutre et al., 2011) are indicated. The results of the two mapping strategies used are shown
(see Methods). The number (and %) of TEs that were significantly (FDR< 0.01) downregulated [log,FC(ddm1/WT) < —1.5] in the Slddm1a Slddm1b
mutant, compared to the wild type, and upregulated [log,FC(ddm1/WT) > 1.5] are shown. “Others” corresponds to TEs that were predicted by REPET,
but not classified within the Gypsy, Copia, DNA elements, MITE, or Line families.

in euchromatic regions (Figures 4B, 4C, and 5; Supplemental
Figure 7) and the global content of 24-nucleotide siRNA also
decreases in these regions (Figure 6), indicating that the cor-
responding pathways are compromised in Slddmia Slddm1b
plants. At the same time, the situation is inverted for certain
other heterochromatic TEs of Siddm1a Slddm1b that gain CHH
methylation (Figures 4B, 4C, and 5) and become the targets of
24-nucleotide siRNAs (Figure 5). In addition, the heterochroma-
tin of Siddm1a Slddm1b is enriched in siRNAs (Figures 6 and 7),
indicating that their production is enhanced in regions densely
populated by TEs. Altogether, we propose that the homeostasis
of the pathways controlling the production of siRNAs and CHH
methylation driven by the RdDM is severely compromised in
Slddm1a Slddm1b, leading to their partial redistribution toward
heterochromatin. In euchromatin, this has different consequences
on long or short TEs that are independent or dependent of
RdDM, respectively, and both are differently affected by the lack
of DDM1 enzymes. In Siddm1a Slddm1b, the canonical RdDM
targets short TEs, but much less efficiently compared with the
wild type. Long TEs of euchromatin are severely hypomethylated
in all contexts in the mutant, implying that SIDDM1 controls their
silencing. Few TEs that were targeted by RdADM become targeted
by other pathways, likely involving CMTs. In addition, we ob-
served that the distribution of 24-nucleotide siRNAs and mCHH
correlates near genes, reaching a peak at ~500 bp upstream
of the transcription start site, that decreases in the Slddm1ia
Slddm1b mutant (Figure 6D). Thus, RdADM seems to be particu-
larly active at gene boundaries of wild-type tomato and disrupt-
ing the SIDDM1 genes strongly impairs this control. Whether
some of these regions are similar to CHH islands found in maize
(Gent et al., 2013; Li et al., 2015a) remains to be determined.

In tomato, the production of 24-nucleotide siRNAs that de-
pends on both SIPol IV (Gouil and Baulcombe, 2016) and SIDCL3
(Kravchik et al., 2014a) is restricted to gene-enriched regions
(Figures 6A and 6B) and follows the pattern previously reported
for all categories of small RNAs (Tomato Genome Consortium,
2012). Likewise, a very similar distribution was observed in
other Solanaceae such as pepper (Capsicum) (Qin et al., 2014)
or potato (Tomato Genome Consortium, 2012). By contrast, Pol

IV-dependent siRNAs of Arabidopsis are produced throughout
the whole genome, including pericentromeres (Zhang et al., 2007;
Mosher et al., 2008; Law et al., 2013; Liu et al., 2014). Therefore,
contrary to Arabidopsis, SIPol IV is not efficiently transcribing the
heterochromatic regions of tomato, or alternatively, Pol IV tran-
scripts derived from heterochromatin are not efficiently processed,
leading to the restriction of Pol IV-siRNA production to chromo-
some arms. Interestingly, we found that 23/24-nucleotide siRNA
production, and therefore the Pol IV activity, can be greatly en-
hanced in the pericentromeric regions of the Siddm1a Slddm1b
mutant, making tomato plants, and this particular mutant, sin-
gular model systems in which to study Pol IV recruitment target
sites. We observed a similar increase for 21/22-nucleotide
siRNAs (Figure 7; Supplemental Figure 10), that are likely pro-
duced by the RDR6-RdDM pathway following the transcriptional
reactivation of TEs (McCue et al., 2012, 2015; Nuthikattu et al.,
2013). Future studies will determine whether tomato miRNAs
control the production of epigenetically activated siRNAs like
in Arabidopsis (Creasey et al., 2014; Borges et al., 2018). Altogether,
this indicates that the heterochromatic regions of wild-type to-
mato are probably much less accessible than those of Arabidop-
sis to enzymes involved in the production of small RNAs.

We provide further evidence that DDM1 genes are essential
in plants by using the CRISPR/Cas9 technology to obtain the
corresponding tomato mutants. In plants deficient for DDM1,
heterochromatic TEs are depleted of the mCGs and mCHGs
that normally keep them inactive. By contrast, some of them
gain CHH methylation, by a counterbalancing mechanism that
probably limits the number of reactivated TEs. The small RNAs,
including the 24-nucleotide siRNAs, and the methylated CHH
sites, are both partially redistributed from euchromatic regions
toward heterochromatic regions in Sliddm1a Slddm1b, suggest-
ing that both pathways that are under a tight homeostatic control
are compromised in the mutant. Additionally, this also strongly
suggests that the global production of siRNAs is restricted to
chromosome arms in the wild type because the compacted
heterochromatin is inaccessible to the enzymes responsible for
their synthesis.
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METHODS
Plant Material and Growth Conditions

Tomato (Solanum lycopersicum) cv M82 plants were grown in a green-
house, with temperatures ranging from 15 to 30°C, in 4-liter pots filled
with tuff-peat mix with nutrients. For in vitro culture, seeds were surface-
sterilized by 3 min treatment with 70% ethanol, followed by 20 min with
2% hypochlorite solution containing 0.1% Tween. After a thorough rinse
with sterile distilled water, seeds were sown on sterile solidified medium
based on MS (Murashige and Skoog) medium including vitamins (Duchefa),
with pH adjusted to 5.7 using KOH. Plant agar (Duchefa) was added to
a final concentration of 0.8%. Germinated seedlings were grown in a
growth chamber at 22°C under a 16/8-h light/dark regime (photosynthetic
photon flux density: 50-70 umol m-2 s-'; six Osram basic T8 cool daylight
lamps model L18w/765).

Generation of ddm1 Tomato Mutants Using the
CRISPR/Cas9 Technology

To knockout the SIDDM1a and SIDDM1b genes by CRISPR/Cas9, sgRNAs
containing 20-bp target sequences specific to the 5’ coding region of the
corresponding genes followed by the NGG protospacer adjacent motif
were designed. To facilitate mutation detection, target sequences were
designed to include a restriction enzyme site (Pmll for SIDDM1a and
MIuClforSIDDM1b)overlappingthe predicted cutsite ofthe Cas9nuclease.
Then, corresponding sgRNAs were amplified using specific primers
(Supplemental Table 3), digested and cloned into the pRCS binary vector
Sall-Hindlll sites under the control of the synthetic Arabidopsis thaliana
U6 promoter (Waibel and Filipowicz, 1990) alongside the plant codon-
optimized version of Cas9 (Li et al., 2013) expressed under the constitutive
CaMV 35S promoter.

The binary constructs pRCS:Cas9-sgRNA-SIDDM1a and pRCS:
Cas9-sgRNA-SIDDM1b were transformed into tomato by cocultivation
of cotyledons derived from 14-d-old seedlings using Agrobacterium
tumefaciens-mediated transformation (strain GV3101) followed by regen-
eration on selective kanamycin-containing media as described previously
(Kravchik et al., 2014b). Further validation was performed by PCR of
genomic DNA with the primer pair Cas9-Fwd and Cas9-Rev to detect
the 35S:Cas9 transgene.

To identify mutant plants, genomic DNA was extracted (Phire; Thermo)
from each transgenic TO plant and used for PCR with specific primers
flanking the sgRNA target sequences (primer sequences are given in
Supplemental Table 3). The resulting amplicons were resolved by aga-
rose gel electrophoresis to detect large indels or digested with Pmll for
SIDDM1a and MIuCl for SIDDM1b and resolved by agarose gel electro-
phoresis to detect loss of the corresponding restriction enzyme sites.
Then, the progeny of positive TO plants were screened as above to detect
Mendelian segregation of the mutation to confirm its heritability and the
absence of the 35S:Cas9 transgene. The amplicons from identified non-
transgenic Slddm1 homozygous mutants were sequenced to determine
the nature of the mutation.

Pollen Viability and Germination Assay

Freshly harvested anthers from 16 anthesis flowers were sliced and in-
cubated for 3 h in germination medium [10% sucrose, 100 mg/L H,BO,,
300 mg/L CA(NOQ,),, 200 mg/L MgSO,, and 100 mg/L KNO,] at room tem-
perature, followed by 1 h incubation in Alexander dye (Alexander, 1969).
Pollen grains were counted from 18 arbitrarily selected microscopic
fields; they were considered viable when active cytoplasm was evident
and considered germinated if the tube length was equal or greater than
the grain diameter.
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Whole-Genome Bisulfite Sequencing and DMR Analyses

Both Sipol iv and Sipol v BS-seq (Gouil and Baulcombe, 2016) are
available from the SRA database (accession number SRP081115). For
Slddm1 mutants, genomic DNA was extracted using Genomic DNA ex-
traction kit (Macherey-Nagel) from wild-type (cv M82), Slddm1a mutant
(crispr-Slddm1a-5), Slddm1b mutant (crispr-Slddm1b-16), and Slddm1a
Slddm1b mutant leaves (leaves 3 and 4). For the wild type and the
Slddm1a and the Slddm1b single mutants, we combined the DNAs from
20 plants for each genotype. The DNAs of 12 plants were combined
for Siddm1a Slddm1b. We did two biological replicates per genotype.
To sequence the methylomes of Slddm1 mutants, bisulfite treatments,
library preparations, and whole-genome sequencings (depth of +19x
final; Supplemental Table 1) were performed at BGI (China) using HiSeq
technology (lllumina), producing 150-bp paired-end reads (Supplemental
Table 1). Reads were trimmed and cleaned (short reads <20 bp removed;
paired-end validation) with Trim Galore! version 0.4.2 (Babraham Bioin-
formatics) and Cutadapt version 1.8.3 (Martin, 2011). Clean reads were
aligned to the wild-type reference genomes (version SL2.50; Tomato
Genome Consortium, 2012) with Bismark version 0.14.5 (Krueger and
Andrews, 2011) and standard options (Bowtie2; 1 nonbisulfite mismatch
allowed per read). Reads that were not matching at unique locations were
discarded. Identical pairs were collapsed using the script provided with
Bismark. Subsequent analyses were done using the following R (version
3.3.3) packages: bsseq version 1.10 (Hansen et al., 2012) and DSS (dis-
persion shrinkage for sequencing data) version 2.14 (Wu et al., 2015)
to call DMRs based on a Wald test procedure and accounting for both
biological variations among replicates and sequencing depths. First, dif-
ferential methylation statistical tests were performed at each C locus by
calling the DSS DMLtest function with the parameter smoothing = TRUE.
Then, differentially methylated loci were retained when the difference in
mean methylation levels was >0.1 for CGs or CHGs and >0.07 for CHH
with a posterior probability > 0.9999. DMRs were identified by using the
DSS callDMR function with standard parameters (DMR length > 50 bp,
number of differentially methylated loci > 3, more than 50% of C sites
with P value <0.0001). DMRs closer than 50 bp were merged into longer
ones. To define hypo- or hyperDMRs, we applied an additional cutoff to
keep DMRs with at least a 10% change in methylation ratio for CHHSs,
20% for CHGs, and 30% for CGs. We used the MethylIKit software (Akalin
et al., 2012) to monitor the levels of methylation per cytosine. To deter-
mine the bisulfite conversion rates, reads were aligned to the tomato
chloroplast sequence (NCBI reference sequence NC_007898.3) with Bis-
mark (Krueger and Andrews, 2011). Whole-genome bisulfite sequencing
statistics are provided in Supplemental Table 1.

Annotation of TEs

Transposable elements were annotated with REPET (Flutre et al., 2011),
and the repeat-rich, intermediate, and poor regions were defined as pre-
viously described (Jouffroy et al., 2016), using the SL2.50 version of the
tomato genome assembly (Tomato Genome Consortium, 2012). The gff
file is available on the Sol Genomics Network. Putative TE genes (2246)
for which over half of the CDS (coding sequence) fraction is covered by
high confidence TEs were annotated previously (Jouffroy et al., 2016).

Analysis of Expression by RNA-Seq

Libraries preparation were done using the INCPM-RNA-seq. Briefly,
poly(A) fraction (MRNA) was purified from 500 ng of total RNA extracted
from leaves, following by fragmentation and generation of Slddm1a
Slddm1b stranded cDNAs. Then, end repair, A base addition, adapter
ligation, and PCR ampilification steps were performed. Libraries were
evaluated by Qubit and TapeStation. Sequencing libraries were con-
structed with barcodes to allow multiplexing of the samples in one
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lane. On average, 27 million single-end 60-bp reads were sequenced
per sample on lllumina HiSeq 2500 V4 instrument. Raw reads were
filtered and cleaned using Trimmomatic (Bolger et al., 2014) to remove
adapters and the FASTX-Toolkit version 0.0.13.2 for (1) trimming read-
end nucleotides with quality scores <30 using fastq_quality_trimmer and
(2) removing reads with <70% base pairs with quality score <30 using
fastq_quality_filter. Reads were mapped with bowtie2 (Langmead and
Salzberg, 2012) against the tomato coding sequences (SL2.5 release)
with the parameters: --no-mixed --no-discordant --gbar 1000 --end-to-
end -k 20. The transcript quantification was performed using the
Expectation-Maximization method (RSEM) (Li and Dewey, 2011) based
on the script align_and_estimate_abundance.pl from Trinity software
(Haas et al., 2013; https://github.com/trinityrnaseg/trinityrnaseq/wiki).
Genes were annotated using the annotation provided by the International
Tomato Annotation Group (ITAG, release 2.40).

To quantitate the expression of TEs, we used both a unique and a
multiple mapping strategy. TopHat2 (Kim et al., 2013) was used to map
the clean reads onto the tomato genome reference (SL2.5 release) with
the option -g 1 for unique mapping and -g 200 that allows for up to 200
reported alignments with the best alignment score, for multiple mapping.
The Bedtools version 2.25 multicov program including the -D option (that
includes duplicate reads) was used for calculation count table for each
TE elements based on the annotations generated by REPET (Flutre et al.,
2011). Differential expression analyses were done with DESeq2 version
1.16.1 (Love et al., 2014) in the R environment. To define transcripts dif-
ferentially expressed, we used a significance cutoff of 0.01 and a 1.5-fold
change relative to the wild type. RNA-seq statistics are listed in Supple-
mental Table 2.

Small RNA Analysis

35S:amiR-SIDCL3 (Kravchik et al., 2014a), Slpol iv, and Sipol v (Gouil
and Baulcombe, 2016) sRNA-seq data are available from the SRA data-
base (accession SRP032929 for 35S:amiR-SIDCL3 and SRP081115 for
both Sipol iv and Sipol v). All mutants are in the same tomato genetic
background (cv M82) as the Slddm1 mutants described in this study. In
addition, small RNAs were all extracted from leaf samples.

Slddm1 sRNA-seq libraries were prepared from two biological repli-
cates per genotype, using the same RNA as those used for the RNA-seq.
Sequences were trimmed and filtered with Trim Galore!, and small RNA
reads were mapped to the tomato genome (SL2.50 release) using Short-
Stack version 3.8.3 (Johnson et al., 2016) with the option --mmap f
(placement guided by all mapped reads). To define siRNA clusters, we
used ShortStack (distance minimum between alignments, 75 bp; mini-
mum coverage per cluster, 0.5 rpm) with the option --mmap n (placement
guided by uniquely mapping reads) to map the reads of 20 to 24 nucle-
otides corresponding to sSRNA-seq data merged from all biological repli-
cates (two Slddm1a Slddm1b mutants and two wild type). siRNA counts
were normalized to the total number of mapped reads and analyzed with
DESeq?2 version 1.16.1 (Love et al., 2014). To define clusters differentially
expressed, we used a significance cutoff of 0.01 and a 2-fold change
relative to the wild type.

Accession Numbers

RNA-seq, BS-seq, and sRNA-seq data are available from the ENA da-
tabase under the accession number PRJEB23761. 35S:amiR-SIDCLS3,
Sipol iv, and Slpol v sSRNA-seq data are available from the SRA database
(accession number SRP032929 for 35S:amiR-SIDCL3 and SRP081115
for both Sipol iv and Sipol v). Sequence data from this article can be found
in the Sol Genomics Network (https://solgenomics.net/) under the follow-
ing accession numbers: Solyc029g062780, SIDDM1a; Solyc02g085390,

SIDDM1b; Solyc08g080210, S/Pol 1V; and Solyc01g096390, S/Pol V. The
TE ¢ff file is available on the Sol Genomics Network.
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