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Abstract

Transposable elements and other repeats are repressed by small-RNA-guided

histone modifications in fungi, plants and animals. The specificity of silencing

is achieved through base-pairing of small RNAs corresponding to the these

genomic loci to nascent noncoding RNAs, which allows the recruitment of his-

tone methyltransferases that methylate histone H3 on lysine 9. Self-reinforcing

feedback loops enhance small RNA production and ensure robust and herita-

ble repression. In the unicellular ciliate Paramecium tetraurelia, small-

RNA-guided histone modifications lead to the elimination of transposable ele-

ments and their remnants, a definitive form of repression. In this organism,

germline and somatic functions are separated within two types of nuclei with

different genomes. At each sexual cycle, development of the somatic genome is

accompanied by the reproducible removal of approximately a third of the

germline genome. Instead of recruiting a H3K9 methyltransferase, small RNAs

corresponding to eliminated sequences tether Polycomb Repressive Complex

2, which in ciliates has the unique property of catalyzing both lysine 9 and

lysine 27 trimethylation of histone H3. These histone modifications that are

crucial for the elimination of transposable elements are thought to guide the

endonuclease complex, which triggers double-strand breaks at these specific

genomic loci. The comparison between ciliates and other eukaryotes under-

scores the importance of investigating small-RNAs-directed chromatin silenc-

ing in a diverse range of organisms.
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1 | INTRODUCTION

Eukaryotic organisms must contend with mobile genetic elements and repetitive sequences which, left unchecked, can
undermine the stability of their genomes. An ancient solution for dealing with this challenge is powered by small
RNAs, which provide the specificity for recruiting specialized machineries to these loci in order to ensure their efficient
repression (Malone & Hannon, 2009). Small RNAs are loaded onto Piwi/Argonaute-family proteins (Bobadilla Ugarte
et al., 2023), which they then guide to target RNAs in the cytoplasm or in the nucleus through sequence complementar-
ity. In a diverse range of species and biological contexts, the binding of these small-RNA complexes to nascent tran-
scripts triggers the local recruitment of histone methyltransferases to the corresponding genomic sequences, resulting
in chromatin-level silencing (Castel & Martienssen, 2013; Holoch & Moazed, 2015).

Studies of nuclear small-RNA pathways in an array of model organisms have revealed a variety of distinctive fea-
tures as well as recurring themes. One of the most thoroughly explored examples is the fission yeast
Schizosaccharomyces pombe, whose pericentromeric DNA repeats are assembled into constitutive heterochromatin
through the action of a small-RNA-guided Argonaute complex, RITS (Verdel et al., 2004; Volpe et al., 2002). Per-
icentromeric heterochromatin is vital for genome stability because of its essential contribution to correct chromosome
segregation during cell division (Bernard et al., 2001; Nonaka et al., 2002). Localization of RITS to pericentromeric
regions is mediated by base-pairing with nascent noncoding transcripts (Shimada et al., 2016), and promotes hetero-
chromatin formation by recruiting Clr4, a conserved histone methyltransferase that methylates histone H3 on lysine
9, through a direct physical interaction (K. Zhang et al., 2008). RITS also recruits the small RNA biogenesis machinery
to its binding sites, thus amplifying the corresponding small RNA populations and enhancing RITS targeting
(Motamedi et al., 2004). Finally, RITS also binds with high affinity to Histone H3 dimethylated on K9 (H3K9me2)
(Partridge et al., 2002), which, in conjunction with small-RNA-dependent recruitment, further stabilizes its association
with target regions. Altogether, these positive feedbacks between small-RNA-mediated targeting, small-RNA produc-
tion and histone methylation vigorously reinforce the silencing signal and ensure robust maintenance of heterochroma-
tin and chromosome stability (Figure 1a).

The self-reinforcing nature of pericentromeric repeat silencing in S. pombe finds echoes in many distantly related
small-RNA-mediated phenomena. Among the best studied of these is RNA-directed DNA methylation (RdDM) in
flowering plants. Silencing of transposable elements (TEs), as in mammals, is achieved through cytosine-5 DNA meth-
ylation in plants, but its proper genomic targeting requires the action of two plant-specific RNA polymerases. RNA
polymerase IV (Pol IV) generates individual precursors which are then converted to mature small RNAs by homologs
of classical small-RNA pathway members in a highly coordinated manner (Chan et al., 2004; Herr et al., 2005; Onodera
et al., 2005; Zhai et al., 2015). Meanwhile, RNA polymerase V (Pol V) produces nascent noncoding transcripts that serve
as the targets for small-RNA-guided Argonaute proteins and fairly precisely define the regions to be methylated
(Wierzbicki et al., 2008, 2009). The synergy between these polymerases is highlighted by artificial recruitment assays in
which tethering both Pol IV and Pol V to a reporter locus enables dramatically stronger silencing than either one alone
(Gallego-Bartolomé et al., 2019). The DNA methylation step itself is carried out by DRM2, recruited through an interac-
tion with the Argonaute protein AGO4 (X. Cao et al., 2003; Zhong et al., 2014). Thus, as in small-RNA-directed hetero-
chromatin assembly in S. pombe, RdDM works according to a nascent transcript model and relies on a physical
connection between a small-RNA complex and the writer of the transcriptional silencing mark. RdDM is also replete
with additional physical interactions that combine to form a strong positive feedback loop. For instance, the H3K9
methyltransferase KYP binds directly to 5-methylated cytosines (5mC), via its SRA domain (Johnson et al., 2007), while
at the same time further promoting local DNA methylation through recruitment of Pol IV, whose SHH domain recog-
nizes H3K9me2 (Law et al., 2013). KYP thus facilitates self-propagation of the 5mC silencing mark. Meanwhile, the Pol
V binding partners SUVH2 and SUVH9 also contain SRA domains, which help tether Pol V to RdDM target sites and
reinforce existing DNA methylation (Johnson et al., 2014). Pol V also possesses a conserved Argonaute-binding domain
(El-Shami et al., 2007), further strengthening the small-RNA-mediated targeting of AGO4 to the nascent transcripts it
produces. Altogether, these various interactions work in concert to perpetuate the repression of target TEs (Figure 1b).

In animal gonads, TEs are also silenced by small RNAs through the action of Piwi proteins programmed with a class
of small RNAs called piRNAs (Ozata et al., 2019; X. Wang, Ramat, et al., 2023). Part of this silencing occurs post-
transcriptionally, through a process known as the “ping-pong cycle” that couples the destruction of TE transcripts to
the biogenesis of new piRNAs (Aravin et al., 2007; Brennecke et al., 2007; Gunawardane et al., 2007). Nevertheless,
piRNAs also act in the nucleus to repress TEs at the transcriptional level. Indeed, Piwi proteins mediate cytosine-5
DNA methylation of TEs in the mouse testis (Aravin et al., 2007, 2008; Carmell et al., 2007) as well as transcriptional
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silencing and H3K9 trimethylation (H3K9me3) of TEs in the Drosophila ovary (Huang et al., 2013; Le Thomas
et al., 2013; Rozhkov et al., 2013; Sienski et al., 2012). Mechanistic investigations of piRNA-mediated chromatin silenc-
ing in Drosophila have uncovered features reminiscent of the fungal and plant systems described above. Like the
S. pombe and plant Argonaute proteins, Piwi complexes appear to be targeted through interactions with nascent tran-
scripts, which in turn allows Piwi to recruit a series of silencing factors, including the H3K9 methyltransferase SetDB1,
to repress the corresponding loci (Figure 1c) (Batki et al., 2019; Ninova et al., 2020; Sienski et al., 2012, 2015; Yu
et al., 2015). Meanwhile, in germline cells, H3K9me3 also accumulates at the clusters that serve as the source of
piRNAs, leading to the binding of a dedicated reader of this histone mark called Rhino (Klattenhoff et al., 2009). At
most sites, Rhino is recruited by the recently described Rhino-associated zinc finger protein, Kipferl (Baumgartner
et al., 2022), while at the Kipferl-independent sites, it requires dual recognition of H3K27me3 and H3K9me3 for binding
(Akkouche et al., 2024). Rhino acts together with its partners Deadlock and Cutoff to promote the synthesis of new
piRNA precursors (Le Thomas et al., 2014; Mohn et al., 2014; Z. Zhang et al., 2014). Thus, through a positive feedback
loop, piRNA-mediated targeting of histone methylation begets more piRNA production, in so doing ensuring repression
of corresponding TEs elsewhere in the genome (Figure 1d). It is worth noting that asexually reproducing rotifers also
rely on piRNAs to restrict TE activity. A remarkable recent study of rotifers of the bdelloid class found evidence that a

H3K9me3

H3K9me2 H3K9me2

PRC2

H3K27me3
H3K9me3

Kipferl
or

Kipferl-dependent Rhino recruitmentPRC2-dependent Rhino recruitment 
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Drosophila ovarian germ cells

Flowering plantsSchizosaccharomyces pombe

Drosophila ovaries
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FIGURE 1 Conserved role of small RNAs in targeting chromatin silencing by pairing with nascent transcripts. (a) In

Schizosaccharomyces pombe, assembly of pericentromeric repeats into heterochromatin marked with the conserved repressive modification

H3K9me requires the action of the RITS complex loaded with small RNAs complementary to noncoding nascent transcripts. RITS binds

with high affinity to H3K9me2, and physically interacts with the H3K9 methyltransferase Clr4 and the small RNA biogenesis machinery

(RDRC and Dcr1, not discussed in the text). Together, these physical interactions form the basis of a powerful positive feedback.

(b) Transposable elements (TEs) in flowering plants are repressed through RNA-directed DNA methylation. The RNA molecules involved in

this process are produced by the plant-specific polymerases Pol IV and Pol V, which respectively generate precursor transcripts converted to

small RNAs by RDR2 and DCL3 (not discussed in the text) and nascent transcripts to be targeted by these small RNAs once they are loaded

into AGO4. DNA methylation by DRM2 ensues, assisted by a direct interaction with AGO4. The process is self-reinforcing, as Pol V

associates with partners SUVH2/9 that bind to methylated DNA and contains an Argonaute-interacting domain that binds tightly to AGO4.

Furthermore, the H3K9 methyltransferase KYP also binds directly to sites of DNA methylation, where its H3K9me2 deposition activity in

turn helps recruit Pol IV. (c) At TEs in Drosophila ovaries, the Piwi protein loaded with piRNAs is also targeted through base-pairing with

nascent transcripts, and mediates repression in two ways: recruitment of the SetDB1 H3K9 methyltransferase through the E3 SUMO ligase

Su(var)2-10, as well as the silencing factors Maelstrom and Panoramix, the latter within the SFiNX complex (not discussed in the text). (d) In

ovarian germ cells, H3K9me3 at dual-strand piRNA clusters is also critical for further piRNA biogenesis because it recruits the Rhino-

Deadlock-Cutoff complex, which in turn promotes transcription of piRNA precursors. Rhino binding relies on the zinc-finger protein Kipferl

at most sites (right); meanwhile, binding at Kipferl-independent sites requires dual recognition of H3K9me3 and H3K27me3, the latter

catalyzed by PRC2 (left). Although the piRNAs thus produced are destined for ping-pong amplification in the cytoplasm mediated by

paralogs of Piwi, Piwi itself is required for their accumulation, suggesting a positive feedback loop wherein the piRNAs guide Piwi to piRNA

clusters to maintain H3K9me3 deposition and Rhino-Deadlock-Cutoff recruitment.
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cytosine-4 DNA methyltransferase, recently acquired from a prokaryote through horizontal transfer, is co-targeted with
a SetDB1 H3K9 methyltransferase ortholog, each recognizing the modification catalyzed by the other and acting prefer-
entially at repressed TEs (Rodriguez et al., 2022). This proposed mutual communication between DNA methylation and
histone methylation resembles what is observed in RdDM in plants, but the involvement in this case of a DNA methyl-
transferase acquired just tens of millions of years ago speaks to the inherent adaptiveness of this type of self-
reinforcement.

These genome defense pathways from fungi, plants and animals differ widely in their specific functions and molecu-
lar players, but collectively they illustrate the staying power of chromatin silencing mechanisms based on targeting by
complementarity of small RNAs to nascent transcripts. Positive feedback loops that promote further small-RNA produc-
tion ensure persistence of repression. In yet another branch of the eukaryotic lineage, the ciliates, this problem of per-
sistence is solved in an entirely different and audacious manner when the somatic genome is faced with TEs and their
remnants: the unwanted sequences are simply removed once and for all.

2 | DNA ELIMINATION DURING SOMATIC DEVELOPMENT IN CILIATES

In ciliates, the process of DNA elimination occurs at each sexual cycle. While multicellular organisms present distinct
somatic and germ cells, ciliates contain both somatic and germline nuclei within the same cell. Ciliates belong to the
Alveolata phylum in the SAR (Stramenopiles, Alveolata and Rhizaria) clade, with more than 8000 species described so
far (Burki et al., 2020; Grattepanche et al., 2018). Ciliate cells contain one or more germline micronuclei (MICs) and
one or more somatic macronuclei (MACs), with different genomes, epigenomes and modes of division. The model cili-
ate Paramecium, which will be the focus of this review, belongs to the Paramecium aurelia complex, a group of 15 cryp-
tic species that share at least three past whole-genome duplications (WGDs), the most recent one shortly predating the
speciation events in the formation of the group (Aury et al., 2006; Gout et al., 2023; McGrath, Gout, Doak, et al., 2014;
McGrath, Gout, Johri, et al., 2014). Paramecium aurelia species are well suited for genetic analyses because of their two
alternative modes of sexual reproduction, as well as extremely low mutation rates such as observed in P. tetraurelia
(Sung et al., 2012).

In Paramecium, the two micronuclei are diploid and their chromosomes appear similar to those of metazoans: they
are large, contain both telomeres and centromeres, as well as transposable elements (TEs) and other repetitive
sequences. MICs divide mitotically and chromosome segregation is achieved by spindle fibers formed by microtubules
(Brygoo et al., 1980). MICs are transcriptionally silent, and appear to be dispensable during vegetative growth
(Betermier & Duharcourt, 2014; Lhuillier-Akakpo et al., 2014). The MAC, on the other hand, is actively transcribed and
supports gene expression and metabolism. During vegetative growth, the MAC divides amitotically, splitting in two hal-
ves without chromosome condensation or the formation of a mitotic spindle (Tucker et al., 1980).

Mild starvation triggers meiosis of the MICs, leading to sexual reproduction that occurs either by autogamy (self-fer-
tilization) or by conjugation of two cells of compatible mating types (Sonneborn, 1937). The fusion of two gametic
nuclei produces the zygotic nucleus, which divides twice and gives rise to four diploid nuclei that differentiate into two
new MICs and two new MACs. After MIC meiosis, the maternal MAC is broken into fragments, which remain in the
cells during the first divisions before being diluted out and are actively transcribed until the new MACs are functional
(Figure 2). During formation of the new MAC, P. tetraurelia eliminates a defined portion of its germline genome
(approximately one-third, or 25–30 Mbp) that encompasses a wide variety of sequences of different sizes and copy num-
bers (Arnaiz et al., 2012; Guérin et al., 2017; Sellis et al., 2021). The majority of eliminated sequences are large regions
comprising repetitive sequences, such as transposable elements (TEs) and minisatellites. These are imprecisely elimi-
nated during MAC development, leading either to chromosome fragmentation with de novo telomere addition to new
MAC chromosome ends or to intrachromosomal deletions with variable boundaries (Bétermier et al., 2023).

In contrast, the remaining eliminated sequences, which correspond to approximately 45,000 unique elements,
known as internal eliminated sequences (IESs), are excised precisely (Arnaiz et al., 2012). The vast majority (93%) are
shorter than 150 bp. While IESs are scattered throughout the MIC genome, most of them are localized inside coding
exons. Their precise elimination is therefore crucial for the assembly of functional ORFs. IESs are flanked by one TA
dinucleotide at each end, one of which remains after excision, and they possess a loosely conserved 8-bp consensus
sequence, reminiscent of the inverted repeats found at the ends of Tc/mariner transposons (Klobutcher &
Herrick, 1995). Consistently, most IESs in present-day genomes are relics of transposable elements (Arnaiz et al., 2012;
Sellis et al., 2021). Excision of all IESs and most TE-containing regions depends on the activity of a domesticated
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FIGURE 2 Model of DNA elimination during Paramecium sexual cycle. During vegetative growth, the MICs undergo mitosis while the

MAC divides amitotically at each cell division. Starvation triggers entry into the sexual cycle. The MICs undergo meiosis, and two haploid

nuclei fuse to give rise to a diploid zygotic nucleus. In the meiotic MIC, the whole genome is transcribed and gives rise to double-stranded

RNA that is processed by Dicer-like proteins 2 and 3 into 25 nucleotide-long RNAs called scan-RNAs (scnRNAs). These scnRNAs are loaded

onto Ptiwi01/09 proteins and transported to the maternal macronucleus. scnRNAs then hybridize by sequence complementarity to nascent

transcripts. Paired scnRNAs corresponding to MAC-specific sequences are degraded through a mechanism involving the PRC2 complex and

Gtsf1. Thus, only the MIC-specific scnRNAs, which by definition do not pair with nascent transcripts in the maternal MAC, remain. These

selected scnRNAs are then exported to the new developing MACs where, in contrast to the maternal MAC, they are able to pair with non-

coding nascent transcripts, since the sequences to be removed from the genome are still present. This pairing enables the recruitment of the

PRC2 complex through the Rf4 protein and the subsequent deposition of both H3K9me3 and H3K27me3 onto the MIC-limited sequences.

The presence of the two histone modifications allows the recruitment of the Pgm excision complex which introduces double-strand breaks

followed by DNA repair through the NHEJ pathway.
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transposase, PiggyMac (Pgm) (Arnaiz et al., 2012; Baudry et al., 2009), which introduces double-strand breaks (DSBs) at
IES ends together with its Pgm-like partners, PmgL1 to 5 (Baudry et al., 2009; Bischerour et al., 2018). This is coupled
to canonical non-homologous end-joining (NHEJ) repair and gap filling of the cleavage sites (Abello et al., 2020;
Betermier & Duharcourt, 2014; Kapusta et al., 2011; Marmignon et al., 2014). A list of proteins involved in DNA elimi-
nation in 4 different genera of ciliates (Paramecium, Tetrahymena, Oxytricha and the less studied Blepharisma) can be
found in Table S1.

3 | Small-RNA-GUIDED HISTONE MODIFICATIONS TRIGGER THE
ELIMINATION OF TRANSPOSABLE ELEMENTS

No strictly conserved sequence motif has been identified at the boundaries of either IESs or TE-containing regions,
which raises the question of how the Pgm excision machinery is consistently recruited. Part of the answer comes from
the epigenetic control exerted by the maternal MAC. For a subset of IESs, the presence of the IES in the maternal MAC
inhibits the excision of the corresponding sequence during the formation of the new MAC (Duharcourt et al., 1995). To
explain this maternal homology-dependent epigenetic control, it was proposed that the sequences to be eliminated are
defined through a comparison between the MAC and MIC genomes. The underlying mechanisms involve a process ter-
med genome scanning (Mochizuki et al., 2002) that involves different classes of non coding RNAs. Low levels of non-
coding transcripts (ncRNAs) are continuously generated from both strands of the MAC genome (Lepère et al., 2008).
Then, during meiosis, 25-nt-long small RNAs called scnRNAs, are produced by two Dicer-like proteins Dcl2/3 (Lepère
et al., 2009; Sandoval et al., 2014). Despite this Dicer-dependent mode of biogenesis, which is not a feature of piRNAs,
scnRNAs exhibit strong piRNA hallmarks including a similar size, interaction with PIWI proteins, and germline origin.
Their likely precursors are long dsRNA molecules transcribed from the MIC chromosomes by RNA polymerase II in
association with the MIC-specific transcription factor Spt4-Spt5 (Gruchota et al., 2017; Owsian et al., 2022). A recent
study confirmed earlier findings that the entire MIC genome is transcribed and produces scnRNAs (Mir�o-Pina
et al., 2023), that are subsequently loaded onto Ptiwi01 and 09, two ohnologs of the PIWI subclade of Piwi/Ago proteins
(Bouhouche et al., 2011; Furrer et al., 2017).

Ptiwi01/09, loaded with scnRNAs, shuttle to the maternal MAC where the genome scanning process is thought to
occur. ncRNA transcripts present in the maternal MAC are believed to be probed by the Piwi-bound scnRNAs, with
scnRNAs complementary to a ncRNA target being degraded, and the remaining scnRNAs being transported to the new
MAC. This would result in the selection of a scnRNA population exclusively corresponding to sequences not found in
the maternal MAC, and therefore to be eliminated from the new MAC. The details of the selection mechanism remain
unclear. Some proteins have been implicated in the selective degradation of scnRNAs, such as the RNA-binding pro-
teins Nowa1 and 2 (Nowacki et al., 2005), Pdsg1 (Arambasic et al., 2014), or the Tetrahymena RNA helicase Ema1 that
appears to stimulate the interaction between scnRNAs and noncoding transcripts (Aronica et al., 2008). Interestingly,
recent findings have identified roles for proteins traditionally associated with different functions in other organisms in
scnRNA selection in ciliates, such as PRC2 and its cofactors (Mir�o-Pina et al., 2023; C. Wang et al., 2022) and Gtsf1
(Charmant et al., 2023; C. Wang, Lv, et al., 2023).

In the new MAC, scnRNA-Ptiwi complexes guide the PRC2 methyltransferase Ezl1 to catalyze both H3K9 and
H3K27 trimethylation over MIC-specific sequences to be eliminated (Frapporti et al., 2019). This dual substrate activity
is strikingly different from the human PRC2 methyltransferase EZH2, which has a strong preference for H3K27
(Margueron et al., 2008), even though they share structural similarities (Frapporti et al., 2019). By analogy to the small-
RNA-guided heterochromatin formation mechanism described in S. pombe, scnRNA-Ptiwi complexes are likely rec-
ruited to their targets in the new MAC by nascent transcripts synthesized by TFIIS4 (Maliszewska-Olejniczak
et al., 2015). Similarly to the recruitment of H3K9 methyltransferases by small-RNA-Argonaute complexes in other
organisms, PRC2 is likely recruited to TEs via its known physical interaction with Ptiwi09 (Mir�o-Pina et al., 2022;
C. Wang et al., 2022). The resulting H3K9me3 and H3K27me3 marks are required for the elimination of all TEs and
around 70% of IESs (Frapporti et al., 2019; Lhuillier-Akakpo et al., 2014). Small RNAs of another type, called iesRNAs,
are produced by Dcl5, are bound to Ptiwi10/11 and contribute to the elimination of IESs, apparently acting synergisti-
cally with scnRNAs (Allen et al., 2017; Furrer et al., 2017; Sandoval et al., 2014). Once H3K9me3 and H3K27me3 are
deposited, however, it is not entirely understood how they are interpreted by the cell to trigger DNA elimination.
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4 | HISTONE MODIFICATIONS AND THE RECRUITMENT OF THE
EXCISION COMPLEX

The simplest model proposed so far is that the endonuclease itself is tethered to chromatin by the histone marks
(Baudry et al., 2009; Betermier & Duharcourt, 2014; Coyne et al., 2012). Both the Pgm (Paramecium) and Tpb2 (Tetra-
hymena) endonucleases possess a cysteine-rich domain (CRD). While the CRD domain of Tbp2 has been reported to
show a modest preference for H3K9me3 or H3K27me3 peptides (Vogt & Mochizuki, 2013), it remains to be assessed
whether the CRD domain preferentially binds modified nucleosomes. Meanwhile, the CRD domain of Pgm has been
shown to have a weak affinity for the electrostatic charge of histone H3 N-terminal tail independently of its methylation
status (Guérineau et al., 2021).

Alternatively, other factors might link the excision machinery to histone modifications. The Pgm excision complex
is believed to include 5 Pgm-like proteins which are catalytically inactive but necessary to introduce double strand
breaks (Bischerour et al., 2018). These or other Pgm-interacting proteins could serve as intermediaries between the exci-
sion machinery and histone marks. In other organisms, H3K9me3 and H3K27me3 are each recognized by distinct fami-
lies of chromodomain-containing proteins (Bannister et al., 2001; R. Cao et al., 2002; Kuzmichev et al., 2002; Lachner
et al., 2001). The presence of regions marked by both H3K9me3 and H3K27me3 in Paramecium raises the possibility
that the same chromodomain-containing protein reads the two marks, as has been shown for Rhino in Drosophila
(Akkouche et al., 2024). Despite the large number of chromodomain proteins encoded in the Paramecium genome, or
perhaps because they are so numerous, none has so far been linked to Pgm complex recruitment to eliminated regions.
Further work is needed to uncover what bridges histone modifications and the Pgm excision complex.

It is not known whether Pgm cuts throughout the TE-containing regions that are covered with H3K9me3 and
H3K27me3, or only at their boundaries. In the first scenario, Pgm would only need the repressive marks to guide its
recruitment, whereas the second model would imply that Pgm can sense the junction between Ezl1-modified and
-unmodified chromatin.

As for the IESs, it is not formally known if they are marked with H3K9me3 and H3K27me3, although the excision of
2/3 of IESs is dependent on PRC2 (Lhuillier-Akakpo et al., 2014; Mir�o-Pina et al., 2022; C. Wang et al., 2022). It seems dif-
ficult to explain how they could be excised with nucleotide-level precision through histone modifications alone. Indeed,
the position of the modified nucleosomes relative to the IES length (93% shorter than 150 bp) does not appear to provide
the necessary resolution. Nevertheless, positioning of modified nucleosomes with respect to IES likely plays a direct role
in the recruitment of the Pgm complex at their vicinity (Coyne et al., 2012; Lhuillier-Akakpo et al., 2014). Access to DNA
cleavage sites may then be facilitated by chromatin remodelers (de Vanssay et al., 2020; Singh et al., 2022).

IESs are excised in a time-dependent manner according to their size (Zangarelli et al., 2022). The small IESs, which
are also the oldest ones, are excised early compared to the longer, and more recent IESs (Sellis et al., 2021). These lon-
ger, late-excised IESs require PRC2 for excision, while the shorter early-excised ones most often do not (Lhuillier-
Akakpo et al., 2014; Sellis et al., 2021). Interestingly, disruption of IES excision has been found to have cascading
effects, with dysregulation of IES-containing genes impairing the subsequent excision of other IESs (Bazin-Gélis
et al., 2023). This raises the possibility that the early events of DNA elimination might re-establish the reading frames
of genes whose transcription is required for the later PRC2-dependent steps of DNA elimination. Proper timing of IES
excision is thus crucial for completing the DNA elimination process. Depletion of PRC2, like that of the excision
machinery, leads to dysregulation of developmental genes, although this is likely a consequence of IES retention rather
than a direct repressive effect of PRC2 on gene expression (Bazin-Gélis et al., 2023; Frapporti et al., 2019).

5 | DYNAMIC 3D ORGANIZATION OF THE NUCLEUS AND DNA
ELIMINATION

At the cytological level, H3K9me3 and H3K27me3 display a dynamic pattern of localization in the new MAC. The
marks are initially diffuse and then form foci that coalesce into a single spot, before finally disappearing (Lhuillier-
Akakpo et al., 2014). Interestingly, the formation of these foci is abolished when DNA elimination is impaired
(Lhuillier-Akakpo et al., 2014), suggesting that nuclear 3D organization is important for the DNA elimination process.
However, it remains unknown whether the foci are a prerequisite for or a consequence of DNA elimination in Parame-
cium (Lhuillier-Akakpo et al., 2014). In Tetrahymena, DNA elimination has been proposed to occur downstream the
formation of these foci (Kataoka & Mochizuki, 2017).
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One could imagine that chromodomain-containing proteins that recognize H3K9me3 and H3K27me3 are at play.
Studies have shown that the metazoan chromodomain protein HP1 is a driver of liquid–liquid phase separation, all-
owing the split of heterochromatin and euchromatin into different nuclear compartments (Strom et al., 2017 Larson
2017). By analogy, MIC-limited and MAC-destined sequences could be physically separated by a similar mechanism in
Paramecium and Tetrahymena. This would enable genome compartmentalization and the creation of a suitable chro-
matin environment for the excision machinery.

Alternatively, if the foci are a consequence of DNA elimination, their formation may represent modified histones
that aggregate together with DNA after excision from the chromosome. Their disapearance might result from the subse-
quent active degradation of these DNA/protein aggregates by mechanisms yet to be determined.

6 | CONCLUSION

Analogous small-RNA-guided strategies are used in fungi, plants, animals and ciliates to recruit histone met-
hyltransferases to repeated sequences and transcriptionally silence them. Instead of H3K9 methyltransferases, ciliates
such as Paramecium have apparently rewired the RNAi machinery toward a Polycomb protein, which has the ability to
trimethylate both K9 and K27 of histone H3.

While PRC2 is generally associated with maintenance of gene repression in animals and plants (Blackledge &
Klose, 2021; Holoch & Margueron, 2017; Schuettengruber et al., 2017), in Paramecium and Tetrahymena it has been
shown to control the elimination of TEs and their transcriptional repression (Frapporti et al., 2019; Mir�o-Pina
et al., 2022; C. Wang et al., 2022; Zhao et al., 2019). Interestingly, an association between H3K27me3 and transposable
elements has also been reported in several eukaryotic lineages beyond ciliates (Déléris et al., 2021). Enhancer-of-zeste
proteins, which are the catalytic subnits of PRC2, have recently been implicated in the transcriptional control of TEs in
these organisms (Hisanaga et al., 2023), supporting the idea that this may constitute the ancestral function of PRC2
(Déléris et al., 2021). Beyond participating in transcriptional repression of TEs directly, PRC2 was recently found to con-
tribute to small-RNA biogenesis (Akkouche et al., 2024), suggesting that H3K27me3 can help control TEs at multiple
levels.

To ensure the persistence of repression, other organisms have developed self-reinforcing regulatory loops that lead
to lasting accumulation of small-RNAs and histone modifications. At first glance, it appears that such a mechanism
might not be necessary in a system in which the repressed sequences are removed. Yet several rounds of genome
endoreplication occur before transposable elements are eliminated (Zangarelli et al., 2022). This leaves open the possi-
bility that ciliates may also possess positive feedback loops to enhance scnRNA production and accumulation of histone
modifications during this time window preceding TE elimination.

The similarities and differences between ciliates and other eukaryotes highlight the value of studying small-
RNA-directed chromatin silencing in a wide variety of model systems. Continuing to explore these questions through
the lens of evolutionary comparison will be critical to reach a more thorough understanding of the principles governing
genome stability.

AUTHOR CONTRIBUTIONS
Thomas Balan: Conceptualization (equal); investigation (equal); writing – original draft (equal); writing – review and
editing (equal). Leticia Koch Lerner: Conceptualization (equal); investigation (equal); writing – original draft (equal);
writing – review and editing (equal). Daniel Holoch: Conceptualization (equal); investigation
(equal); writing – original draft (equal); writing – review and editing (equal). Sandra Duharcourt: Conceptualization
(equal); funding acquisition (equal); supervision (equal); writing – original draft (equal); writing – review and editing
(equal).

FUNDING INFORMATION
Work in SD lab was supported by the Centre National de la Recherche Scientifique, the Agence. Nationale de la
Recherche (ANR) [project “POLYCHROME” ANR-19-CE12-0015]; [project “SELECTION” ANR-23-CE12-0027]; the
LABEX Who Am I? (ANR-11-LABX-0071; ANR-11-IDEX-0005-02); the Fondation de la Recherche Médicale “Equipe
FRM EQU202203014643.” TB was recipient of PhD fellowship from Université Paris Cité, CNRS Institut des sciences
biologiques.

8 of 13 BALAN ET AL.

 17577012, 2024, 2, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
rna.1848 by Portail B

ibC
N

R
S IN

SB
, W

iley O
nline L

ibrary on [04/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://wires.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fwrna.1848&mode=


CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were created or analyzed in this study.

RELATED WIREs ARTICLES
Whence genes in pieces: Reconstruction of the exon-intron gene structures of the last eukaryotic common ancestor and
other ancestral eukaryotes

DNA rearrangements directed by non-coding RNAs in ciliates

ORCID
Sandra Duharcourt https://orcid.org/0000-0002-8913-8799

REFERENCES
Abello, A., Régnier, V., Arnaiz, O., Le Bars, R., Bétermier, M., & Bischerour, J. (2020). Functional diversification of Paramecium Ku80 para-

logs safeguards genome integrity during precise programmed DNA elimination. PLoS Genetics, 16(4), e1008723. https://doi.org/10.1371/
journal.pgen.1008723

Akkouche, A., Kneuss, E., Bornelöv, S., Renaud, Y., Eastwood, E. L., van Lopik, J., Gueguen, N., Jiang, M., Creixell, P., Maupetit-
Mehouas, S., Nicholson, B. C., Brasset, E., & Hannon, G. J. (2024). A dual histone code specifies the binding of heterochromatin protein
Rhino to a subset of piRNA source loci. bioRxiv. https://doi.org/10.1101/2024.01.11.575256

Allen, S. E., Hug, I., Pabian, S., Rzeszutek, I., Hoehener, C., & Nowacki, M. (2017). Circular concatemers of ultra-short DNA segments pro-
duce regulatory RNAs. Cell, 168(6), 990–999.e7. https://doi.org/10.1016/j.cell.2017.02.020

Arambasic, M., Sandoval, P. Y., Hoehener, C., Singh, A., Swart, E. C., & Nowacki, M. (2014). Pdsg1 and Pdsg2, novel proteins involved in
developmental genome remodelling in Paramecium. PLoS One, 9(11), e112899. https://doi.org/10.1371/journal.pone.0112899

Aravin, A. A., Hannon, G. J., & Brennecke, J. (2007). The Piwi-piRNA pathway provides an adaptive defense in the transposon arms race.
Science, 318(5851), 761–764. https://doi.org/10.1126/science.1146484

Aravin, A. A., Sachidanandam, R., Bourc'his, D., Schaefer, C., Pezic, D., Toth, K. F., Bestor, T., & Hannon, G. J. (2008). A piRNA pathway
primed by individual transposons is linked to de novo DNA methylation in mice. Molecular Cell, 31(6), 785–799. https://doi.org/10.1016/
j.molcel.2008.09.003

Arnaiz, O., Mathy, N., Baudry, C., Malinsky, S., Aury, J.-M., Denby Wilkes, C., Garnier, O., Labadie, K., Lauderdale, B. E., Le Mouël, A.,
Marmignon, A., Nowacki, M., Poulain, J., Prajer, M., Wincker, P., Meyer, E., Duharcourt, S., Duret, L., Bétermier, M., & Sperling, L.
(2012). The Paramecium germline genome provides a niche for intragenic parasitic DNA: Evolutionary dynamics of internal eliminated
sequences. PLoS Genetics, 8(10), e1002984. https://doi.org/10.1371/journal.pgen.1002984

Aronica, L., Bednenko, J., Noto, T., DeSouza, L. V., Siu, K. W. M., Loidl, J., Pearlman, R. E., Gorovsky, M. A., & Mochizuki, K. (2008). Study
of an RNA helicase implicates small RNA-noncoding RNA interactions in programmed DNA elimination in Tetrahymena. Genes &
Development, 22(16), 2228–2241. https://doi.org/10.1101/gad.481908

Aury, J.-M., Jaillon, O., Duret, L., Noel, B., Jubin, C., Porcel, B. M., Ségurens, B., Daubin, V., Anthouard, V., Aiach, N., Arnaiz, O.,
Billaut, A., Beisson, J., Blanc, I., Bouhouche, K., Câmara, F., Duharcourt, S., Guigo, R., Gogendeau, D., … Wincker, P. (2006). Global
trends of whole-genome duplications revealed by the ciliate Paramecium tetraurelia. Nature, 444(7116), 171–178. https://doi.org/10.
1038/nature05230

Bannister, A. J., Zegerman, P., Partridge, J. F., Miska, E. A., Thomas, J. O., Allshire, R. C., & Kouzarides, T. (2001). Selective recognition of
methylated lysine 9 on histone H3 by the HP1 chromo domain. Nature, 410(6824), 120–124. https://doi.org/10.1038/35065138

Batki, J., Schnabl, J., Wang, J., Handler, D., Andreev, V. I., Stieger, C. E., Novatchkova, M., Lampersberger, L., Kauneckaite, K., Xie, W.,
Mechtler, K., Patel, D. J., & Brennecke, J. (2019). The nascent RNA binding complex SFiNX licenses piRNA-guided heterochromatin for-
mation. Nature Structural & Molecular Biology, 26(8), 720–731. https://doi.org/10.1038/s41594-019-0270-6

Baudry, C., Malinsky, S., Restituito, M., Kapusta, A., Rosa, S., Meyer, E., & Bétermier, M. (2009). PiggyMac, a domesticated piggyBac trans-
posase involved in programmed genome rearrangements in the ciliate Paramecium tetraurelia. Genes & Development, 23(21), 2478–2483.
https://doi.org/10.1101/gad.547309

Baumgartner, L., Handler, D., Platzer, S. W., Yu, C., Duchek, P., & Brennecke, J. (2022). The Drosophila ZAD zinc finger protein Kipferl
guides Rhino to piRNA clusters. eLife, 11, e80067. https://doi.org/10.7554/eLife.80067

Bazin-Gélis, M., Eleftheriou, E., Zangarelli, C., Lelandais, G., Sperling, L., Arnaiz, O., & Bétermier, M. (2023). Inter-generational nuclear
crosstalk links the control of gene expression to programmed genome rearrangements during the Paramecium sexual cycle. Nucleic Acids
Research, 51(22), 12337–12351. https://doi.org/10.1093/nar/gkad1006

Bernard, P., Maure, J. F., Partridge, J. F., Genier, S., Javerzat, J. P., & Allshire, R. C. (2001). Requirement of heterochromatin for cohesion at
centromeres. Science, 294(5551), 2539–2542. https://doi.org/10.1126/science.1064027

BALAN ET AL. 9 of 13

 17577012, 2024, 2, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
rna.1848 by Portail B

ibC
N

R
S IN

SB
, W

iley O
nline L

ibrary on [04/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/wrna.1143
https://doi.org/10.1002/wrna.1143
https://doi.org/10.1002/wrna.34
https://orcid.org/0000-0002-8913-8799
https://orcid.org/0000-0002-8913-8799
https://doi.org/10.1371/journal.pgen.1008723
https://doi.org/10.1371/journal.pgen.1008723
https://doi.org/10.1101/2024.01.11.575256
https://doi.org/10.1016/j.cell.2017.02.020
https://doi.org/10.1371/journal.pone.0112899
https://doi.org/10.1126/science.1146484
https://doi.org/10.1016/j.molcel.2008.09.003
https://doi.org/10.1016/j.molcel.2008.09.003
https://doi.org/10.1371/journal.pgen.1002984
https://doi.org/10.1101/gad.481908
https://doi.org/10.1038/nature05230
https://doi.org/10.1038/nature05230
https://doi.org/10.1038/35065138
https://doi.org/10.1038/s41594-019-0270-6
https://doi.org/10.1101/gad.547309
https://doi.org/10.7554/eLife.80067
https://doi.org/10.1093/nar/gkad1006
https://doi.org/10.1126/science.1064027
https://wires.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fwrna.1848&mode=


Betermier, M., & Duharcourt, S. (2014). Programmed rearrangement in ciliates: Paramecium. Microbiology Spectrum, 2(6). https://doi.org/10.
1128/microbiolspec.MDNA3-0035-2014

Bétermier, M., Klobutcher, L. A., & Orias, E. (2023). Programmed chromosome fragmentation in ciliated protozoa: Multiple means to chro-
mosome ends. Microbiology and Molecular Biology Reviews, 87(4), e0018422. https://doi.org/10.1128/mmbr.00184-22

Bischerour, J., Bhullar, S., Denby Wilkes, C., Régnier, V., Mathy, N., Dubois, E., Singh, A., Swart, E., Arnaiz, O., Sperling, L., Nowacki, M., &
Bétermier, M. (2018). Six domesticated PiggyBac transposases together carry out programmed DNA elimination in Paramecium. eLife, 7,
e37927. https://doi.org/10.7554/eLife.37927

Blackledge, N. P., & Klose, R. J. (2021). The molecular principles of gene regulation by polycomb repressive complexes. Nature Reviews.
Molecular Cell Biology, 22(12), 815–833. https://doi.org/10.1038/s41580-021-00398-y

Bobadilla Ugarte, P., Barendse, P., & Swarts, D. C. (2023). Argonaute proteins confer immunity in all domains of life. Current Opinion in
Microbiology, 74, 102313. https://doi.org/10.1016/j.mib.2023.102313

Bouhouche, K., Gout, J.-F., Kapusta, A., Bétermier, M., & Meyer, E. (2011). Functional specialization of Piwi proteins in Paramecium
tetraurelia from post-transcriptional gene silencing to genome remodelling. Nucleic Acids Research, 39(10), 4249–4264. https://doi.org/10.
1093/nar/gkq1283

Brennecke, J., Aravin, A. A., Stark, A., Dus, M., Kellis, M., Sachidanandam, R., & Hannon, G. J. (2007). Discrete small RNA-generating loci
as master regulators of transposon activity in Drosophila. Cell, 128(6), 1089–1103. https://doi.org/10.1016/j.cell.2007.01.043

Brygoo, Y., Sonneborn, T. M., Keller, A. M., Dippell, R. V., & Schneller, M. V. (1980). Genetic analysis of mating type differentiation in PAR-
AMECIUM TETRAURELIA. II. Role of the micronuclei in mating-type determination. Genetics, 94(4), 951–959. https://doi.org/10.1093/
genetics/94.4.951

Burki, F., Roger, A. J., Brown, M. W., & Simpson, A. G. B. (2020). The new tree of eukaryotes. Trends in Ecology & Evolution, 35(1), 43–55.
https://doi.org/10.1016/j.tree.2019.08.008

Cao, R., Wang, L., Wang, H., Xia, L., Erdjument-Bromage, H., Tempst, P., Jones, R. S., & Zhang, Y. (2002). Role of histone H3 lysine 27 meth-
ylation in Polycomb-group silencing. Science, 298(5595), 1039–1043. https://doi.org/10.1126/science.1076997

Cao, X., Aufsatz, W., Zilberman, D., Mette, M. F., Huang, M. S., Matzke, M., & Jacobsen, S. E. (2003). Role of the DRM and CMT3 met-
hyltransferases in RNA-directed DNA methylation. Current Biology: CB, 13(24), 2212–2217. https://doi.org/10.1016/j.cub.2003.11.052

Carmell, M. A., Girard, A., van de Kant, H. J. G., Bourc'his, D., Bestor, T. H., de Rooij, D. G., & Hannon, G. J. (2007). MIWI2 is essential for
spermatogenesis and repression of transposons in the mouse male germline. Developmental Cell, 12(4), 503–514. https://doi.org/10.1016/
j.devcel.2007.03.001

Castel, S. E., & Martienssen, R. A. (2013). RNA interference in the nucleus: Roles for small RNAs in transcription, epigenetics and beyond.
Nature Reviews. Genetics, 14(2), 100–112. https://doi.org/10.1038/nrg3355

Chan, S. W.-L., Zilberman, D., Xie, Z., Johansen, L. K., Carrington, J. C., & Jacobsen, S. E. (2004). RNA silencing genes control de novo DNA
methylation. Science, 303(5662), 1336. https://doi.org/10.1126/science.1095989

Charmant, O., Gruchota, J., Arnaiz, O., Zangarelli, C., Bétermier, M., Nowak, K., Legros, V., Chevreux, G., Nowak, J., & Duharcourt, S.
(2023). The nuclear PIWI-interacting protein Gtsf1 controls the selective degradation of small RNAs in Paramecium. bioRxiv. https://doi.
org/10.1101/2023.09.19.558372

Coyne, R. S., Lhuillier-Akakpo, M., & Duharcourt, S. (2012). RNA-guided DNA rearrangements in ciliates: Is the best genome defence a good
offence? Biology of the Cell, 104(6), 309–325. https://doi.org/10.1111/boc.201100057

de Vanssay, A., Touzeau, A., Arnaiz, O., Frapporti, A., Phipps, J., & Duharcourt, S. (2020). The Paramecium histone chaperone Spt16-1 is
required for Pgm endonuclease function in programmed genome rearrangements. PLoS Genetics, 16(7), e1008949. https://doi.org/10.
1371/journal.pgen.1008949

Déléris, A., Berger, F., & Duharcourt, S. (2021). Role of Polycomb in the control of transposable elements. Trends in Genetics, 37, 882–889.
https://doi.org/10.1016/j.tig.2021.06.003

Duharcourt, S., Butler, A., & Meyer, E. (1995). Epigenetic self-regulation of developmental excision of an internal eliminated sequence on
Paramecium tetraurelia. Genes & Development, 9(16), 2065–2077. https://doi.org/10.1101/gad.9.16.2065

El-Shami, M., Pontier, D., Lahmy, S., Braun, L., Picart, C., Vega, D., Hakimi, M.-A., Jacobsen, S. E., Cooke, R., & Lagrange, T. (2007). Reiter-
ated WG/GW motifs form functionally and evolutionarily conserved ARGONAUTE-binding platforms in RNAi-related components.
Genes & Development, 21(20), 2539–2544. https://doi.org/10.1101/gad.451207

Frapporti, A., Mir�o Pina, C., Arnaiz, O., Holoch, D., Kawaguchi, T., Humbert, A., Eleftheriou, E., Lombard, B., Loew, D., Sperling, L.,
Guitot, K., Margueron, R., & Duharcourt, S. (2019). The Polycomb protein Ezl1 mediates H3K9 and H3K27 methylation to repress trans-
posable elements in Paramecium. Nature Communications, 10(1), 2710. https://doi.org/10.1038/s41467-019-10648-5

Furrer, D. I., Swart, E. C., Kraft, M. F., Sandoval, P. Y., & Nowacki, M. (2017). Two sets of piwi proteins are involved in distinct sRNA path-
ways leading to elimination of germline-specific DNA. Cell Reports, 20(2), 505–520. https://doi.org/10.1016/j.celrep.2017.06.050

Gallego-Bartolomé, J., Liu, W., Kuo, P. H., Feng, S., Ghoshal, B., Gardiner, J., Zhao, J. M.-C., Park, S. Y., Chory, J., & Jacobsen, S. E. (2019).
Co-targeting RNA polymerases IV and V promotes efficient De novo DNA methylation in Arabidopsis. Cell, 176(5), 1068–1082.e19.
https://doi.org/10.1016/j.cell.2019.01.029

Gout, J.-F., Hao, Y., Johri, P., Arnaiz, O., Doak, T. G., Bhullar, S., Couloux, A., Guérin, F., Malinsky, S., Potekhin, A., Sawka, N., Sperling, L.,
Labadie, K., Meyer, E., Duharcourt, S., & Lynch, M. (2023). Dynamics of gene loss following ancient whole-genome duplication in the
cryptic paramecium complex. Molecular Biology and Evolution, 40(5), msad107. https://doi.org/10.1093/molbev/msad107

Grattepanche, J.-D., Walker, L. M., Ott, B. M., Paim Pinto, D. L., Delwiche, C. F., Lane, C. E., & Katz, L. A. (2018). Microbial diversity in the
eukaryotic SAR clade: Illuminating the darkness between morphology and molecular data. BioEssays, 40(4), 1700198. https://doi.org/10.
1002/bies.201700198

10 of 13 BALAN ET AL.

 17577012, 2024, 2, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
rna.1848 by Portail B

ibC
N

R
S IN

SB
, W

iley O
nline L

ibrary on [04/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1128/microbiolspec.MDNA3-0035-2014
https://doi.org/10.1128/microbiolspec.MDNA3-0035-2014
https://doi.org/10.1128/mmbr.00184-22
https://doi.org/10.7554/eLife.37927
https://doi.org/10.1038/s41580-021-00398-y
https://doi.org/10.1016/j.mib.2023.102313
https://doi.org/10.1093/nar/gkq1283
https://doi.org/10.1093/nar/gkq1283
https://doi.org/10.1016/j.cell.2007.01.043
https://doi.org/10.1093/genetics/94.4.951
https://doi.org/10.1093/genetics/94.4.951
https://doi.org/10.1016/j.tree.2019.08.008
https://doi.org/10.1126/science.1076997
https://doi.org/10.1016/j.cub.2003.11.052
https://doi.org/10.1016/j.devcel.2007.03.001
https://doi.org/10.1016/j.devcel.2007.03.001
https://doi.org/10.1038/nrg3355
https://doi.org/10.1126/science.1095989
https://doi.org/10.1101/2023.09.19.558372
https://doi.org/10.1101/2023.09.19.558372
https://doi.org/10.1111/boc.201100057
https://doi.org/10.1371/journal.pgen.1008949
https://doi.org/10.1371/journal.pgen.1008949
https://doi.org/10.1016/j.tig.2021.06.003
https://doi.org/10.1101/gad.9.16.2065
https://doi.org/10.1101/gad.451207
https://doi.org/10.1038/s41467-019-10648-5
https://doi.org/10.1016/j.celrep.2017.06.050
https://doi.org/10.1016/j.cell.2019.01.029
https://doi.org/10.1093/molbev/msad107
https://doi.org/10.1002/bies.201700198
https://doi.org/10.1002/bies.201700198
https://wires.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fwrna.1848&mode=


Gruchota, J., Denby Wilkes, C., Arnaiz, O., Sperling, L., & Nowak, J. K. (2017). A meiosis-specific Spt5 homolog involved in non-coding tran-
scription. Nucleic Acids Research, 45(8), 4722–4732. https://doi.org/10.1093/nar/gkw1318

Guérin, F., Arnaiz, O., Boggetto, N., Denby Wilkes, C., Meyer, E., Sperling, L., & Duharcourt, S. (2017). Flow cytometry sorting of nuclei
enables the first global characterization of Paramecium germline DNA and transposable elements. BMC Genomics, 18(1), 327. https://
doi.org/10.1186/s12864-017-3713-7

Guérineau, M., Bessa, L., Moriau, S., Lescop, E., Bontems, F., Mathy, N., Guittet, E., Bischerour, J., Bétermier, M., & Morellet, N. (2021). The
unusual structure of the PiggyMac cysteine-rich domain reveals zinc finger diversity in PiggyBac-related transposases. Mobile DNA,
12(1), 12. https://doi.org/10.1186/s13100-021-00240-4

Gunawardane, L. S., Saito, K., Nishida, K. M., Miyoshi, K., Kawamura, Y., Nagami, T., Siomi, H., & Siomi, M. C. (2007). A slicer-mediated mecha-
nism for repeat-associated siRNA 50 end formation in Drosophila. Science, 315(5818), 1587–1590. https://doi.org/10.1126/science.1140494

Herr, A. J., Jensen, M. B., Dalmay, T., & Baulcombe, D. C. (2005). RNA polymerase IV directs silencing of endogenous DNA. Science,
308(5718), 118–120. https://doi.org/10.1126/science.1106910

Hisanaga, T., Romani, F., Wu, S., Kowar, T., Wu, Y., Lintermann, R., Fridrich, A., Cho, C. H., Chaumier, T., Jamge, B., Montgomery, S. A.,
Axelsson, E., Akimcheva, S., Dierschke, T., Bowman, J. L., Fujiwara, T., Hirooka, S., Miyagishima, S.-Y., Dolan, L., … Berger, F. (2023).
The Polycomb repressive complex 2 deposits H3K27me3 and represses transposable elements in a broad range of eukaryotes. Current
Biology: CB, S0960-9822(23), 4367–4380. https://doi.org/10.1016/j.cub.2023.08.073.e9.

Holoch, D., & Margueron, R. (2017). Mechanisms regulating PRC2 recruitment and enzymatic activity. Trends in Biochemical Sciences, 42(7),
531–542. https://doi.org/10.1016/j.tibs.2017.04.003

Holoch, D., & Moazed, D. (2015). RNA-mediated epigenetic regulation of gene expression. Nature Reviews. Genetics, 16(2), 71–84. https://doi.
org/10.1038/nrg3863

Huang, X. A., Yin, H., Sweeney, S., Raha, D., Snyder, M., & Lin, H. (2013). A major epigenetic programming mechanism guided by piRNAs.
Developmental Cell, 24(5), 502–516. https://doi.org/10.1016/j.devcel.2013.01.023

Johnson, L. M., Bostick, M., Zhang, X., Kraft, E., Henderson, I., Callis, J., & Jacobsen, S. E. (2007). The SRA methyl-cytosine-binding domain
links DNA and histone methylation. Current Biology: CB, 17(4), 379–384. https://doi.org/10.1016/j.cub.2007.01.009

Johnson, L. M., Du, J., Hale, C. J., Bischof, S., Feng, S., Chodavarapu, R. K., Zhong, X., Marson, G., Pellegrini, M., Segal, D. J., Patel, D. J., &
Jacobsen, S. E. (2014). SRA- and SET-domain-containing proteins link RNA polymerase V occupancy to DNA methylation. Nature,
507(7490), 124–128. https://doi.org/10.1038/nature12931

Kapusta, A., Matsuda, A., Marmignon, A., Ku, M., Silve, A., Meyer, E., Forney, J. D., Malinsky, S., & Bétermier, M. (2011). Highly precise
and developmentally programmed genome assembly in Paramecium requires ligase IV-dependent end joining. PLoS Genetics, 7(4),
e1002049. https://doi.org/10.1371/journal.pgen.1002049

Kataoka, K., & Mochizuki, K. (2017). Heterochromatin aggregation during DNA elimination in tetrahymena is facilitated by a prion-like pro-
tein. Journal of Cell Science, 130(2), 480–489. https://doi.org/10.1242/jcs.195503

Klattenhoff, C., Xi, H., Li, C., Lee, S., Xu, J., Khurana, J. S., Zhang, F., Schultz, N., Koppetsch, B. S., Nowosielska, A., Seitz, H.,
Zamore, P. D., Weng, Z., & Theurkauf, W. E. (2009). The Drosophila HP1 homolog Rhino is required for transposon silencing and
piRNA production by dual-strand clusters. Cell, 138(6), 1137–1149. https://doi.org/10.1016/j.cell.2009.07.014

Klobutcher, L. A., & Herrick, G. (1995). Consensus inverted terminal repeat sequence of Paramecium IESs: Resemblance to termini of
Tc1-related and Euplotes Tec transposons. Nucleic Acids Research, 23(11), 2006–2013. https://doi.org/10.1093/nar/23.11.2006

Kuzmichev, A., Nishioka, K., Erdjument-Bromage, H., Tempst, P., & Reinberg, D. (2002). Histone methyltransferase activity associated with
a human multiprotein complex containing the enhancer of Zeste protein. Genes & Development, 16(22), 2893–2905. https://doi.org/10.
1101/gad.1035902

Lachner, M., O'Carroll, D., Rea, S., Mechtler, K., & Jenuwein, T. (2001). Methylation of histone H3 lysine 9 creates a binding site for HP1 pro-
teins. Nature, 410(6824), 116–120. https://doi.org/10.1038/35065132

Law, J. A., Du, J., Hale, C. J., Feng, S., Krajewski, K., Palanca, A. M. S., Strahl, B. D., Patel, D. J., & Jacobsen, S. E. (2013). Polymerase-IV
occupancy at RNA-directed DNA methylation sites requires SHH1. Nature, 498(7454), 385–389. https://doi.org/10.1038/nature12178

Le Thomas, A., Rogers, A. K., Webster, A., Marinov, G. K., Liao, S. E., Perkins, E. M., Hur, J. K., Aravin, A. A., & T�oth, K. F. (2013). Piwi
induces piRNA-guided transcriptional silencing and establishment of a repressive chromatin state. Genes & Development, 27(4), 390–399.
https://doi.org/10.1101/gad.209841.112

Le Thomas, A., Stuwe, E., Li, S., Du, J., Marinov, G., Rozhkov, N., Chen, Y.-C. A., Luo, Y., Sachidanandam, R., Toth, K. F., Patel, D., &
Aravin, A. A. (2014). Transgenerationally inherited piRNAs trigger piRNA biogenesis by changing the chromatin of piRNA clusters and
inducing precursor processing. Genes & Development, 28(15), 1667–1680. https://doi.org/10.1101/gad.245514.114

Lepère, G., Bétermier, M., Meyer, E., & Duharcourt, S. (2008). Maternal noncoding transcripts antagonize the targeting of DNA elimination
by scanRNAs in Paramecium tetraurelia. Genes & Development, 22(11), 1501–1512. https://doi.org/10.1101/gad.473008

Lepère, G., Nowacki, M., Serrano, V., Gout, J.-F., Guglielmi, G., Duharcourt, S., & Meyer, E. (2009). Silencing-associated and meiosis-specific
small RNA pathways in Paramecium tetraurelia. Nucleic Acids Research, 37(3), 903–915. https://doi.org/10.1093/nar/gkn1018

Lhuillier-Akakpo, M., Frapporti, A., Denby Wilkes, C., Matelot, M., Vervoort, M., Sperling, L., & Duharcourt, S. (2014). Local effect of
enhancer of zeste-like reveals cooperation of epigenetic and cis-acting determinants for zygotic genome rearrangements. PLoS Genetics,
10(9), e1004665. https://doi.org/10.1371/journal.pgen.1004665

Maliszewska-Olejniczak, K., Gruchota, J., Gromadka, R., Denby Wilkes, C., Arnaiz, O., Mathy, N., Duharcourt, S., Bétermier, M., &
Nowak, J. K. (2015). TFIIS-dependent non-coding transcription regulates developmental genome rearrangements. PLoS Genetics, 11(7),
e1005383. https://doi.org/10.1371/journal.pgen.1005383

BALAN ET AL. 11 of 13

 17577012, 2024, 2, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
rna.1848 by Portail B

ibC
N

R
S IN

SB
, W

iley O
nline L

ibrary on [04/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1093/nar/gkw1318
https://doi.org/10.1186/s12864-017-3713-7
https://doi.org/10.1186/s12864-017-3713-7
https://doi.org/10.1186/s13100-021-00240-4
https://doi.org/10.1126/science.1140494
https://doi.org/10.1126/science.1106910
https://doi.org/10.1016/j.cub.2023.08.073
https://doi.org/10.1016/j.tibs.2017.04.003
https://doi.org/10.1038/nrg3863
https://doi.org/10.1038/nrg3863
https://doi.org/10.1016/j.devcel.2013.01.023
https://doi.org/10.1016/j.cub.2007.01.009
https://doi.org/10.1038/nature12931
https://doi.org/10.1371/journal.pgen.1002049
https://doi.org/10.1242/jcs.195503
https://doi.org/10.1016/j.cell.2009.07.014
https://doi.org/10.1093/nar/23.11.2006
https://doi.org/10.1101/gad.1035902
https://doi.org/10.1101/gad.1035902
https://doi.org/10.1038/35065132
https://doi.org/10.1038/nature12178
https://doi.org/10.1101/gad.209841.112
https://doi.org/10.1101/gad.245514.114
https://doi.org/10.1101/gad.473008
https://doi.org/10.1093/nar/gkn1018
https://doi.org/10.1371/journal.pgen.1004665
https://doi.org/10.1371/journal.pgen.1005383
https://wires.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fwrna.1848&mode=


Malone, C. D., & Hannon, G. J. (2009). Small RNAs as guardians of the genome. Cell, 136(4), 656–668. https://doi.org/10.1016/j.cell.2009.
01.045

Margueron, R., Li, G., Sarma, K., Blais, A., Zavadil, J., Woodcock, C. L., Dynlacht, B. D., & Reinberg, D. (2008). Ezh1 and Ezh2 maintain
repressive chromatin through different mechanisms. Molecular Cell, 32(4), 503–518. https://doi.org/10.1016/j.molcel.2008.11.004

Marmignon, A., Bischerour, J., Silve, A., Fojcik, C., Dubois, E., Arnaiz, O., Kapusta, A., Malinsky, S., & Bétermier, M. (2014). Ku-mediated
coupling of DNA cleavage and repair during programmed genome rearrangements in the ciliate Paramecium tetraurelia. PLoS Genetics,
10(8), e1004552. https://doi.org/10.1371/journal.pgen.1004552

McGrath, C. L., Gout, J.-F., Doak, T. G., Yanagi, A., & Lynch, M. (2014). Insights into three whole-genome duplications gleaned from the
Paramecium caudatum genome sequence. Genetics, 197(4), 1417–1428. https://doi.org/10.1534/genetics.114.163287

McGrath, C. L., Gout, J.-F., Johri, P., Doak, T. G., & Lynch, M. (2014). Differential retention and divergent resolution of duplicate genes fol-
lowing whole-genome duplication. Genome Research, 24(10), 1665–1675. https://doi.org/10.1101/gr.173740.114

Mir�o-Pina, C., Arnaiz, O., de Vanssay, A., Frapporti, A., Charmant, O., Humbert, A., Lhuillier-Akakpo, M., & Duharcourt, S. (2023). Non-
catalytic function of PRC2 in the control of small RNA dynamics during programmed genome elimination in Paramecium. bioRxiv.
https://doi.org/10.1101/2023.07.04.547679

Mir�o-Pina, C., Charmant, O., Kawaguchi, T., Holoch, D., Michaud, A., Cohen, I., Humbert, A., Jaszczyszyn, Y., Chevreux, G., Del
Maestro, L., Ait-Si-Ali, S., Arnaiz, O., Margueron, R., & Duharcourt, S. (2022). Paramecium Polycomb repressive complex 2 physically
interacts with the small RNA-binding PIWI protein to repress transposable elements. Developmental Cell, 57(8), 1037–1052.e8. https://
doi.org/10.1016/j.devcel.2022.03.014

Mochizuki, K., Fine, N. A., Fujisawa, T., & Gorovsky, M. A. (2002). Analysis of a piwi-related gene implicates small RNAs in genome
rearrangement in tetrahymena. Cell, 110(6), 689–699. https://doi.org/10.1016/S0092-8674(02)00909-1

Mohn, F., Sienski, G., Handler, D., & Brennecke, J. (2014). The rhino-deadlock-cutoff complex licenses noncanonical transcription of dual-
strand piRNA clusters in Drosophila. Cell, 157(6), 1364–1379. https://doi.org/10.1016/j.cell.2014.04.031

Motamedi, M. R., Verdel, A., Colmenares, S. U., Gerber, S. A., Gygi, S. P., & Moazed, D. (2004). Two RNAi complexes, RITS and RDRC,
physically interact and localize to noncoding centromeric RNAs. Cell, 119(6), 789–802. https://doi.org/10.1016/j.cell.2004.11.034

Ninova, M., Godneeva, B., Chen, Y.-C. A., Luo, Y., Prakash, S. J., Jankovics, F., Erdélyi, M., Aravin, A. A., & Fejes T�oth, K. (2020). The
SUMO ligase Su(var)2-10 controls hetero- and euchromatic gene expression via establishing H3K9 trimethylation and negative feedback
regulation. Molecular Cell, 77(3), 571–585.e4. https://doi.org/10.1016/j.molcel.2019.09.033

Nonaka, N., Kitajima, T., Yokobayashi, S., Xiao, G., Yamamoto, M., Grewal, S. I. S., & Watanabe, Y. (2002). Recruitment of cohesin to hetero-
chromatic regions by Swi6/HP1 in fission yeast. Nature Cell Biology, 4(1), 89–93. https://doi.org/10.1038/ncb739

Nowacki, M., Zagorski-Ostoja, W., & Meyer, E. (2005). Nowa1p and Nowa2p: Novel putative RNA binding proteins involved in trans-nuclear
crosstalk in Paramecium tetraurelia. Current Biology, 15(18), 1616–1628. https://doi.org/10.1016/j.cub.2005.07.033

Onodera, Y., Haag, J. R., Ream, T., Costa Nunes, P., Pontes, O., & Pikaard, C. S. (2005). Plant nuclear RNA polymerase IV mediates siRNA
and DNA methylation-dependent heterochromatin formation. Cell, 120(5), 613–622. https://doi.org/10.1016/j.cell.2005.02.007

Owsian, D., Gruchota, J., Arnaiz, O., & Nowak, J. K. (2022). The transient Spt4-Spt5 complex as an upstream regulator of non-coding RNAs
during development. Nucleic Acids Research, 50(5), 2603–2620. https://doi.org/10.1093/nar/gkac106

Ozata, D. M., Gainetdinov, I., Zoch, A., O'Carroll, D., & Zamore, P. D. (2019). PIWI-interacting RNAs: Small RNAs with big functions. Nature
Reviews. Genetics, 20(2), 89–108. https://doi.org/10.1038/s41576-018-0073-3

Partridge, J. F., Scott, K. S. C., Bannister, A. J., Kouzarides, T., & Allshire, R. C. (2002). Cis-acting DNA from fission yeast centromeres medi-
ates histone H3 methylation and recruitment of silencing factors and cohesin to an ectopic site. Current Biology, 12(19), 1652–1660.
https://doi.org/10.1016/s0960-9822(02)01177-6

Rodriguez, F., Yushenova, I. A., DiCorpo, D., & Arkhipova, I. R. (2022). Bacterial N4-methylcytosine as an epigenetic mark in eukaryotic
DNA. Nature Communications, 13(1), 1–17. https://doi.org/10.1038/s41467-022-28471-w

Rozhkov, N. V., Hammell, M., & Hannon, G. J. (2013). Multiple roles for Piwi in silencing drosophila transposons. Genes & Development,
27(4), 400–412. https://doi.org/10.1101/gad.209767.112

Sandoval, P. Y., Swart, E. C., Arambasic, M., & Nowacki, M. (2014). Functional diversification of Dicer-like proteins and small RNAs
required for genome sculpting. Developmental Cell, 28(2), 174–188. https://doi.org/10.1016/j.devcel.2013.12.010

Schuettengruber, B., Bourbon, H.-M., Di Croce, L., & Cavalli, G. (2017). Genome regulation by Polycomb and Trithorax: 70 years and cou-
nting. Cell, 171(1), 34–57. https://doi.org/10.1016/j.cell.2017.08.002

Sellis, D., Guérin, F., Arnaiz, O., Pett, W., Lerat, E., Boggetto, N., Krenek, S., Berendonk, T., Couloux, A., Aury, J.-M., Labadie, K.,
Malinsky, S., Bhullar, S., Meyer, E., Sperling, L., Duret, L., & Duharcourt, S. (2021). Massive colonization of protein-coding exons by self-
ish genetic elements in Paramecium germline genomes. PLoS Biology, 9(7), e3001309. https://doi.org/10.1371/journal.pbio.3001309

Shimada, Y., Mohn, F., & Bühler, M. (2016). The RNA-induced transcriptional silencing complex targets chromatin exclusively via inter-
acting with nascent transcripts. Genes & Development, 30(23), 2571–2580. https://doi.org/10.1101/gad.292599.116

Sienski, G., Batki, J., Senti, K.-A., Dönertas, D., Tirian, L., Meixner, K., & Brennecke, J. (2015). Silencio/CG9754 connects the Piwi-piRNA
complex to the cellular heterochromatin machinery. Genes & Development, 29(21), 2258–2271. https://doi.org/10.1101/gad.271908.115

Sienski, G., Dönertas, D., & Brennecke, J. (2012). Transcriptional silencing of transposons by Piwi and maelstrom and its impact on chroma-
tin state and gene expression. Cell, 151(5), 964–980. https://doi.org/10.1016/j.cell.2012.10.040

Singh, A., Maurer-Alcal�a, X. X., Solberg, T., Häußermann, L., Gisler, S., Ignarski, M., Swart, E. C., & Nowacki, M. (2022). Chromatin remo-
deling is required for sRNA-guided DNA elimination in Paramecium. The EMBO Journal, 41(22), e111839. https://doi.org/10.15252/
embj.2022111839

12 of 13 BALAN ET AL.

 17577012, 2024, 2, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
rna.1848 by Portail B

ibC
N

R
S IN

SB
, W

iley O
nline L

ibrary on [04/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.cell.2009.01.045
https://doi.org/10.1016/j.cell.2009.01.045
https://doi.org/10.1016/j.molcel.2008.11.004
https://doi.org/10.1371/journal.pgen.1004552
https://doi.org/10.1534/genetics.114.163287
https://doi.org/10.1101/gr.173740.114
https://doi.org/10.1101/2023.07.04.547679
https://doi.org/10.1016/j.devcel.2022.03.014
https://doi.org/10.1016/j.devcel.2022.03.014
https://doi.org/10.1016/S0092-8674(02)00909-1
https://doi.org/10.1016/j.cell.2014.04.031
https://doi.org/10.1016/j.cell.2004.11.034
https://doi.org/10.1016/j.molcel.2019.09.033
https://doi.org/10.1038/ncb739
https://doi.org/10.1016/j.cub.2005.07.033
https://doi.org/10.1016/j.cell.2005.02.007
https://doi.org/10.1093/nar/gkac106
https://doi.org/10.1038/s41576-018-0073-3
https://doi.org/10.1016/s0960-9822(02)01177-6
https://doi.org/10.1038/s41467-022-28471-w
https://doi.org/10.1101/gad.209767.112
https://doi.org/10.1016/j.devcel.2013.12.010
https://doi.org/10.1016/j.cell.2017.08.002
https://doi.org/10.1371/journal.pbio.3001309
https://doi.org/10.1101/gad.292599.116
https://doi.org/10.1101/gad.271908.115
https://doi.org/10.1016/j.cell.2012.10.040
https://doi.org/10.15252/embj.2022111839
https://doi.org/10.15252/embj.2022111839
https://wires.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fwrna.1848&mode=


Sonneborn, T. M. (1937). Sex, sex inheritance and sex determination in Paramecium aurelia. Proceedings of the National Academy of Sciences
of the United States of America, 23(7), 378–385.

Strom, A. R., Emelyanov, A. V., Mir, M., Fyodorov, D. V., Darzacq, X., & Karpen, G. H. (2017). Phase separation drives heterochromatin
domain formation. Nature, 547(7662), 241–245. https://doi.org/10.1038/nature22989

Sung, W., Tucker, A. E., Doak, T. G., Choi, E., Thomas, W. K., & Lynch, M. (2012). Extraordinary genome stability in the ciliate Paramecium
tetraurelia. Proceedings of the National Academy of Sciences of the United States of America, 109(47), 19339–19344. https://doi.org/10.
1073/pnas.1210663109

Tucker, J. B., Beisson, J., Roche, D. L., & Cohen, J. (1980). Microtubules and control of macronuclear “amitosis” in Paramecium. Journal of
Cell Science, 44, 135–151. https://doi.org/10.1242/jcs.44.1.135

Verdel, A., Jia, S., Gerber, S., Sugiyama, T., Gygi, S., Grewal, S. I. S., & Moazed, D. (2004). RNAi-mediated targeting of heterochromatin by
the RITS complex. Science, 303(5658), 672–676. https://doi.org/10.1126/science.1093686

Vogt, A., & Mochizuki, K. (2013). A domesticated PiggyBac transposase interacts with heterochromatin and catalyzes reproducible DNA
elimination in tetrahymena. PLoS Genetics, 9(12), e1004032. https://doi.org/10.1371/journal.pgen.1004032

Volpe, T. A., Kidner, C., Hall, I. M., Teng, G., Grewal, S. I. S., & Martienssen, R. A. (2002). Regulation of heterochromatic silencing and his-
tone H3 lysine-9 methylation by RNAi. Science, 297(5588), 1833–1837. https://doi.org/10.1126/science.1074973

Wang, C., Lv, L., Solberg, T., Wen, Z., Zhang, H., & Gao, F. (2023). Conservation of the ancestral function of GTSF1 in transposon silencing
in the unicellular eukaryote Paramecium tetraurelia. bioRxiv. https://doi.org/10.1101/2023.10.06.561219

Wang, C., Solberg, T., Maurer-Alcal�a, X. X., Swart, E. C., Gao, F., & Nowacki, M. (2022). A small RNA-guided PRC2 complex eliminates
DNA as an extreme form of transposon silencing. Cell Reports, 40(8), 111263. https://doi.org/10.1016/j.celrep.2022.111263

Wang, X., Ramat, A., Simonelig, M., & Liu, M.-F. (2023). Emerging roles and functional mechanisms of PIWI-interacting RNAs. Nature
Reviews. Molecular Cell Biology, 24(2), 123–141. https://doi.org/10.1038/s41580-022-00528-0

Wierzbicki, A. T., Haag, J. R., & Pikaard, C. S. (2008). Noncoding transcription by RNA polymerase Pol IVb/Pol V mediates transcriptional
silencing of overlapping and adjacent genes. Cell, 135(4), 635–648. https://doi.org/10.1016/j.cell.2008.09.035

Wierzbicki, A. T., Ream, T. S., Haag, J. R., & Pikaard, C. S. (2009). RNA polymerase V transcription guides ARGONAUTE4 to chromatin.
Nature Genetics, 41(5), 630–634. https://doi.org/10.1038/ng.365

Yu, Y., Gu, J., Jin, Y., Luo, Y., Preall, J. B., Ma, J., Czech, B., & Hannon, G. J. (2015). Panoramix enforces piRNA-dependent cotranscriptional
silencing. Science, 350(6258), 339–342. https://doi.org/10.1126/science.aab0700

Zangarelli, C., Arnaiz, O., Bourge, M., Gorrichon, K., Jaszczyszyn, Y., Mathy, N., Escoriza, L., Betermier, M., & Regnier, V. (2022). Develop-
mental timing of programmed DNA elimination in Paramecium tetraurelia recapitulates germline transposon evolutionary dynamics.
Genome Research, 32(11-12), 2028–2042. https://doi.org/10.1101/gr.277027.122

Zhai, J., Bischof, S., Wang, H., Feng, S., Lee, T.-F., Teng, C., Chen, X., Park, S. Y., Liu, L., Gallego-Bartolome, J., Liu, W., Henderson, I. R.,
Meyers, B. C., Ausin, I., & Jacobsen, S. E. (2015). A one precursor one siRNA model for pol IV-dependent siRNA biogenesis. Cell, 163(2),
445–455. https://doi.org/10.1016/j.cell.2015.09.032

Zhang, K., Mosch, K., Fischle, W., & Grewal, S. I. S. (2008). Roles of the Clr4 methyltransferase complex in nucleation, spreading and main-
tenance of heterochromatin. Nature Structural & Molecular Biology, 15(4), 381–388. https://doi.org/10.1038/nsmb.1406

Zhang, Z., Wang, J., Schultz, N., Zhang, F., Parhad, S. S., Tu, S., Vreven, T., Zamore, P. D., Weng, Z., & Theurkauf, W. E. (2014). The HP1
homolog rhino anchors a nuclear complex that suppresses piRNA precursor splicing. Cell, 157(6), 1353–1363. https://doi.org/10.1016/j.
cell.2014.04.030

Zhao, X., Xiong, J., Mao, F., Sheng, Y., Chen, X., Feng, L., Dui, W., Yang, W., Kapusta, A., Feschotte, C., Coyne, R. S., Miao, W., Gao, S., &
Liu, Y. (2019). RNAi-dependent Polycomb repression controls transposable elements in Tetrahymena. Genes & Development, 33(5–6),
348–364. https://doi.org/10.1101/gad.320796.118

Zhong, X., Du, J., Hale, C. J., Gallego-Bartolome, J., Feng, S., Vashisht, A. A., Chory, J., Wohlschlegel, J. A., Patel, D. J., & Jacobsen, S. E.
(2014). Molecular mechanism of action of plant DRM de novo DNA methyltransferases. Cell, 157(5), 1050–1060. https://doi.org/10.1016/
j.cell.2014.03.056

SUPPORTING INFORMATION
Additional supporting information can be found online in the Supporting Information section at the end of this article.

How to cite this article: Balan, T., Lerner, L. K., Holoch, D., & Duharcourt, S. (2024). Small-RNA-guided
histone modifications and somatic genome elimination in ciliates. WIREs RNA, 15(2), e1848. https://doi.org/10.
1002/wrna.1848

BALAN ET AL. 13 of 13

 17577012, 2024, 2, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
rna.1848 by Portail B

ibC
N

R
S IN

SB
, W

iley O
nline L

ibrary on [04/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/nature22989
https://doi.org/10.1073/pnas.1210663109
https://doi.org/10.1073/pnas.1210663109
https://doi.org/10.1242/jcs.44.1.135
https://doi.org/10.1126/science.1093686
https://doi.org/10.1371/journal.pgen.1004032
https://doi.org/10.1126/science.1074973
https://doi.org/10.1101/2023.10.06.561219
https://doi.org/10.1016/j.celrep.2022.111263
https://doi.org/10.1038/s41580-022-00528-0
https://doi.org/10.1016/j.cell.2008.09.035
https://doi.org/10.1038/ng.365
https://doi.org/10.1126/science.aab0700
https://doi.org/10.1101/gr.277027.122
https://doi.org/10.1016/j.cell.2015.09.032
https://doi.org/10.1038/nsmb.1406
https://doi.org/10.1016/j.cell.2014.04.030
https://doi.org/10.1016/j.cell.2014.04.030
https://doi.org/10.1101/gad.320796.118
https://doi.org/10.1016/j.cell.2014.03.056
https://doi.org/10.1016/j.cell.2014.03.056
https://doi.org/10.1002/wrna.1848
https://doi.org/10.1002/wrna.1848
https://wires.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fwrna.1848&mode=

	Small-RNA-guided histone modifications and somatic genome elimination in ciliates
	1  INTRODUCTION
	2  DNA ELIMINATION DURING SOMATIC DEVELOPMENT IN CILIATES
	3  Small-RNA-GUIDED HISTONE MODIFICATIONS TRIGGER THE ELIMINATION OF TRANSPOSABLE ELEMENTS
	4  HISTONE MODIFICATIONS AND THE RECRUITMENT OF THE EXCISION COMPLEX
	5  DYNAMIC 3D ORGANIZATION OF THE NUCLEUS AND DNA ELIMINATION
	6  CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	RELATED WIREs ARTICLES
	REFERENCES


