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Introduction

Viroids are fascinating biological entities characterized by their
extremely simple genomes, short (between 200 and 400-nt) circular
noncoding RNAs, that are only pathogenic to plants (Flores
et al., 2005; Navarro ez al., 2021). Classified as sub-viral pathogens,
viroids can be subdivided into two families according to their abil-
ity to replicate in the nucleus (Pospiviroidae) or the chloroplast
(Avsunviroidae) (Di Serio et al., 2018, 2021). Due to their remark-
ably simple genomic organization, viroids must interact with the
molecular machinery of the plant cell to fulfill every aspect of their
life cycle. As a consequence of this extremely close interaction with
their host, viroids induce developmental defects that are identified
as symptomatology and are very similar to symptoms caused by
viruses (Flores ez al., 2005; Navarro er al,, 2021). In general, symp-
tom expression is the manifestation of the alteration in the develop-
ment/defense tradeoff, which, when disturbed, is detrimental to
plant growth (Huot er al, 2014). Due to the importance of

Summary

e Viroids are pathogenic noncoding RNAs that completely rely on their host molecular
machinery to accomplish their life cycle. Several interactions between viroids and their host
molecular machinery have been identified, including interference with epigenetic mechanisms
such as DNA methylation. Despite this, whether viroids influence changes in other epigenetic
marks such as histone modifications remained unknown. Epigenetic regulation is particularly
important during pathogenesis processes because it might be a key regulator of the dynamism
of the defense response.

¢ Here we have analyzed the changes taking place in Cucumis sativus (cucumber) facultative
and constitutive heterochromatin during hop stunt viroid (HSVd) infection using chromatin
immunoprecipitation (ChIP) of the two main heterochromatic marks: H3K9me2 and
H3K27me3.

e We find that HSVd infection is associated with changes in both H3K27me3 and H3K9me2,
with a tendency to decrease the levels of repressive epigenetic marks through infection pro-
gression. These epigenetic changes are connected to the transcriptional regulation of their
expected targets, genes, and transposable elements. Indeed, several genes related to the
defense response are targets of both epigenetic marks.

e Our results highlight another host regulatory mechanism affected by viroid infection, pro-
viding further information about the complexity of the multiple layers of interactions between
pathogens/viroids and hosts/plants.

maintaining such balance, the defense response is controlled by
multdple overlapping mechanisms. Several pieces of evidence indi-
cate that epigenetic pathways are one of the key regulators of
stress-associated  transcriptional  reprogramming (Lamke &
Baurle, 2017; Annacondia ez 4/, 2018; Ueda & Seki, 2020). The
dynamic nature of the changes introduced by these mechanisms
and their known role in the interpretation of environmental and
developmental cues in the cellular program makes them good can-
didates as master regulators of the response to stress (Lamke &
Baurle, 2017; Annacondia ez a/., 2018; Ueda & Seki, 2020). Epige-
netic mechanisms comprise both DNA methylation and histone
modifications, both of which play a role in the orchestration of
genome stability and transcriptional programs (Law & Jacob-
sen, 2010).

DNA methylation is the best-understood epigenetic mark. It is
mediated by the covalent modification of the residue cytosine (C)
of the genomic DNA with the addition of a methyl group (Law
& Jacobsen, 2010). DNA methylation actively targets transposa-
ble elements (TEs, where it accumulates in three sequence con-
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C), being also able to target genes similarly to TEs (accumulating
in three sequence contexts) or exclusively marking the gene body
(accumulating only in the CG context) (Tran et al, 2005; Law &
Jacobsen, 2010). This targeting induces the silencing of both TEs
and genes (Muyle ¢z 4/, 2022). In addition to DNA methylation,
plants have another conserved epigenetic mechanism consisting
of posttranslational modifications of the histone tails that are part
of the nucleosome (Malik & Henikoff, 2003). These modifica-
tions define the interactions between neighboring nucleosomes,
leading to the formation of two different levels of chromatin
compaction: euchromatin and heterochromatin, that contain
loosely or highly compacted nucleosomes, the latest being recalci-
trant to RNA polymerase II-mediated transcription (Becker
et al., 2017). Heterochromatin can be further divided into two
different structural forms: facultative and constitutive, which are
dynamic or not to developmental/environmental signals (Becker
et al., 2017; Hu ez al., 2019). Interestingly, both forms of hetero-
chromatin have different genomic targets and deposition machin-
ery.

Facultative heterochromatin is marked by the trimethylation
of the lysine 27 of histone 3 (H3K27me3), which is located in
gene-rich genomic regions within the arms of the chromosomes
(Liu ez al, 2010; Feng & Michaels, 2015). H3K27me3 is con-
trolled by the protein complexes Polycomb repressive complex 1
and 2 (PRC1 and PRC2) and marks the promoters and transcrip-
tional start sites of specific genes (Ng er al, 2007; Zhang
et al., 2007; Schuettengruber ez al., 2011; Mozgova et al., 2015).
Recent pieces of evidence indicate that, additionally, H3K27me3
controls the formation of repressive chromatin hubs (Huang
et al., 2021). H3K27me3 is a key regulatory epigenetic mark that
controls a myriad of developmental events including flowering
time, circadian clock, sensing of temperature, and gene imprint-
ing (He er al, 2012; Gan er al, 2015; Moreno-Romero
et al., 2019; Batista & Kohler, 2020; Cheng et al., 2020; Shen
et al., 2021; Kim et al, 2023). On the other hand, constitutive
heterochromatin is marked by several histone marks, including
H3K27mel, H3K9mel, and H3K9me2 (Lippman ez al., 2004).
This type of heterochromatin is enriched in centromeric and
pericentromeric regions where it targets TEs and other repetitive
sequences. H3K9 methylation is mediated by members of the
SUVR dass (SU(VAR)3-9 homologs (SUVH) and SU(VAR)3—
9 related proteins) (Lippman ez al, 2004). In plants, H3K9
methylation is mechanistically connected to DNA methylation,
via the ability of SUVH members to recognize non-CG methyla-
tion (Ng ez al., 2007; Liu et al., 2010; Feng & Michaels, 2015),
which creates a feedback loop with the methyltransferase
CMT3, which can recognize H3K9 methylation (Matzke &
Mosher, 2014). Alternatively, H3K9 methylation can also be
established without a premethylated DNA state Xu &
Jiang, 2020).

Both epigenetic mechanisms (DNA methylation and histone
marks) have been identified as active players in the response against
stress in both genetic (Agorio & Vera, 2007; Lopez ez al., 2011; Yu
et al., 2013) and genome-wide (Dowen ez al., 2012; Annacondia
et al., 2021, 2023; Dvorak Tomastikova et /., 2021) studies. Parti-
cularly, DNA methylation is a dynamic stress-responsive epigenetic
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mark under both biotic and abiotic stresses (Pavet et al, 20006;
Boyko ez al., 2007; Raja et al., 2008; Dowen et al., 2012; Gohlke
et al., 2013; Yu et al., 2013; Le et al, 2014; Martinez et al., 2014;
Castellano et al, 2015, 2016a; Doucet et al, 2016; Hewezi
et al., 2017; Wang ez al., 2018) that can even be transmitted trans-
generationally (Wibowo ez al., 2016; Stassen ez al.,, 2018). Histone
marks also play a role in the regulation of stress-associated tran-
scriptional reprogramming (Zhou er al, 2005; Wu et al., 2008;
Pecinka et al, 2010; Zheng et al, 2012; Choi et al, 2012;
Ramirez-Prado ez al, 2018; Annacondia er al, 2021; Wang
et al.,, 2021). Different histone marks have been associated with the
regulation of the defense response, including both transcription
activating marks such as histone acetylation, histone ubiquitination,
H3K4 methylation, H3K36me3, and the histone variant H2A.Z
(Zhou er al., 2005; Alvarez-Venegas ¢t al., 2007; March-Diaz
et al, 2008; Wu et al, 2008; Dhawan er al, 2009;
Berr ez al., 2010; Palma ez al., 2010; Jaskiewicz ez al., 2011; Lopez
et al., 2011; Coleman-Derr & Zilberman, 2012; Chot ez al., 2012;
Singh et al, 2014; Berriri et al, 2016; Lee et al, 2016; Wang
et al., 2017; Li et al., 2020; Sheikh ef al,, 2023), and transcription
repressive  marks such as H3K9me2 and H3K27me3 (Li
et al, 2013; Dutta et al, 2017; Chan & Zimmerli, 2019;
He, 2019; Ramirez-Prado et al, 2019; Zeng et al., 2019; Cam-
biagno ez al., 2021; Dvorak Tomastikova ez 4/, 2021; Annacondia
et al., 2023). In addition, other factors involved in the stability of
the chromatin, such as chromatin remodelers and the linker histone
H1 have been connected to the activation of immunity (Yi
et al., 2004; Lee er al., 2023; Sheikh ez al., 2023). Despite this evi-
dence, the genome-wide dynamism and genomic targets of histone
marks have not been studied in detail undl recently (Zeng
et al, 2019; Dvorak Tomastikova et al, 2021; Annacondia
et al., 2023).

Nuclear viroid infection has been reported to induce both the
hypomethylation of ribosomal repeats and TEs in several species
(Martinez et al, 2014; Castellano et al, 2015, 2016a;
Marquez-Molins ez al., 2023), and the hypermethylation of host
genes (Lv er al, 2016; Marquez-Molins ez al, 2023) and
co-infective DNA viruses (Torchetti ez 2., 2016). Whether these
changes are connected to histone marks is completely unex-
plored. Interestingly, viroids can interfere with Histone Deacety-
lase 6 (HDAG) suggesting a potential effect over the histone mark
homeostasis (Castellano ez al, 2016b). Despite this evidence,
there is a substantial lack of genome-wide studies identifying
both the targets and extent of epigenetic changes (especially his-
tone marks) associated with viroid pathogenesis. Here, to under-
stand the dynamism of repressive histone marks during viroid
infection, we studied the genome-wide presence of the repressive
histone marks H3K9me2 and H3K27me3 and their correlation
with both DNA methylation and transcription in response to
hop stunt viroid (HSVd) infection in cucumber, at two different
time points. We found that HSVd leads to a reorganization of
H3K9me2 and H3K27me3 characterized by a decrease in the
presence of both marks over repeats and different patterns of
dynamism over genes. Importantly, H3K27me3 is globally
correlated with  transcriptional changes, including several
stress-responsive genes that might be important to respond to
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viroid infection. In summary, our data offers a novel perspective
on viroid-host interactions and the interplay between hetero-
chromatin dynamism and the response to adverse environmental
conditions in plants.

Materials and Methods

Plant material and HSVd infection

Cucumis sativus L. (variety Marketer) were sown into potting soil
(P-Jord, Hasselfors Garden, Orebro, Sweden) into plastic pots
(9 x 9 x 7 cm) with one plant per pot at a temperature of
30°C and 60% relative humidity. Plants were grown under a
16 h : 8 h, light : dark photoperiod. The light was provided by
FQ, 80 W, Hoconstant lumix (Osram, Munich, Germany) with
a light intensity of 220 pmol photons m ™ s~ '. HSVd infection
was performed at the two-cotyledon stage. Seedlings were agroin-
filtrated with an infectious HSVd clone or an empty vector
(mock plants) (Marquez-Molins ez al., 2019). Samples were col-
lected at 10 and 27 d postinfection (dpi).

Chromatin immunoprecipitation (ChIP) sequencing libraries
preparation and sequence analysis

First, 500 mg of systemic leaves were chemically cross-linked
using 1% formaldehyde. Then, nuclei were isolated from
cross-linked material following a standard nuclei isolation proto-
col based on sucrose gradients as previously described by
(Moreno-Romero ¢t al., 2016). The resuspended nuclei pellets
were sonicated for 9 cycles of 20 s on and 45 s off at 4°C and
high power to obtain the chromatin. Afterward, the immunopre-
cipitation (IP) was performed following a standard IP protocol
and using the following antibodies: H3 (Reference: 07-690;
Merck KGaA, Darmstadt, Germany), H3K9me2 (Reference:
pAb-060-050; Diagenode, Seraing, Belgium), and H3K27me3
(Reference: 07-449; Merck KGaA). The resulting immunocom-
plexes were purified with the GeneJET PCR Purification Kit
(Thermo Fisher, Bremen, Germany), following the manufac-
turer’s instructions. Finally, DNA libraries were prepared using
the NEBNext® Ultra™ II DNA Library Prep Kit for Illumina®
(New England Biolabs, Frankfurt am Main, Germany) and each
library was barcoded using the NEBNext™ Multiplex Oligos for
lumina® kit (New England Biolabs).

ChIP libraries of two bioreplicates per condition were obtained
from the immunoprecipitated DNA and sequenced as paired-end
150 bp fragments in an Illumina Novaseq 6000 at Novogene
(Beijing, China). The obtained raw reads were trimmed using
TRIMGALORE 0.6.1 to remove the adapter sequences and 10 bases
from 5’ ends. For genome-wide distribution analysis sequences
were aligned to the Cucumis sativus ‘Chinese long’ v.3 genome (Li
et al., 2019) using BOWTIE2 with default parameters. BAM files
were filtered for unique reads using the parameter -q10 and repli-
cates were merged using SAMTOOLS (Li ez al, 2009). Genome cover-
age was calculated as the log, fold change of the ratio between the
coverage of H3K9me2 or H3K27me3 to the coverage of H3 using
DEEPTOOLS2 (Ramirez et al, 2016). For genome-wide profile
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images, the RPKM-normalized value of H3 was subtracted from
the RPKM value of either H3K9me2 or H3K27me3. Values for
specific regions and quantitative analysis were retrieved using
MAPBED from BEDTOOLS (Quinlan & Hall, 2010).

For peak identification, reads were aligned to the Cucumis sati-
vus ‘Chinese long’ v.3 genome (Yu ez al., 2023) using BOWTIE2,
with the options --no-mixed --no-discordant. BAM files were fil-
tered for unique reads and high-quality alignments using the
parameters -q 10 and -F 256 using samToOLS. Peak calling was
performed using SICER2 for each sample to its respective H3 con-
trol with the parameters window size 200, fragment size 150,
effective genome fraction 0.74, false discovery rate 0.01, false dis-
covery rate of 0.01, and a gap size of 600 bp. Peak location and
overlap were compared using the intersect tool from BEDTOOLS
with a minimum overlap of 1 bp. Only peaks shared between
the two replicates were considered true peaks for that specific
treatment. Shared peaks were compared between samples using
the intersect tool from bedtools to determine gain and loss peaks.
Sequencing results were validated from the sequencing library
cDNAs using quantitative PCR. The relative enrichment of each
mark (normalized to H3) was determined using the pAACe
method with the primers indicated in Supporting Information

Table S1.

Gene ontology (GO) term analysis

GO term analysis was performed using the GO annotation for
the Cucumis sativus ‘Chinese long’ v.3 (http://cucurbitgenomics.
org/organism/20) (Yu et al., 2023). GO categories were simpli-
fied to the GO Slim Classification for Plants.

DNA methylation and RNA sequencing reanalysis

DNA methylation values were obtained from the previous analy-
sis in Marquez-Molins ez a/. (2023). RNA sequencing libraries
from the same study (Marquez-Molins ez al., 2023) were filtered
to infer the expression level of repeats. In brief, the count reads
per repeat was obtained using HTSEQ-CouNTs with the following
parameters: --mode union --stranded no --minequal 0 and
--nonunique all. The obtained count tables were used in DESEQ2
(Love ez al, 2014) to infer significant expression with fit type set
to parametric. All these tools were used on the Galaxy platform
(Afgan ez al., 2018). Volcano plots were created using the R pack-
age oGrLoT2 (Hadley, 2016).

Immunolocalization

Immunostaining of Cucumis sativus nuclei was performed as pre-
viously described (Yelagandula er al, 2014). In brief, 10- and
27-d postinfection (mock and HSVd-infected) leaves were col-
lected and fixed in cold 4% paraformaldehyde in Tris—HCI buf-
fer (10 mM Tris pH 7.5, 10 mM EDTA and 100 mM NaCl)
for 20 min followed by two washes with ice-cold Tris—HCI buf-
fer twice for 10 min each. Nuclei were isolated by chopping
leaves in LBO1 buffer (15 mM Tris-HCI pH 7.5, 20 mM NaCl,
2 mM EDTA, 80 mM KCl, 0.5 mM spermine, 0.1% TritonX-
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100) and filtered through a 30-pum Cell Trics filter (Sysmex, Nor-
derstedt, Germany). The filtered nuclei were diluted 1 : 3 with
sorting buffer (100 mM Tris pH 7.5, 50 mM KCIl, 2 mM
MgCl, 2, 0.05% Tween 20, 5% sucrose), and spotted onto
microscopy slides to air-dry. The slides were postfixated with 4%
paraformaldehyde for 15 min at room temperature in PBS buffer
(10 mM sodium phosphate, pH 7.0, 143 mM NaCl), and
washed twice with PBS for 5 min each. Slides were blocked with
4% BSA for 30 min at 37°C in a moist box followed by primary
(and-H3K9m2, C15410060, Diagenode, 1 :500; anti-
H3K27me3, 07-449, Merck KGaA, 1 :500) and secondary
(Alexa Fluor 488 Goat anti-Rabbit IgG1 Secondary Antibody,
A21121, Invitrogen, 1 : 100) antibody incubation (all diluted in
1% BSA, 0.1% tween20, 1x PBS). After the antibody incuba-
tions, slides were mounted with 2 pg ml™" DAPI and analyzed
in a confocal microscope (Zeiss LSM780). Quantification of area
and intensity of the fluorescent signal was performed using IMaA-
GEJ (Schneider ez al., 2012).

Results

Overview of Cucumis sativus heterochromatin

Previous studies have shown that alterations in DNA methyla-
tion patterns are dynamic under HSVd infection and are an
important component of the reprogramming of the defense
response against this sub-viral pathogen (Martinez er al., 2014;
Castellano er al., 2015, 2016a; Marquez-Molins ez al., 2023).
The involvement of other epigenetic mechanisms such as his-
tone marks that could respond to viroid infection could be
inferred from their direct interaction with HDAG (Castellano
et al, 2016b) but their overall genome-wide changes are not
understood. Heterochromatin, composed of facultative and
constitutive regions, is an important genomic structure control-
ling the stability of the genome and the expression of genes.
To understand the dynamism and genome-wide changes taking
place in heterochromatin under viroid infection, we performed
ChIP-sequencing for the two best-studied heterochromatic his-
tone modifications H3K27me3 and H3K9me2 in cucumber
plants infected with HSVd at two different time points: 10 d
postinfection (dpi, onset of infection) and 27 dpi (development
of symptoms) equivalent to the time
Marquez-Molins ez al. (2023) (Fig. S1).
Our ChIP offered a unique opportunity to study heterochro-

points used in

matin in cucumber, which was not yet described. In mock tissues,
the distribution of the two histone marks showed a similar pat-
tern to the one observed in other plants such as Arabidopsis thali-
ana (Roudier er al., 2011). H3K9me2 accumulated to a higher
level in centromeric regions enriched in repeats, while
H3K27me3 was enriched in the arms of the chromosomes where
the density of repeats is lower (Fig. 1a). As expected from this
pattern, genes are preferentially marked by H3K27me3 (Figs 1b,
S2A), while repeats are usually marked by H3K9me2 (Figs lc,
S2B). Targets of both marks included well-studied epigenetically
regulated examples such as an FLC homolog in cucumber

(CsaV3_3G016650) targeted by H3K27me3 and a long Gypsy
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TE targeted by H3K9me2 (Fig. S3). We further verified this dif-
ferent localization of both marks by employing immunolocaliza-
tion with specific antibodies (Fig. 1d). Our analysis confirmed
the preferential localization of H3K9me2 in heterochromatin
since its signal overlapped with DAPI-stained heterochromatic
chromocenters and the diffused distribution of H3K27me3
through the nucleus outside of chromocenters (Fig. 1d). The
enrichment of H3K9me2 among repeats was more obvious
among TEs, with members of the Gypsy, LINE, and Copia retro-
transposon superfamilies showing higher values of this repressive
mark compared to other DNA transposon superfamilies such as
hAT-AC, MuDR and En-SPM (Fig. le). Interestingly, we
observed a reduction of H3K9me2 at 27 d, which might be con-
nected to the senescence of the plants, as previously observed in
dark-induced senescent tissues of A. thaliana (Trejo-Arellano
et al., 2020). TEs that presented high values of H3K9me2 had
characteristics of heterochromatic entities, such as longer length
and closer distance to the centromere (Fig. S4A,B). As expected,
longer TEs tend to have higher values of H3K9me2 (Fig. S4C), a
characteristic that is not present for H3K27me3 and genes
(Fig. $4D).

Next, to understand their enrichment at specific locations in
the cucumber genome we analyzed the presence of histone peaks
(bioinformatically identified regions enriched for each of our stu-
died marks compared to our H3 control, see material and meth-
ods for the parameters used for defining peaks) for both marks at
the two time points studied. Identification of peaks for the two
marks showed that, on average, they occupied 10% of the
cucumber genome (Fig. 1f), similar to the inferred percentages
from the cytogenetic mapping (Sun ez al, 2013). As expected
from the different compartmentalization of the marks in genes
and repeats (Fig. 1b,c), peaks for the two marks showed little to
no ovetlap (Fig. 1g), indicating that they virtually mark two dif-
ferent genomic regions, as confirmed by our immunolocalization
analysis (Fig. 1d). A characteristic of plant DNA methylation is
that overall low DNA methylation levels increase at centromeric
and pericentromeric regions (Cokus ez al., 2008), where it targets
TEs and other repeats (Law & Jacobsen, 2010). Similar to most
plant species, there is a significant presence of DNA methylation
at H3K9me2 peaks that does not happen at H3K27me3 peaks,
suggesting that the RADM pathway might be directly involved in
the establishment of H3K9me2 in cucumber and that DNA
methylation repeals H3K27me3 (Fig. 1h). To further explore the
lack of correlation between DNA methylation and H3K27me3,
we analyzed the distribution of this mark over genes with differ-
ent levels of DNA methylation, classified as CG-methylated (CG
values > 10% and non-CG values < 10%), TE-like genes
(non-CG values > 10%), and unmethylated genes (< 10%
methylation in any context). As expected (Liu ez al, 2021),
unmethylated genes showed the highest enrichment on
H3K27me3, while CG-methylated genes showed a moderate,
but significant, increase on this mark compared to genes with
TE-like methylation (Fig. S4E). In summary, cucumber pre-
sented several conserved traits in its heterochromatin, including
the characteristic targeting of TEs by H3K9me2 and genes by
H3K27me3 observed in other plant species.
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Fig. 1 An overview of Cucumis sativus heterochromatin. (a) Circular plot showing the genome-wide levels of H3K27me3 (K27) and H3K9me2 (K9) in
mock samples at 10 and 27 dpi (10 d and 27 d). The outermost track indicates the location and length of the repeats present in the C. sativus genome. The
location of centromeres according to the cytogenetic analysis from Sun et al. (2013) is shown in blue. (b, c¢) Histone modification coverage profiles for
genes (b) and repeats (c) in mock samples at 10 and 27 dpi. Graphs represent a 2 kb window (lower units) from the transcriptional start site (TSS) and the
transcriptional end site (TES). Heatmaps of the values used for the profile graphs are also shown with the transcriptional start site indicated as ‘'S" and the
transcriptional end site indicated as ‘St'. (d) Representative images of H3K9me2 and H3K27me3 immunostained nuclei from cucumber leaves. DAPI-
stained chromocenters are shown as a reference of constitutive heterochromatin location. Merge of the GFP and DAPI channels is shown to indicate the
overlap of both signals. (e) Histone modification coverage profiles for different TE superfamilies in mock samples at 10 and 27 dpi. Only TEs longer than

2 kb were considered for the representation. Graphs represent a 0.2 kb window (lower units) from the transcriptional start site (TSS) and the
transcriptional end site (TES). (f) Percentage of the genome-wide coverage for the peaks identified for each of the histone marks analyzed. (g) Venn
diagram showing the overlapping between the peaks identified in mock tissues for each of the histone marks at 10 and 27 d (10 d and 27 d). (h) Values of
cytosine methylation percentage for each methylation context for peaks identified on each of the histone marks analyzed. K27 = H3K27me3;

K9 = H3K9me2. **** indicates a P-value smaller than 0.001. P-values were calculated through an unpaired t-test. Boxplots are Tukey's style (whiskers
extend to data points that are < 1.5x IQR away from the 1°/3" quartile).

First, regarding H3K9me2, at the genome-wide level, HSVd
infection did not induce dramatic changes in the distribution of
H3K9me2 at any of the two infection points (Fig. 2a). Indeed,

H3K9me2 and H3K27me3 are reorganized during the
progression of HSVd infection

To understand the dynamism experienced by both heterochromatic =~ H3K9me2 changes were only significant at later infection times,
marks during HSVd infection, we focused on exploring the changes ~ where it was gained at genes (Fig. 2b) and lost from repeats
occurring in infected tissues at the two time points under study. (Fig. 2¢). The striking difference in the presence of this mark at
© 2024 The Author(s). New Phytologist (2024) 243: 2351-2367
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Fig. 2 H3K9me2 dynamics under HSVd infection. (a) Circular plot showing the genome-wide levels of H3K9me2 in mock (M) and HSVD-infected (H) samples
at 10 and 27 dpi (10 d and 27 d). The outermost track indicates the location and length of the repeats present in the Cucumis sativus genome. (b, c) Histone
modification coverage profiles for genes (b) and repeats (c) in mock and HSVd-infected samples at 10 and 27 dpi. Graphs represent a 2 kb window (lower units)
from the transcriptional start site (TSS) and the transcriptional end site (TES). Heatmaps of the values used for the profile graphs are also shown with the
transcriptional start site indicated as 'S" and the transcriptional end site indicated as ‘St'. Profiles are accompanied by a violin plot depicting the distribution of the
log, transformed normalized RPKM values and the statistical significance of their difference. ns, nonsignificant, ** and **** indicate a P-value smaller than 0.01
and 0.001, respectively. P-values were calculated through an unpaired t-test. (d) Percentage of genes (blue) and repeats (red) present in loss or gain peaks
identified at each of the time points analyzed. 10 d; 27 d. (e) Volcano plots showing differentially expressed repeats at 10 and 27 dpi. (f) Venn diagrams
showing the overall overlap between 10 and 27 dpi differentially upregulated repeats (DURs) and repeats located at an H3K9me2 loss peak. (g-i) Genome
browser screenshots showing examples of significantly upregulated repeats located at peaks losing H3K9me2 that experience transcriptional reactivation,
including TEs from the Copia (g) and MuDR (h) superfamilies, and rRNA repeats (i). H3K9me2 values are indicated in green and RNA-Seq values are shown in
orange. Note that rRNA transcriptional activation is not captured with regular RNA-Seq since rRNA transcripts are not polyadenylated. The time point of the
identified overlap between H3K9me2 loss and transcriptional reactivation is shown on upper panel of the screenshot.
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repeats compared to genes indicated again its preferential accu-
mulation at heterochromatic regions and a redistribution of this
mark from repeats to genes during HSVd infection (Fig. 2b).
The accumulation changes observed showed that infected plants
experienced a reorganization of heterochromatin under HSVd
infection at later time points, while this mark was not signifi-
cantly affected at earlier time points. Next, we predicted
H3K9me2 peaks in both mock and infected tissues and explored
the gain or loss of peaks of this mark in both conditions and time
points (Fig. 2d; Table S2). As expected from the preferential het-
erochromatic nature of this mark, the majority of peaks were
located at repeats (94% on average), pointing to the main role of
this mark in the control of TEs and other repeats (Fig. 2d). To
explore this role in regulating the transcription of repeats, we rea-
nalyzed transcriptomic data obtained at identical time points
from a previous work (Marquez-Molins et al., 2023). In line with
the potential role of H3K9me2 in the transcriptional control of
repeats, cucumber plants experienced a transcriptional reactiva-
tion of repeats at both time points, with a higher number of dif-
ferentially upregulated repeats (DURs) at later time points (78
and 225 significantly expressed repeats at 10 and 27 dpi, respec-
tively, adjusted P-value < 0.05, Fig. 2¢; Table S3). Interestingly,
reactivated repeats overlapped with H3K9me2 changes during
infection, since 53% and 44% of the reactivated repeats at 10
and 27 dpi, respectively, were within regions that lose H3K9me2
(Fig. 2f).

Targets of this reorganization include several TEs from the
Copia (Fig. 2g) and MuDR superfamilies (Fig. 2h). Importantly,
we also observed a reorganization of H3K9me2 at rRNA repeats
that is significant at the later infection point (Figs 2i, S5A), which
correlated with the reported transcriptional reactivation of these
elements (Fig. S5B, note that rRNA genes are transcribed by Pol
I and not polyadenylated, so RNA-Seq in this case shows an
approximation of their actual expression level). HSVd is known
to induce changes in the DNA methylation levels of ribosomal
DNA repeats which correlates with a reactivation of its transcrip-
tion (Martinez et al, 2014; Castellano et al, 2015, 2016a;
Marquez-Molins ez al., 2023). Our analysis points to a potential
relationship between our previously observed DNA methylation
changes at rDNA repeats and the reorganization of H3K9me2
during HSVd infection, since both marks are intrinsically con-
nected in cucumber (Fig. 1h). Despite this, the majority of
H3K9me2 changes identified were not connected to changes in
DNA methylation values at those regions, since almost all peaks
retained similar DNA methylation values between mock and
infected samples (the exception being CHH values in H3K9me2
gain peaks at 10 dpi which significantly decreased, Fig. S5C)
indicating that neither RADM activity or demethylation were
driving H3K9me2 reorganization.

Second, H3K27me3 followed a mild reorganization under
HSVd infection (Fig. 3a). At the genome-wide level, this mark
showed significant enrichment in genes only at the earlier infec-
tion time point (Fig. 3b), while it was significantly lost from
repeats at both 10 and 27 dpi (Fig. 3c). Similar to our
H3K9me2 analysis, we predicted H3K27me3 peaks in both
mock and infected tissues and explored the gain or loss of peaks

© 2024 The Author(s).
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of this mark in both conditions and time points (Fig. 3d;
Table $4). Compared to H3K9me2 (6% on average, Fig. 2d),
H3K27me3 peaks are more frequent at genic locations (24% on
average, Fig. 3d). Despite the presence of some of the peaks at
repeat locations, their overall values (Fig. 3c) indicate that the
presence of this mark at repeats is anecdotal. As expected,
changes observed for this mark are independent of DNA methy-
lation (Fig. S5D).

To further confirm these changes and to visualize the changes
in their distribution at the subcellular level, we performed immu-
nolocalization analyses in both mock and infected tissues at both
infection time points (Fig. 4). Our results confirmed our
genome-wide analysis for both marks. We observed a general
reorganization of H3K9me2, which during HSVd infection
experienced an expansion of its detection outside of the hetero-
chromatic chromocenters (Fig. 4a), especially at 27 dpi (Fig. 4b),
correlating with its increased presence at genes at later infection
points. On the other hand, H3K27me3 did not show a change in
its localization (Fig. 4a), but experienced a decrease in its overall
intensity which was higher at 27 dpi (Fig. 4c). Overall, HSVd
infection induced a reorganization of constitutive heterochroma-
tin that was connected to the transcriptional reactivation of
repeats, including TEs and rRNA genes, but disconnected from
DNA methylation changes for a majority of its targets. These
changes were also observed for facultative heterochromatin but at
a lower intensity.

H3K9me2 and H3K27me3 retain constitutive and
facultative heterochromatic identity during viroid infection

We focused on understanding the dynamics of both heterochro-
matic marks under HSVd infection. First, we analyzed the dyna-
mism of our predicted gain and loss peaks (Fig. 5a). Overall, on
average, 20% of H3K9me2 and 31% of H3K27me3 peaks
showed a dynamic nature (gain or loss of the peak under HSVd
infection) while the rest (80% and 69% of the H3K9me2 and
H3K27me3 peaks, respectively) remained stable. Following their
main occupancy preference, gain and loss of the marks took place
in centromeric/pericentromeric regions (for H3K9me2) and the
arms of the chromosomes for H3K27me3 (Fig. 5b).

H3K9me2 and H3K27me3 are the main histone marks deli-
miting plant heterochromatin (Fransz er a/., 2006). In Arabidop-
sis, H3K27me3 can ‘invade’ constitutive heterochromatic regions
under heavy loss of DNA methylation and/or heterochromatic
identity in mutants, or under viral stress (Rougee ez al., 2021;
Zhao et al., 2022; Annacondia ez al., 2023). Interestingly, despite
the overall reprogramming of the two marks observed during vir-
oid infection (Figs 2—4), there was a minimal interaction (if any)
between the loss and gain of any of the repressive histone marks,
that was limited to a small overlap between H3K9me2 loss and
H3K27me3 gain at 10 dpi (2.8% of the H3K9me2 loss peaks)
and H3K9me2 gain and H3K27me3 loss at 10 dpi (0.4% of the
H3K9me2 gain peaks) (Fig. 5c,h). Conservation of H3K9me2
and H3K27me3 peaks between the two time points (Fig. S6A,B,
respectively) indicated that in both cases gain peaks were con-
served to a higher degree than loss peaks. 24% of the H3K9me2
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Fig. 3 H3K27me3 dynamics under HSVd infection. (a) Circular plot showing the genome-wide levels of H3K27me3 in mock (M) and HSVD-infected (H)
samples at 10 and 27 dpi. The outermost track indicates the location and length of the repeats present in the Cucumis sativus genome. (b, c) Histone
modification coverage profiles for genes (b) and repeats (c) in mock and HSVd-infected samples at 10 and 27 dpi. Graphs represent a 2 kb window (lower
units) from the transcriptional start site (TSS) and the transcriptional end site (TES). Heatmaps of the values used for the profile graphs are also shown with

the transcriptional start site indicated as 'S' and the transcriptional end site indicated as ‘St'. Profiles are accompanied by a violin plot depicting the
distribution of the log, transformed normalized RPKM values and the statistical significance of their difference. ns, nonsignificant, * and **** indicate a
P-value smaller than 0.05 and 0.001, respectively. P-values were calculated through an unpaired t-test. (d) Percentage of genes (blue) and repeats (red)
present in loss or gain peaks identified at each of the time points analyzed. 10 d; 27 d.

gain peaks at 27 dpi were conserved from the 10 dpi time point
(Fig. S6A), while 15% of H3K27me3 peaks at 27 dpi were con-
served from 10 dpi (Fig. S6B). On the other hand, only 1.2% of
the H3K9me2 loss peaks at 27 dpi were conserved from the
10 dpi time point (Fig. S6A), and 1.9% of the H3K27me3 loss
peaks at 27 dpi were preset at 10 dpi (Fig. S6B). Differences in
the loss of H3K27me3 between the two time points correlate
with the low correlation of the transcriptomic response between
both time points previously observed (Marquez-Molins
et al., 2023).

Analysis of the accumulation values for both marks showed
interesting trends. First, at both analyzed times, H3K9me2 was
gained in regions with average/low values of the mark (Fig. 5d,f),
while it was lost at locations showing a higher enrichment
(Fig. 5e,g). This result correlated with our observed effect of
H3K9me2 loss over the transcriptional reactivation of repeats
(which are located at H3K9me2-rich regions). On the other
hand, H3K27me3 was gained (although at lower levels) at
regions with high values of the mark (Fig. 5i,k), while it was lost
at regions with low values (Fig. 5j,1). Therefore, the reorganiza-
tion of heterochromatin under HSVd infection was limited to
regions with an already heterochromatic identity, and the gain
(in opposition to the loss) of both marks was conserved at the
two time points analyzed.

New Phytologist (2024) 243: 2351-2367
www.newphytologist.com

Changes in gene expression correlate with H3K27me3 gain

Next, we aimed to understand the influence of H3K9me2 and
H3K27me3 reorganization on the genic transcriptional response
to HSVd infection. First, we analyzed the overlap of genes with
peaks showing a dynamic behavior under infection. We restricted
our analysis to (1) genes directly associated with the gain or loss
of H3K27me3 within their gene bodies, and (2) genes that
gained or lost H3K9me2 within their gene bodies and a 1 kb
window from their gene bodies.

Using this strategy, we identified 310 and 1221 genes with
expression associated with changes in H3K9me2 and
H3K27me3 marks, respectively (Fig. 6a; Table S5). Most of the
genes (67% and 79%, for H3K9me2 and H3K27me3, respec-
tively) were associated with gain peaks. To understand the role of
genes regulated by repressive histone marks we explored their
gene ontology (GO) classification. Genes overlapping with these
marks were mainly associated with DNA, protein, and RNA
binding categories, and with the transferase, hydrolase, and cata-
lytic activities categories (Fig. 6b). Interestingly, some of these
categories were preferentially associated with each of the marks.
For example, DNA binding and kinase activity were predomi-
nantly associated with H3K27me3, while hydrolase and catalytic
activities were in general related to H3K9me2 (Fig. 6b). Next, we

© 2024 The Author(s).
New Phytologist © 2024 New Phytologist Foundation.
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Fig. 4 Immunolocalization of H3K9me2 and 10 dpi
H3K27me3 in mock and HSVd-infected tissues.
(a) Representative images of H3K9me2 and
H3K27me3 immunostained nuclei from mock
and HSVd-infected Cucumis sativus leaves at 10
and 27 d postinfection (dpi). DAPI was used as a
DNA counterstain that marks chromocenters and
are a reference of the location of constitutive
heterochromatin. Merge of the GFP and DAPI
channels is shown to indicate the overlap of both
signals. (b) Box plot showing the values of
H3K9me2 signal area relative to the DAPI signal
area. P-value for the comparisons between mock
and HSVd is shown on upper panel of the
corresponding box plots. Values for both 10 and (b)
27 d postinfection (dpi) as indicated are shown.

(c) Box plot showing the values of H3K27me3

signal intensity are shown. P-value for the

comparisons between mock and HSVd is shown

on upper panel of the corresponding box plots.

Values for both 10 and 27 d postinfection (dpi)

as indicated are shown. P-values were calculated

through an unpaired t-test. All boxplots are

Tukey's style (whiskers extend to data points that

are < 1.5x IQR away from the 1°%/3 quartile).
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explored the influence of the presence of gain or loss peaks over
the transcriptional activation or repression of gene expression in
response to HSVd infection. To that end, we used transcriptional
data from previous experiments at analogous time points to infer
the expression level of the genes located within histone peaks.
Our analysis indicated that from the different marks and their
respective environments, only the gain of H3K27me3 (significant
gain peaks during HSVd infection) overlapped with an overall
significant decrease of the expression of all its target genes at both
analyzed time points (Fig. 6¢). This result is in line with the
known repressive role of this histone mark and shows its dyna-
mism during HSVd infection and its role in the control of gene
expression.

Several differendally expressed genes (DEGs, 26 at 10 dpi and
28 at 27 dpi) were found associated with H3K27me3 changes,
with both gain (23 at 10 dpi and 18 at 27 dpi) and loss (3 at
10 dpi and 10 at 27 dpi) of marks (Fig. 6d; Table S5). Interest-
ingly, the gain of H3K27me3 took place at genes with already high
values of H3K27me3 (Fig. 6e). By contrast, loss of this mark took
place at genes with medium/low values of the mark, indicating that
this mark is not gained de novo but rather, reinforced at previous
heterochromatic locations (Fig. 6g). DEGs associated with
H3K27me3 peaks included genes potentially involved in the med-
fation of the stress response. For example, expression of calmodulin
binding (CsaV3_1G038380) and acyl-transferase  activity
(CsaV3_3G027830) genes (associated with H3K27me3 gain,
Fig. 6f) or an oxidoreductase (CsaV3_3G033740) and transcrip-
tion factor (CsaV3_5G004600) genes (connected to H3K27me3
loss, Fig. 6h). Additionally, certain DEGs (4 at 10 dpi and 1 at

© 2024 The Author(s).
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27 dpi) were also associated with H3K9me2 changes, including
CsaV3_ 7G025330, a bystin-like protein, potentially involved in
cell proliferation (Wang e al, 2009; Carron et al, 2011)
(Fig. S7A), and CsaV3_7GO015110, a homolog of the enhanced
downy mildew 2 protein, a NLS protein that may regulate RPP7
expression (Lai et al,, 2020) (Fig. S7B), which has previously been
proposed to be epigenetically regulated by heterochromatin in Ara-
bidopsis (Duan et al, 2017). Overall, our data indicate a
potential role of histone marks in the regulation of the transcrip-
tional response to HSVd infection with a correlation of
H3K27me3-mediated repression and downregulated genes, and a
potential minor contribution of H3K9me2 in the control of gene
expression.

Discussion

Epigenetic regulation plays an important role in the adaptation
of the transcriptional program to external signals that determine
plant development (He er al, 2012; Gan et al., 2015; Cheng
et al., 2020; Shen et al., 2021; Kim et al., 2023). Stress associated
with adverse environmental conditions has been identified as yet
another stimulus that can induce epigenetic changes in plants
(Probst & Scheid, 2015; Lamke & Baurle, 2017; Annacondia
et al., 2018). Several studies have identified dynamic DNA
methylation changes upon stress exposure, but the role of histone
marks in this context has remained unexplored. In this work, we
have studied the dynamism and role of the two main repressive
histone marks (H3K9me2 and H3K27me3) in the modulation
of the transcriptional response against viroid infection. Our data
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Fig. 5 Genome-wide analysis of H3K9me2 and H3K27me3 changes under HSVd infection. (a) Analysis of the dynamism of the peaks identified under
HSVd infection for both H3K9me2 and H3K27me3. Stable peaks were identified in both mock and HSVd-infected samples, while loss and gain peaks were
only identified in mock or HSVd-infected samples, respectively. 10 d; 27 d. (b) Circular plot showing the genome-wide location of the identified loss and
gain histone peaks for both H3K9me2 (K9) and H3K27me3 (K27) samples at both 10 (10) and 27 (27) dpi. The outermost track indicates the location and
length of the repeats present in the Cucumis sativus genome. The location of centromeres according to the cytogenetic analysis from Sun et al. (2013) is
shown in blue. (c) Venn diagram showing the overlap between the H3K9me2 and H3K27me3 gain and loss peaks at 10 dpi. (d-g) Histone modification
coverage profiles for the identified H3K9me2 peaks in mock and HSVd-infected samples at 10 and 27 dpi. Profiles show: H3K9me2 (K9) gain peaks at 10
dpi (d), H3K9me2 loss peaks at 10 dpi (e), H3K9me2 gain peaks at 27 dpi (f), H3K9me2 loss peaks at 27 dpi (g). Graphs represent a 2 kb window (lower
units) from the transcriptional start site (TSS) and the transcriptional end site (TES). Heatmaps of the values used for the profile graphs are also shown with
the transcriptional start site indicated as ‘S" and the transcriptional end site indicated as ‘St'. (h) Venn diagram showing the overlap between the H3K9me2
and H3K27me3 gain and loss peaks at 27 dpi. (i-l) Histone modification coverage profiles for the identified H3K27me3 peaks in mock and HSVd-infected
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shows that heterochromatic histone marks are reorganized during
HSVd infection, with a major role of H3K27me3 gain in the
repression of gene expression.

Our work adds yet another piece of evidence to the role of his-
tone marks in the control of transcription and genome stability
in response to stress conditions. Histone marks and chromatin
structure were previously identified in forward genetic analysis as
major players in the control of the stress response (Agorio &
Vera, 2007; Lopez et al., 2011; Yu et al, 2013). Despite this
identification, genome-wide information on their role and targets
was largely missing. Our analysis contributes to the overall under-
standing of the organization of epigenomic information during
stress. Additionally, we provide information on the role of these
epigenetic mechanisms in an economically relevant crop, Cucu-
mis sativus, advancing our knowledge of the conservation of their
role in nonmodel plant species.

We show that the organization of repressive histone marks in
the cucumber genome (Fig. la) resembles their previously
described distribution in Arabidopsis (Roudier et al., 2011),
melon (Latrasse ez al., 2017; Pichot et al., 2022), and Physcomi-
trella patens (Widiez er al., 2014), with H3K9me2 marking con-
(located at the
centromeric regions, Fig. 1a,c,d) and H3K27me3 featuring facul-

stitutive  heterochromatin chromosomal
tative heterochromatin (spaced through the chromosome arms
Fig. 1a,b,d). Our results also correlate with previous cytogenetic
analyses of cucumber chromatin (Sun ez 4/, 2013). In line with
this preferential accumulation, H3K27me3 and H3K9me2 are
highly enriched at genes and repeats, respectively (Fig. 1b,c).
Similar to Arabidopsis, H3K9me2 in cucumber is also correlated
with the presence of DNA methylation, since H3K9me2
enriched regions showed high values of cytosine methylation in
all sequence contexts (Fig. 1h). This points to a connection
between the RADM pathway and H3K9me2 homeostasis in
cucumber, similar to the one inferred from the genetic analysis of
CMT?3 and KYP mutants in tomato (Wang & Baulcombe, 2020)
and pointing to the conservation of that connection in angios-
perms. On the other hand, DNA methylation and H3K27me3
are negatively correlated in cucumber (Figs 1h, S4E), similar to
its known distribution in other species such as Arabidopsis
(Cokus et al., 2008; Law & Jacobsen, 2010; Liu et 4/, 2021).
HSVd infection induces a global reorganization of cucumber
heterochromatin. This reorganization is characterized, first, by a
progressive reduction of H3K9me2 from repeats (Fig. 2¢) and an
increase at genes (Fig. 2b), a dynamism that we could observe
also at the subcellular level (Fig. 4a,b). Second, H3K27me3
initial followed by a decrease of
H3K27me3 from genes (Fig. 3b) and an overall loss from repeats
(Fig. 3¢), a response that also correlates with our immunolocali-
zation analysis (Fig. 4a,c). Changes in the presence of both his-

shows an increase

tone marks are influenced by the previous presence of those
marks at the enriched peaks, with most of the gain and loss of
H3K9me2 and H3K27me3 gain taking place at regions already
enriched on that particular mark (Fig. 5d,£,i,k). In line with this
accumulation pattern and the canonical role of both repressive
marks, repeats are transcriptionally reactivated at later infection
points (Fig. 2g), while genes are mostly affected by the gain of

© 2024 The Author(s).

New Phytologist © 2024 New Phytologist Foundation.

cticha 38t

H3K27me3 (Fig. 6¢). Transcriptional reactivation of repeats has
been connected to genome reorganization induced by TE activity
(Cavrak ez al., 2014; Ito et al., 2016; Roquis ez al., 2021) and the
reprogramming of the transcriptional response to stress (Dene-
weth ez al., 2022). Recently, TE activity has been linked to the
transition from bisexual to unisexual flowering types in cucurbits
(Huang et al., 2024). Whether a similar TE activity might play a
role in the reorganization of gene structure or activity during vir-
oid infection is an attractive hypothesis. On the other hand,
H3K27me3 loss seems to take place only in regions with low
values of that mark (Fig. 5j,1) and is enriched at DEGs (Fig. 6d).
Similar results on the overlap of the connection between gene
expression and H3K27me3 reorganization were recently obtained
in virus-infected plants, where a catalytic component of the
PRC2 complex (CURLY LEAF) was identified as a factor pro-
moting viral tolerance (Annacondia ez 4/, 2023). Our result is in
line with the known role of H3K27me3 in the regulation of both
the stress response (Widiez et al, 2014; Dvorak Tomastikova
et al., 2021) and developmental cues (He ez al, 2012; Gan
et al., 2015; Moreno-Romero et al, 2019; Batista & Koh-
ler, 2020; Cheng et al, 2020; Shen et al, 2021; Kim
et al., 2023).

Previous analysis of the interaction between the repressive his-
tone marks H3K9me2 and H3K27me3 have identified a com-
pensatory mechanism where H3K27me3 invades H3K9me2
regions in mutant backgrounds that lose constitutive heterochro-
matin (Rougee ¢z al,, 2021; Zhao er al., 2022) or under CMV
infection (Annacondia et 2/, 2023). Here we were not able to
identify a similar mechanism, and indeed, despite the strong
symptomatology displayed by plants infected with HSVd (similar
to CMV), the two heterochromatic marks retained their identity
(Fig. 5¢,h). Further analysis under different/stronger stresses
would be needed to assess if H3K9me2/H3K27me3 compensa-
tory activity is exclusive of the A. thaliana genome or is also pre-
sent in other plant genomes. It might be possible that the
differences in genome structure, genome size (367 Mb compared
to 135 Mb for the A. thaliana genome) and/or the activity of
other uncharacterized compensatory repressive epigenetic marks
in cucumber determine this difference with the homologous
mechanism from Arabidopsis.

Lastly, we correlated the observed changes in repressive histone
marks to the transcriptional changes previously associated with
HSVd infection (Marquez-Molins ez al., 2023). This analysis
indicated that, as expected (Roudier ez 4/, 2011), H3K27me3 is
vastly more associated with genes than H3K9me2 (Fig. 6a).
Nevertheless, we identified some genes whose expression corre-
lates with the presence of enriched or depleted regions for each of
the histone marks. Additionally, some of the gene categories seem
to be preferentially associated with each of the two repressive his-
tone marks (Fig. 6b). This observation is in line with the known
roles of H3K27me3 in regulating the sensing of environmental
signals (Zhang ez al., 2007) and a potential role of H3K9me?2 in
the control of housekeeping metabolic activities as observed in
other species such as C. elegans or humans (Lee ez al., 2019; Wu
et al., 2023). Further analysis of the connection between histone
marks and particular gene families/categories should be carried
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out to confirm this observation. Additionally, compared to
H3K9me2, H3K27me3 is preferentially associated with DEGs
(Fig. 6d), supporting the role of this mark in transcriptional
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reprogramming under HSVd infection. Indeed we identified sev-
eral genes associated with the gain or loss of this mark that might
be important regulators of HSVd defense response, including a
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Fig. 6 H3K27me3 and H3K9me2 contribute to the transcriptional reprogramming under HSVd infection. (a) Histogram showing the total number of genes

located at gain (red) and loss (blue) peaks for H3K9me2 and H3K27me3 at 10 and 27 dpi (10 d and 27 d). (b) Gene ontology (GO) categorization by
molecular function for the categories indicated of the genes showing association with either H3K9me2 or H3K27me3 peaks. The heatmap shows the
enrichment of the terms for peaks identified as associated with either H3K9me2 or H3K27me3 peaks. Histogram showing the number of genes associated
with gain or loss peaks for each of the histone marks analyzed. (c) Expression values (log, (fold change)) for all genes associated with H3K27me3 gain
peaks at 10 and 27 dpi (10 d and 27 d, colored in red) compared to the rest of the genes (all genes with expression in the Cucumis sativus genome with
the subtracted values for peak-associated genes). P-values are indicated on upper of each comparison and were calculated through an unpaired ¢-test.
##% P-value lower than 0.005. Boxplots are Tukey's style (whiskers extend to data points that are < 1.5x IQR away from the 1°/3" quartile).

(d) Histogram showing the total number of differentially expressed genes located at gain (red) and loss (blue) peaks for H3K9me2 and H3K27me3 at 10
and 27 dpi. (e) H3K27me3 coverage profiles for H3K27me3 gain peaks in mock (M) and HSVd-infected (H) samples at 10 (upper panel) and 27 (lower
panel) dpi. Graphs represent a 2 kb window (lower units) from the center of the region. (f) Genome browser screenshots showing examples of significantly
downregulated genes (significantly differentially expressed) located at peaks gaining H3K27me3. H3K27me3 values are shown in blue, H3K9me2 values
are shown in green and RNA-Seq values are shown in orange. Higher and lower values of the track are indicated in the brackets. (g) H3K27me3 coverage
profiles for H3K27me3 loss peaks in mock (M) and HSVd-infected (H) samples at 10 (upper panel) and 27 (lower panel) dpi. Graphs represent a 2 kb
window (lower units) from the center of the region. (h) Genome browser screenshots showing examples of significantly upregulated genes (significantly
differentially expressed) located at peaks losing H3K27me3. H3K27me3 values are shown in blue, H3K9me2 values are shown in green and RNA-Seq
values are shown in orange. Higher and lower values of the track are indicated in the brackets.

calmodulin-binding gene, which mediates the first wave of plant
responses to multiple stresses through Ca®" binding (Snedden &
Fromm, 1998; Yang & Poovaiah, 2003; Zeng ez al, 2015), an
acyl-transferase gene, which are known to affect plant growth
(Smotrys & Linder, 2004; Li er al, 2022), an oxidoreductase
activity gene, known for controlling oxidative stress in plants
(Saha et al., 2016), or a transcription factor, among other DEGs
(Fig. 6f,h).

How could a minimal pathogen such as a viroid induce these
dramatic changes in histone homeostasis? We envision that this
interaction might be indirect, due to the transcriptomic repro-
gramming needed to cope with the infection, or direct, through
interaction with components of histone homeostasis (Fig. S8).
HSVd is a member of the Pospiviroidae family, characterized by
its ability to replicate in the nucleus. It is plausible that the accu-
mulation of HSVd in the nucleus alters the homeostasis of that
organelle environment, inducing changes in the epigenetic regu-
lation of the genome at its core, the structure of the chromatin.
Indeed, HSVd interacts with HDAG, a histone deacetylase that is
needed to enhance DNA methylation mediated by MET1 and
histone modifications mediated by the histone demethylase FLD
(an LSD1 homolog) (Aufsatz et al, 2002; Liu et al, 2012).
FLD functions as an activator of flowering through the repression
of FLC, which is controlled by H3K27me3 (He et al., 2003).
This interaction with histone homeostasis could lead to the
increased values of H3K27me3, which seems of particular impor-
tance under HSVd infection-induced transcriptional reprogram-
ming. Indeed, HSVd-infected plants show a delay in flowering
time (Martinez et al., 2008), which could be connected to our
observed H3K27me3 reorganization. Since in our analyses, the
changes observed at H3K9me2 peaks were independent of any
DNA methylation change, we disfavor that HSVd interactions
with histone modifications is a consequence of the interference of
HSVd-derived siRNAs with the RADM pathway and, conse-
quently, H3K9me2 homeostasis. To summarize, our work adds
data supporting the role of epigenomic reprogramming, particu-
larly heterochromatin reorganization, playing an active role in
the transcriptional reprogramming experienced under viroid
infection. Moreover, our results expand our understanding of the
complex interaction between viroids and their hosts.

© 2024 The Author(s).
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Fig. 83 Genome browser screenshots of an H3K27me3-enriched
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