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Einmal trafen sie eine Krähe. "Vögel sind nicht dumm", sagte der kleine Bär und er fragte
die Krähe nach dem Weg."Welchen Weg?", fragte die Krähe. "Es gibt hundert und tausend
Wege."

Janosch
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Abstract
Epigenetic regulation in unicellular ciliates can be as complex as in metazoans and
is well described regarding small RNA (sRNA) mediated effects. The ciliate Parame-
cium harbors several copies of sRNA-biogenesis related proteins involved in genome
rearrangements resulting in chromatin alterations. The global chromatin organiza-
tion thereby is poorly understood, and unusual characteristics of the somatic nu-
cleus, like high polyploidy, high genome coding density, and absence of heterochro-
matin, ought to call for complex regulation to orchestrate gene expression.
The present study characterized the nucleosomal organization required for gene reg-
ulation and proper Polymerase II activity. Histone marks reveal broad domains in
gene bodies, whereas intergenic regions are nucleosome free. Low occupancy in
silent genes suggests that gene inactivation does not involve nucleosome recruit-
ment. Thus, Paramecium gene regulation counteracts the current understanding of
chromatin biology.
Apart from global nucleosome studies, two sRNA binding proteins (Ptiwis) classi-
cally associated with transposon silencing were investigated in the background of
transgene-induced silencing. Surprisingly, both Ptiwis also load sRNAs from en-
dogenous loci in vegetative growth, revealing a broad diversity of Ptiwi functions.
Together, the studies enlighten epigenetic mechanisms that regulate gene expression
in a condensed genome, with Ptiwis contributing to transcriptome and chromatin
dynamics.

Epigenetische Regulation kann in einzelligen Ciliaten so komplex sein wie in Viel-
zellern und wurde umfassend angesichts kleiner RNA (sRNA)-vermittelter Effekte
untersucht. Der Ciliat Paramecium besitzt mehrere Kopien sRNA-Biogenese assozi-
ierter Proteine, die an Genomprozessierungen und resultierenden Chromatinänder-
ungen beteiligt sind.
Die globale Organisation des Chromatins ist dabei kaum verstanden und obskure
Eigenschaften des somatischen Kerns, wie hohe Polyploidie, Kodierungsdichte und
Fehlen von Heterochromatin, sollten eine komplexe Regulation zur Steuerung der
Genexpression erfordern.
Die vorliegende Studie charakterisiert die Chromatinorganisation, die für die Gen-
regulation und Polymerase II Aktivität notwendig ist. Histonmodifikationen zeigen
breite Verteilungen in Genen, während intergenische Regionen Nukleosomen-frei
sind. Ein Stilllegen von Genen scheint ohne die Rekrutierung von Nukleosomen
zu erfolgen, womit die Genregulation in Paramecium dem aktuellen Verständnis der
Chromatinbiologie widerspricht.
Neben Nukleosomenstudien wurden zwei sRNA-bindende Proteine (Ptiwis), die
klassisch mit Transposon-Silencing assoziiert sind, im Hintergrund des Transgen-
induzierten Silencings untersucht. Überraschenderweise laden Ptiwis sRNAs von
endogenen Loci im vegetativen Wachstum, was vielfältige Ptiwi-Funktionen offen-
bart. Die Studien zeigen epigenetische Mechanismen zur Genregulation in einem
kompakten Genom, wobei Ptiwis zur Transkriptom- und Chromatindynamik beitra-
gen.
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Chapter 1

Background



2 Chapter 1. Background

1.1 Epigenetics

80 years ago, Conrad Waddington postulated, "We certainly need to remember that
between genotype and phenotype, and connecting them to each other, there lies
a whole complex of developmental processes" and thus introduced the term epi-
genetics into the field of molecular biology (Waddington, 1942). Today, textbooks
describe epigenetics as mechanisms that provide an additional layer of regulation
to DNA encoded information (epi, Greek, ’upon’) without changing the nucleotide
sequence but by modifying gene expression and even cell fate and differentiation. It
is broadly accepted that the outcome of epigenetic mechanisms is reversible, which
is in contrast to the irreversible effects of changes in the DNA sequence itself (Al-
lis and Jenuwein, 2016). To take this to an even more fascinating level, the term
’epigenetic’ can be extended to the transmission of epigenetic information to the
next generation, a mechanism termed as transgenerational inheritance, expanding
the Mendelian gene definition of being "more than just a DNA moiety" (Klar, 1998;
Jenuwein and Allis, 2001).

Figure 1.1 Summary of players in
epigenetics that orchestrate gene ex-
pression in addition to the DNA en-
coded information. Modified from
Allis and Jenuwein, 2016.

Figure 1.1 summarizes the key players of epi-
genetic mechanisms, with post-translational his-
tone modifications, DNA methylation, and non-
coding RNAs (ncRNAs) being the three major
epigenetic modulators. While most epigenetic
mechanisms such as DNA methylation have
been extensively studied in multicellular organ-
isms, being involved in the definition of varying
cellular fates from one single zygote (Reik, Dean,
and Walter, 2001), the first histone modifying en-
zymes were identified in the nuclei of unicellu-
lar organisms, showing no cellular differentia-
tion but reacting on external stimuli by rapidly
changing their gene expression using epigenetic
mechanisms. There is accumulating evidence
for cross-talks among components of the epige-
netic machinery, e.g. DNA methylation patterns
can be directed by histone methylation (Cedar
and Bergman, 2009), and small RNA molecules can guide histone enzymes and re-
modelers to locally induce changes in DNA accessibility (Gutbrod and Martienssen,
2020).

1.1.1 Chromatin

The eukaryotic DNA is organized by an orchestra of proteins, forming the chro-
matin, a structure that helps to nest long nucleotide stretches into the nucleus while
regulating accessibility to specific genes and simultaneously protecting others from
being exposed to the transcription machinery. The smallest units of chromatin are
nucleosomes, of which the first X-ray crystal structure was published by Luger et al.,
1997, showing 146-147bp of DNA being wrapped around a protein spool, creating
the nucleosome core particle.
Figure 1.2 shows the organization of appproximately 147bp DNA wrapped in al-
most two helical turns around eight histone proteins, a structure that seems to be
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highly conserved amongst eukaryotes. Two copies of H2A-H2B and H3-H4 dimers
form the nucleosome core, while the linker histone H1 (not shown) is attached to
the DNA at the nucleosome entry/exit sites. Two neighboring nucleosomes are sep-
arated by a stretch of DNA called linker. Proteins with histone fold structures can
be found in all domains of life, but heterodimerization of histones into the octamer
form is found only in eukaryotes (Talbert and Henikoff, 2021a). Canonical histone
proteins are quite small (≈11-15 kDa, 120 amino acids) and are incorporated into the
chromatin during the S-phase/replication. They are encoded by multiple genes that
produce mRNAs lacking introns and polyA tails. Each histone harbors an amino-
terminal residue segment that extents from the surface of the nucleosome by 25-30
(mostly basic), amino acids. Furthermore histone H2A is unique in having an addi-
tional ≈37 amino acid carboxy-terminal domain that protrudes from the nucleosome
(Mannironi, Bonner, and Hatch, 1989).
The nucleosome contains 14 non-covalent contacts to the DNA and the nucleotide
sequence, which affects DNA bendability and influences assembly of nucleosomes:
A sequence pattern of AA/TT and GC dinucleotides in a 10bp phasing favors po-
sitiong while poly(dA:dT) stretches are likely to be less bendable thus disfavoring
DNA wrapping around the nucleosome core particle (Segal and Widom, 2009). In
principle, the positively charged basic patches of the globular histone domains and
negative charge of the DNA phosphate backbone balance themselves, an interaction
involved in inter-nucleosome interactions and intra-nucleosomal histone tail-DNA
interactions (Pepenella, Murphy, and Hayes, 2014).

Figure 1.2 Schematic view of the nucleosome
structure composed of the histone proteins
H2A,H2B,H3,H4, and the DNA wrapped
around the histone octamer. Adapted from
Draizen et al., 2016.

Nucleosomes can be organized in a pe-
riodic manner along the DNA to form
a ’bead on a string’ fiber that can reach
a higher level of compactness by the
recruitment of associated proteins such
as the heterochromatin protein 1 (HP1),
intra-nucleosomal contacts and contacts
of histone tails with the DNA. Thereby,
the chromatin fiber of 10 nm diameter
folds, twists, and coils to reach a degree
of compact chromatin domains, proba-
bly by transitionally forming a 30 nm
fiber, that has not yet been detected in
vivo but seems to be a higher order sec-

ondary chromatin structure as it was shown in in vitro experiments (Tremethick,
2007; Hansen et al., 2018) (Figure 1.3).

Specific sites important for genome integrity, such as centromeres and telomeres,
show a highly compact chromatin organization in all stages of the cell cycle and are
usually associated with low levels of transcription, consequently termed constitu-
tive heterochromatin. Additionally, specific sites can show facultative heterochro-
matinization in terms of cell development and gene expression regulation (Trojer
and Reinberg, 2007). Regions more open and accessible for the transcription ma-
chinery, called euchromatin, are associated with higher gene expression.

Since nucleosomes cover DNA and consequently hide binding sites for regulatory
components of the RNA and DNA polymerase machinery, their characteristics were
extensively studied in terms of their impact on guidance of transcription, replication,
and cell development (Brahma and Henikoff, 2020). Regulation on the chromatin
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level is not only orchestrated by the amount or organization of nucleosomes along
the chromatin fiber, but also by the incorporation of histone variants and modifica-
tions (HMs) of the histone N-terminal tail, protruding the nucleosome core.

1.1.2 Nucleosome Organization

The chromatin landscape is highly dynamic and can be followed by the analysis
of changing single nucleosome positions along the genome. The spacing of nucle-
osomes can be measured by the nucleosome repeat length (NRL), defined as the
length of nucleosomal and linker DNA that varies between species in a range of
150bp to 260bp (Szerlong and Hansen, 2011). Thereby, the length of the linker DNA
can highly vary between different species and also between tissues at the same time
(Szerlong and Hansen, 2011).
Changes in nucleosome positioning are achieved by activation of nucleosome re-
modelers, transcription machinery and replication fork. Thus, two terms need to be
clearly separated when it comes to the biological interpretation of nucleosome array
data: occupancy and positioning. Positioned nucleosomes seem to be less mobile
and resistant to being removed by remodelers and transcription machinery thereby
showing a robust, reproducible profile covering the same DNA stretch in a popula-
tion of cells. Occupancy, in contrast, describes high turn over of nucleosomes at a
specific site of a gene region, with high occupancy simply referring to a high percent-
age of cells from a population that contain a nucleosome at a given position (Chereji,
Bryson, and Henikoff, 2019).
Based on groundbreaking studies in budding yeast Saccharomyces cerevisiae and the
increasing availability of high-resolution nucleosome positioning maps, a widely
accepted dogma was established: promoters showing high nucleosome occupancy
result in an off state in gene expression, while eviction of those nucleosome patterns
can induce gene expression (Henikoff and Shilatifard, 2011). This dogma waters
down with accumulating data from different species and single-cell analysis, giving
insights into the organization of nucleosomes in regulatory regions and their regular
spacing in transcribed and untranscribed regions. It has long been thought that tran-
scription factor (TF) binding sites upstream of the gene to be expressed need to be ac-
cessible and therefore located in a nucleosome depleted region (NDR), a pattern that
is widely conserved amongst eukaryotes (Talbert, Meers, and Henikoff, 2019). This
black-and-white assumption does not seem to properly reflect reality, since pioneer
TFs are capable of targeting the nucleosome surface, recruiting chromatin remod-
elers, achieving partial nucleosome unwrapping from DNA, and facilitate binding
of TFs (Brahma and Henikoff, 2020). Subsequent recruitment of remodelers, which
themselves push away nucleosomes in an ATP-dependent manner, creates a profile
of an NDR flanked by a downstream -1 nucleosome and a +1 nucleosome in the 5’ re-
gion upstream of the transcription start site (TSS), with following phased (regularly
spaced) nucleosomes along the gene body, a pattern that seems to be well conserved
from fungi to plants (Dion et al., 2007; Baldi, Korber, and Becker, 2020).
ATP-dependent chromatin remodeling complexes overcome the intrinsic favoring
of nucleosome positioning encoded in the DNA sequence itself (Struhl and Segal,
2013). As a consequence of nucleosome movement, the +1 nucleosome is precisely
positioned, partially or fully covering the TSS, which is crucial for recruitment of the
transcription machinery and TSS selection for gene transcription (Baldi, Korber, and
Becker, 2020). ATP-dependent remodelers thereby can regulate nucleosome spacing
(ISWI, CHD and INO80), exchange of the histone dimer (INO80), and contribute
to octamer eviction (SWI/SNF) with proteins of the SWI/SNF family being already
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identified in the last eukaryotic common ancestor (LECA) (Iyer et al., 2008; Talbert
and Henikoff, 2021a).

Excursion: How to Find Nucleosome Positions

In general, nucleosome maps, or chromatin landscapes, are profiled by physical ac-
cessibility methods using enzymes with specific preferences. The pioneering studies
in 1970 (Weintraub and Groudine, 1976) revealed that open, accessible chromatin re-
gions are sensitive to deoxyribonuclease I (DNase I), and till this day, this enzyme is
used to separate regions that are protected by TFs from unprotected DNA. With di-
verse emerging methodical setups, chromatin nucleosome landscapes are described
for a wide range of species and even different cell types such as embryonic stem cells,
hematopoietic cells, or brain tumor tissue (Wu et al., 2021). Therefore, the methods
benefit from high-throughput sequencing approaches, allowing the analysis of en-
tire genomes and the associated proteins (epigenomes) in several days. Limitations
occur only for species that are not extensively studied and that lack full genome an-
notations. The first genome-wide profiling of chromatin in combination with next
generation sequencing (NGS) (DNase I-seq) was performed in 2008 (Boyle et al.,
2008), whereby the NGS approach allows the rapid readout of each base of millions
of DNA sequences in parallel.
Aside from DNase I digestion, the most common approach is the digestion of chro-
matin, either in native conditions or upon fixation with formaldehyde, with micro-
cooccal nuclease (MNase). This endo- and exonuclease preferentially cuts in be-
tween the linker DNA of two adjacent nucleosomes with preferences for AT-rich
DNA stretches and can digest up to the size of mononucleotides to the center of the
nucleosome core particle. Resulting DNA fragments corresponding to the size of
mononucleosomal DNA can be isolated and prepared for NGS approaches (Cuatre-
casas, Fuchs, and Anfinsen, 1967; Oberbeckmann et al., 2019). When the obtained
reads are aligned back to a reference genome, positions that were covered with nu-
cleosomes can be identified. The limit hereby is the amount of DNA that is needed
for the sequencing-readout, sometimes demanding chromatin isolation from mil-
lions of cells. In consequence, nucleosome landscapes mostly describe the profile of
a cell population rather than from one single cells.
Within the last years, adopted protocols with low input amounts allow for the anal-
ysis of single-cell chromatin, probably shedding more light on the dynamic process
of gene regulation by chromatin changes simply by subjecting single cells to dif-
ferent conditions. Since there is an ongoing debate about enzyme sequence pref-
erences biasing toward AT-rich DNA, additional methods were developed: using a
highly reactive transposase (Tn5), which cuts in between nucleosomes and inserts all
vehicle-sequences necessary for NGS, nucleosome-free regions can be detected (As-
say for Transposase-Accessible Chromatin using sequencing, ATAC) (Buenrostro et
al., 2013). Using Tn5 also allows for the reduction of input material because DNA
fragment enrichment is no longer needed prior to sequencing. Therefore, the most
popular approach to single-cell chromatin is probably scATAC-seq. The elegant sc-
CUT&Tag method uses an antibody-loaded Tn5 direct to specific histone marks.
Tn5s loaded with different antibodies can be mixed to allow for the detection of
several modifications in one cell, although the subsequently needed bioinformatic
power is huge (Janssens et al., 2022). CUT&Tag excludes shearing of chromatin,
which is crucial for classical assays using antibodies like Chromatin immunoprecip-
itation (ChIP).
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The number of methods for studying chromatin and generating high-resolution chro-
matin maps is rising since the 1970s, and methods were extensively reviewed by
Minnoye et al., 2021. E.g. NoME-seq or single DNA-molecule foot printing com-
bine de-novo methylation at GpC sites with subsequent bisulfite conversion for de-
tection of unprotected chromatin regions on the single-molecule level (Kelly et al.,
2012; Kleinendorst et al., 2021). Methods for chromosome confirmation capture such
as Hi-C allow for the detection of interactions between single chromosomes upon
cross-linking.
Not only DNA can be analyzed by NGS, but also RNA-species of different sizes
and biochemical properties. By selectively purifying mRNAs using their polyA tail,
transcripts of single cells and populations can be analyzed (transcriptomics) with re-
spect to varying conditions, linking transcriptome changes to adapted nucleosome
landscapes (Wang, Gerstein, and Snyder, 2009). The holistic multi-omics approach
allows for the analysis of multiple layers of the same population or even single cells.
Aside from extensive wet-lab approaches and time-consuming adjustments of pro-
tocols, the data obtained from the methods described above are highly complex and
must be treated with caution. ’Sequencing reads’, basically millions of short nu-
cleotide strings obtained by the sequencing device, have to be aligned precisely to
a reference genome. The interpretation of patterns, such as read accumulation in a
given region, must be performed in a biological context and assigned e.g. to regu-
latory regions such as the TSS, enhancers, or promoters. Just to give one example,
the DANPOS2 pipeline, designed to precisely determine nucleosome positions and
occupancy from sequencing data, performs at least four subsequent steps until one
can start interpreting profiles, not including a comparison of different samples, for
example, from silencing experiments with each other (Chen et al., 2013).

1.1.3 Histone Modifications

For all histones shown in Figure 1.2, short peptide sequences in the long N-terminal
tail of circa 20-35 amino acids that protrude from the octamer core can be chemi-
cally modified to achieve different levels of regulation, with modifications such as
acetylation, methylation, and phosphorylation already present in the LECA (Iyer et
al., 2008; Talbert and Henikoff, 2021b). The combinatorial pattern of those modi-
fications, which can be ’read’ by enzymes recruiting downstream effector proteins,
is called the histone code. The degree of complexity of this code reaches beyond
imagination since several amino acids in each histone tail of all eight histones in one
nucleosome can be modified, with those post-translational modifications (PTMs) be-
ing newly introduced or erased.
To date, 20 different, covalent histone PTMs have been identified (Huang et al.,
2015), with numerous of them being linked to transcription activation, repression,
DNA damage response, cell cycle regulation, and DNA replication. These modifica-
tions on the one hand, can directly achieve changes in DNA packing by altering the
charge of histones, thereby weakening the interaction with negatively charged DNA
or, on the other hand, by recruiting specific binding proteins (metaphorically termed
readers) and associated downstream binding partners (effector proteins) (Talbert and
Henikoff, 2021a).
PTMs well studied and extensively documented in the literature are found mainly
on histone H3 and H4 tails, which could be due to the lower turnover rate of the H3-
H4 dimers compared to H2A-H2B dimers (Talbert and Henikoff, 2017) (Figure 1.3).
Huang et al., 2015 list covalent modifications appearing at a minimum of 25 differ-
ent amino acids, with several of them capable of carrying different modifications,
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depending on the regulatory context. While acetylation seems to be exclusively re-
lated to transcriptional activation, methylation can be read as an activating or re-
pressive mark: methylation at H3 lysine 4 (H3K4) is usually linked to transcriptional
activation in humans, while adjacent methylation of lysine 9 (H3K9) is generally in-
volved in transcriptional repression. The distribution and combinatorial pattern of
these marks, together with information on transcription factors and DNA methyla-
tion along regulatory regions, can be translated into a road map for cell identity and
gene expression (Kundaje et al., 2015).

Figure 1.3 Sketch of chromatin organization to the degree of heterochromatin formation,
centering on the nucleosome N-terminal modifications at distinct sites. Adapted from
Hogg et al., 2020 and Bhaumik, Smith, and Shilatifard, 2007.

From integrating the combinatorial patterns, it must be taken into account that genes
can be marked by active and repressive modifications at the same time; a pattern that
is termed bistable chromatin, which allows rapid switch from repression to activa-
tion during cell development (Sneppen and Ringrose, 2019). This conformation was
first described in embryonic stem cells and is often referred to as a bivalent domain
or poised state, including information on Polymerase II positioning.
PTMs have been described for both the canonical histones in numerous species, as
well as for histone variants, which are encoded by single genes that have introns
and a polyA tail and can be incorporated independent of replication. The variants
H2A.1/2, H2A.Z, H2A.X, H3.1/2, and H3.3 carry only minor differences in their
amino acid sequences to the canonical histones, but their incorporation indepen-
dent of replication during the cell cycle adds another level of chromatin variability
(Huang et al., 2015). The most divergent and universal H3 variant is cenH3 (CENP-
A in animals) which is centromere-specifically incorporated and has a longer N-
terminal tail than other H3 variants (Talbert and Henikoff, 2021a).

Histone Modifications in Gene Expression

An organism’s reaction to stimuli such as changes in temperature and food avail-
ability is realized at the level of changes in gene expression, which means switching
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between transcriptional activation or repression of genes. Gene expression is regu-
lated at the level of mRNA synthesis, stability, and translation into functional pro-
teins.
Cramer et al., 2000 published a model of the key player in the synthesis of eukaryotic
mRNA, RNA Polymerase II (Pol II), a complex comprising 12 subunits, which shows
a high degree of conservation at the amino acid level from yeast to humans. Pol II
unwinds DNA, synthesizes RNA transcripts, and performs proofreading-processes
that are highly orchestrated by the association with general transcription and elon-
gation factors and the writing and reading of histone marks in regulatory regions
and gene bodies. Although many studies within the last decades focused on the Pol
II transcription machinery in yeast, it becomes apparent that most of these principles
are also applicable to multicellular organisms.
Rpb1 and Rpb2, the two largest subunits of the complex, form a cleft for DNA en-
try and interaction with TFs for transcription start site selection, while Rpb3,10,11
and Rpb12 have anchoring functions. One of the most studied structures in terms of
transcriptional regulation is the carboxy terminus of Rpb1, which consists of a flex-
ible linker that is followed by a structure of seven amino acids that are repetitively
organized (Spåhr et al., 2009).
The number of heptad repeats of the YSPTSPS consensus sequence in the carboxy
terminal domain (CTD) of Rpb1 is quite different between species: while the human
CTD is composed of 52 repeats, Plasmodium yoelii has only five of them. Breaking
the consensus sequence into submotifs like SPxY or YSPx, even more species could
be identified, having a repeated structure in their CTD (Chapman et al., 2008).
Although the CTD is not necessary for the catalytic activity of Pol II, it is involved in
transcriptional regulation. Almost all residues in the heptad repeats become phos-
phorylated by different kinases at some points during transcription and the abun-
dance of those modifications changes during Pol II transition on the DNA (Harlen
and Churchman, 2017). While deletion of the whole CTD is lethal in many species,
cells are able to survive with reduced numbers in heptad repeats (Nonet, Sweetser,
and Young, 1987).

Polymerase II Recruitment and Transcriptional Activation

On naked DNA, gene transcription starts by binding of activators upstream of the
promoter and TSS, followed by the recruitment of coactivators such as the Mediator
complex and chromatin remodelers which promote attachment of general transcrip-
tion factors (GTFs). Since the Mediator complex has a high affinity for unmodified
Pol II CTD, unmodified CTD seems to be involved in transcription initiation, while
the introduction of post-translational modifications is linked to productive elonga-
tion. Pol II is guided by TFIID, TFIIA, TFIIF, TFIIE, and TFIIB to its binding site to
form the preinitiation complex (PIC), and RNA synthesis is initiated once 10-15bp of
the DNA is separated into single strands allowing Pol II to pass through (Li, Carey,
and Workman, 2007).
During the first 30bp of transcription, the CTD of Pol II is phosphorylated at the Ser5
and Ser7 by a cyclin-dependent kinase that is part of the general transcription factor
TFIIH subunit, and Pol II proceeds onto the elongation stage by losing its contacts to
general transcription factors (GTFs). The introduced pattern of serine phosphoryla-
tion seems to be conserved amongst multiple species, with Ser5 and Ser7 phospho-
rylation peaking at the TSS and increasing levels of Ser2 phosphorylation along the
gene body. Ser5 phosphorylation is thereby essential for the successful recruitment
of the capping enzyme. In metazoans, Pol II shows pausing 20-100bp downstream
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of the TSS, which is introduced by the negative elongation factor (NELF) and DRB
sensitivity-inducing factor (DSIF) comprised of SPT4 and SPT5, with SPT5 being
conserved across all kingdoms (Guo et al., 2008). NELF and DSIF, the latter inter-
acting with nascent RNA, DNA, and Pol II, hinder the incorporation of nucleotide
tri-phosphates and thereby block Pol II in effective elongation. To release Pol II from
promoter-proximal pausing, NELF is phosphorylated by the positive elongation fac-
tor B (P-TEFb), resulting in NELF dissociation and by phosphorylation of DSIF, the
factor switches into a positive elongation factor for Pol II release. P-TEFb addition-
ally introduces Ser2 phosphorylation, a modification that recruits elongation factors
and chromatin modifiers such as the Paf1 complex and histone chaperone SPT6 and
FACT complex for promoting elongation.
Elongation of transcription is orchestrated by several conserved factors among eu-
karyotes, with TFIIS being the first one to be described. TFIIS helps to cleave nascent
transcripts from backtracked Pol II, a state where the transcript is mislocated in the
Pol II complex and needs to be cleaved. Thereby, TFIIS promotes elongation. Tran-
scription is finally terminated by binding of the cleavage and polyadenylation ma-
chinery on phosphorylated Ser2 and Tyr1 to create a native mRNA. Strikingly, most
transcription initiation events fail to be productive, as it was shown by photo bleach-
ing experiments in human cell lines. Only 10% of Pol II molecules that load at a
promoter successfully initiate transcription, and only 10% of those initiation events
convert to elongation (Steurer et al., 2018).

Different from what was mentioned above, transcription does not take place on
naked DNA. The nucleosome is a physical barrier that needs to be overcome by
the PIC for elongation of transcription, which is promoted by partial eviction of his-
tones that reconstitute on the DNA again with the aid of histone chaperons once the
Pol II passed through. For successful transcription initiation, nucleosomes in regions
upstream of the TSS are H3 acetylated for high expressed genes as a result of recruit-
ment of histone acetyltransferases (HATs) prior to full PIC assembly. Thereby, acety-
lation is thought to neutralize positive charges on lysines and reduce histone-DNA
interactions in cis, while on the other hand this mark can be read by bromodomain-
containing factors to recruit effector proteins helping to mobilize nucleosomes. Such
effectors could be remodelers like SWI/SNF to promote nucleosome movement and
create regions of accessible DNA (Chen, Koutelou, and Dent, 2022).
The elongation of transcription is coordinated by the incorporation of histone vari-
ants and histone modifications along the open reading frame (ORF). For most stud-
ied organisms, genes show a 5’ to 3’ gradient of histone mark distribution with
changing marks along with an ongoing transcription. Histone H3K4 methylation is
introduced by proteins of the Set1 methyltransferase family which are recruited, to-
gether with SPT6 and FACT by the PAF1 complex. FACT has been shown to function
in the disassembly and reassembly of H2A/H2B dimers in ongoing transcription.
Set1 introduced H3K4 trimethylation (H3K4me3) tends to have a signaling function
for recruiting complexes for further transcription, such as the NURF complex (an-
other chromatin remodeler). H3K4 methylation levels are strongly correlated with
transcription, with H3K4me3 peaking at the +1 nucleosome. However, H3K4 modi-
fications appear to have little direct effects on gene expression, and rather serve as a
scaffold for localization of other proteins to aid gene expression.
Another histone mark positively correlated with transcription is H3K36 trimethyla-
tion which is enriched towards the 3’ end of the gene body and introduced by Set2
proteins. H3K36me3 prevents intragenic transcription by activating histone deacety-
lases (HDACS, Rpd3p in yeast), so the interplay of acetylation and deacetylation
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seems to be necessary for successful elongation. Sir2 (Silent Information Regulator;
Sirt2 in humans) was one of the first HDACS identified in yeast. Another protein
of this family, Sirt6, removes H3K56ac which consequences in NELF stabilization
and Pol II pausing at +1 nucleosome. Effector histone acetylases, such as NUA4 and
SAGA, are recruited by the Pol II CTD, highlighting the regulatory function of this
domain. Patterns of Pol II pausing are also seen at splice sites and nucleosomes in
gene bodies, obstacles that are overcome by CTD phosphorylation, and probably
also the involvement of NELF. Thus, Pol II pausing helps not only to control elon-
gation itself but also probably maintains a more open chromatin state for effective,
robust transcription (Price, 2018).

Transcriptional Repression

Histone modifications and the positioning of nucleosomes are not only involved in
the activation of gene expression but also in silencing of not only genes but transpos-
able and repetitive elements and the establishment of constitutive heterochromatin.
They hinder spurious transcription at cryptic promoters and prevent activation of
transposons, of which subsequent integration into genes would be harmful for the
organism.
As mentioned, the balance of histone acetylation and deacetylation is essential for
the regulation of the on and off states of genes, as postulated by Allfrey in 1964
(Allis and Jenuwein, 2016). The first mammalian histone deacetylase, named HD1,
was identified in 1996, and HDAC superfamilies were present in the LECA (Talbert,
Meers, and Henikoff, 2019), including Silent Information Regulator (Sir) in yeast
and sirtuines (Sirt) in humans. One of the most famous examples of the regulatory
function of histone acetylation levels is described for X-chromosome inactivation
by hypoacetylation in mammalian femals. In Drosophila, on the contrary, the only
X-chromosome is hyperacetylated for transcriptional activation in male Drosophila
cells, a mechanism called dosis compensation(Talbert and Henikoff, 2021a). This
event also involves a long, non-coding RNA, linking two epigenetic key players in
one mechanism.
The two histone marks best described in terms of silencing are H3K9 trimethylation,
established by the SET domain methyltransferase termed Suppressor of Variegation
(SUV39H1/2), and the H3K27 trimethylation, respectively introduced by Enhancer
of Zeste (EZH1/2). Both marks are shown to be involved in silencing of repetitive
elements in unicellular organisms, probably invented as defense mechanism, and
are co-opted for developmental silencing in multicellular organisms. The human
SUV39H1 is the first lysine methyltransferase being identified which is homologous
to Su(var)3-9 in Drosophila.
H3K9me3 is further recognized by the chromodomain protein HP1, which specif-
ically binds methylated histones, bridges nucleosomes, and recruits more methyl-
transferases for heterochromatin spreading. This kind of spreading can be seen at
constitutive pericentromeric chromatin domains, repetitive elements, and also in the
regulation of genes, such as in the regulation of the mating-type determination in
yeast (Zhang et al., 2008).
H3K27me3 is well described not only for silencing of repetitive sequences originat-
ing from transposable elements (TEs) discovered by Barabara McClintock in the
1950s (McClintock, 1950), but especially for silencing in development in multicel-
lular organisms. This histone mark is introduced by the Polycomb repressive com-
plexes PRC1 and PRC2, especially by the methyltransferase Enhancer of Zeste (E(z))
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in Drosophila (EZH1/2 in mammals) of the PRC2. Polycomb silencing, acting antag-
onistically to gene activation by Trithorax group proteins, is a system well described
in Drosophila embryogenesis, maintaining the correct spatial and temporal expres-
sion pattern of Hox genes through transcriptional repression, resulting in building
of correctly orientated body compartments. In humans, Polycomb silencing has been
described for stem cell maintenance and cancer development, including regulation
of tumor-suppressor genes (Sparmann and Lohuizen, 2006). H3K27me3 is usually
present in large contiguous domains over genes, which form when the human PRC2
member EED binds H3K27me3 and positions the E(z) homolog EZH2 to methylate
an adjacent nucleosome, facilitating heterochromatin spreading.

Histone Modifications in Disease and Epigenetic Inheritance

In 2006, the first epigenetic drugs for human cancer therapy became available, such
as virinostat, a histone deacetylase inhibitor that can reactivate aberrantly silenced
tumor-suppressor genes. Probably, multiple writers, readers, and erasers can be
used as targets for cancer therapy. Varying expression levels of writers are shown to
be positively related to cell proliferation in cancer, and changes in readers’ expres-
sion, such as HP1, lead to chromosome instability and cancer development. Addi-
tionally, mutations in H3.3, called onco-histone mutations, appear to alter the bind-
ing of specific marks, probably leading to cancer as well (Wang, Allis, and Chi, 2007;
Allis and Jenuwein, 2016). However, in drug development, pleiotropic effects on the
whole chromatin landscape, not only in cancer-related genes, need to be considered.
One has to mention that the mechanism of histone segregation during replication
and HM inheritance is still obscure. In S-Phase, replication-dependent de-novo nu-
cleosome deposition occurs subsequently to nucleosome disruption. How PTMs are
transmitted to newly synthesized histones is not understood, which is in contrast
to the well-described distribution and de-novo methylation of cytosines on the new
DNA strands upon replication (Almouzni and Cedar, 2016). It has been shown that
H3K9me3 can be transmitted for many generations in the absence of TFs initially
guiding the methylation, simply by H3K9me3 and a writer-reader balance in yeast
(Ragunathan, Jih, and Moazed, 2015).
PTMs on histones, and other epigenetic features like DNA methylation, have not
only been linked to cancer but also to diseases such as obesity, especially in future
generations. Studies in mice revealed that the parental diet could reprogram an off-
spring metabolism by altering DNA methylation levels in the zygote and impacting
histone modification patterns. There is an ongoing debate over viral and bacterial
infections in mammals regarding alterations of epigenetic patterns in sperm and fe-
tuses, resulting in F1 and F2 altered phenotypes (Katzmarski et al., 2022; Kleeman,
Gubert, and Hannan, 2022). This pattern of epigenetic inheritance can also involve
RNA species which might be transmitted via sperm, as it was shown in mice. The
mechanism of mobile RNA has long been discovered in plants, regulating gene ex-
pression and transposon silencing throughout the entire plant life cycle up to gener-
ating seeds, but the function of shuttling RNA species is less understood in animals.
In mice, the paternal diet affected the offspring’s metabolism by altering cytosine
methylation patterns on genes crucial for lipid metabolism (Carone et al., 2010).
However, the DNA methylation patterns in the sperm itself were not altered across
the entire genome, but in relatively few loci resulting in developmental effects in
the animal. Additionally, small RNAs traveling with the sperm influence expres-
sion patterns in the offspring, and these small RNAs can probably be transmitted
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from the parental epididymis (Sharma et al., 2018). In discussion of multigenera-
tional epigenetic transfer, such as F2 effects, it is important to rule out simple plastic
responses of the offspring to the maternal uterus environment. Conclusions from
paternal effects avoid this issue as fathers often contribute little more than sperm,
making studies in mice extraordinary models to examine transgenerational inheri-
tance (Carone et al., 2010). ’You are what your grandparents ate’ summarizes that
organisms can inherit characters induced by ancestral environments, arguing for a
Lamarckian inheritance, which contrasts classical Darwinian evolution and natural
selection.

Ongoing Debates on the Function of Histone Modifications

It seems like the description of the interplay of histone modifications involved not
only in regulation of transcription, but also DNA replication and repair gets out of
hand. But, it is still under debate whether the distribution of marks is the cause or
consequence of individual processes. Kornberg and Lorch, 2020, being pioneers in
the field of nucleosome chemistry, claim the nucleosome itself has a primary role in
gene regulation rather than the introduction of histone modifications. This is based
on the central dogma that eukaryotic transcription is shut down by repressive nu-
cleosome positioning and is only activated by the recruitment of positive regulators.
Naked DNA must be exposed for gene activation, which is achieved by SWI/SNF
proteins that remodel chromatin and the closely related RSC complex, which is nec-
essary for nucleosome removal in activated genes, whereby the RSC creates a NDR
and is associated with the -1 and +1 nucleosome (Lorch et al., 2011).
Nevertheless, the existence of a well-positioned +1 nucleosome contributes to gene
expression and therefore, the nucleosome is also part of the transcription machinery.
A promoter with a +1 nucleosome is a far better template for transcription in vitro
than the corresponding naked DNA, and assembly of a PIC occurs most efficiently
in the presence of a promoter nucleosome (Nagai et al., 2017).
The idea of DNA accessibility in a chromatin landscape is also discussed by Henikoff
and Shilatifard, 2011, claiming that histone modifications have to be seen as cogs
in a global machinery for fine-tuning of transcription and the overall nucleosome
positioning allows for modifications and maintenance of a transcriptional state. The
question raises whether PTMs are responsible for differences in chromatin states or
differences in changes are simply consequences of a dynamic process. Probably, the
truth lies somewhere in the middle.

1.1.4 Cross-talk of Regulators: RNA and Chromatin

The establishment of chromatin domains owing to distinct properties is highly or-
chestrated not only by the writers, readers, and erasers themselves, but also espe-
cially by their guidance to specific sites of action. While the CTD of the Pol II Rpb1
subunit functions as an assembly platform, long and small RNA species guide multi-
subunit complexes to their target sites and fine-tune gene activation and repression.
The regulatory function of short RNA molecules (sRNAs) of varying lengths among
species have been underestimated for a long time since RNA was thought to be in-
stable and that short RNAs are simply junk. This view has changed with the discov-
ery of sRNA-regulated genome integrity in yeast pericentromeric regions, which are
established by a co-transcriptional gene silencing (CTGS) process involving sRNA-
guided recruitment of heterochromatin forming complexes. In addition to CTGS,
sRNAs can also target mRNAs directly for their degradation, which then happens
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on the post-transcriptional level (PTGS). Either CTGS and PTGS are induced by the
processing of small RNA molecules from double-stranded RNAs (dsRNA), and the
basic mechanisms will be explained below.

RNA Interference

The phenomenon of sequence-specific mRNA degradation or inhibition of its trans-
lation induced by long double-stranded RNA, first described in C. elegans by Fire
et al., 1998, is coined by the general term of RNA interference (RNAi). The authors
demonstrated that injection of long RNA as a mixture of complementary sense and
antisense strands could induce silencing of the nuc-22 gene, resulting in a so-called
twitching phenotype. In contrast, injection of sense or antisense siRNA alone re-
sulted in only a modest phenotype at high RNA concentrations.
Functions of the RNAi machinery are conserved from unicellular to higher eukary-
otes, and RNAi is an ancient pathway which was present in the LECA (Cerutti and
Casas-Mollano, 2006), probably equipped with the three key players of the pathway
responsible for processing long RNAs: an Ago-like protein/Piwi-like protein, Dicer-
like protein and an RNA-dependent RNA polymerase, with the active domains of
those proteins being highly conserved across pro- and eukaryotes. Proteins of these
families are found in varying stoichiometric amounts in various species. The an-
cestral function of the RNAi machinery was probably to repress transposons and
viruses that produce dsRNA at both the transcriptional and post-transcriptional lev-
els. The machinery was later potentially co-opted for regulation of developmental
processes, chromosome and even genome integrity.
Figure 1.4 shows the basic principle of the three major pathways of RNAi with the
initial substrate and the processing into small RNA (sRNA) molecules responsible
for final targeting of mRNA. The pathways have apparent mechanistic overlaps, can
be interconnected, and are rather complex, with several proteins from each family
adopted for a specific process, such as Arabidopsis thaliana shows both the miRNA
and siRNA pathway. Nevertheless, the pathway can also be relatively simple in
terms of the miRNA pathway in animals, since the evolution of the acquired immune
system for pathogen defense, inducing the interferon response upon a dsRNA trig-
ger, probably limits the need for a somatic RNAi machinery. RNAi begins with the
production of small RNA molecules, whether siRNAs, miRNAs, or piRNAs, from
distinct long RNA precursors.

Small interfering RNAs (siRNAs) are generated from dsRNA precursors, introduced
by bidirectional transcription, hairpin formation with internal dsRNA stretches from
hairpin repeat sequences, exogenous dsRNA or dsRNA that is synthesized by a
RNA-dependent RNA polymerase (RDRP) using single-stranded RNA as template
(Figure 1.4A). dsRNA is then cleaved by a protein of the Dicer family, which cleaves
long dsRNA via its RNase III domain into small RNA duplexes of approximately
20-28nt length with a 2nt 3’OH overhang and a 5’ monophosphate. The dsRNA
terminus is bound by Dicers PAZ domain while two RNAse III domains cleave the
double-strand; the distance between the PAZ and RNase domain determines the
length of the sRNA duplex, varying from ≈20-28nt among different species. When
starting from blunt end dsRNA at one terminus, Dicer cuts along its template, gener-
ating small RNAs in a regular manner (phased siRNAs), which induce mRNA cleav-
age and transcriptional silencing in plants. In both the siRNA and miRNA pathway,
Dicer enzymes show a preference for dsRNA structures, although the enzymes show
varying nucleotide sequence preferences amongst different species.
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Figure 1.4 (A) Biogenesis of siRNAs (B) miRNAs and (C) piRNAs, including the key en-
zymes of each pathway. (D) Summary of RNAi components conservation amongst dif-
ferent model organisms. Adapted from Gutbrod and Martienssen, 2020. Paramecium data
from Götz et al., 2016.

SiRNA duplexes are loaded into Argonaute proteins, thus forming the active RNA-
induced silencing complex (RISC). One strand - the passenger - is degraded while
the other guides the Argonaute protein to its target mRNA in a sequence-dependent
manner, resulting in cleavage of the mRNA in the siRNA-mRNA duplex. The place
of action of both dicing and loading is believed to occur in the nucleus of Schizosac-
charomyces pombe, while it was thought to occur in the cytoplasm of mammals. How-
ever, Ago shuttling from the cytoplasm to the nucleus along with nuclear Dicer lo-
calization have been shown for Drosophila melanogaster (Grimaud et al., 2006). In A.
thaliana, one of the ten Ago paralogs, Ago4, shuttles from the cytoplasm to the nu-
cleus after cytoplasmatic siRNA loading.

Argonaute proteins are present in all domains of life, and the Argonaute protein
family consists of two clades: AGO proteins that bind miRNA and siRNAs, and
PIWI proteins that bind single-stranded piRNAs and were originally identified in
the germline. However, there is a high degree of diversification amongst Argonaute
proteins, and a clear separation of Agos from PIWIs is not always possible since
proteins seem to lack a high degree of functional conservation. As shown in Fig-
ure 1.4D, the level of complexity is quite diverse, with A. thaliana having only Agos
but no PIWIs, which is the opposite in ciliates such as Tetrahymena thermophila or
Paramecium tetraurelia, the latter having 15 PIWI proteins. It has been observed that
different Argonautes can act in distinct silencing pathways by preferentially load-
ing and sorting siRNAs from bulk siRNA pools. Argonaute proteins bind both ends
of the siRNA: the 5’ end by its MID and PIWI domain, and the 3’ end by the PAZ
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domain. The selection of the guide strand is believed to be based on the sequence
preferences of different Argonautes as well as thermodynamics, whereas the less
thermodynamically stable strand is preferentially loaded as the guide strand (Svo-
boda, 2020). Slicer activity on the targeted mRNA is performed by an RNase-H-
like motif of the PIWI domain with a conserved active site of aspartate-aspartate-
glutamate (DDE) residues (Song et al., 2004). Target recognition is highly specific,
but allows mismatches outside of nucleotides 2-17 in Drosophila and at position 1,
14-21 in plants, while mismatches in the middle of a siRNA sequence are not toler-
ated (Svoboda, 2020).

In contrast to the conserved RNAi pathway, the microRNA pathway (miRNA) was
not present in the LECA and evolved independently in animals and plants; and
processors of the miRNA pathway in metazoans lack conservation. As indicated
in Figure 1.4D, unicellulars lack the miRNA machinery, and most interestingly, Sac-
charomyces cerevisiae completely lacks enzymes of the RNAi pathway, while another
yeast, S. pombe possesses at least one Dicer, one Ago, and one Rdrp homolog. Despite
a lack of conservation, hairpin structures of the miRNA precursors arise from trans-
posons that invaded the genome, highlighting the conserved function of genome
defense by RNAi, which is now being co-opted for gene regulation. Thus, miRNAs
can regulate ≈30% of human protein-coding genes and act on cancer development,
as miRNAs have been shown to exhibit lower expression in cancer cells and sup-
press oncogene expression, thus controlling cell differentiation (Vishnoi and Rani,
2017). In recent years, many breast oncomirs have been detected, which exert their
oncogenic activity by targeting tumor-suppressor genes and activating oncogenic
TFs (Schooneveld et al., 2015). Targeting mRNAs by miRNAs results in translation
repression, degradation, or deadenylation of the mRNA.
miRNAs are cleaved from primary hairpin structures (pri-miRNA) (Figure 1.4B),
which are encoded in the genome, e.g., in humans, there are ≈500 distinct loci
(Griffiths-Jones et al., 2007). The miRNA pathway differs between species: in meta-
zoans, Drosha-Dgcr8 recognizes a single-stranded RNA in a stem-loop structure of
the pri-miRNA and generates the initial pre-miRNA that is further processed by
Dicer1 into a mature miRNA complex. In plants, the miRNA duplex is generated
by two successive Dicer-like 1 (Dcl1) cleavages. The small RNA duplexes are then,
similar to the siRNA pathway, loaded into an Argonaute protein. miRNAs have im-
perfect complementarity to the target transcript, requiring homologous pairing in
a so-called seed region at nucleotide 2-8 in human Ago2; imperfect pairing leads to
transcriptional repression of multiple target mRNAs, while siRNAs cause transcript
degradation by most perfect pairing. Mature miRNAs show a 5’ U/A bias, which
is in close relation to the loading preference of the downstream acting Argonaute
protein.

PIWI-interacting RNAs (piRNAs) (Figure 1.4C), in contrast, are generated from single-
stranded RNAs produced from genomically encoded piRNA clusters, firstly de-
scribed in the germline of D. melanogaster to silence transposable elements. Although
the piRNA biogenesis pathway is less understood than the si- and miRNA pathway,
the RISC could be identified as the core component.
Precursor piRNA cluster transcripts are processed into ≈23-29nt antisense piRNAs
by a to date not fully understood mechanism and piRNAs are subsequently loaded
by PIWI proteins. PiRNAs can enter a complex amplification pathway, called the
ping-pong cycle, by which secondary sRNAs target the initial piRNA transcript. The
5’ end of a piRNA is generated by the action of an endonucleolytic cleavage, whereas
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the 3’ end is generated by a second cleavage or by exonucleolytic trimming. The re-
sulting piRNAs are highly diverse in size and sequence specificity but harbor a 5’ U
preference which is conserved amongst species. piRNAs target a transposon mRNA
in the cytoplasm producing sense siRNAs, that show an internal A preference at po-
sition 10. Those sense piRNAs target piRNA precursors, resulting in a subsequent
release of antisense piRNAs, again promoting further amplification. The ping-pong
signature is not observed in Caenorhabditis elegans, where germline transposon si-
lencing occurs via piRNAs called 21U RNAs, originating from more than 5,000 loci.
If successful induction of transposon slicing needs a seed-like pairing mechanism or
full complementarity cannot be answered to this day (Stein et al., 2019). Inhibition
of transposon transcription is also achieved by introducing the histone modification
H3K9me3 to prevent their spreading/mobilization in the germline, linking piRNAs
to changes in the chromatin landscape. PIWI has been shown to interact with HP1A
to enforce heterochromatin formation in Drosophila, where another variant of HP1
counteractively binds to the piRNA cluster and allows active transcription, since im-
pairing of initially triggering the ping-pong cycle by silencing these clusters would
be harmful (Klattenhoff et al., 2009) In animals, the piRNA pathway is crucial for
transposon silencing, while plants use the siRNA pathway.

Amplification of the silencing trigger in the siRNA pathway is mediated by RNA-
dependent RNA polymerases, which are directed by siRNAs to produce more dsRNA
as a template for Dicers. Rdrps are not involved in the miRNA pathway and ver-
tebrates seem to lack Rdrps, although it cannot be ruled out that dsRNA synthesis
upon an initial trigger can be performed by other polymerases (Martienssen and
Moazed, 2015). The RdRP reaction can extend beyond the sequence complemen-
tary to the initial dsRNA (transitivity), such as into upstream regions of the target
mRNA.
Furthermore, a new population of siRNAs, called secondary siRNAs acting as an
amplification mechanism comparable to the piRNA pathway, might be generated
from the extended dsRNA (Sijen et al., 2007). In A. thaliana, transitivity occurs in
both directions outside the targeted region since long dsRNA is produced by an
Rdrp from mRNA cleavage products and newly synthesized dsRNA is diced, while
in C. elegans, 2° siRNAs are produced Dicer-independent and are a product of an
unprimed Rdrp activity. C. elegans secondary siRNAs are only found to match up-
stream targeted regions (Sijen et al., 2007).

RNAi on the Co-Transcriptional Level

The described RNAi mechanism so far appears to act at the post-transcriptional
level, repressing genes either by inhibition of mRNA translation or degradation of
the targeted mRNA by slicer activities. However, as indicated from piRNA transpo-
son silencing, sRNAs can also induce changes in the chromatin landscape, a process
that involves attacking nascent transcripts at distinct loci in the nucleus, thereby
acting co-transcriptionally (co-transcriptional silencing, CTGS) (Bühler, Verdel, and
Moazed, 2006). CTGS is well described in yeast and plants, but RNAi-induced gene
silencing on the chromatin level appears to be challenging to detect in animals and
is poorly understood (Woolcock et al., 2011).
By CTGS, RNAi reduces transcription at a given locus by introducing heterochro-
matin formation. Sequence specificity is thereby introduced by small RNAs that
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Figure 1.5 Sketch of the CTGS pathway in Schizosaccharomyces pombe leading to heterochro-
matin formation. (A) siRNAs are loaded into an Argonaute protein, forming the RITS that
targets nascent transcripts, leading to the recruitment of the RDRC and dsRNA synthe-
sizes with subsequent dicing. (B) The RITS complex also recruits H3K9 methyltransferase
complex (CLRC) to chromatin and H3K9 methylation and also provides binding sites for
Swi6 and Chp1, stabilizing the association of RITS with chromatin. (C) Dicer-independent
priRNAs contribute to low levels of H3K9 methylation and may trigger siRNA amplifi-
cation starting from single strands. See text for more information. Adapted from Mar-
tienssen and Moazed, 2015.

target nascent Pol II transcripts at a given locus, recruiting chromatin effector com-
plexes. So at first glance, this mechanism seems contradictory, with introduction of
silencing calling for active transcription in the first place.
CTGS is best described in Schizosaccharomyces pombe and displayed in Figure 1.5. S.
pombe has one homolog of the RNAi machinery components each - Dicer, Argonaute,
and Rdrp - being essentially involved in the generation of centromeric heterochro-
matin, which is important for the correct attachment of the kinetochore and chro-
mosome segregation during mitosis. The centromeric and pericentromeric regions
are also introduced by an initial dsRNA trigger, which is produced by RNA Pol II
bidirectionally transcribing centromeric repeats. As outlined above, Dcr1 generates
siRNA duplexes loaded into Ago1, assembling the RNAi-induced transcriptional si-
lencing complex (RITSC), targeting nascent, non-coding transcripts (Bühler, Verdel,
and Moazed, 2006).
Tethering the RITSC to a nascent transcript recruits the histone methyltransferase
Clr4, which introduces H3K9me3, a mark that spreads along the pericentromeric re-
gion and is bound by the HP1 homolog Swi6, resulting in a centromeric heterochro-
matin formation and the deposition of the centromere-specific histone variant Cnp1.
Spreading hereby means the distribution of repressive chromatin state into neigh-
boring regions, resulting in silencing of adjacent genes. This can result in expansion
from pericentormeric regions and position effect variegation (PEV), where gene ex-
pression patterns variegate due to their positioning next to a heterochromatic region
upon genome rearrangements, as it has been extensively studied in D. melanogaster.
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The initial siRNA trigger is additionally re-inforced by the activity of an RNA depen-
dent RNA polymerase complex (RDRC), which again produces dsRNA on ssRNA
transcripts with further cleavage by Dcr1 and siRNA loading by Ago1, which inter-
act with the RDRC. CTGS in S. pombe is also crucial for telomere integrity since sub-
telomeric regions contain regions homologous to the pericentromeric repeats, which
facilitates RNAi-dependent heterochromatin formation. Apart from cis-silencing, it
has been shown, that long ncRNA genes in euchromatic regions and terminal re-
peats are associated with low amounts of siRNAs and enzymes of the RNAi ma-
chinery, probably resulting in gene regulation independent of heterochromatin for-
mation (Woolcock et al., 2011).
The mechanism of CTGS in S. pombe shows many parallels to RNA-mediated DNA
methylation (RdDM), firstly seen by transgene DNA methylation in A. thaliana. Both
RdDM and CTGS need active transcription of the locus to be silenced. In A. thaliana,
RNAi transcripts are generated by RNA Pol IV, which further attacks Pol V-generated
transcripts. Again, RNA Pol IV interacts with a Rdrp, which synthesizes dsRNAs,
that are diced into 24nt siRNAs by Dicer-like 3 (Dcl3), and exported to the cyto-
plasm where they are loaded into an Argonaute protein. A. thaliana has ten Agos,
with Ago4 studied in nucleus shuttling after siRNA loading to target nascent Pol V
transcripts. This results in the deposition of DNA cytosine methylation by the DNA
methyltransferase DRM2. There appears to be a crosstalk between histone and DNA
methylation, as the latter is required for the recruitment of the SUVH4 H3K9 methyl-
transferase in Arabidopsis (Holoch and Moazed, 2015).
RNAi in the nucleus, apart from CTGS and RdDM, is mostly described for silenc-
ing processes in the germline. But several studies in D. melanogaster also revealed
interaction of the RNAi and transcription machinery to repress somatic heat shock
genes in non-stress conditions by maintaining Pol II in a paused state dependent on
Ago2 and Rdr2. In C. elegans, cytoplasmatic loading of Ago NDRE-3 and shuttling
to nucleus results in transcriptional gene silencing and H3K9me3 deposition, but the
function of this endogenous siRNA pathway is unknown (Burkhart et al., 2011).

Silencing of Loci in Trans and Systemic RNAi

As discussed above, it seems like CTGS can occur only in cis, meaning at the position
where the nascent transcript is generated. In contrast, in Zea mays, a phenomenon
termed paramutation has been described, resulting in silencing of a locus in trans.
Thereby, one allele is silenced by the presence of another silent heterochromatic al-
lele in trans, a condition that can be transmitted to the next generation. Similar phe-
nomena like quelling or co-suppression have the same outcome, but the mechanism
beyond is poorly understood.
Heritable heterochromatin formation can also be induced by systemic RNAi, mean-
ing the movement of sRNAs between adjacent cells and tissues, as has been shown in
C. elegans, where sRNAs probably also enter the germline to induce heritable epige-
netic modifications (Mao et al., 2015). In plants, systemic silencing involves spread-
ing of the silencing trigger, e.g. Ago9-bound siRNAs, between tissues followed by
induction of RdDM. sRNA traveling in the plant vascular system resulting in sys-
temic spreading of RdDM probably provides a mechanism for the transmission of
stress responses to the germline, affecting stress responses in subsequent generations
(Matzke and Mosher, 2014).
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1.2 Ciliates as Models in Epigenetics

The principles of epigenetics, such as the involvement of histone code readers and
erasers, as well as chromatin conformation changes regulated by RNAi, have been
extensively studied in unicellular organisms such as S. pombe to extrapolate dog-
mas that can be applied to complex multicellular organisms. Additionally, studies
on morphologically more complex unicellular organisms contribute to our under-
standing of chromatin biology and clinical research applications. The first gene en-
coding for a histone acetyltransferase was identified by Allis and colleagues in 1996
(Allis and Jenuwein, 2016), studying the dynamic histone landscape in Tetrahymena
thermophila. This unicellular organism belongs to the SAR clade, which unites Stra-
menophiles, Alveolates and Rhiazrians and contains an immense diversity of lin-
eages that live in soil, marine and freshwater. The SAR clade is equidistant from
plants, animals, and fungi and comprises several important animal and plant para-
sites (Figure 1.6A) (Grattepanche et al., 2018).
Ciliates, belonging to the Alveolates, have diverged into approximately 8,000 species,
some of them with extreme evolutionary distances, such as the distance between
Euplotes (Spirotrichea) and Tetrahymena (Oligohymenophorea) being the same as be-
tween rat and corn (Prescott, 1994; Grattepanche et al., 2018). However, ciliates
can be characterized by having cilia on their surface for food uptake and motility
and by their nuclear dimorphism, which is in principle the differentiation between
germline and soma in one single cell. Most species studied on the molecular level to
date belong to two classes of Intramacronucleata: Oligohymenophorea (Paramecium,
Tetrahymena) and Spirotrichea (Oxytricha, Stylonychia, Euplotes) (Figure 1.6A) (Drews,
Boenigk, and Simon, 2022).

The dimension of nuclear dimorphism can vary drastically in nuclei number and
shape, from two micronuclei (MICs) and one macronucleus (MAC) in Paramecium
tetraurelia to several MACs in Kayrorelictea and up to 20 MICs and hundreds of
MACs in some Heterotrichea (Prescott, 1994) (Figure 1.6B). The MAC is the tran-
scriptionally active nucleus, comparable to a somatic nucleus, expressing all genes
necessary for cell viability and metabolism, while the MIC is transcriptionally silent,
comparable to a backup version of the germline genome.

In a vegetative situation, without induction of a sexual event, cells divide their MICs
by mitosis, whereas the MAC divides amitotically, by simply expanding and stretch-
ing and random distribution of the MAC chromosomes between daughter cells. In-
tranuclear microtubules assist in MAC shape transformation in Intramacronucleata
while microtubules control amitosis outside the MAC in Heterotrichea (Figure 1.6B).
In both classes, classical spindle apparatus for chromosome segregation by attach-
ment to kinetochores is not detected. Amitosis is not seen in all ciliate species, a
strong exception are Karyorelictea, for example, which built a new MAC upon each
cell division (not included in Figure 1.6A).
Paramecia can vegetatively divide up to ≈300 times, and it is believed that imbal-
ances in chromosome numbers by amitotic division of MACs seem to limit cell via-
bility, which resembles senescence (Preer, 1976; Sonneborn, 1954). At this time point,
as well as other unfavorable conditions such as starvation, Paramecium undergoes
sexual development, building new MACs from zygotic MICs. This development
can involve self-fertilization, called autogamy, or mating between different mating
types. While the autogamy process is regularly seen in Paramecium, Tetrahymena can
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divide at least 1,000 times asexually (Long et al., 2013).

Figure 1.6 (A) Phylogenetic tree of eukaryotes includes the monophyletic SAR clade (unit-
ing Stramenophiles, Alveolates and Rhiazrians) with a great variety in diversity of linages.
Phylogenetic tree of eukaryotes based on SSU rDNA sequences. Alveolates, accommodat-
ing the linages Ciliophora, Apicomplexan and Dinoflagellata are highlighted in dashed
lines. Arrows indicating the origination of germline-soma differentiation (modified from
Cheng et al., 2020). (B) Phylogenetic relationship of Ciliophora with highlighting Parame-
cium tetraurelia as the model organism used for studies presented in this work. Apicom-
plexa are included as an outgroup. Tree was built on multiple sequences alignment of 18S
rRNA genes. Adapted from Zheng et al., 2021; Katz, 2001.

Paramecium tetraurelia (Intramacronucleata), being the subject of the following pre-
sented studies, is a member of the Paramecium aurelia complex, which contains 15
sibling species that are morphologically identical but genetically isolated, exclud-
ing interspecies mating. Mating in Paramecium depends on the two mating types,
even (E) and odd (O), and mating occurs only between two cells of different mat-
ing types by conjugation. Conjugations at low levels between siblings in the au-
relia complex result in death or sterility of the F1 (Sonneborn, 1975; Catania et al.,
2009). Conjugation includes agglutination of cells and exchange of gametic nuclei,
but with little exchange of cytoplasm. The inheritance of mating types is epigenet-
ically controlled for some Paramecium species, where the new developing MACs in
each ex-conjugant almost always become determined for the same mating type as
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the parental MAC in that cell and such that the determination of mating type fol-
lows the maternal, cytoplasmic pattern (Orias, Singh, and Meyer, 2017). Moreover,
mating type determination depends on genome rearrangements in loci responsible
for mating-type specific genes, a mechanism that involves components of the RNAi
machinery (Singh et al., 2014) and will be illustrated in the following sections. Due
to his observations on mating-type inheritance, Sonneborn postulated in 1937 the
existence of cytogenes, cytoplasmic determinants involved in heredity, already sur-
mising the molecular mechanism of information shuttling between the different nu-
clei (Sonneborn, 1937).

Several other phenomena observed in Paramecium follow non-mendelian inheritance
and involve key regulators of the epigenetic machinery, with the phenomenon of
surface antigen expression being extensively studied to this day.
Experiments at the beginning of the twentieth century revealed that injection of
Paramecium into rabbits results in serum that can immobilize Paramecium cells, an
effect that was later shown to depend on immobilization by i-antigens or surface
proteins (Rössle, 1905). Surface antigens (SAg) cover mainly the cilia of a Parame-
cium cell (Sommerville, 1969), and the observed immobilization reaction is based on
a clumping of ciliary membranes and subsequent fusion of plasma membranes at
the tips (Barnett and Steers, 1984). Cells from the same homozygous strains are ca-
pable of expressing dozens of surface antigens of this protein family, but only one is
detectable at the given time (Sommerville, 1969); it has long been postulated that an
extranuclear component is involved in expression regulation.

Surface antigen presentation on the outer membrane of unicellular organisms allows
for a rapid reaction to external stimuli, such as environmental changes or activation
of the host’s immune system. By variation of the outer membrane protein surface,
pathogens can escape the immune system, as has been shown for Plasmdium falci-
parum, an Apicomplexean that causes malaria in humans. In different unicellular
species, antigen variation (’shift’) can be regulated on multiple levels, such as co- or
post-transcriptionally, involving chromatin remodeling or genome rearrangements.
The latter has been shown for Trypanosoma brucei (Apicomplexa), when positioning
of an actively expressed surface antigen in a telomere region results in gene slic-
ing and antigen shift. Paramecium is free-living, non-pathogenic, and the function
of antigen presentation and shift cannot be precluded to this day, although surface
antigens are certainly involved in sensing external stimuli as well, since parame-
cia without surface antigens have never been detected (Sommerville, 1969; Simon,
Marker, and Schmidt, 2006a).

Paramecium aurelia stock 51 serotypes, which means paramecia with specific i-antigens,
were described in 1950 (Sonneborn et al., 1950; Schmidt, 1988), and it was shown that
only one immobilizing antigen is present at a given time, implying mutual exclusive
expression that follows the cytoplasm of the cell after division and/or conjugation
(Beale, 1952). Stock 51 of P. tetraurelia is able to express at least 11 serotypes named
A, B, C, etc., while alleles are named by combining the serotype letter with the stock
number, e.g. 51A (Simon and Schmidt, 2005). The presentation of surface proteins
depends on temperature and other cultivation conditions, while one antigen has a
range in which it shows the highest stability, and the antigen shift does not occur
randomly (Beale, 1952; Sommerville, 1969; Cheaib et al., 2015).
Genes encoding SAgs in Paramecium comprise a multigene family of 65 members
with eight classical serotype genes (alphas) and six isogenes (Baranasic et al., 2014).
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The codon usage allows for high gene expression, and the genes are devoid of in-
trons (Meyer, Caron, and Baroin, 1985; Nielsen, You, and Forney, 1991). Studies in
Paramecium primaurelia revealed that the central part of the coding sequence con-
sists of tandem repeats, with the element of periodicity occurring every eight cys-
teins, forming a repeated immunogenic domain in the protein. Thus, the N- and
C-terminus of these large proteins (250-300 kDa (Reisner, Rowe, and Sleigh, 1969))
is more conserved than the internal sequences. Similar to genes encoding surface
antigen in T. brucei, subtelomeric localization of surface antigen genes has also been
shown for multiple surface antigen genes in Paramecium (Meyer, Caron, and Baroin,
1985; Baranasic et al., 2014).
Regulation of expression was initially thought to occur at the transcriptional level,
since only mRNA for one i-Antigen could be detected by mercury gels (Preer, Preer,
and Rudman, 1981; Meyer, Caron, and Guiard, 1984), although the molecular mech-
anism of SAg expression is not fully understood until this day. It has been postulated
that the variation in serotype expression is dependent on gene rearrangements as it
has been shown in somatic recombination in mammalian immunoglobulin genes
(VDJ-recombination) or Trypanosoma antigen expression, depending on changes in
the 3’ end of genes. This model does not seem to hold true for Paramecium (Forney
et al., 1983). Quite the contrary, it has been shown that the regulation of expression
is also post-transcriptionally regulated (Simon, Marker, and Schmidt, 2006b) and
further dependent on RNAi components like (i) Dicer, (ii) an RNA-dependent RNA
polymerase, (Marker et al., 2010; Baranasic et al., 2014) and (iii) accumulating small
RNAs, involving small RNA induced chromatin regulation.

Non-mendelian inheritance, as in mating-type determination, was also firstly de-
scribed for serotypes in Paramecium by Epstein and Forney in 1984. The authors
investigated a mutant that did not contain the A i-antigen gene in its MAC, but
a complete copy of the gene in its MIC. Nevertheless, the absence of the gene in
the paternal MAC resulted in impaired incorporation of the A i-antigen gene into
the new macronucleus. This was the first evidence that a mechanism is available
in ciliates to control the expression of a gene by regulating its incorporation into a
newly formed MAC (Epstein and Forney, 1984; Scott et al., 1994). By manifestation
and heredity of serotypes and mating types, paramecia of specific serotypes can be
characterized as differentiated cells (Simon and Schmidt, 2007; Drews, Boenigk, and
Simon, 2022).

1.2.1 Nuclear Dimorphism in Paramecium tetraurelia

Figure 1.7 Sketch of a Paramecium cell with distinct nuclei and a
summary of micronuclear (MIC) and macronuclear (MAC) chro-
mosomes features.

P. tetraurelia nuclei show
some distinct features
displayed in Figure 1.7.
The two small (≈3 µm),
genetically identical di-
ploid micronuclei com-
prise circa 98 Mb of
DNA in long chromo-
somes not fully anno-
tated yet (Guérin et al.,

2017) but thought to be at least 50 in number (Aury et al., 2006).
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These MIC chromosomes contain common characteristics of metazoan chromosomes:
they possess telomeres and centromeres, the latter prob-ably being associated with
the MIC-specific histones CenH3 (Lhuillier-Akakpo et al., 2016).
Further, they harbor ≈3 Mb transposable elements (TEs), ≈1.3 Mb repeats as well
as 45,000 transposon remnants, called internal eliminated sequences (IES) (Guérin
et al., 2017; Arnaiz et al., 2012). These sequences are removed when a functional
MAC genome is built from a zygote upon sexual development. Since IES are located
in genes, their excision must be precise, which is different from T. thermophila, where
IES are located in intergenic regions enabeling imprecise elimination (Chalker and
Yao, 2011).
In addition to the consequences of eliminating transposons, repetitive sequences,
and IES, newly built MAC chromosomes contain some heterogeneity since, upon
elimination, chromosome breakage occurs by de-novo telomere addition at sites that
can occur at various positions. These positions are under epigenetic control and
stabilized across sexual generations (Meyer, 1992).
While the MIC is diploid, the MAC shows not only heterogeneity but also the ex-
treme feature of polyploidy: prior to excision, the ≈200 chromosomes (Arnaiz et al.,
2012) are pre-amplified to some extent, and after the chromosomes are processed,
the number will increase to up to ≈800n. T. thermophila, in contrast, shows only a
polyploidy level of ≈45 to 90n, whereas some Spirotchrichs possess a polyploidy
grade of ≈15,000n. Chromosome copy numbers are kept equal to some extent for
Oligohymenophoreans by an unknown mechanism, while Spirotrichs have extreme
diverse copy numbers for distinct chromosomes, while numbers positively correlate
with gene expression levels across chromosomes (Zhou et al., 2022b).
Amongst ciliates, the degree of chromosome processing from MIC (zygote) to MAC
is quite diverse, with Stylonychia and Oxytricha (Spirotrichs) processing MIC chro-
mosomes to the size of nanochromosomes, with some of them being just size the of
one gene. Developmental genome rearrangements cannot only involve excision of
sequences but also placing the remaining fragments in a new order, a process called
unscrambling. This is seen for multiple fragments in Oxytricha and to some extent
in Tetrahymena, but not in Paramecium (Sheng et al., 2020). The information of un-
scrambled gene organization is thereby again transmitted to the next generation, a
process that is epigenetically controlled by RNA species shuttling between distinct
nuclei (Nowacki et al., 2008).
Programmed DNA elimination upon genome rearrangements is not only seen in cil-
iates, but also in early embryogenesis of nematodes to suppress transposon activity
and repeats and sea lamprey. The conserved aim seems to be a genome defense
against TEs and offers an extreme form of modularity in genome architecture. Of
the eliminated genes that have been identified, many are explicitly linked to repro-
duction (Drotos et al., 2022).

Paramecium MAC Chromosomes Have Extraordinary Features

In P. tetraurelia sexual development, ≈25% of the MIC genome sequences are re-
moved to build a functional MAC genome, thus constructing a highly condensed
genome that is further amplified to a high chromosome copy number (Guérin et
al., 2017; Arnaiz et al., 2012). In comparison to other unicellular organisms such as
Tetrahymena and yeast, P. tetraurelia has short intergenic regions of 352bp and the
smallest intron size with an average of 25bp (Table 1.1). Of the ≈95,000 introns, only
720 are longer than 40nt (Arnaiz et al., 2017).
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The high coding density and high gene number with ≈42,000 genes (Arnaiz et al.,
2017) is the result of three successive whole genome duplications (WGD): one that
took place prior to the separation of Tetrahymena from Paramecium lineages, one in-
termediate, and one that took place before the speciation of the aurelia complex. In-
terestingly, from the recent WGD, many genes remain in duplicate with high protein
sequence conservation, and only 32% of genes lost their paralog, which is in contrast
to the outcome of WGDs in yeast and plants (Aury et al., 2006).
Coding density is also reduced in humans due to long intergenic regions being in-
volved in gene regulation by harboring functional elements that can even give rise
to long ncRNAs (Hangauer, Vaughn, and McManus, 2013). Table 1.1 summarizes
the unique features and highlights Paramecium’s idiosyncrasy.

Table 1.1 Comparison of ciliates MAC genome features with other unicellulars and meta-
zoans. Adapted from Drews et al., 2022.

1.2.2 Building a Functional MAC Genome Involves RNAi Components

How is the construction of a highly compact MAC genome from a zygote realized,
including the excision of thousands of sequences in a precise manner? This process
involves the core components of the RNAi machinery, Dicers and Argonautes, and
to some extent, the introduction of histone modifications.
In P. tetraurelia (Figure 1.8), sexual development starts with meiosis of both diploid
MICs, resulting in eight haploid nuclei, whereas seven of them are subsequently
degraded. In MIC meiosis, all MIC chromosomes are transcribed bidirectionally,
involving transcription factors SPT4 and SPT5 (Gruchota et al., 2017b; Owsian et
al., 2022). In parallel, long ncRNA transcripts are generated in the MAC (Lepere
et al., 2008) while general MAC transcription continues, although the MAC starts to
disintegrate into fragments.
In the MIC, long dsRNA is cleaved by two Dicers, Dcl2 and Dcl3, producing small
dsRNA duplexes with a strong 5’ UNG signature, 3’ 2nt overhang, and the precise
length of 25nt (Lepere et al., 2009; Sandoval et al., 2014). Thereby, Dcl2 shows a se-
quence preference to cleave at the conserved ends of IES, thus enriching the sRNA
pool for IES targeting (Hoehener, Hug, and Nowacki, 2018). These sRNAs are fur-
ther termed scanRNAs, since they perform scanning of the old MAC transcripts in a
homology-dependent manner.
Selection of single-stranded RNA is performed by Paramecium’s Argonaute proteins:
P. tetraurelia harbors 15 PIWI proteins (Ptiwi 1-15) but no Agos. Some of these Ptiwis
are paralogs from the WGD, and they are not only involved in developmental RNAi
but also in silencing upon an exogenous dsRNA trigger. In developmental genome
rearrangements, the two paralogs Ptiwi 01 and Ptiwi 09 load ssRNAs. In which
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compartment loading occurs has not been shown yet, but shuttling of Ptiwis to load
sRNAs in the MIC seems likely, and shuttling to the MIC has at least been shown
for the two RNA binding proteins Nowa1/2 (Nowacki, Zagorski-Ostoja, and Meyer,
2005). Subsequent shuttling of sRNA-loaded Ptiwis to the maternal MAC fragments
has been shown indeed by GFP-localization studies (Furrer et al., 2017).
In the old MAC fragments, scanning of MAC transcripts occurs: scnRNAs that show
homology to the long transcript are degraded while scnRNAs that do not share ho-
mology, the ones that are MIC specific, remain Ptiwi-bound. In parallel to scnRNA
biogenesis, the one remaining haploid MIC undergoes one mitotic division. A zy-
gote is formed either by exchanging one haploid product with a mating partner and
following fusion of nuclei or by fusion of the haploid nuclei in the maternal cell with-
out exchange (autogamy). The zygote divides twice mitotically, rising four nuclei,
two of them being the new developing MACs, called Anlagen.
In these Anlagen, after some pre-amplification of MAC chromosomes, MIC-specific
scnRNAs target homologous sequences arising from MIC chromosomes that need to
be excised. How targeting is achieved is not fully understood, but since RNA:DNA
hybridization prior to genome rearrangements has not been shown, it is likely, that
nascent transcripts from the developing MAC chromosomes are targeted by scnR-
NAs (Miró-Pina et al., 2022; Singh et al., 2022). The Tetrahymena PIWI protein TWI1
was co-immunoprecipitated with Rpb3, supporting the role of Pol II in ncRNA pro-
duction and targeting of Twi1 to nascent transcripts (Zhao et al., 2019).
Transcripts are probably synthesized by RNA Pol II depending and elongation fac-
tor TFIIS4 (Maliszewska-Olejniczak et al., 2015b). Targeted sequences are excised
by a domesticated piggyBac transposase called piggyMac (Pgm) and five associated
transposases, termed piggyMac likes (PgmLs) (Bischerour et al., 2018). The Pgm-
complex is anchored by the Ku70/80 heterodimer (Marmignon et al., 2014) and in-
duces dsDNA breaks (DSB) at conserved TA dinucleotides at IES boundaries, re-
sulting in overhangs centered around the TA dinucleotide sequence and proteins of
the non-homologous end joining (NHEJ) pathway are recruited (Abello et al., 2020).
Upon IES excision, remaining MAC-destined sequences (MDS) are ligated by Ligase
IV and Xrcc4 in a streamlined fashion while one of the two TA dinucleotides remains
in the final MAC genome sequence (Kapusta et al., 2011).
The excised IES are not degraded but circularized, either by forming concatemers
of smaller IES or direct circularization of longer ones. These circles are transcribed,
and long RNA is processed by Dcl5 into secondary, IES-targeting sRNAs, termed
iesRNAs (Sandoval et al., 2014). These sRNAs of ≈25-30nt have a 5’ UAG signature
and are thought to be an amplification mechanism for precise IES excision, since
they target IES in the new developing MAC upon binding by Ptiwi 10/11 (Furrer
et al., 2017).
The mechanism of genome rearrangements in Tetrahymena is somewhat similar, in-
cluding the production of early scnRNAs of ≈28nt that can target IES that previ-
ously did not contribute to scnRNA production, resulting in the accumulation of
2° sRNAs (late scnRNAs) which in turn can target IES in trans, resembling an am-
plification mechanism (Noto et al., 2015). In addition, Tetrahymena has twelve Piwi
proteins, but only Twi1 and 11 are involved in genome rearrangements, although it
is not clear if they have distinct functions (Bastiaanssen and Joo, 2021).
In contrast to Paramecium and Tetrahymena, ciliates with gene-sized nanochromo-
somes, like Oxytricha or Stylonychia, evolved an opposite mechanism with the same
outcome. These species protect sequences that should remain in the new develop-
ing MAC by small RNAs. Similar to the Paramecium mechanism, Oxytricha sRNAs of
precise 27nt length are shuttling from the parental MAC to the zygotic MAC, bound
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to Otiwi1, one of 13 Oxytricha PIWI proteins. Otiwi1 bound sRNAs protect MDS
while IES remain unprotected,consequently leading to their excision. Once the IES
is excised, the remaining MDS must be sorted to generate a functional MAC genome,
involving unscrambling, which is achieved by long RNAs from MIC chromosomes
and pointer sequences (Chen et al., 2014).

In P. tetraurelia, the excision of IES is driven in a somewhat hierarchical manner:
Pgm is required to excise all IES and transposable elements (Arnaiz et al., 2012),
while only a subset of IES, termed maternally controlled IES (mcIES), is dependent
on the described subset of Ptiwis and Dicers.

IES Excision Upon Heterochromatin Formation

Probably all transposons and a subset of IES (≈70%) are dependet of histone modifi-
cations and nucleosome remodeling, comparable to transcriptional gene silencing as
it is performed by Ptiwi proteins targeting nascent transcripts in the nucleus (Czech
et al., 2018), with the extreme outcome of DNA excision and genome rearrange-
ments.
Upon targeting the mcIES by Ptiwi-bound scnRNAs, trimethylation at the histone
H3 at lysine K9 and K27 co-occurs. Both modifications are introduced by the his-
tone methyltransferase Enhancer-of-zeste-like (Ezl1), which is probably associated
with the chromatin assembly factor 1 (PtCaf1) that guides Ezl1 for methylation by
its histone binding domain. Since PtCaf1 is also involved in the upstream scanning
process in the maternal MAC, there is accumulating evidence for the RNA-guided
DNA elimination linked to changes in chromatin conformation (Ignarski et al., 2014).
Pull-down experiments show an interaction of Ptiwi 09 with the PRC2-complex, in-
dicating a sRNA-guided deposition of histone modifications (Miró-Pina et al., 2022).
Nevertheless, how Ptiwi finds homologous sequences in the Anlagen is still obscure.
In Tetrahymena, it has been shown that nascent transcripts are targeted by the RNA
helicase EMA1 and probably the involvement of Twi1, which further recruits EZL1
to induce heterochromatin formation (Aronica et al., 2008; Miró-Pina et al., 2022). In-
troduction of chromatin modification needs to occur in a strict local manner since the
majority of IES is shorter than the DNA wrapped around a nucleosome (<150 bp),
and only nucleosomes that cover IES should be targeted (Lhuillier-Akakpo et al.,
2014). H3K9 and H3K27 trimethylation further recruits or activates an excisase com-
plex comprised of the piggyBac transposase and a histone chaperone of the FACT
complex, Spt16-1, that probably mediates chromatin rearrangements, allowing the
Pgm-PgmL complex to access the DNA for excision (Vanssay et al., 2020). Opening
the chromatin at IES sites is probably also guided by the ISWI chromatin remodeler
(Singh et al., 2022).
Almost all transposons, which are excised imprecisely, and ≈70% of all IES are de-
pended on Ezl1, with especially larger IES being dependent on the chromatin con-
formation changes (Lhuillier-Akakpo et al., 2014; Frapporti et al., 2019). Only ≈7%
of IES are seem to need Dcl2/3 produced scanRNAs and an even a smaller fraction
of IES is dependent on Dcl5 generated iesRNAs. Especially transposon elimination
seems not to be dependent on Dcl5.
Overall, IES and transposon seem to differ in their recognition mechanism, and
transposon elimination seems to be more dependet on chromatin-remodeling as
described above. The short IES, being the oldest ones, do not seem to depend on
the RNAi machinery in contrast to the younger, longer IES which are transposon
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Figure 1.8 Top: Sketch of Paramecium developmental stages starting from a vegetative cell
(left). Adopted from Drews, Boenigk and Simon, 2022. Bottom: Scanning model for RNA-
guided DNA elimination, excluding the RNA helicase Ptmb.220. Adopted from Bétermier
and Duharcourt, 2014.

remnants that reside in geneic and intergenic regions (Sellis et al., 2021). Whole-
genome sequencing revealed that also Ptiwi 01/09 silencing affects only the excision
of the Dcl2/3-dependent mcIES and not all IES as previously thought (Sandoval et
al., 2014) and only Ptiwi 01/09-silencing, but not Ptiwi 10/11, affects the excision of
transposons, coherent with the dependence of transposon elimination on scn- but
not on iesRNAs (Furrer et al., 2017; Sandoval et al., 2014).
The scnRNA pathway appears to be a genome defense mechanism that allows the
removal of transposons and their relics (IES) from the somatic genome, by which
the pathway can regulate cellular genes and also mediate epigenetic inheritance. Al-
though the IES excision machinery is precise, ≈7,000 sites with excision variability
have been identified: events like occasional IES retention, excision of IES with al-
ternative boundaries, and cryptic IES, i.e., the excision of MAC destined sequences
at TA dinucleotides, contribute to the variability of the MAC genome (Duret et al.,
2008; Swart et al., 2014). Coming back to mating-type inheritance, an interesting ex-
ample has been described for the epigenetic regulation: promoter of the mtA gene
becomes excised, similar to the excision of a cryptic IES, during MAC development
by scnRNAs and Pgm, thus preventing the mtA expression resulting in the produc-
tion of mating-type O cells. By this mechanism, the mating type can be inherited by
the co-option of the genome rearrangement machinery to regulate gene expression
(Singh et al., 2014; Sawka-Gądek et al., 2021). By a coordinated comparison between
old and new MACs, Paramecium has the chance to control the fitness of its offspring
and establish beneficial chromosome conformations, which follows the Lamarckian-
based evolution theory (Drews, Boenigk, and Simon, 2022).
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1.2.3 RNAi Machinery Apart from Development

Two distinct RNAi pathways have been identified in Paramecium, with proteins be-
ing exclusively involved in one or the other, but this does not rule out possible over-
laps. The pathway described above involves the developmental RNAi machinery,
but some RNAi components are also involved in processing exogenously introduced
dsRNA and silencing of endogenous genes, a mechanism thought to be originally
evolved for virus defense and transposon silencing, mimicking a genetic immune
system. Specialization of proteins of the same class to different RNAi pathways is
not unique to ciliates but has been described for the mi/siRNA pathways in plants
and worms as well (Ketting, 2011).
Exogenous RNAi can be triggered by applying the feeding protocol initially described
for homologous gene silencing in C. elegans (Timmons and Fire, 1998). Thereby,
paramecia ingest dsRNA-producing bacteria, and the dsRNA escapes from the food
vacuole by an unknown mechanism. The dsRNA is further passed through the en-
dogenous RNAi machinery, leading to gene silencing by homology of the dsRNA
trigger to the targeted gene. In Paramecium, Dcr1 produces 23nt 1° siRNAs matching
the targeted region, which results in a silencing phenotype and the accumulation
of 2° siRNAs including 5’ to 3’ transitivity (Carradec et al., 2015). Accumulating 2°
siRNAs show an antisense bias and are mainly the product of Rdrp activity on a
nascent transcript without further Dicer dependency. In A. thaliana and C. elegans
2° siRNAs seem to be the main contributor to a silencing effect, which is in con-
trast to Paramecium, where reduction of 2° siRNAs only had mild effects on silencing
phenotype.
Interestingly, Paramecium’s 1° siRNAs also seem to be dependent of Rdrps, which
seems contradictory because Dicer substrates for 1° siRNA production are already
offered as double-stranded substrates. Maybe the initial silencing trigger is imported
as ssRNA (Carradec et al., 2015). The feeding pathway also involves three Ptiwi pro-
teins, Ptiwi 13, 12 and 15, with the two latter ones probably performing redundant
functionalities (Bouhouche et al., 2011).

Paramecium genes can be either silenced by feeding of dsRNA-producing bacteria
or by transformation of the Paramecium MAC with specifically designed transgenes.
Therefor, truncated transgenes are injected in high copy numbers into the MAC,
undergo de-novo telomere addition and are replicated and distributed stably dur-
ing amitosis similar to pseudochromosomes, until the induction of developmental
genome rearrangements (Gilley et al., 1988; Bourgain and Katinka, 1991). Injection
of truncated transgenes, lacking the 3’ UTR, results in production of aberrant tran-
scripts from both strands, being longer or shorter than the targeted mRNA (Ruiz
et al., 1998; Galvani and Sperling, 2001). Here, a set of Rdr3, Ptiwi 13 and Ptiwi
14, as well as Dcr1 is involved in the biogenesis of 1° and 2° siRNAs with the pre-
cise length of 23nt (Marker et al., 2010). It was thought that silencing occurs on the
transcriptional level, but Götz et al., 2016 showed that a truncated transgene could
induce heterochromatin formation at the endogenous locus in dependence of Dcr1,
Rdr2 and Rdr3. Specifically, the endogenous 5’ coding sequence was depleted for
the activating histone marks H3K4me3 upon silencing, while the 3’ coding region,
not part of the transgene, shows enrichment for the repressive mark H3K27me3.

The Paramecium sRNA world seems to be even more complex apart from develop-
mental RNAi or the reaction to exogenous triggers or transgene injection. Recently,
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studies of small RNA isolates from wildtype, vegetative cultures revealed 2,602 clus-
ters, that produce small RNAs of precise length that are dependent on two of the four
Rdrps. Interestingly, no miRNA producing loci were identified. In an experimental
setup, where the RNAi by feeding protocol was applied, subsequent changes on the
transcriptome level have been observed. The RNAi machinery appears, therefore,
to be involved in both endogenous and exogenous pathways, probably involving
a competition between environmental and endogenous RNAi (Karunanithi et al.,
2019; Karunanithi et al., 2020).
Endogenous clusters have also been identified in T. thermophila generating ≈23–24nt
sRNAs that accumulate throughout the life cycle and these sRNAs can be aligned
to a number of discrete sites in the genome as well. As in Paramecium, these sRNAs
also depend on one or more of three distinct Rdrp complexes. Their function seems
to be in maintaining chromosome integrity and regulating DNA damage response
(Lee and Collins, 2006; Lee et al., 2021).

1.2.4 Studying Ciliates is Fun

Ciliates sometimes seem to be the jack of all trades if one is looking for a favorite
model organism: due to their broad range in habitats, they can be studied in terms of
ecology and serve as indicators for the health of ecosystems. Several species harbor
symbionts or are symbionts themselves, allowing to study host-symbiont or para-
sitic interactions on the molecular level efficiently.
Most of the model work in ciliate biology is limited to studies using Tetrahymena and
Paramecium, which can be easily cultivated in the laboratory under reproducible con-
ditions. The organisms can be easily kept at several temperatures, can be stressed
by heat, starvation, and change of food supplements. In combination with whole
genome sequencing approaches and transcriptome alteration analysis, organisms
reaction to external stimuli can be studied on the molecular level as well. It is worth
mentioning that complete MAC genomes are available for both Tetrahymena and
Paramecium, the latter one still lacking a complete MIC genome sequence.
In both models, some ground-breaking findings were made, cheering for ciliates as
model organisms in addition to studying mice, zebrafish or plants. Probably discov-
ery of the telomerase in Tetrahymena by Blackburn, Greider, and Szostak, a finding
honored by the Nobel prize in 2009, is just one of the most famous examples. Parame-
cium served as a model for genetics and especially epigenetics, the latter already
being described in mating-type inheritance, patterns of cilia organization, surface
antigen variation, and genome rearrangements, where sequences in the old, mater-
nal MAC control building of a new functional genome. Ciliates have the advantage
of studying the transgenerational RNA transfer as parental and zygotic nuclei are in
the same cytoplasm. Therefore, ciliates remain the preferred organisms for analyz-
ing the mechanism of RNA transfer, which is the general challenge of transgenera-
tional epigenetics. Specificity, timing, and transport mechanisms for RNA transfer
are generally poorly understood, although being a common and essential key player
of epigenetics across kingdoms. Using high-resolution techniques on the molecular
level will help to answer open questions on the unique and fascinating features of
ciliates.
However, especially for Paramecium, its genome features are quite different from
the features of other model organisms. Indeed, it is important to investigate and
understand the regulation of unusual genomes, but sometimes there is no need to
connect all findings to other eukaryotes. From time to time, one need to appreciate
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that molecular biology dogmas are not set in stone for all the fascinating organisms
out there.

1.3 Aim and Outline of the Thesis

The present studies aim to illuminate the organization of the Paramecium tetraure-
lia macronuclear chromatin during vegetative growth. Changes on the chromatin
landscape upon sexual development have been described in recent years for several
ciliated species, but a description of the Paramecium MAC chromatin in vegetative
growth is missing. Therefore, methods to isolate MAC chromatin for subsequent
antibody pull-downs (ChIP) and the isolation of mononucleosomal DNA by micro-
coccal nuclease (MNAse) digest were established. Crucial parameters for robust,
reproducible chromatin isolations were determined.

Protocols were applied to whole-cell culture chromatin and provided information
on the global nucleosome landscape in the somatic MAC. Thereby, the isolation of
mononucleosomal DNA in combination with library preparation and subsequent
NGS approaches allowed for a holistic analysis of chromatin organization in inter-
and intragenic regions. By targeting the histone modifications H3K4me3, H3K9ac,
and H3K27me3 in pull-down assays, combinatorial patterns of marks regulating
gene expression were examined. With regard to the absence of canonical heterochro-
matin in the MAC, it was questioned how gene silencing and activation are gov-
erned. Thus, bioinformatic pipelines were established to analyze nucleosome po-
sitioning, transcriptome dynamics, and combinatorial patterns of marks for future
global chromatin studies.
Due to characteristics of the RNA Polymerase II CTD, the present study aimed to
shed further light on the regulation of Pol II along the condensed MAC genome.
Therefore, an antibody against the divergent CTD was produced and applied in im-
munolocalization assays and pull-downs from chromatin samples. chapter 3 sum-
marizes the identified characteristics of the MAC epigenome.

Furthermore, the vegetative gene expression was manipulated by silencing of an
endogenous gene via injection of a truncated transgene. The purpose of this study
was to elucidate siRNA-mediated gene regulatory mechanisms shown to result in
chromatin conformation changes at the silenced endogenous locus. Two Argonaute
proteins involved in transgene-induced silencing, Ptiwi 13 and Ptiwi 14, were char-
acterized in terms of their siRNA loading preferences and localization in wildtype
and transgene mechanisms. Tagged Ptiwi proteins were used for pull-downs (IPs) of
Ptiwi-bound sRNAs and chapter 4 summarizes the results of sRNA deep sequencing
analyses, including the description of sRNA biochemical properties and discussion
of diversity in sRNA-mediated silencing mechanisms.

Moreover, studies on vegetative small RNAs originating from distinct loci will be
discussed in terms of proteins involved in sRNA biogenesis and Ptiwi-loading. The
functionality of these sRNAs in dynamic transcriptome regulation will be discussed
in context with chromatin regulation in chapter 5.
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2.1 Organisms and Cultivation Conditions

2.1.1 Paramecium tetraurelia

Paramecium tetraurelia strains (51 and d4-2) were grown at temperatures from 4°C to
31°C in wheat grass powder (WGP) cultivation media, which was freshly bacterized
with Klebsiella pneumoniae at 31°C the day before use and supplemented with 1x β-
sitosterol to promote high cell division rates. Paramecium cells were grown in three
well depression slides, test tubes or flasks, whereby it was crucial to permit gas ex-
change.

WGP Extract Stock Solution (20x)

Wheat grass powder 16.6% (w/v)
The solution was prepared with H2Odest and boiled at 103 °C for 20 min, filtered through multiple
layers of gaze and run through a cream separator (Westfalia Separator AG) to remove remaining
particles and subsequently autoclaved at 121°C for 20 min.

WGP Buffer Stock Solution (20x)

Tris 95.8 mM
Na2HPO4 105.6 mM
NaH2PO4 33.3 mM

The pH was adjusted to 7.0 with HCl and the solution was autoclaved at 121 °C for 20 min.

WGP Cultivation Medium (1x)

WGP extract stock solution (20x) 5% (v/v)
WGP buffer stock solution (20x) 5% (v/v)

The medium was autoclaved at 121 °C for 20 min and stored at 4°C until further use.

β-sitosterol Stock Solution (5,000x)

β-sitosterol 0.4% (w/v) in 100% ethanol

2.1.2 Bacteria

Unless otherwise stated, Escherichia coli were cultivated either in liquid LB medium
at 37°C while shaking at 200 rpm or on solid LB agar plates. Selection of strains
carrying plasmids was performed by adding antibiotics to the medium. Klebsiella
pneumoniae were grown from glycerol stocks on angular agar in 15 mL tubes at 31°C
over-night and stored at 4°C until the bacteria were used for bacterization of WGP
cultivation media.
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Table 2.1 Bacterial Strains

Strain Characteristics Origin Application

Escherichia coli Top
10

electrocompetent,
tetracycline resis-
tant

Invitrogen cloning strategy

Escherichia coli
HT115(DE3)

electrocompetent,
tetracycline resis-
tant

A. Fire laboratory dsRNA synthesis

Klebsiella pneumo-
niae

- - food bacteria for P.
tetraurelia

LB Medium

Peptone 1% (w/v)
Yeast extract 0.5% (w/v)
Sodium chloride 171.1 mM

LB medium was autoclaved and stored at 4°C. LB agar plates were prepared by supplementing media
with 1.5% (w/v) Agar-Agar (Carl Roth), boiling and, if desired, adding antibiotics after the medium
was cooled down.

Angular Agar for K. pneumoniae

Nähragar (Carl Roth) 6.6% (w/v)
The agar was dissolved by boiling in water, aliquoted to 5 mL in 15 mL tubes and autoclaved.

Ampicillin Stock Solution (1,000x)

Ampicillin sodium salt 0.01% (w/v)
The antibioticums solution was sterilized by filtration and stored at -20 °C.

Tetracycline Stock Solution (1,000x)

Tetracycline 1.25% (w/v) in 100% ethanol

2.2 Standard Molecular Biology Techniques

2.2.1 Polymerase Chain Reaction

The Polymerase chain reaction is used to amplify specific DNA sequences from tem-
plates as genomic DNA or plasmids. Short DNA oligonucleotides (Primer) bind to
the ends of the targeted DNA sequence and within a defined number of PCR cy-
cles, the DNA Polymerase synthesizes new DNA fragments leading to an exponen-
tial amplification. For cloning strategies, Q5 High-Fidelity Polymerase (2 units/µL,
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NEB) with a low error rate was used, whereas Taq Polymerase (kind gift of Kon-
stantin Lepikhov) was used to check for successful injection of transgenes into the
macronucleus (2.3.6). Either purified genomic DNA, colonies of bacteria or single
Paramecium cells served as templates for PCR reactions.

Table 2.2 Q5 High-Fidelity polymerase PCR reaction and program setup

5X Q5 Reaction
Buffer

5 µL Initial denaturation 98°C 30s

10 mM dNTPs 0.5 µL Denaturation 98°C 5-10 s
10 µM fwd Primer 1.25 µL Annealing 50-72°C 10-30 s
10 µM rev Primer 1.25 µL Elongation 72 °C 20-30 s

per kb
DNA Polymerase 0.25 µL Final extension 72°C 2 min
Template DNA max. 1 µg
H2Obidest ad 25 µL

Table 2.3 Taq polymerase PCR reaction and program setup

10X Reaction Buffer 2.5 µL Initial denaturation 94°C 2 min
10 mM dNTPs 0.25 µL Denaturation 94°C 30 s
10 µM fwd Primer 1 µL Annealing 50-72°C 10-30 s
10 µM rev Primer 1 µL Elongation 72 °C 30s per

kb
DNA Polymerase 0.5 µL Final extension 72°C 5 min
Template DNA max. 1 µg
H2Obidest ad 25 µL

Table 2.4 List of Oligonucleotides

Name Sequence (5’ -> 3’)

P13Flagfor GAGCTCATGTAATAAACTAATCTGAAAATTTGTGA
P14Flagfor GAGCTCATGTAAAAAATAAGTGATTGCCAAAGAGA
P13 1430 rev GAATGGTTTGTCGAATTTGATTCC
pPXV 5′ fwd TAAGATGAATGGAATATAATG
pPXV 3′ rev TTATTTAAGTGTTGTTCATTTA
M13 fwd GTAAAACGACGGCCAG
M13 rev CAGGAAACAGCTATGAC
GFP uni fwd AGGAGAAGAACTTTTCACTGG
GFP uni rev GAGTATTTTGTTGATAATGGTCTGCTA

Oligonucleotides used for library preparation (section 2.7) are not listed. Information can be found in
the kit manuals provided by the manufacturers.
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2.2.2 Transformation of E. coli

Bacteria can be transformed with prepared plasmids by electroporation. Thereby,
an electric impulse creates pores in the bacterial membrane, which then allow ex-
ogenous DNA to enter the cell. 50 µL of electrocompetent E. coli were thawed on
ice, and 1 µL of plasmid (1-10 ng DNA) or ligation reaction (subsection 2.2.7) was
gently added. After 5 min of incubation on ice, cells were transferred to an ice-cold
electroporation cuvette, and an electric impulse of 2.0 kV was applied with an E. coli
Pulser (Bio-Rad). Cells were recovered by adding 500 µL SOC-Medium and shaken
at 200 rpm (1 h, 37 °C). 100 µL of cell suspension was spread out on selective LB
plates followed by incubation at 37°C over-night. Colonies were checked for posi-
tive transformation by plasmid isolation, colony PCR and sanger sequencing.

SOC Medium

Tryptone 2% (w/v)
Yeast extract 0.5% (w/v)
Sodium chloride 10 mM
Potassium chloride 2.5 mM

The medium was autoclaved, and 20 mM MgCl2 (sterile filtered) and 20 mM glucose (sterile filtered)
were added.

2.2.3 Plasmid Isolation from E. coli by Alkaline Lysis

Single bacteria colonies were picked, and transformants were grown in 5 mL selec-
tive LB medium over-night at 37°C. 2 mL of bacteria cell suspension was collected
(10,000 g, 1 min), and the pellet was resuspended in 340 µL Sol I. By adding 340 µL
Sol II, the cells were lysed in SDS at a high pH for 5 to 10 minutes. For neutralization,
Sol III was added, resulting in a pH shift to the acidic range. Thereby, proteins, ge-
nomic DNA, and cell debris precipitated while the plasmid renatured and remained
in the supernatant. By centrifugation (13,000 g, 20 min), the supernatant containing
the plasmid DNA was sepereated from the precipitate, transferred into a fresh re-
action tube and the plasmid DNA was precipitated (30 min, -20°C) by adding 1 vol
of isopropanol. After centrifugation (13,000 g, 10 min, 4°C) the pellet was washed
twice with 70% ethanol (13,000 g, 5 min) and air-dried. The DNA was resuspended
in 100 µL 10 mM Tris buffer (pH 8), and the concentration was determined with a
microvolume UV/VIS photometer (NanoDrop, Thermo Fisher Scientific).

Sol I (Resuspension Buffer)

Tris 50 mM
EDTA 12 mM

Prior to adjusting the final volume of 100 mL with H2Odest, the pH was set to 8 with HCl and 5 mg of
RNase A (500 µg/ml, Roche, # 11119915001) was added. The solution was stored at 4°C.
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Sol II (Lysis Buffer)

NaOH 200 mM
SDS 1% (w/v)

Sol III (Neutralization Buffer)

Potassium acetate 3 M
The pH was adjusted to 7.0 with HCl and the solution was autoclaved at 121 °C for 20 min.

2.2.4 Plasmid Isolation in Large Scale (Midi-Prep)

To isolation of pure plasmid DNA (e. g. without bacterial toxins) in higher quanti-
ties, as needed for microinjection into the Paramecium macronucleus (2.3.6), the Nu-
cleoBond®xtra Midi EF from MACHEREY-NAGEL was used following the manu-
facturers recommendations.

2.2.5 Agarose Gel Electrophoresis

The size of DNA fragments, such as e.g., from PCR, restriction digest of plasmids
or DNA from chromatin preparations, was checked by agarose gel electrophoresis.
During this procedure, nucleic acids are moved through an agarose matrix by apply-
ing an electrical field. The migration pattern is then compared to a mixture of DNA
fragments of known length (DNA ladder) that is loaded in parallel. Depending on
the expected fragment size, 0.8% to 3% (w/v) agarose gels were prepared in TAE
buffer (1x). DNA was mixed with 6x loading dye purple (NEB) supplemented with
GelRed (Merck). 80-130V was applied for ≈1 hour and gels were documented using
a transilluminator (excitation at 312 nm) with the Gerix 1,000 documentation system
(Biostep). Since GelRed is a fluorophore intercalating adjacent nucleotide base pairs,
fragments of DNA became visible upon excitation with UV light.

Molecular Weight Marker

Low Molecular Weight DNA Ladder (NEB)
GeneRuler 1kb DNA-Ladder (Thermo Fisher Scientific)

2.2.6 Re-Isolation of DNA from Agarose Gels

To re-isolate DNA fragments of defined size, the MinElute Gel Extraction Kit (Qia-
gen) was used following the manufacturer’s recommendations.

2.2.7 Ligation Procedure and Restriction Enzyme Analyses

PCR products (2.2.1) were re-isolated from agarose gels (2.2.6) and ligated over-night
into the respective linearized plasmid using the T4 ligase (NEB). Plasmids were ei-
ther treated with restriction enzymes (NEB) to validate their correct size, e.g., to
check the insertion of the feeding fragment into the double T7 vector (2.3.5) or to
linearize transgene carrying vectors prior to injection into the macronucleus (2.3.6).
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Ligation Mix

Insert DNA X µg
Vector DNA X µg
T4 DNA Ligase Buffer (10x) 2 µL
T4 DNA Ligase 1 µL
H2Odest ad 20 µL

Ligation was performed at 16°C over-night. Amounts of vector and insert DNA were calculated
individually, taking size of DNA and molar ratios into account.

Standard Restriction Enzyme Digestion

DNA 1 µg
NEB buffer (10x) 5 µL
Enzyme 10-20 units per 1 µg DNA
H2Odest ad 50 µL

Depending on the enzyme properties, restriction digestion was performed at 25°C or 37°C for 1 hour
or over-night followed by heat inactivation at 65°C.

2.2.8 Sanger Sequencing

To validate the DNA sequence of the plasmids used for RNAi by feeding or injection
into the Paramecium MAC, 750 ng of DNA mixed with specific primers were sent to
MACROGEN (Amsterdam, Netherlands) for Sanger sequencing (EZ-seq service).

2.2.9 Preparation of Electrocompetent Bacteria

E. coli cells were grown on selective LB plates (+tetracycline) over-night and the next
day, 10 mL LB medium was inoculated with one colony and incubated again over-
night at 37°C. 1 L of LB medium was mixed with 10 mL of pre-culture and incubated
at 37°C until the optical density of the bacterial suspension reached OD595 = 0.8. The
cells were chilled on ice, centrifuged (4.300 g, 10 min, 4°C) in 50 mL tubes, and the
supernatant was discarded. Once all bacteria were harvested into one 50 mL tube,
the pellet was washed to remove remaining salts four times with 10% (v/v) sterile
glycerol by pipetting and centrifugation; finally, cells were resuspended in 3.5 mL
10% glycerol.
100 µL aliquots were flash-frozen in liquid nitrogen and stored at -80°C.

2.3 Handling of Paramecium tetraurelia and Paramecium Spe-
cific Methods

2.3.1 Growing of Clonal Cell Lines of Defined Age in Mass Cultures

For all studies presented in this work, it was crucial to keep Paramecium cells in
their vegetative state, carrying an intact MAC without any meiosis of MICs and
MAC fragmentation, as this would be the beginning of autogamy, leading to mas-
sive genome rearrangements and synthesis of different kind of RNA species (chap-
ter 1). To produce a Paramecium population of distinct age, an adopted protocol from
Sonneborn, 1950, refined by Beisson et al., 2010, starting from a cell culture of mixed
age was applied.
One single cell from a stock culture was isolated under a binocular microscope,
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transferred in 300 µL WGP cultivation media in a depression of a three well de-
pression slide and kept for 24 h at the desired temperature in a humidified chamber.
Whitin 24 h, the cell divided giving rise to several clones, from which one single
cell can be isolated and transferred to 300 µL fresh media again. The re-isolation of
a single cell is repeated until the end of a week when the clonal cells should have
undergone at least 20 divisions.
When the cells divide, they gain the capability to undergo autogamy. This was in-
duced by the end of a week by transferring one cell to 500 µL fresh media and letting
it rest for two days without adding new food media. With increasing cell density in
the depression, starvation is induced, which leads to induction of autogamy in all
cells in one depression. Paramecium cells are arrested in that stage of their life cycle
until new food is supplied after two days. From this point on, cells end the sexual
division and enter the vegetative state again. They will divide up to twenty times
until they are able to start autogamy again. By monitoring the division rate, one can
grow large cultures of cells omitting the risk of a beginning autogamy.
To grow mass cultures, cells were kept at a density of 50 to 500 cells per mL in large
glass flask and were supplemented with fresh food every day. At least three times
100 µL of culture were monitored for cell density. To remove cell debris originating
from paramecia and food bacteria, cultures were filtered over two layers of gauze.
To completely exchange the media, cells were pelleted in pear-shaped flasks in an oil
test centrifuge (2,000 rpm, min; Hettich Rotofix 46), washed in Volvic water (Danone
Water, Germany), and pelleted again. The cell pellet can then be quickly transferred
to fresh media.

2.3.2 Staining of Nuclei

To monitor cells for their vegetative state or to follow the successful induction of
autogamy, staining of double-stranded DNA (dsDNA) with 4’,6-diamidin-2-phenyl-
indole (DAPI) was performed. Cells in a drop of 10 µL on a slide were mixed with 2
µL of 0.5 M EDTA, 1 µL of DAPI stock solution and incubated for five minutes in the
dark. DAPI binds to AT-rich regions of dsDNA and shows strong fluorescence when
excited with ultraviolet light, giving the chance to examine the shape of the MACs
and MICs. Without covering, cells in the drop can be quickly examined under the
fluorescent microscope at low magnification. The procedure can also be applied to
an aliquot of fixed material or to a fraction of isolated MACs, just without adding
EDTA.

DAPI Stock Solution

DAPI 1 µg
H2Odest ad 1 mL

The solution was stored at 4 °C and always kept in the dark.

2.3.3 Isolating Serotype Pure Cell Lines

Paramecia express one distinct surface antigen at the outer ciliary membrane, which
can be detected by antibodies in a serum. In a three well depression slide, 100 µL of
cell culture (maximum 100 cells) were gently mixed with 1 µL of serum. Whitin the
incubation time of approximately 30 min, antibodies bind to the antigen, leading to
agglutination of neighboring cilia and the immobilization of the cells. Cells which
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are effectively immobilized, sink to the bottom of the depression and are classified
as having a specific serotype.
Polyclonal sera from immunized rabbits direct against surface antigen A, B, D, H
were used in the presented studies (gift of James D. Forney, Purdue University,
USA).

2.3.4 Trichocyst Discharge

Paramecia carry secretory granules under their cell surface, called trichocyst, which
release their crystalline protein content into the environment upon induction of dif-
ferent irritations such as change in pH, mechanical stress or contact with predators.
This reaction can be easily triggered by adding saturated picric acid (Morphisto)
in a 1:1 ratio to a drop of cells. This method was used to monitor silencing ef-
ficiency upon transgene-induced silencing or feeding against the ND169 reporter
gene, which is, among other ND genes, involved in trichocyst discharge (Bonnemain
et al., 1992). If silencing was successfully established, an impaired trichocyst dis-
charge was observed.

2.3.5 RNAi by Feeding

To induce knock-down of a specific gene in Paramecium, feeding of double-stranded
RNA (dsRNA) via bacteria is a well-established, rapid method, which was published
by Galvani and Sperling, 2002 who made use of the RNAi by feeding protocol for C.
elegans described by Timmons and Fire, 1998.
Since paramecia are bacterivores, they ingest E. coli producing homologous dsRNA
against a target locus; the dsRNA is then escaping the food vacuole by an unknown
mechanism and enters the pathway of RNA interference (RNAi).
The bacteria were transformed in advance with the L4440 vector, carrying two T7
promotors in inverted orientation flanking a sequence corresponding to the gene
that should be targeted by RNAi (Figure 2.1). Upon induction of the T7 promoters,
RNA is massively transcribed, reanneals to dsRNA and accumulates since the E. coli
HT115(DE3) strain is RNAse III deficient.

Figure 2.1 Map of the double T7 L4440 vec-
tor. A PCR product corresponding to a frag-
ment of the gene that should be silenced by
RNAi is cloned in between to inverted T7 pro-
moters. The vector encodes for ampicillin re-
sistance (AmpR) while the E. coli HT115(DE3)
strain carries a tetracycline resistance (Kamath
et al., 2001).

To prepare feeding media, E. coli
HT115DE3 were transformed with the
respective L4440 vector by electropora-
tion, selected for positive transforma-
tion on LB agar plates with ampicillin
and tetracycline. As a pre-culture, 5
mL LB (+amp, +tet) was inoculated
with one colony and incubated over-
night (37°C, 200 rpm). The next day,
the desired volume of LB media (+amp)
(1/10 volume of the finally needed
WGP media) was inoculated with 1:100
of the pre-culture and incubated (37°C,
200 rpm) until the bacteria suspension
reached the OD595 of 0.38-0.42. Since the
T7 polymerase of E. coli HT115(DE3) is
under control of a lac-repressor that can
be blocked by IPTG, the production of
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dsRNA by T7 polymerase was triggered by adding IPTG in a 1:400 ratio to the bac-
teria suspension. Induction of dsRNA production is carried out for additional 2.5
hours. Bacteria were pelletized (3300g, 10 min, 4°C) and resuspended, without any
remaining LB media, in WGP media that was supplemented with IPTG (1:400 stock
solution), ampicillin (1:1,000 stock solution) and β-sitosterol (1:5,000 stock solution).
Paramecia were cultivated in the feeding media for up to four days at the desired
temperature, and cultivation can be started in depression slides or flasks.
In parallel to feeding against a gene of interest, the ND169 reporter gene was si-
lenced as well. Additionally, WGP cultivation media bacterized with K. pneumoniae
was fed to an aliquote of cells. Feeding phenotypes were monitored by division rate,
serotype stability and trichocyst discharge, the latter being expected to be impaired
upon feeding against the reporter gene ND169.

IPTG Stock Solution (400x)

Isopropylthiogalactoside 5% (w/v)

Validation of dsRNA Synthesis

Prior to the resuspension of E. coli HT115 in WGP media, 2 mL of bacteria were pel-
letized (3,000 g, 10 min) and resuspended in 200 µL 10 mM Tris-HCl buffer (pH 8.4).
The cells were lysed for 10 min at 70°C in the water bath, followed by thoroughly
mixing with 1 vol of phenol/chloroform/isoamylalcohol (Carl Roth). After centrifu-
gation (13,000 g, 1 min), the aqueous phase was transferred into a fresh tube, and the
RNA was precipitated by adding 1 vol of isopropanol and 0.3 M sodium acetate (pH
5.2). RNA was pelletized, washed twice (13,000 g, 10 min) with 80% ethanol and
briefly air dried. The pellet was resuspended in 50 µL Tris-HCl buffer (pH 8), and
the size of the dsRNA was verified on an 1% agarose gel. The dsRNA migrates at the
size of the corresponding feeding fragment (Table 2.5) plus the length of the multiple
cloning site.

Table 2.5 Feeding fragments cloned into L4440 vector to target genes by dsRNA feeding.

Gene Gene Accession
Number (Paramecium
DB)

Fragment Position in
the CDS (coordinates)

Size Feeding
Fragment
(nt)

ND169 PTET.51.1.G0210080 scaffold51 21 from
137893 to 138302

410

PTIWI 13 PTET.51.1.G0480035 scaffold51 48 from
68340 to 69021

683

PTIWI 14 PTET.51.1.G1630015 scaffold51 163 from
26680 to 27402

723

DCR1 PTET.51.1.G0700179 scaffold51 70 from
310907 to 311875

968
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2.3.6 Microinjection

Expression of modified genes such as the tagged fusion constructs can be achieved
by the transformation of paramecia with DNA that is directly injected into the macronu-
cleus. The ends of the DNA molecules are capped with Paramecium telomere se-
quences and maintained at high copy numbers by autonomous replication (Gilley
et al., 1988; Bourgain and Katinka, 1991). By this, stable transformants can be kept
while in the vegetative life cycle until MIC meiosis begins and the old MAC carrying
the injected DNA molecule is destroyed.
The technique can be used to express GFP or FLAG tagged proteins or even for the si-
lencing of endogenous homologous genes by injection of non-expressible truncated
transgenes missing regulatory regions (e.g., truncated transgenes (section 1.1.4)) Ruiz
et al., 1998.
100 µg of plasmid was linearized with 40 units restriction enzyme (AhdI; NEB) at
37°C over-night. Complete linearization was verified by loading 5 µL of the digest
reaction on an 0.8% agarose gel.
Linearized DNA was extracted with 1 vol of alkaline phenol (vortex; centrifuge
13,000 g, 5 min) and precipitated from the supernatant over-night at -20°C by adding
2.5 vol of ethanol and 1/10 vol of 3 M sodium acetate (pH 9). The pellet was washed
twice with 70% ethanol (centrifuge 13,000g, 5 min) and air-dried. To remove all dust
particles which could clog the injection needle, the pellet was resuspended in 380
µL sterile water with 1/20 vol of sodium acetate (pH 9) and the solution was then
filtered through an UltraFree 0.22 µm MC filter (Merck) (13,000g, 5 min). From that
point on, all tubes and tips handling the DNA were rinsed with water in advance to
avoid contamination by plastic or dust particles. The DNA was precipitated again,
washed with 70% ethanol and air-dried. The pellet was dissolved in 5-10 µL sterile
water just prior to the injection.
For injection, young cells of known age (2.3.1) were washed three times in Volvic
water with 0.3% BSA and immobilized separately in a drop of 1 µL media on a slide,
which was then covered with paraffin. The remaining surrounding media was re-
moved with a micro pipet. Macronuclei of cells were injected using a micromanipu-
lator (Eppendorf) and a microscope. Injected cells were recovered from the slide and
washed in a depression with 300 µL WGP cultivation media (0.5x) and transferred
to 300 µL WGP cultivation media (0.5x) once. Cells were kept at room temperature
for one day and were then transferred to 31°C to grow large cultures or stored at 4
to 16°C to lower cell division rate and avoid any induction of autogamy by high cell
densities.
Once the cells underwent several divisions, they were checked by PCR for successful
integration of the transgene into the MAC.

2.4 Protein Specific Methods

2.4.1 Total Protein Isolation and Macronuclei Enrichment

To enrich for intact macronuclei, 500,000 Paramecium cells were filtered, washed, and
starved in Volvic for 30 min. Subsequently, cells were washed in 100 mL 10 mM
Tris-HCl buffer (pH 7), and finally collected in 2 mL. Cells were transferred into a
pre-cooled potter homogenizer, mixed with 5 mL lysis buffer, and incubated on ice
for 5 min. The cellular membrane was destroyed by 30-50 strokes in the homoge-
nizer while the nuclear membranes remained intact. The cell lysate was transferred
into a fresh 50 mL tube, topped with 40 mL wash buffer and centrifuged (2,700 g,
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Table 2.6 List of injected transgenes (TG).

Name Specifications Plasmid Encoded Re-
sistance

Origin

PTIWI 13 TG pPXV derivate; Plas-
mid for injection; car-
ries 3x Flag-Tag

Ampicillin Rapahel
Staudt

PTIWI 14 TG pPXV derivate; Plas-
mid for injection; car-
ries 3x Flag-Tag

Ampicillin Rapahel

pTi (-/-) TG pTI derivate; PLasmid
for injection; truncated
ND169 and GFP under
bidirectional promoter

Ampicillin Simone

1 min, 4°C). The pellet was transferred into a fresh 50 mL tube and washed again
twice. In-between, an aliquot of the nuclei pellet was examined under the fluores-
cent microscope for successful isolation by mixing 10 µL of nuclei with 1 µL of DAPI
(1 µg/mL). After centrifugation (8,000 g, 10 min), the supernatant was removed, and
the nuclei pellet was directly dissolved in 100 µL Laemmli sample buffer and boiled
for 5 min in a water bath.

Total protein was isolated from at least 10,000 cells that were collected in 300 µL
volume after washing and starvation in Volvic water. 100 µL of 4x Laemmli sample
buffer were added, and the cells were lysed by boiling for 5 min in a water bath.
Isolated proteins were aliquoted and stored at -20°C.

Lysis Buffer

Tris-HCl (pH 6.8) 10 mM
Sucrose 250 mM
MgCl2 10 mM

The detergent NP-40 was added freshly to a final concentration of 0.2% (v/v).

Wash Buffer

Tris-HCl (pH 7.4) 10 mM
Sucrose 250 mM
MgCl2 10 mM

.



2.4. Protein Specific Methods 45

Laemmli Sample Buffer (4x)

SDS 8% (w/v)
Tris-HCl (pH 6.8) 240 mM
Glycerol 40%
Bromphenol blue 0.01%

Laemmli Sample Buffer (1x)

Laemmli sample buffer (4x) 25% (v/v)
β- mercaptoethanol 5% (v/v)

The solution was stored at RT in the dark for one week.

2.4.2 SDS-Gels for Western Blot

To analyze macronuclear or total protein isolates, sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS PAGE) was performed. By unfolding proteins
with SDS and masking their electric charge, proteins can be separated in a poly-
acrylamide matrix based on their molecular weight by applying an electric field.
The discontinuous gels were assembled following the recipes in Table 2.7. The sep-
aration gel was poured between two glass plates with defined space (1 mm) Mini-
PROTEAN Tetra Cell Casting Module (Bio-Rad) and covered with isopropanol. Once
the gel was polymerized, isopropyl alcohol was removed, the separation gel was
poured on top, and a comb was inserted to create pockets for later sample applica-
tion. Precast gels were wrapped in wet paper and stored at 4°C.

Table 2.7 SDS-gel composition

Stacking Gel
5%

Speration Gel
8%

Separation
Gel 16%

Acrylamide (30%, 29:1) 830 µL 4.8 mL 9 mL
Stacking gel buffer 500 µl - -
H2Odest 3.6 mL 8.4 mL 4.2 mL
SDS (10%) 50 µl 167 µl 167 µl
APS (10%) 10 µl 100 µl 100 µl
TEMED 5 µl 10 µl 10 µl

Precast gels were placed in a Mini-PROTEAN Tetra Vertical Electrophoresis Cell
(Bio-Rad), covered with running buffer and equilibrated for 30 min at 70 V. In the
meantime, protein samples were thawed and centrifuged (13,000 g, 10 min) to pel-
letize insoluble components. Up to 30 µL were loaded on the gel while empty pock-
ets were filled with 1x Laemmli sample buffer. Once the proteins synchronously
entered the separating gel, 120 V were applied for up to 1.5 hours. To follow the sep-
aration of proteins and size estimation, 3 µL Broad Range Color Prestained Protein
Standard ladder (NEB) was loaded in parallel.
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Running Buffer

Tris 25 mM
SDS 3.5 mM
Glycine 192 mM

The pH was adjusted to 8.27.

Stacking Gel Buffer

Tris 0.5 M
The pH was adjusted to 6.8.

Separation Gel Buffer

Tris 1.5 M
The pH was adjusted to 8.8.

2.4.3 Western Blot

Proteins separated by SDS PAGE were further analyzed by blotting them onto a
membrane and labeling them immunologically with antibodies, a procedure called
Western blotting. Gels were washed twice in blotting buffer and Whatman filter
paper were equilibrated in blotting buffer aside from the nitrocellulose membrane.
Three layers of Whatman filter paper were stacked in a transfer cell, followed by
membrane, gel and three layers of Whatman filter paper. The transfer cell was wet-
ted with blotting buffer, tightly sealed and 150 mA were applied for 1.5 to 2 hours.
Afterward, the membrane was soaked in Ponceau S for 10 min to verify protein
transfer, followed by subsequent washing in milk for 10 min three times. Thereby,
free binding sites on the membrane were blocked entirely by protein from milk.
The primary antibody targeting Paramecium proteins or the introduced FLAG-tag
was hybridized over-night at 4°C with mild rotation followed by three subsequent
washing steps in wash buffer, 10 min each, to remove unbound antibody. The sec-
ondary, peroxidase coupled antibody, was hybridized for 1 h at RT. The membrane
was washed again three times and covered with WesternBright Sirius substrate (Ad-
vansta) following the manufacturer’s recommendations. The chemiluminescent sig-
nals were detected by a CCD-sensor and was capture with the Amersham Imager
600-Systems (GE Healthcare).
The HRP substrate was removed by subsequent washing steps, and membranes
were stored for additional antibody decorations.

Blotting Buffer (10x)

Tris 250 mM
Glycine 192 mM
SDS 17 mM

The pH was adjusted to 8.27.
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Blotting Buffer (1x)

Blotting buffer (10x) 10% (v/v)
Methanol 20% (v/v)

Ponceau Staining Solution

Ponceau S 1% (w/v)
Acetic acid 5% (v/v)

TBS (20x)

Tris 0.5 M
NaCl 3 M

The pH was adjusted to 7.5.

Wash Buffer

TBS (20x) 5% (v/v)
Tween-20 0.05% (v/v)

Blocking buffer was prepared by dissolving 5% (w/v) milk powder in wash buffer and passing the
solution through filter paper.

2.4.4 Affinity Purification of Polyclonal Peptide Antibodies

Synthesis of peptides and immunization of rabbits was carried out by the group of
Dr. Martin Jung, Medizinische Biochemie und Molekularbiologie, Universität des
Saarlandes, Germany. Antibodies were affinity-purified from antisera collected at
different time points after immunization using the SulfoLink coupling resin (Thermo
Fisher Scientific).
10 mg of each peptide with a terminal cysteine used for immunization were dis-
solved in 2 mL coupling buffer. The coupling resin was prepared as recommended
by the manufacturer and set up in a gravity-flow column. The resin was equilibrated
by adding three times 2 mL coupling buffer. The column was closed, and the resin
was incubated with 10 mg peptide in 3 mL coupling buffer for 15 min at RT with
mild agitation, followed by incubation for 30 min without agitation. To block un-
specific binding sites, the resin was washed twice with 4 mL wash buffer followed
by incubation with 2 mL L-Cysteine solution for 30 min at RT with mild agitation
followed by 30 min incubation without agitation. The resin was washed four times
with 4 mL wash buffer and 0.05% NaN3 and sealed with a frit on top.
To bind specific antibodies, the column was equilibrated with 20 mL of solution A
at 4°C. 10 ml of the antiserum was diluted with 90 ml of solution A and applied
to the equilibrated column using a peristaltic pump (Minipuls2, Gilson, Middelton,
USA). The application speed was adjusted to ≈10-15 ml/h. Once the flow-through
was finished the next day, the column was washed successively with 20 mL solution
A and solution C, each with a flow rate of 15-30 mL/h. The column to which the
specific antibodies were bound was first washed with 20 mL of solution D leading
to the elution of acid-sensitive antibodies from the resin. The eluates were collected
as 1 mL aliquots by direct dropping into fresh tubes with 100 µL 1M Tris buffer (pH
8) to bring antibodies to a less harmful pH range as quickly as possible. The column
was washed with 20 mL solution A supplemented with thimerosal. The column was
stored at 4°C.
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The resulting eluates were measured at the NanoDrop (Thermo Fisher Scientific),
frozen at -20 °C and the individual fractions were tested for antibody specificity by
Dot Blot and Western Blot analysis. In addition, the washing step (with solution C)
can also be tested for immunoreactivity.

Coupling Buffer

Tris 50 mM
EDTA 5 mM

The pH was adjusted to 8.5.

Wash Buffer

NaCl 1 M

L-Cysteine Solution

Cysteine 50 mM in coupling buffer

Solutions for Coupling and Elution

Solution A Tris-HCl 10mM pH 7.5
Solution B Tris-HCl 10 mM pH 8.8
Solution C Tris-HCl 10 mM pH 8.8

NaCl 0.5 M
Solution D Glycine 100 mM pH 2.8 with HCl

Sodium Azide Solution

NaN3 0.05% (v/v)

2.4.5 Competition Assay and Dot Blot

To validate the specific reactivity of antibodies with the synthesized (Dr. Martin
Jung, Homburg) or purchased peptides (Diagenode), rapid immunoblottig was per-
formed, by dotting different amounts of peptides in 5 µL blocking buffer onto a
nitrocellulose membrane. The membrane was blocked and decorated with primary
and secondary antibodies as described (2.4.3).
Peptide competition assays were performed by blocking 2 µg of each antibody with
a 10-fold excess of its corresponding peptide over-night at 4°C in milk with agita-
tion. 1 pmol to 100 pmol of each peptide were blotted on a nitrocellulose membrane
and decorated with blocked and unblocked antibodies as described (2.4.3).
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Table 2.8 Peptides for competition assays

Name Sequence Origin

HsH3K9ac NA, region of human his-
tone H3

Diagenode, #C15410004

HsH3K27me3 NA, region of human his-
tone H3

Diagenode, #C15410195

HsH3K4me3 NA, region of human his-
tone H3

Diagenode, #C15410003

PtRPB1 SPHYTSHTNSPSPSYRSS-C Dr. Martin Jung, UdS
PtPTIWI 13 C-DDAPPQARKNNKSPY Dr. Martin Jung, UdS
PtPTIWI 14 C-QNWMQRLTAEIGDK Dr. Martin Jung, UdS
PtH3K27me3 C-TKAARK(me3)TAPAVG Dr. Martin Jung, UdS
PtH3K27me1 C-TKAARK(me)TAPAVG Dr. Martin Jung, UdS
PtH3K27ac C-TKAARK(ac)TAPAVG Dr. Martin Jung, UdS

2.4.6 Immunostaining

Indirect immunofluorescence for localization of proteins in fixed cells was performed
by using the protocol published by Frapporti et al., 2019. 10,000 Paramecium cells
were washed and starved for 30 min in Volvic and collected in a final volume of 500
µL. All following steps were carried out with gentle agitation. For permeabilization
and mild fixation with 1% FA and 1.25% Triton, 500 µL of permeabilization solution
was added, and the cells were incubated for 30 min. For final fixation, 1 mL of the
cells were transferred into a 15 mL tube and mixed with 7 mL of fixing solution to
achieve cross-linking by 2.5% formaldehyde. After 10 min of incubation at gentle
agitation, cells were washed twice for 5 min with blocking solution and collected by
centrifugation (2,000g, 2 min). Fixed cells were stored in 1 mL blocking solution for
up to one month at 4°C.
50 µL of cells were transferred in a depression of a three well depression slide, the
primary antibody was added to the 50 µL at the desired final concentration and
topped up with 300 µL blocking solution. Cells were incubated with the antibody
over-night at 4°C at gentle agitation. After washing by transferring cells with a mi-
cropipette into 300 µL fresh blocking solution twice, 50 µL of cells were incubated
with the secondary antibody in a total of 300 µL. After 1 hour of incubation in the
dark and subsequent washing, cells were collected in 10 µL and transferred to a thin
glass slide. To preserve fluorescence, 1 µL of mounting media (VECTASHIELD; Vec-
tor Laboratories) was added together with 1 µL of DAPI (0.2 µg/mL) to stain the
nuclei. Cells were covered with a coverslip, sealed with nail polish, and stored at
4°C in the dark or were immediately examined under the fluorescence microscope
(Axio Observer; Zeiss). Pictures were taken at a 400x or 630x magnification with and
without Apotome2 (Zeiss). Exposure times and intensity of the LED were kept at
the same values in-between the observation of the same set of immunostainings to
assure comparability.
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Table 2.9 Antibodies

Name Host Immunogen/Specification Dilution Origin

Polyclonal, ChIP-seq grade antibodies

H3K9ac rabbit Sequence NA; ab against histone
H3, acetylated lysine 9

1:2,000 WB,
IF 2 µg ChIP

Diagenode,
#C15410004

H3K27me3 rabbit Sequence NA; ab against histone
H3, trimethylated lysine 27

1:2,000 WB,
IF 2 µg ChIP

Diagenode,
#C15410195

H3K4me3 rabbit Sequence NA;ab against histone
H3, trimethylated lysine 4

1:2,000 WB,
IF 2 µg ChIP

Diagenode,
#C15410003

H3K9me3 rabbit Sequence NA/ab against his-
tone H3, trimethylated lysine 9

1:2,000 WB,
IF 2 µg ChIP

Diagenode,
#C15100146

IgG rabbit spectrum of IgG subclasses 2 µg ChIP Diagenode,
#C15100146

Custom antibodies

RPB1 rabbit SPHYTSHTNSPSPSYRSS-C; ab
against Paramecium Polymerase
II subunit Rpb1

1:250 WB, IF
10 µg ChIP

MJ

PTIWI13 rabbit (C)-DDAPPQARKNNKSPY; ab
against Paramecium Ptiwi13

1:250 WB, IF Intavis pep-
tides; MJ

PTIWI14 rabbit (C)-QNWMQRLTAEIGDK; ab
against Paramecium Ptiwi14

1:250 WB, IF Intavis pep-
tides; MJ

Others

anti-FLAG,
monoclonal

mouse DYKDDDDK/ IgG1 subclass 1:500 WB, IF,
1 µg IP

Sigma,
#F3165

anti-
Tubulin,
monoclonal

mouse C-terminal α and β tubulins (glu-
tamylated motif of α-tubulin)

1:1,000 WB,
IF 1:100

Sigma,
#T9822

Secondary antibodies

anti-Rabbit
IgG (H+L),
polyclonal

goat peroxidase-conjugated 1:5,000 WB Jackson
Immuno
research,
#111-035-045

anti-Mouse
IgG (H+L),
polyclonal

goat peroxidase-conjugated 1:5,000 WB Jackson
Immuno
research,
#115-035-062

anti-Rabbit
IgG (H+L),
polyclonal

goat F(ab’)2 fragment; Alexa Fluor
594

1:2500 IF Thermo
Fisher Sci-
entific,
#A-21069

anti-Rabbit
IgG (H+L),
polyclonal

goat F(ab’)2 fragment; Alexa Fluor
568

1:2500 IF Thermo
Fisher Sci-
entific,
#A-11072

WB - Western Blot, IF - Immunostaing; MJ - Dr.Martin Jung, School of Medicine, Medical
Biochemistry and Molecular Biology, Saarland University, Homburg, Germany.
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PHEM Buffer (4x)

EDTA 40 mM
HEPES 100 mM
PIPES 240 mM
MgCl2 8 mM

pH was adjusted to 6.9, the solution was sterilized by filtration and stored at -20°C.

Permeabilization Solution (2% FA, 2.5% Triton)

PHEM buffer (4x) 25% (v/v)
Sucrose 4% (w/v)
Triton-X-100 2.5% (v/v)

Ingredients were mixed freshly for each experiment and 5 mL of 4% paraformaldehyde in PBS were
added to achieve a final concentration of 2% FA in 10 mL.

Fixing Solution (2.8% FA, 0.8% Triton)

PHEM buffer (4x) 25% (v/v)
Sucrose 4% (w/v)
Triton-X-100 0.8% (v/v)

Ingredients were mixed freshly for each experiment and 7 mL of 4% paraformaldehyde in PBS were
added to achieve a final concentration of 2.8% FA in 10 mL.

Blocking Solution

Bovine Serum Albumin (BSA) 2% (w/v)
Tween-20 0.05% (w/v)
TBS (20x) 5% (v/v)

2.4.7 Expression of Tagged Proteins and Immunoprecipitation

The pull down of fusion proteins carrying a known short peptide sequence (Tag)
was performed with specific antibodies directed against the Tag epitope.
For the expression of recombinant proteins studied in the following chapters, pPXV
vectors containing the open reading frame of a Paramecium gene and the coding se-
quence for three FLAG-Tag sequences at the recombinant proteins amino terminus
(3x DYKDDDDK) were injected into the MAC of young, vegetative cells (2.3.1). Vec-
tors were received as a gift from M. Valentine and J. Van Houten, Vermont, USA,
and were successfully injected by Dr. Martin Simon into the vegetative MAC (2.3.6).
Injected clones were screened by PCR on single injected cells after some divisions
(2.2.1), and positive transgenic lines harboring the FLAG-fusion construct and/or
the pTI-/- transgene were grown for cell fixation for immunostaining (2.4.6, protein
isolation (2.4.1) and immunoprecipitation.
Immunoprecipitation was performed by Dr. Martin Simon, applying the protocol
adopted from Furrer et al., 2017. 500,000 cells were harvested in 2 mL lysis buffer and
snap-frozen in liquid nitrogen. 1 mL of the cell lysate was cracked in a Douncer ho-
mogenizer and 1 mL was sonified in parallel until all visible MACs were destroyed.
The lysate was centrifuged (15,000 g, 15 min, 4°C) and 50 µL of anti-FLAG M2 Mag-
netic Beads (#M8823, Sigma) were added to 1 mL supernatant and incubated over-
night by gentle agitation at 4°C. The beads were washed with wash buffer five times
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and finally re-suspended in 100 µL. 10 µL were mixed with 2.5 µL Laemmli sam-
ple buffer (4x), boiled for 2 min in a water bath, and subsequently used for western
blots. RNA was extracted from the residual 90 µL with TRI reagent LS (#T3934,
Sigma-Aldrich) according to the manufacturer’s recommendation, followed by pre-
cipitation with isopropanol, glycogen and sodium acetate.

Lysis Buffer

Tris (pH 8.0) 50 mM
NaCl 150 mM
MgCl2 5 mM
DTT 1mM
Sodium deoxycholate 0.5% (w/v)
Triton-X-100 1% (v/v)
vanadyl ribonucleoside complex (Sigma) 2 mM
Glycerol 10% (v/v)

The lysis buffer was freshly supplemented with 1x Protease inhibitor complete tablet (Roche) without
ETDA.

Wash Buffer

Tris (pH 8.0) 10 mM
NaCl 150 mM
MgCl2 1 mM
Glycerol 5% (v/v)

The wash buffer was freshly supplemented with 0.01% NP-40.

2.5 RNA Specific Methods

2.5.1 RNA Isolation

To isolate Paramecium RNA, 100,000 cells were spun down and washed twice with
Volvic water (2,000 rpm, 2 min). Cells were starved at the respective cultivation
temperature for 20 min in Voclic water, so they can finish cyclosis of food bacteria
to reduce the amount of contamination by bacterial nucleic acids. Finally, the cells
were pelleted (2,000 rpm, 2min) and lysed in 1 mL of TRIReagent for tissues or cells
pellets (#T9424, Sigma-Aldrich) by vortexing strongly. The samples in Trizol can be
stored at -20°C until further use. Once thawed, the lysate was incubated again at
room temperature for 5 min to ensure the full dissociation of proteins from nucleic
acids. 200 µL chloroform was added, the sample was vortexed and after centrifuga-
tion (13,000 g, 5 min) the upper aqueous phase was transferred into a fresh RNase
free tube without any carry over from the interphase containing proteins.
1 volume of ice-cold isopropanol was added and the RNA was precipitated over-
night at -20°C. After centrifugation (13,000 g, 20 min, 4°C), the pellet was washed
twice with 70% ethanol; after the final centrifugation step, the ethanol was com-
pletely removed and the RNA pellet was air-dried for about 5 min without over
drying. The pellet was dissolved in 50 µL RNase-free water, and RNA concentration
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was measured using a NanoDrop (Thermo Fisher Scientific).

2.5.2 RNA Integrity Check

Total RNA isolates were run on denaturing agarose gels. By adding formaldehyde
to the agarose, the RNA is denatured, and ribosomal RNAs become visible as dis-
crete bands, a pattern that can be taken as a reference for RNA integrity. RNA that
is highly degraded, which is detected as a staircase pattern of a numerous sizes for
the ribosomal RNA, should not be used for subsequent library preparation.
2 µg RNA in 5 µL RNase/ DNase free water were mixed with 10 µL RNA loading
dye. For full denaturation, the RNA was incubated at 65°C for 5 min and immedi-
ately transferred to an ice bath. RNA was loaded onto the agarose gel in 1x MOPS
buffer, and 80V was applied for at least 1.5 h.

MOPS Buffer (10x)

MOPS 10 mM
NaCl 50 mM
EDTA 10 mM

The pH was adjusted to 7.0 with NaOH and the solution was autoclaved.

RNA Loading Dye (0.5x)

Formamide 50% (v/v)
Formaldehyde (37%) 16% (v/v)
MOPS buffer (10x) 10% (v/v)
Gylcerol 17.5%(v/v)
Bromphenol blue (0.1% (w/v)) 5% (v/v)
GelRed (10,000x) 1µL/mL

Denaturing Agarose Gel

Agarose 1.2 g
Formaldehyde (37%) 7.5 mL
MOPS buffer (1x) ad 100 mL

Agarose was dissolved in MOPS buffer and the formaldehyde was added once the solution was
cooled down.

For samples with low RNA yield, the concentration was measured with the Qubit
4 Fluorometer and Qubit RNA Assay Kit (#Q32852, Invitrogen), which allows ac-
curate measurement for RNA sample concentrations between 250 pg/µL and 100
ng/µL. Integrity was checked with the Agilent RNA 6000 Pico Kit (#5067-1513, Ag-
ilent Technologies) run on a Bioanalyzer 2100 system (Agilent) using the Eukaryote
total RNA Nano assay.
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2.5.3 DNase I Treatment

To get rid of all DNA contaminating the RNA preparations, RNA was incubated
with DNase I (Qiagen) for 20 min at RT. 50 µL nuclease-free water and sodium ac-
etate to a final concentration of 0.3 M was added and the RNA was purified using
acid phenol (pH 4.5). RNA was precipitated with 2.5 Vol ethanol, washed twice with
70% ethanol and resuspended in the appropriate volume of nuclease-free water ac-
cording to the subsequent protocol.

DNase I Digest Reaction

RNA 8-20 µg
DNase I 2.5 µL
RDD buffer 10 µL
nuclease free water ad 100 µL

2.5.4 Gel Purification of Small RNAs

The fraction of small RNAs from total RNA extracts can be purified by size selection
from denaturating polyacrylamide gels with 17.5% UREA and high-resolution for
short fragments due to high acrylamide concentrations. Urea was dissolved in acry-
lamide and TBE buffer in an ultrasonic bath for at least 30 min and subsequently
mixed with nuclease-free water, TEMED and APS. The gel mix was poured in be-
tween two glass plates (Bio-Rad Protean mini system), which were carefully cleaned
with 0.1 M NaOH, 10% (w/v) SDS and isopropanol in advance. Once polymerized,
the gels were loaded in a Protean cell and topped with 1x TBE buffer. Traces of
urea were rinsed from the pockets with a pipet. 20 µg of RNA were mixed with 2
vol siRNA loading dye, denaturated (5 min, 90°C) and transferred on ice for 5 min.
Samples were loaded next to a microRNA ladder (NEB, #N2102S) and 300V was ap-
plied for ≈45 min. Gels were incubated in 50 mL SYBRGold solution for 10 min at
mild agitation in the dark, rinsed twice with water and were examined on a blue
light transilluminator (Biometra BLstar16, Analytik Jena).
sRNAs from 17-25nt length were cut in small gel pieces and transferred into a fresh
1.5 mL tube with 0.3 M NaCl. To elute the RNAs from the gel, the tube was agitated
over-night at 4°C. Samples were passed through Costar Spin-X Centrifuge tube fil-
ters (Corning Life Sciences) to remove gel pieces and the RNA was precipitated with
2.5 vol ethanol, 0.3 M sodium acetate and 2 µg glycogen (GlycoBlue, 15 mg/mL)
over-night at -80°C. RNA was pelletized (13,000g, 30 min, 4°C) and washed twice
with 80% ethanol, briefly air-dried, and dissolved in 3 to 5 µL nuclease-free water.
In some cases, RNA concentration was measured using the Qubit microRNA assay
kit (#Q32880, Invitrogen), but in general, RNA was either directly stored at -80°C or
used for subsequent protocols as periodate treatment (2.5.5) or library preparation
(2.7.2).
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Polyacrylamide Gel

Urea 8.4 g
Acrylamide (19:1, 30%) 8.75 mL
TBE (10x) 2 mL
Nuclease free water ad 20 mL
TEMED 32 µL
APS (25%) 17.5 µL
Nuclease free water ad 20 mL
TEMED 32 µL
APS (25%) 17.5 µL

siRNA Loading Dye (0.5x)

Formamide 950 µL
Bromphenol blue (5%) 50 µL
EDTA (200 mM) 5 µL

Gel Staining Solution

SYBRGold 5 µL in 50 mL TBE (1x)

2.5.5 Dissection of 3’-Modifications by Periodate Oxidation

Small RNAs can be modified at their 3’ ends by a 2’-O-methyl group, a modification
found on several RNA species in plants and animals. To check if Paramecium small
RNAs also carry this modification, the RNAs were treated with periodate. Periodate
cleaves the neighboring hydroxyl groups of the last sRNA nucleoside, and this pro-
duces a dialdehyde by the free hydroxyl groups, which are present in both 2’ and
3’ positions on the ribose. A subsequent β-elimination reaction removes the last nu-
cleoside, and an RNA that is 1nt shorter is generated. Due to the elimination, the 3’
ribose now carries a phosphate group which hinders 3’ adapter ligation in the sRNA
library preparation procedure and causes a loss of RNAs, that are not modified at
their terminal ribose. RNAs carrying a 3’ 2’-O-methylation, in contrast, cannot form
dialdehydes and thus are protected from terminal elimination (Yu and Chen, 2010).
20 µg of total RNA were pelletized and resuspended in 17.5 µL Borax buffer I and
2.5 µL 200 mM sodium periodate was added. The RNA was incubated for 10 min in
the dark and subsequently mixed with 2 µL glycerol and incubated for another 10
min to stop the reaction. The RNA was concentrated using a SpeedVac for ≈30 min
until only the RNA in 2µL glycerol remained, which was subsequently dissolved
in 50 µL Borax buffer II and incubated for 90 min at 45°C. Remaining salts were
removed using a Sephadex G-25 column (GE) and the RNA was precipitated with
sodium acetate and glycogen and dissolved in 5 µL. RNA samples were separated
on a denaturating polyacrylamide UREA gel (subsection 2.5.4) and size selected (17-
25nt).
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Borax Buffer I

Borax 4.375 mM
Boric acid 50 mM

The pH was adjusted to 8.6.

Borax Buffer II

Borax 33.75 mM

Periodate Solution

NaIO4 200 mM

2.6 Chromatin Specific Methods

The following methods describe crucial steps from the adapted NEXSON protocol
(Nuclei EXtraction by SONication) published by Arrigoni et al., 2016, which aims to
isolate nuclei from fixed cell material.

2.6.1 Fixation of Cells

2 − 3x106 Paramecium cells from a dense, vegetative culture of known serotype were
washed and starved in Volvic. Cells were pelletized in a 2 mL tube (3,000g, 1 min,
RT). Media was removed, and cells were quickly resuspended in 1.5 mL fixing solu-
tion. Cells were fixed for 15 min at RT with gentle inversion. To quench formalde-
hyde, glycine was added to a final concentration of 125 mM and the tube was gently
inverted. Cells were spun down (3.300g, 5 min, 4°C), washed in 2 mL ice-cold PBS
(1x) followed by centrifugation (3.330 g, 3 min, 4°C) and washing in 2 mL ice-cold
PBS (1x) with protease inhibitor cocktail (PIC; cOmplete EDTA-free, Roche). The
sample was split in half, centrifuged (3.300 g, 5min, 4°C), and once the supernatant
was removed entirely, the cells were frozen in liquid nitrogen and stored at -80°C.

Fixing Buffer (10x)

NaCl 100 mM
Tris-HCl (pH 8) 200 mM
EGTA 5 mM
EDTA 10 mM

Fixing Solution (1x)

Fixing buffer 10% (v/v)
Formaldehyde (16%) 1% (v/v)

The fixing solution was prepared freshly for each experiment.
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Glycine 1.25 M

2.6.2 Isolation of Macronuclei from Fixed Material

Fixed, frozen cell pellets were thawed on ice and resuspended in Farnham lab buffer
by gently pipetting. Aliquoted samples were split to ≈ 600,000 cells per tube in a
maximum volume of 500 µL buffer per tube. Aliquotes were transferred into pre-
cooled Bioruptor tubes (Diagenode) and put in a special rotor. Cellular structures
were broken by ultrasonication in a Bioruptor at 15 s on, 30 s off in 5 cycles at low in-
tensity. 10 µL were mixed with 1 µL DAPI (1 µg/mL) and investigated for free MACs
without remaining intact cells. Nuclei were pelletized (3,000 g, 5 min, 4°C), washed
in 1 mL Farnham lab buffer and pelletized again (3,000 g, 5 min, 4°C). Isolated nu-
clei were either used for MNase digest (subsection 2.6.6) or shearing of chromatin in
advance of chromatin immunoprecipitation (subsection 2.6.5).

Farnham Lab Buffer

PIPIES (pH 8.0) 5mM
KCL 85 mM
NP-40 0.5% (v/v)

The buffer was prepared freshly for each experiment and was supplemented with PIC.

2.6.3 Shearing of Chromatin

Nuclei pellets were thawed, resuspended in 500 µL shearing buffer, and transferred
in fresh Bioruptor tubes. DNA was sheared by ultrasonication in a Bioruptor at
30 s on, 30s off in 5 cycles at high intensity. Sheared chromatin was transferred
into fresh 1.5 mL tubes, cell debris were pelletized (16,000 g, 10 min, 4°C) and the
supernatant containing the chromatin was transferred into fresh tubes. 50 µL were
taken to validate the efficient shearing of the chromatin, remaining 100 µL aliquots
were stored at -80°C.

Shearing Buffer

Tris-HCl (pH 8) 10 mM
SDS 0.1% (w/v)
EDTA 1 mM

The buffer was prepared freshly for each experiment and supplemented with PIC.

2.6.4 Quality Control for Chromatin Shearing

50 µL of sheared chromatin were adjusted to 200 µL with TE buffer, mixed with 2
µL Proteinase K (20 mg/mL, Merck,#03115879001) and 9 µL NaCl (5M) and incu-
bated over-night at 65°C with constant shaking (500 rpm) to reverse all chromatin-
crosslinks from formaldehyde. The DNA was purified by adding phenol chloro-
form, 0.3 M sodium acetate, 2 µL gylcogen followed by centrifugation (13,000 g,
5min) and subsequently adding chloroform to the supernatant followed by cen-
trifugation (13,000 g, 5min). The upper phase was transferred into a fresh tube and
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treated with RNase A (2 µL; 20 mg/mL, Roche) for 1 h at 52.5°C at 400 rpm and phe-
nol chloroform extracted again. The DNA was precipitated with 1 Vol isopropanol,
for at least 2 h at -20°C. Upon pelletizing and washing with 80% ethanol twice, the
pellet was resuspended in 15 µL TE buffer once the ethanol evaporated. DNA con-
centration was measured at the NanoDrop (Thermo Fisher Scientific) and 2 µg were
loaded onto an 1.5% agarose gel next to a low-range molecular ladder. Chromatin
that was sheared to the size of 300 to 800bp was used for chromatin immunoprecip-
itaions (2.6.5).

TE Buffer (10x)

Tris-HCl (pH 8) 100 mM
EDTA (pH 8) 5 mM

2.6.5 Immunoprecipitation from Chromatin

8 µg of adequately sheared chromatin was used for immunoprecipitation using the
iDeal ChIP-seq kit for Histones (Diagenode, #C01010050). 2 µg of antibodies against
histone modifications and IgG or 10 µg of custom RPB1 antibody were used. Addi-
tionally, 1 µl of chromatin was put aside without mixing it with antibodies to serve
as input. 20 µL of DiaMag protein A-coated magnetic beads per IP were washed and
reconstituted in ChIP buffer following the manufacturer’s recommendations. Beads
were mixed with antibodies and chromatin, and tubes were incubated over-night at
4 °C on a rotating wheel at ≈40 rpm. The next day, beads were washed and the chro-
matin was eluted from the beads in 400 µL elution buffer at RT. 1 µL input chromatin
was mixed with elution buffer as well and treated in the same way as the IPed chro-
matin in the following steps. Samples were de-crosslinked, Proteinase K and RNase
A treated and extracted. The DNA pellet was dissolved in 15 µL TE buffer (1x, pH
8), and the concentration was measured using the Qubit4 Fluorometer 1x HS DNA
Kit (Invitrogen).

2.6.6 MNase Treatment

Mononucleosomal DNA was isolated from fixed nuclei pellets using aliquots that
correspond to the same fixed material used for ChIP (2.6.5). The following isola-
tion of DNA covered by mononucleosomes was carried out as described in (Xiong
et al., 2016). One aliquot of isolated nuclei was thawed on ice and resuspended in
1x MNase buffer and nuclei were counted in 10 µL aliquots by staining with DAPI.
Nuclei were split into portions of 20,000 per reaction. After centrifugation (3,000g, 5
min, 4°C) nuclei pellets were re-suspended in 500 µL MNase reaction buffer. To each
reaction, 10 or 128 gel units of MNase (NEB,#M0247S) were added and after incuba-
tion (10 min, 37°C, 450 rpm), the reaction was stopped by adding 1/10 Vol stop so-
lution (5min, 450 rpm). MNase digested chromatin was de-crosslinked, Proteinase
K and RNase A treated and extracted. As input, DNA without nucleosomes was
treated with MNAse to check for enzymes sequence bias and PCR bias. An aliquot
of nuclei was treated with Proteinase K, extracted as described and 10 µg DNA was
treated with 0.1 units or 1.5 units MNase (5 min, 28°C) and extracted again. DNA
was loaded onto a 3% agarose gel and mononucleosomal fractions (100-200bp) were
re-isolated.
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MNase Dilution/Storage Buffer

Tris-HCl (pH 7.5) 10 mM
NaCl 50 mM
EDTA 1 mM
Glycerol 50%

MNase was diluted to a concentration of 2 units/µL and stored at -20°C.

MNase Buffer (10x)

Tris-HCl (pH 8 ) 500 mM
CaCl2 50 mM

MNase Reaction Buffer (10x)

Tris-HCl (pH 8 ) 500 mM
CaCl2 50 mM
β- mercaptoethanol 10 mM
NP-40 1%

MNase Reaction Mix

MNase reaction buffer (10x) 50 µL
BSA (100 µg/mL) 5 µL
MNase (2 units/µL) 0.5 µL - 64 µL
nuclease free water ad 500 µL

Stop Solution

EGTA 10 mM
EDTA 1 mM

2.7 Library Preparation and Sequencing

Different RNA species, either long RNA as mRNA or small RNA species can be
converted into DNA using available kits, resulting in DNA products containing ad-
ditional sequences necessary for sequencing by synthesis on an Illumina platform.

2.7.1 Transcriptome Library Preparation

For purification of all mature polyA-tailed transcripts for analyses of gene expres-
sion (transcriptomics), the NEBNext Ultra II Directional RNA Library Prep Kit for
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Illumina (NEB, #7760S) with NEBNext Poly(A) mRNA Magnetic Isolation Module
(NEB, #E7490) was used following the manufacturer’s instructions. This approach
uses oligo d(T) coupled paramagnetic beads which capture polyadenylated mRNAs.
1 µg DNase treated RNA in 25 µL was used as input material, volumes for all reac-
tions were halved, and all adapters were diluted as recommended. The number of
PCR cycles was adjusted to the starting material, ranging from 9-12 cycles. The PCR
products were purified using AMPure XP beads (Beckman Coulter).

2.7.2 Small RNA Library Preparation

The fraction of small RNAs (17-25nt) purified from total RNA extracts using dena-
turing UREA PAGE (2.5.4) were ligated using the NEBNext® Small RNA Library
Prep Set for Illumina (NEB,#E7330). Gel purified small RNAs were directly cap-
tured in 3 µL nuclease free water without additional quantification and used as
starting material. All reaction volumes were halved, and the ligation of the 3’ pre-
adenylated adapter was carried out at 16°C for 18 hours to efficiently ligate small
RNAs that carry a 3’2’-O-methyl group. PCR was performed with 10 cycles and
PCR products were purified by 6% native PAGE followed by purification via Costar
Spin-X centrifuge tube filters (Corning Life Sciences) and precipitation.

2.7.3 DNA Library Preparation

DNA libraries from material obtained by ChIP or MNase digestion (subsection 2.6.6)
were prepared by using the NEBNext®Ultra™DNA Library Prep Kit for Illumina
(NEB, E7370) with 10 ng input. All reaction volumes were halved, and the PCR was
performed with 11 cycles using the KAPA Taq HotStart DNA polymerase (Kapa
Biosystems, KK1512). The PCR products were purified using AMPure XP beads
(Beckman Coulter).

2.7.4 Library Quantification and Quality Control

The concentration of purified PCR products was measured with the Qubit 4 Fluo-
rometer 1x HS dsDNA Kit (Invitrogen). Size distribution of library fragment sizes
was estimated using the Agilent High Sensitivity DNA Kit (Agilent Technologies,
#5067-4626) run on a Bioanalyzer 2100 system (Agilent).

2.7.5 Sequencing

Libraries of the same chemistry were multiplexed according to the desired sequenc-
ing depth and sequenced on an Illumina HiSeq 2500 platform. Small RNA libraries
were sequenced in Rapid Run Mode with 28bp single-end reads, while transcrip-
tome libraries were sequenced with 100bp read length. ChIP and MNase DNA li-
braries were sequenced in High Output Run Mode with 100bp paired-end reads.
Handling of the HiSeq 2500, clustering, and sequencing was carried out by Dr. Gilles
Gasparoni at the Genetics/Epigenetics Department, Saarland University. Demulti-
plexing was carried out by Dr. Abdulrahman Salhab and Dr. Karl Nordstörm at the
Genetics/Epigenetics Department.
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2.8 Processing and Analyses of Sequencing Data

All reads analyzed in the presented studies were adapter and quality trimmed using
Trim Galore (Krueger, 2015), that uses cutadat (Martin, 2011). Trim Galore automat-
ically detects public available adapter sequences and trims bases with a phred score
below 20 by default, additionally sequences that become shorter than 20 nucleotides
are removed. Output of the trimming process as well as the sequencing depth, ex-
pressed by the total read number, was evaluated using (FastQC 2015) or MultiQC
report (Ewels et al., 2016).

2.8.1 small RNA Analyses

small RNA sequencing reads were trimmed with non-default parameters, allowing
to precisely trim for sequences of 17-25nt length. small RNA reads were analyzed
using the sRNA analysis offline tool RAPID (Read Alignment, Analysis, and Differ-
ential PIpeline, (Karunanithi, Simon, and Schulz, 2019)). Reads were aligned against
the Paramecium reference genome (strain 51, version 2) (Arnaiz et al., 2012) using
Bowtie2 (Langmead and Salzberg, 2012), and read statistics such as read length dis-
tribution and strandedness were analyzed by the rapidStats module that includes
samtools (Li et al., 2009). The rapidVis module allows for visualization of the read
statistics for all reads that aligned to the reference without mismatch. RAPID also al-
lows the removal of contaminates supplied by the user, which are probably coming
from food bacteria and other microbial contamination. Alignments were stored as
bam files and read coverage along Paramecium scaffolds were visualized in the IGV
browser (Robinson et al., 2011)
Simple read alignments against any reference in general can also be performed us-
ing the Geneious Prime 2020.1.2. software that uses Bowite2 and allows for coverage
visualization.

sRNA Normalization Using RAPID

To allow fair comparisons between various datasets, the rapidNorm module per-
forms normalization that accounts for the variability in the depth of sequencing be-
tween samples. Additionally, RAPID takes the Paramecium specific methods such as
knock-down by feeding into account, a method which introduces huge amounts of
small RNAs coming from the initially introduced dsRNA (primary siRNAs) which
themselves trigger secondary siRNA synthesis. The KnockDown Corrected Scaling
(KDCS) method calculates the normalized reads count by removing small RNAs that
map to the feeding target region and finally allows comparison between samples.
Thereby, the KDCS method scales the read counts of each siRNA mapping to an as-
signed region in a library to the library with the highest read counts (Karunanithi,
Simon, and Schulz, 2019). (

R̂ = R · M
T − K

)
• R̂ - normalized read count

• R - read count for a region of interest that should be compared (e.g. NDgene
region)

• T - total reads mapping to the genome
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• K - sRNAs mapping to the feeding target region

• M - maximum overall values (T1 - K1),...,(Tn - Kn) overall n samples

sRNA Sequence Logos and Nucleotide Count

small RNA were analyzed not only in terms of alignment statistics but also for their
nucleotide composition. In order to visualize sequence conservation between sR-
NAs of the same length that originate from different loci, sequence logos were cre-
ated using WebLogo3 (Crooks et al., 2004) on a local device, taking reads stored as
fastq files as input. The output sequence logo consists of a stack of nucleotide sym-
bols at each position, with the height of each stack representing the conservation at
that position and error bars twice the height of the correction for small sample size.
The overall nucleotide composition of small RNA populations was analyzed using
a custom Python script (Christoph Kellner), and to analyze the nucleotide composi-
tion of genomic loci themself, it was segmented in random 23nt bins custom Python
script prior to composition counting.

Overlapping read pairs

Probabilities for overlapping reads from aligned sRNA reads were calculated using
the small RNA signature analysis tool (Antoniewski, 2014), available on the Galaxy
web platform (https://mississippi.sorbonne-universite.fr, key small RNA sig-
natures). sRNAs of 17-25nt were mapped to each region of interest, allowing no
mismatches or multimapper in Bowtie2, and bam alignment files were used as in-
put to calculate overlaps of 1 to 25 nucleotides. Probabilities of overlaps of a distinct
size were indicated by Z-scores, with high scores indicating higher probability.

2.8.2 Calculation of Gene Expression and Plasticity from mRNA Data

Expression values from polyA RNA data obtained from different cultivation con-
ditions (Serotype A, B, D, H, as well as heat shock conditions (Cheaib et al., 2015))
(ENA PRJEB9464) were quantified using Salmon (v0.8.2) (Patro et al., 2017) with
default parameters for all triplicates, and the mean of replicates was used in all an-
alyzes. The relative abundance of transcripts is calculated as transcripts per million
(TPM), allowing a fair comparison of reads between samples since read counts were
normalized to sequencing depth and gene length. For indexing, the transcript an-
notation from the MAC genome of P. tetraurelia (version 2; strain 51 (Arnaiz et al.,
2017)) was used. For identification of high plastic genes, the mean TPM for each
gene over different conditions was calculated, and the absolute deviation from the
mean for each gene was used to define plasticity. Genes with a large fluctuation were
thus termed plastic genes.

2.8.3 ChIP-seq and MNase-seq Analyses

Paired-end reads obtained from ChIP-seq (2.6.5) and MNase-seq (2.6.6) experiments
were trimmed and aligned against the Paramecium reference genome using either
GEM mapper with default settings (Marco-Sola et al., 2012) or Bowtie2 in local mode,
by setting the mismatch parameter to 1 (-N 1), allowing for one mismatch in the
seed region (sub-sequence of a read used for the first alignment step). For ChIP-seq,
duplicate reads were annotated by Picard tools (v1.115) (http://broadinstitute.

https://mississippi.sorbonne-universite.fr
http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
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github.io/picard) while MNase-seq duplicate reads were removed by the subse-
quent DANPOS2 (Chen et al., 2013) operation.
Alignment files of replicates were analyzed for their overall read coverage corre-
lation with muliBamSummary, plotFingerprint and plotCorrelation from the Deeptools
package (Ramírez et al., 2016), whereby plotFingerprint for instance, aims to visualize
the distance of input samples to specific pull-down experiments.
To identify read enrichment in distinct regions, peak calling was performed by us-
ing the dpos function of DANPOS2. Thereby, samples from different MNase diges-
tion procedures were directly normalized against the MNase input samples (’naked
DNA’) at nucleotide resolution. Peak calling for ChIP-seq reads was performed us-
ing the dpeak function, including the normalization against the input reads. The po-
sition of peaks was pictured using DANPOS2 generated wig files in the IGV browser
or the peak distribution was visualized using the plot function with default settings.
Thus, DANPOS2 plots occupancy values, meaning the count of reads covering each
base pair in the position, at genomic sites defined by the user, such as the transcrip-
tion start site (TSS), the transcription termination site (TTS), the whole gene body
and intergenic regions, the latter being defined as the region between annotated TTS
and TSS.
Further, occupancy profiles at introns were created by creating a 20bp window cen-
tred on the first and last intron base of the 5’-exon-intron junction and the 3’-intron-
exon junction. The nucleosome profile was plotted the for 1,500bp around this win-
dow with x-axis centre representing the junctions.
By plotProfile and plotHeatmap of the Deeptools package (Ramírez et al., 2016) scaled
enrichment plots were generated in addition.

Segmentation by ChromHMMM

To learn how the distribution of histone marks and nucleosomes obtained by MNase-
and ChIP-seq is probably linked to each other at different genomic sites, a chromatin
state learning model was implemented by using ChromHMM (Hidden Markov Model)
(Ernst and Kellis, 2012). Therefore, the Paramecium genome was binarized into 200bp
bins, reflecting the expected nucleosome size, including some linker DNA, by Bina-
rizeBam.
Subsequently, the binarized data was passed on to the LearnModle functionality to
learn a chromatin state model with five different states. Thereby, ChromHMM dis-
covers re-occuring combinatorial patterns of histone marks and nucleosomes. The
states were further assigned to genomic sites of the Paramecium genome by using
intersect from bedtools with -f 0.8 to 1, defining an overlap of a state with at least
80% to 100% with a defined region of interest.

Polymerase II Pausing Analyses

Pausing of the Pol II at the TSS prior to entering the effective elongation phase was
studied by calculating a pausing index (PI). A region starting at 30bp upstream of the
TSS to 300bp downstream of the TSS as TSS region, and a region starting at 300bp
downstream of the TSS until the TTS as was quantified as gene body. The pausing
index was calculated as a ratio of reads (in TPM) in the TSS region compared to
reads in the gene body, by which genes with a pausing index lower than 1.5 were
considered as not paused.

http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
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For comparative analyzes, the PI of external datasets from different species summa-
rized in Table A.1 was examined, applying minimum read number thresholds in the
respective regions. Corresponding mRNA quantification was done as in 2.8.2 using
the respective genomic annotations mentioned in Table A.1.

Partial Correlations

A partial correlation of any two epigenetic marks of interest was calculated using the
sparse partial correlation networks method after removing effects of other measured
epigenetic marks in advance. The partial correlation approach thereby aims to build
a network that represents global dependencies of epigenetic marks by extracting
direct associations of histone modifications (Lasserre, Chung, and Vingron, 2013).
For calculation, the signals for all epigenetic marks were normalized to gene body
length and mRNA expression values (2.8.2) were included.

2.8.4 Phylogenetic Analyses and Protein Sequences Alignments

Studied proteins were analyzed for their phylogeny among protein (sub)clades as
described in the respective chapter methods section. Parameters for ClustalX align-
ments are given in each section, besides further information on protein sequences.

2.9 Devices, Chemicals, Kits

This Thesis won’t list the devices used for each of the listed methods, since the stan-
dard equipment can be found in every molecular biology department. Specific kits
and devices can be found in each subsection of the Material and Methods chapter
(chapter 2), including manufacturers information and catalogue numbers.

Company City,Country
Agilent Technologies Santa Clara, USA
Carl Roth Karlsruhe, Germany
Carl Zeiss AG Oberkochen, Germany
Hologic (incl. Diagenode) Marlborough, USA
Illumina San Diego, USA
MACHEREY-NAGEL Düren, Germany
Merck Darmstadt, Germany
New England Biolabs (NEB) Ipswich, USA
Qiagen Hilden, Germany
Thermo Fisher Scientific Waltham, USA

2.10 Software, Packages, Web pages

Links were collected in Mai 2022 without a guarantee of continued maintenance of
tools and web pages by the developer.
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Tool Link to Documentation
Bamtools https://github.com/pezmaster31/bamtools/wiki
Bedtools https://bedtools.readthedocs.io/en/latest/index.html
Biomart ParameciumDB https://paramecium.i2bc.paris-saclay.fr/
Biopython https://biopython.org/
Bowtie2 http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml
Tetrahymena DB http://ciliate.org/
DANPOS2 https://sites.google.com/site/danposdoc/
Deeptools https://deeptools.readthedocs.io/en/develop/
Galaxy https://mississippi.sorbonne-universite.fr
Geneious Prime https://www.geneious.com/prime/
IGV https://software.broadinstitute.org/software/igv/
Matplotlib https://matplotlib.org/
small RNA signatures https://mississippi.sorbonne-universite.fr
ngLOC http://ngloc.unmc.edu
Overleaf https://de.overleaf.com
Python https://www.python.org/
RAPID https://rapid-doc.readthedocs.io/en/latest/index.html
Samtools http://www.htslib.org/doc/samtools.html
SnapGene https://www.snapgene.com/
Trim Galore https://github.com/FelixKrueger/TrimGalore/
WebLogo http://weblogo.threeplusone.com/

https://github.com/pezmaster31/bamtools/wiki
https://bedtools.readthedocs.io/en/latest/index.html
https://paramecium.i2bc.paris-saclay.fr/
https://biopython.org/
http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml
http://ciliate.org/
https://sites.google.com/site/danposdoc/
https://deeptools.readthedocs.io/en/develop/
https://mississippi.sorbonne-universite.fr
https://www.geneious.com/prime/
https://software.broadinstitute.org/software/igv/
https://matplotlib.org/
https://mississippi.sorbonne-universite.fr
http://ngloc.unmc.edu
https://de.overleaf.com
https://www.python.org/
https://rapid-doc.readthedocs.io/en/latest/index.html
http://www.htslib.org/doc/samtools.html
https://www.snapgene.com/
https://github.com/FelixKrueger/TrimGalore/
http://weblogo.threeplusone.com/
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Chapter 3

The Paramecium Macronuclear
Epigenome

Parts of this chapter were recently published at Genome Research (Drews et al., 2022,
09 March 2022, doi: 10.1101/gr.276126.121) as

Title
Broad domains of histone marks in the highly compact Paramecium macronuclear
genome

Authors
Franziska Drews, Abdulrahman Salhab, Sivarajan Karunanithi, Miriam Cheaib, Mar-
tin Jung, Marcel H. Schulz, Martin Simon
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3.1 Background

The results of the Paramecium MAC genome sequencing project published in 2006
and the improved annotation of transcription units in 2017 revealed striking pecu-
liarities of the Paramecium tetraurelia MAC genome, which has a high coding den-
sity of 78% and tiny introns interspersing ≈40,000 protein coding genes, which are
separated by short intergenic regions. Those characteristics are quite divergent in
comparison to Tetrahymena thermophila and even drastically different from the char-
acteristics of metazonan genomes (Table 1.1), which becomes apparent by a fairly
unfair comparison to the human genome, which has a mean intron size of 3kb and a
coding density of 3.3%.
Furthermore, due to the high degree of polyploidy (≈800n), the MAC is full of
DNA that must be separated in each cell division, which is realized by amitosis.
Since centromeres are absent from the MAC, its division cannot be guided by the
classical spindle apparatus, since kinetochores for microtuble attachment cannot be
formed. Thus, MAC stretching results in uncontrolled separation of uncondensed
chromosomes, and MAC chromosomes are randomly distributed to daughter nu-
clei. Although information on MAC and MIC genomes is accumulating, deeper
insights into the chromatin organization of the DNA-crowded MAC are needed.
The deposition of histone marks as guides for IES excision during formation of a
new MAC in sexual development has been studied, but regulation of gene expres-
sion in Paramecium’s highly compact genome during vegetative growth has not been
described. A recent study from vegetative MAC chromatin revealed a short NLR
of ≈151bp as one of the shortest repeat length in eukaryotes (Gnan et al., 2022).
Studies from 1981 list unusual features such as interphase uncondensed chromatin
and probable absence of heterochromatic regions, suggesting a different organiza-
tion of chromatin. This was further supported by missing repressive marks such as
5-methylcytosine, well described for gene silencing in humans, and the absence of
the H3K9me3 repressive histone mark which has never been detected in the veg-
etative MAC (Lhuillier-Akakpo et al., 2014; Ignarski et al., 2014; Samuel, Mackie,
and Sommerville, 1981; Singh et al., 2018). Dynamic chromatin remodeling has been
studied at several distinct loci in the vegetative MAC, such as at promoters of heat
shock protein-encoding genes upon stress induction, but an integrated approach for
description of the features of the MAC epigenome is missing.
Within the last 10 years, a couple of studies focused on the regulation of transcription
events in the distinct nuclei occurring during Paramecium sexual development. It
could be shown that P. tetraurelia possesses homologs of the Spt4 and Spt5 transcrip-
tion factors, forming a complex responsible for RNA synthesis from the germline
MIC, which are essential during sexual development (Owsian et al., 2022). Ho-
mologs of TFIIS, involved in Pol II transcriptional pausing in other eukaryotes, could
be identified as well, with TFIIS4 being necessary for the synthesis of non-coding
transcripts in the new developing MACs (Maliszewska-Olejniczak et al., 2015a). In-
terestingly, Paramecium possesses paralogs for these TFs that are differentially ex-
pressed during vegetative growth and in sexual development, probably assigning
the paralogs to the different pathways resulting in specialization of the transcrip-
tion machinery. Three TFIIS paralogs, two Spt4 paralogs and one Spt5 paralog
are expressed in vegetative growth, the latter being indispensable for cell growth
(Maliszewska-Olejniczak et al., 2015a; Gruchota et al., 2017a; Owsian et al., 2022). In
addition to TFs, homologs of the FACT complex subunits SPT16 and SSRP1/Pob3
were identified (Vanssay et al., 2020). These histone chaperone complex subunits



3.1. Background 69

were studied in developmental genome rearrangements, but data on their vegeta-
tive functions are missing. Again, paralogs of these genes show different expres-
sion levels, which is also the case for the six recently described Paramecium ISWI
chromatin remodelers (Singh et al., 2022). Information on other components of the
transcription machinery, such as Paf1, NELF or DSIF is missing.
The following study summarizes a first description of the vegetative Paramecium
MAC epigenome including the streamlined experimental approach to collect nucle-
osome and histone modification data. Using results from pull-down experiments
on the largest Pol II subunit Rpb1, a first description of Pol II processivity and gene
expression regulation in a highly condensed genome on the whole genome level
is presented. The study aims to answer, how Paramecium controls gene expression
without canonical heterochromatin and short intergenic regions, which usually con-
tribute to regulation of gene expression in higher eukaryotes.
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3.2 Methods

Detailed protocols of the following methods can be found in the material and meth-
ods section (chapter 2).

Cell Culture (2.3.1)

Paramecium tetraurelia (strain 51) of serotype A were cultivated at 31°C, and dense
cultures without any visible sign of autogamy induction (verified by DAPI staining)
were fixed for MNase- and ChIP-seq and immunofluorescence staining.

MNase- and ChIP-seq (2.6.5,2.6.6)

MNase digest was performed with ten units (mild digest) and 128 units (heavy di-
gest) of MNase (NEB) on biological replicates of fixed cells. Naked DNA digest was
performed with 0.5 and 1.5 units in biological replicates. ChIP was performed using
antibodies directed against H3K4me3, H3K27me3, H3K9ac, and Polymerase II sub-
unit RPB1. Input libraries were generated from 1 µL of chromatin taken aside prior
to pull downs.

Protein Sequences Alignment (2.8.4)

The following amino acid sequences of histone H3 subunits were used for phyloge-
netic analyses:

Homo sapiens: CAB02546, Tetrahymena thermophila: XP_001016594, Parameicum
tetraurelia: PTET.51.1.P1080178, H3P1.

The following amino acid sequences of Rpb1 subunits were used for phylogenetic
analyses:

Homo sapiens: P24928, Schizosaccharomyces pombe: NM001021568, Saccharomyces
cerevisiae: YDL140C, Tetrahymena thermophila: 00538940, Paramecium tetraurelia:
PTET.51.1.P1370127.

Additional Methods

• Antibody purification (2.4.4)

• Peptide competition assay, western blots and immunostaining (2.4.5, 2.4.3, 2.4.6)

• ClustalW alignment of RPB1 and histone H3 N-terminal amino acid sequences
(2.8.4)

• Polymerase II pausing analyses (2.8.3)

• Partial correlation calculation and gene plasticity (2.8.3)

Data Deposition

All raw read data of this study has been deposited at European Nucleotide Archive
(ENA), accession no. PRJEB46233.
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3.3 Results

3.3.1 Histone H3 Modifications in the Vegetative Paramecium MAC

The organization of the vegetative MAC epigenome was analyzed first by having a
global view on the appearance of histone modifications that are well described for
their signals in cells undergoing sexual development (Lhuillier-Akakpo et al., 2014;
Ignarski et al., 2014; Frapporti et al., 2019). Therefore, immunofluorescence stain-
ings (subsection 2.4.6) using antibodies directed against the Homo sapiens histone H3
epitopes were performed with prior testing of antibody specificity.
Lhuillier-Akakpo et al., 2016 identified ten histone H3 proteins, five of them related
to the canonical H3 of H. sapiens but still showing some divergence. Figure 3.1A
shows the alignment of Paramecium H3P1 with the H3 sequences of H. sapiens and T.
thermophila, which illustrates the insertion of an amino acid at the N-terminus and
substitutions of amino acids.

Figure 3.1 (A) Multiple sequence alignment (Global alignment, Blosum62) of histone H3
N-terminal sequences. (B) Peptides spotted on membranes (1-100 pmol) were decorated
with respective antibodies (each top row) or antibodies that were blocked in advance with
the corresponding peptide resulting in vanishing binding signals (each bottom row). (C)
Detection of histone H3 modifications (H3, 15 kDa) in total protein lysates from P. tetrau-
relia; α- Tubulin served as a loading control (≈49 kDa).

To verify the specific binding of the antibodies used in the following study, peptide
competition assays and dot blots were performed. Therefore, synthetic peptides
covering histone H3 trimethylation at lysine 4 (H3K4me3), acetylation of lysine 9
(H3K9ac) and trimethylation of lysine 27 (H3K27me3) were bound on a membrane
that was later decorated with respective antibodies. Besides the position of lysine
27, Paramecium shows an amino acid substitution compared to H. sapiens H3, which
could impede binding of the human-specific antibody to the Paramecium H3. To test
this, a Paramecium-specific peptide was synthesized (Dr. Martin Jung, Homburg,
Germany) and spotted on the membrane. As shown in Figure 3.1B, all antibodies
show specific binding to spotted peptides. In particular, the Paramecium specific
peptide covering the K27 region can be detected by the publicly available antibody,
as well as achieve blocking of the human H3 specific antibody. Furthermore, dec-
oration of membranes carrying Paramecium total protein extracts revealed specific
binding for the tested antibodies (Figure 3.1C).
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Figure 3.2 Fixed Paramecium cells were stained with DAPI
(blue) while antibodies directed against the indicated his-
tone modifications (H3K4me3, H3K9ac, H3K27me3) were
labeled with a secondary Alexa594 conjugated antibody
(red). Overlays of Z-stacks of magnified views are shown,
with arrowheads pointing to the MICs and arrows indicat-
ing the position of the MAC. Brightfield and signal overlay
are shown in the panels left and right, respectively. Scale
bar 10 µm.

Immunofluorescence stain-
ings against H3K4me3 and
H3K9ac revealed signals in
the MAC for both modifi-
cations, with the H3K4me3
signal also appearing in the
MICs (Figure 3.2). Detec-
tion of H3K27me3 exhib-
ited low signals both in
the MAC and MICs along
with unspecific staining of
the oral apparatus. This is
in accordance with the re-
sults published by Ignarski
et al., 2014, where the au-
thors also describe low sig-
nals for H3K27 trimethyla-
tion.

3.3.2 Nucleosome Pat-
terns Unveiled by MNase-
seq

Since histone modifications were detected by immunofluorescence staining and west-
ern blotting, the question was raised whether histone modifications could be associ-
ated with nucleosomes at different loci of the Paramecium MAC scaffolds. Therefore,
the positioning of nucleosomes was analyzed by conducting a micrococcal nuclease
(MNase) digest on fixed Paramecium material in parallel to Chromatin Immunopre-
cipitation (ChIP).
Arrigoni et al., 2016 published a protocol on nuclei isolation from fixed material
(NEXSON), which was further adapted to the fixation of 2-3 million Paramecium
cells monitored for their serotype and vegetative state of the MAC. Once fixed with
formaldehyde, the chromatin state should not change during the following proce-
dures, and nuclei could be isolated by mild ultrasonication. By this, MACs were
enriched, and the tiny MICs were removed by washing, reducing contamination
from MIC chromatin. The nuclei pellet was then split into halves, and one section
was subsequently digested using MNase. Due to the enzymes characteristics, it was
crucial to adjust the concentration of MNase to the number of nuclei in each sample
to avoid over-digestion and loss of information on the nucleosome positioning.
Different MNase concentrations were tested, following recommendations kindly
shared by Xiao Sean Cheng and Yifan Liu (University of Michigan, Department of
Pathology) who recently adapted a MNase digest protocol on Tetrahymena nuclei but
excluding cell fixation (Chen et al., 2016). The use of ten enzyme units resulted in a
mild digest, meaning the appearance of a staircase pattern with intervals of approxi-
mately 150bp. The digestion using 128 units resulted in a higher degree of digestion,
which is seen by the accumulation of DNA fragments the size of mononucleosomes
(≈150bp) (Figure A.1). The mononucleosomal DNA was extracted from agarose gels
and ligated with adapters for Next Generation Sequencing. The obtained MNase-seq
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results should then give a high-resolution map of nucleosomes positioned along the
Paramecium MAC scaffolds.
MNase-seq of two biological replicates for each digestion procedure (light/heavy)
resulted in 22 to 78 million reads that were mapped to the Paramecium MAC genome.
Read alignment files were loaded into the Integrative Genome Viewer (IGV) (Fig-
ure 3.3A), where regions with read accumulation became visible as broad peaks, as
it is shown for several genes (top) and especially the transcription start site (TSS)
and termination site (TTS) of one exemplary gene (bottom).

Figure 3.3 (A) Exemplary view of nucleosome distribution along MAC scaffolds of Parame-
cium, visualized using IGV browser. Top panel shows the peak distribution in a 12kb win-
dow while the lower panel shows the magnified view of one gene. The top row of each
panel shows the coverage track from polyA mRNA-seq followed by the tracks for nucleo-
some occupancy obtained by light (10U) and heavy (128U) MNase digestion of Paramecium
nuclei. (B) Metagene plot of nucleosome distribution along the gene body and intergenic
regions for MNase-seq data from mild and heavy digest. Genes and intergenic regions
are stretched or shrunken to a length of 1,500bp, adding 1,000bp up- and downstream of
the gene/intergenic region without scaling. (C) Profile plot of nucleosome distribution at
the transcription start site (TSS) and the transcription termination site (TTS) in a 1,500bp
window, respectively. Figure adapted from Drews et al., 2022.

For a more generalized understanding, alignment data was fed to the pipeline for
Dynamic analysis of nucleosome position and occupancy by sequencing (DANPOS2). The
pipeline defines the most preferred position of nucleosomes from paired-end se-
quencing data and calculates nucleosome occupancy as the count of reads that cover
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each base pair in the genome (Chen et al., 2013). At the same time, input signals ob-
tained from sequencing of naked DNA are taken into account and used for nor-
malization. Naked DNA is obtained by performing a Proteinase K digest prior
to MNase treatment, meaning that DNA free of any protective nucleosomes is di-
gested by MNase, providing a background genome coverage resulting from MNase
sequence cleavage preference. For visualization, the occupancy information for all
genes was scaled into one window, resulting in a metagene plot, which aggregates
coverage from multiple samples over regions such as genes to provide profiles of
average coverage. Therefore, genes were scaled up or down to the size of 1,500bp
and binned in 10bp bins; read coverage was calculated as occupancy for each bin.
The plots in Figure 3.3B show the occupancy values for all genes from their tran-
scription start site (TSS) to transcription termination site (TTS) with unscaled up-
and downstream flanking regions, revealing a pronounced signal at the 5’ and 3’
end of gene bodies with a signal drop in the center of the gene body. The regions
between the TTS and TSS of the neighboring genes or regions between two TSS/TTS
(meaning the intergenic region) depending on the gene orientation,show an overall
lower occupancy. The peaks after the TSS and prior to the TTS (Figure 3.3C) reflect
the exemplary view shown in Figure 3.3A. Additionally, Figure 3.3C shows a strong
nucleosome signal at the TSS, reminiscent of a +1 nucleosome in Paramecium, which
has also been detected in other species such as humans and yeast. Following the +1,
the second and third nucleosomes show a less intense occupancy signal which is not
the case for occupancy profiles at the TSS for the other analyzed organisms. (Fig-
ure A.2). Remarkably, Paramecium shows a strong signal upstream of the TSS, a peak
that resembles a -1 nucleosome. This signal seems to be stronger in the heavy di-
gest method, but regardless of that, there is no substantial difference in the digestion
methods (Figure 3.3B/C).

3.3.3 Coupling of Nucleosome Occupancy and Gene Expression

To answer whether nucleosome occupancy can be linked to the transcriptional status
of a gene, either being high, low or not expressed (silent), all protein coding genes
from three serotype A cultures were ranked by their mRNA expression values in five
quantiles of approximately the same gene number (≈8,000) (Figure 3.4A) (Cheaib et
al., 2015). For each gene in each quantile, the total occupancy was calculated for both
MNase digestion procedures, which is the sum of all occupancy values in each bin
along the gene body from TSS to TTS and the intergenic region. Figure 3.4A shows
the trend for a higher total occupancy of genes with higher gene expression and low-
est occupancy of intergenic regions. Since total occupancy could be biased towards
the gene length, the individual peak height was analyzed in parallel (Figure 3.4B).
This shows that high expressed genes have overall higher peak values - meaning a
higher occupancy in specific regions - independent of gene length. From metagene
plots it can be assumed that probably the +1 nucleosome is the main contributor to
these high occupancy values.
Figure 3.4C shows profile plots at the TSS and TTS but for genes categorized by their
expression (high, low, silent). In agreement with Figure 3.4A, the high expressed
genes show a more pronounced +1 nucleosome occupancy, while the low expressed
genes and the silent genes show an overall low occupancy which looks like a back-
ground noise signal.
Looking at Paramecium’s short introns, it becomes evident that those are flanked by
well-positioned nucleosomes Figure 3.4D, independent of intron length (not shown).
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Figure 3.4 (A) Ranking of genes by their mRNA expression values from low to high (Q1-
Q5) and total sum occupancy for genes in each expression quantile and intergenic regions.
Occupancy values are shown for mild and heavy digest side by side. (B) Maximum peak
occupancy along the gene body for all genes in each expression quantile and intergenic
regions for 10U and 128U MNase digest. (C) Nucleosome profiles in relation to their
distance (x-axis, zero) to TSS and TTS and intron-exon junction (D) is shown for gene
categories based on their expression levels [19,090 high (TPM > 2); 20,001 low (TPM <
2); 1369 silent (TPM = 0)]. (E) Box plots showing the mRNA expression (y-axis; log10
TPM+1) of genes with different intron frequency groups (number of introns per 100bp;
x-axis). Figure adapted from Drews et al., 2022.

As MNase profiles suggest a general low occupancy of nucleosomes along gene bod-
ies, intron-associated nucleosomes could be an exception to this. In fact, the corre-
lation of the number of introns per 100bp (intron frequency) with gene expression
levels (Figure 3.4E) shows increasing mRNA levels with increasing intron frequency,
an effect that is independent of the gene length (Figure A.3). Thus, transcriptional
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regulation might involve introns and their recruitment of nucleosomes to gene bod-
ies.

3.3.4 Paramecium’s Extraordinary -1 Nucleosome

The presence of the -1 nucleosome in Paramecium needs further investigation, as
such a prominent peak has not been detected in the analog analyses of MNase data
from Tetrahymena, S. pombe, or D. melanogaster, but they are apparent in humans
(Figure A.2). In particular, the recent article by Gnan et al., 2022 does not describe
these putative -1 nucleosomes in Paramecium. Differences in MNase profiles are not
due to the bioinformatics pipelines because Figure A.4 still shows the absence of a
putative -1 nucleosome peak when the DANPOS2 pipeline is applied on the data
of Gnan et al., 2022. Therefore, the most likely contributor to the observed dif-
ferences is the fixation of chromatin prior to MNase treatment: while Gnan et al.,
2022 used fresh chromatin, the MNase profiles shown in Figure 3.4 were generated
from formaldehyde-fixed material (see subsection 2.6.6), which likely results in a less
harsh digest. Also, in Tetrahymena, light MNase digests indeed show a comparable
weak -1 signal, which is lost upon heavy digest (Xiong et al., 2016), and it cannot
be excluded that other MNase conditions applied to the analyses of yeast, flies, and
human chromatin (Figure A.2) could produce alternative patterns.

Figure 3.5 (A) Illustration of the gene orientation-based grouping plotted in the right
panel. SS = bidirectional (Start-Start), SE = unidirectional (Start-End). (B) Nucleosome
profiles in a 2kb window centered at the TSS (left) or the transcription termination site
(TTS, right) for neighboring genes in SS and SE configuration. Genes were separated by
the length of their intergenic distances. Color-coding can be found in the table below,
which shows separation of genes by configuration and ID, ranked from short distances
(G1) to long distances (G4). The last two columns indicate the numbers of genes in each
configuration and ID group.

The questions of whether there is any rationale beyond the positioning of -1 nucleo-
somes and if this could be due to Paramecium’s short intergenic regions were raised.
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Therefore, Paramecium genes were dissected based on two parameters: their separat-
ing intergenic distance and orientation of neighboring genes.
Orientation analysis included bidirectional promoter genes, where the two start sites
of both genes are adjacent (Start-Start, SS) and unidirectional genes, where one start
site is paired with the end of the other gene (Start-End, SE, Figure 3.5A). Amongst
those two categories, genes were classified into four groups based on their intergenic
distance, with Group 1 having really short intergenic distances and Group 4 covering
the longest intergenic distances (longer than 528bp). The number of genes in each
category is given in Figure 3.5 (Table).
Figure 3.5B shows nucleosome positioning of genes amongst those categories at
the TSS and the TTS. Most apparent, putative -1 nucleosomes are much more pro-
nounced in genes with short 5’-intergenic regions below 44bp (Group 1, green line),
and this is true for the SE and SS orientation.
TTSs also show well-positioned nucleosomes at the 3’ end of ORFs, which are more
pronounced in the SE configuration and regardless of intergenic distance. The ab-
sence of -1 nucleosomes in genes with longer intergenic regions (Group 2 to Group
4) indicates that these putative -1 nucleosomes are either +1 nucleosomes or TTS nu-
cleosomes of upstream genes, but not the labile -1 nucleosome with rapid turn-over
as described in budding yeast (Dion et al., 2007). However, the nucleosomes ob-
served for neighboring genes could have a function in regulating gene expression.
The correlation of neighboring gene expression shows a high degree of coregulation
- but regardless of the bi-/unidirectional configuration (Figure A.5A/B). Although
some genes have the same bidirectional promoter and/or short intergenic distances,
there is still a level of uncoupled gene expression independent of the neighboring
gene. However, genes with bidirectional promoters tend to have a longer intergenic
distance (Figure A.5C), suggesting that selection pressure acts on these regions to
separate bidirectional genes from each other.

3.3.5 Combinatorial Patterns of Histone Marks

The organization of the Paramecium chromatin landscape was analyzed not only in
terms of nucleosome occupancy and positioning but also regarding distribution of
histone modifications. In addition to immunofluorescence staining, western blots
(Figure 3.1) and MNase-seq (Figure 3.3, chromatin immunoprecipitation (ChIP)) ex-
periments were performed on the same fixed chromatin material as used for MNase-
seq analysis. The study presented in this chapter overall covers four replicates of
ChIP-seq experiments using anti H3K4me3, H3K9ac, and H3K27me3 antibodies and
two replicates of MNase-seq experiments (Figure 3.6A). ChIP-seq signals were again
visualized using the IGV browser after aligning the reads to the Paramecium MAC
genome, where the signals were quite broad and did not reveal sharp peaks as ex-
pected from, for example, the results of the metazoan H3K4me3 ChIP-seq results
(Kundaje et al., 2015). The common procedure to analyze ChIP-seq signals and func-
tionally annotate them is to identify narrow regions of enrichment that pass a given
threshold, termed peak calling. Due to the broad signals for all ChIP-seq signals, a
different approach was applied, using the ChromHMM (Chromatin state discovery
and characterization) software (Ernst and Kellis, 2012).
The software learns and characterizes the combinatorial pattern of histone marks
amongst different samples and defines the chromatin states that appear along the
epigenome of an organism. It can be used to discover de novo the major re-occurring
combinatorial and spatial patterns of marks, and based on a multivariate Hidden
Markov Model, the epigenome of an organism can be systematically annotated.
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Figure 3.6 (A) Read statistics of ChIP-seq and MNase-seq samples analyzed in the pre-
sented study. ∗ Samples were down-sampled to 10 million reads. (B) Chromatin state as-
signments are shown as a heatmap of emission parameters from a five-state ChromHMM
model (left). Each row corresponds to a ChromHMM state, and each column represents
a different epigenetic mark. The darker the color of an epigenetic mark for a state, the
higher the probability of observing that epigenetic mark in that state. Heatmap showing
the overlap fold enrichment of each ChromHMM state (row) in different genomic annota-
tions (columns, right). (C) Fold enrichment of each state in 200bp bins within a 2kb win-
dow around the transcription start site (TSS). (D) Box plots showing the mRNA expression
(y-axis; log10 TPM+1) of genes whose loci overlap at least by 80% with a respective state
(right). Additionally, genes were separated by their assigned state in 300bp upstream of
the TSS (N-300), the first 300bp of the gene body (N+300), and mRNA expression values
of these genes are plotted (left, middle). Sketch on top of the plots visualizes the arrange-
ment of the three analyzed regions. Figure adapted from Drews et al., 2022.

For ChromHMM application, the genome was binned into 200bp segments and pat-
terns of combinatorial, spatial re-occurring histone marks and nucleosome signals
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were determined. The software parameters, which allowed for five different states,
were defined as optimum since increasing the number of possible combinatorial pat-
terns resulted in similar states. The software output is summarized as a heatmap,
which shows the contribution of each histone mark signal to each chromatin state,
with high emission values corresponding to high signal intensities. Those states
can quantitatively be assigned to specific traits of the genomes such as exons, TTS,
TSS and the whole genome (Figure 3.6B). The most apparent finding is the pattern
of state 4, which is defined as being free of almost any signal, and that state is at-
tributed to the highest percentage of the genome. This goes along with the metagene
plots (Figure 3.3) for MNase signals, showing the gene body and intergenic regions
having low nucleosome signals and consequently, fewer sites for introducing intro-
ducing histone marks, except for the pronounced +1 nucleosome in high expressed
genes. The MNase and histone mark patterns covered in states 1-3 and state 5 show
a quite dynamic combinatorial pattern of all the marks analyzed. The distribution of
states varies at different genomic sites, with state 1 and 2, being enriched in the ac-
tive chromatin marks H3K4me3 and H3K9ac, accumulating at the TSS, while state
5, mostly covering MNase signal, is enriched at the TSS and TTS. These observa-
tion again go along with the profiles in metagene plots. In contrast, state 3, which
is enriched for H3K27me3, is depleted in these regions. For higher resolution, the
distribution of states is plotted in Figure 3.6C, which shows the distribution up-and
downstream of the TSS. The functionality of the marks in gene expression was an-
alyzed by dissecting genes into sub-regions: the region 300bp upstream of the TSS,
300bp downstream of the TSS, and the whole gene body from TSS to TTS. For each
of these regions, the states for each gene were assigned. Thereby, a gene has to over-
lap by at least 80% with a state, which consequently leads to the exclusion of many
genes from the analysis (≈15,000 out of 40,000 coding genes are shown). For each
gene with a particular state in a given region, the mRNA level was plotted (Fig-
ure 3.6D).

The analysis visualizes the open chromatin state along most parts of the genome as
the highest number of genes is found in state 4, and strikingly, this state is assigned
with the lowest gene expression. This leads to the conclusion that gene silencing in
the vegetative MAC is associated with genomic regions that consist mainly of ac-
cessible nucleosome-free DNA. On the contrary, the highest gene expression values
can be determined for genes associated with state 2. This state groups all epigenetic
marks, even the H3K27 trimethylation, which argues against the repressive function
of this mark in Paramecium.
For completeness, genes assigned to state 3, show low expression values, but their
number is relatively low, which does not allow for a conclusion on the repressive
function of H3K27me3. The activating role of H3K4me3 and H3K9ac can be deduced
from state 1, which has an enrichment for these marks. Genes covered by state 1
have a higher gene expression than genes covered by state 3, 4, 5.
The patterns of state association to genes do not change drastically concerning -
300/+300bp of the TSS, although differences in gene expression levels amongst dif-
ferent genes at -300bp seem to be less robust. Probably, the upstream region does
not contribute to gene regulation as strong as +300bp, which is consistent with the
assumption that active histone modifications at the +1 nucleosomes are associated
with gene transcription. Therefore, the + 1 nucleosome seems to be a strong contrib-
utor to gene regulation.
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3.3.6 Gene Expression Regulation by Polymerase II Occupancy

The +1 nucleosome was extensively studied in yeast and fly because it is a specific
site that regulates the pausing, release, and elongation of RNA polymerase II (Pol II)
by recruiting chromatin remodeling factors and Pol II CTD phosphorylation. Conse-
quently, the pronounced Paramecium +1 nucleosome could serve the same functions.
Elucidation of Pol II footprints along expressed and silent genes was approached by
ChIP-seq using a specific antibody as it was done for the three histone modifications.
Commercially available antibodies target the heptad repeat of the Rpb1 CTD, which
is conserved between multiple species and accumulates up to 50 times in the human
CTD, offering multiple antibody binding sites.
However, the Paramecium Pol II diverges from metazoan and even unicellular Pol II,
because it does not have the heptad serine-rich repeats as visualized by an alignment
of the C-terminal sequences (Figure 3.7A), making it essential to produce an own an-
tibody. The designed antibody, targeting a serine rich stretch (N-SPHYTSHTNSPSPSYRSS-
C), was affinity-purified from rabbit serum and validated for its specificity by im-
munofluorescence staining and western blots. Immunofluorescence shows an en-
richment in the MAC, as the MAC is responsible for gene expression throughout
vegetative growth (Figure 3.7B). Immunofluorescence stainings were also performed
in autogamous cells (Dr. Jacek Nowak, personal communication) and signals could
be detected in the old MAC in early stages of autogamy. In these MACs, ncRNA
transcription occurs, probably by Pol II, prior to the scnRNA selection mechanism
(see Figure 1.8).
Furthermore, western blots using protein from enriched MAC nuclei fractions (veri-
fied by histone H3 detection) showed enrichment of a band corresponding to the size
of the Paramecium Rpb1 subunit (Figure 3.7C). ChIP-seq signals were again plotted
for all genes along the gene body, with genes being separated by their expression in
nine quantiles. Quantile nine, covering the highest expressed genes, also shows the
highest Pol II occupancy along the gene body. All genes show a drop of Pol II signal
directly at the TSS and TTS, and genes seem to be evenly covered with Pol II along
the ORF (Figure 3.7D).

3.3.7 Pausing Regulation with a Highly Divergent Polymerase II CTD

Pol II transition from initiation of transcription to elongation involves the phospho-
rylation of sites in the heptad repeat and the recruitment of elongation complexes.
Additionally, release from transient series of Pol II stalling events (pausing) followed
by resumption of transcription is also regulated by orchestrated CTD modification.
Since Paramecium’s CTD is so divergent compared to other species (Figure 3.7), the
question was raised, how transcriptional regulation and release from pausing is reg-
ulated.
If Pol II pauses at a given site can be estimated by the pausing index (PI), which
is simply calculated by dividing the number of Pol II ChIP-seq reads at the TSS by
the number of reads along the gene body. If the PI is larger than 1.5 (having more
reads at the TSS than in the downstream gene body), a gene is categorized as paused;
otherwise, genes are termed not-paused (Figure 3.8A).
The PI was calculated not only for Paramecium but also for Tetrahymena, yeast, and
humans (Table A.1), revealing some striking differences. In Paramecium, ≈65% of
protein-coding genes are not paused, which is thrice the amount of paused genes;
a phenomenon that cannot be seen in other species (Figure 3.8B). The comparison
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Figure 3.7 (A) Multiple sequence alignment of the RNA polymerase II Rpb1 subunit in
different organisms. The C-terminal end of RPB1 is zoomed in to show the difference in
conserved regions of some ciliates to other organisms. Grey bars underline the Pol II hep-
tad repeat. (B) Localization of Polymerase II by immunofluorescence staining and west-
ern blots. Primary anti-Rpb1 antibody was labeled with Alexa488-conjugated secondary
antibody (green), and nuclei were stained with DAPI (blue). Arrowheads point at mi-
cronuclei. Representative overlays of Z-Stacks are shown. Scale bar is 10 µm. (C) Protein
lysate from whole cells (total protein) and protein from fractions of enriched macronuclei
(MAC protein) were blotted; membrane was decorated with antibodies against Rpb1 (200
kDa), α-Tubulin (49 kDa), and histone H3 (15 kDa) as loading control. Figure adapted
from Drews et al., 2022.

indeed is not fair, since threshold for minimum gene length and minimum reads
compares PI of ≈6,000 human genes against ≈26,000 Paramecium genes.
Having a look at the Pol II occupancy profiles for paused and not-paused genes (Fig-
ure 3.8C), Paramecium Pol II seems to be distributed differently along the ORF: Pol
II is evenly distributed amongst genes of both categories, having an overall higher
occupancy amongst not-paused genes. While in Tetrahymena and humans the occu-
pancy for not-paused genes is increasing toward the 3’ end of the ORF, in Parame-
cium, not-paused genes show a slightly decreasing pattern towards the 3’ end. Al-
though gene lengths are significantly different amongst species, analysis for genes
of the same length revealed the same pattern (not shown).
For paused genes, Tetrahymena and yeast show a peak at the TSS with a strong drop
in occupancy towards the 3’ end, a pattern that cannot be seen in Paramecium. It is
tempting to speculate that the +1 nucleosome in the three other species has a func-
tional role in regulating pausing. In comparison, the +1 nucleosome in Paramecium
seems to be less involved in this particular process.
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Paramecium’s Pol II occupancy shows a clear drop at the 5’ and 3’ non-coding re-
gions, suggesting less regulatory function coming from intergenic regions and regu-
lation of gene expression happens inside the ORF. The correlation of mature polyA
mRNA levels with Pol II occupancy shows lower mRNA levels of paused genes in
T. thermophila and S. pombe, while in Paramecium, expression levels are almost equal
amongst paused and not-paused genes (Figure 3.8D). Only in H. sapiens paused
genes show higher expression values.

Figure 3.8 (A) Graphical representation of the regions included in Polymerase II pausing
index (PI) calculation. Paused genes have a PI≥ 1.5. (B) Table summarizes numbers of
paused/not paused genes for selected organisms and how many genes are included in
the pausing index analysis. (C) Same as the Pol II enrichment profiles in Figure 3.7D, but
genes are split based on the status of Pol II pausing. (D) Box plots of gene expression for
paused/ not paused genes. Figure adapted from Drews et al., 2022.

3.3.8 How do Epigenetic Marks Orchestrate Gene Expression?

In which manner all epigenetic marks analyzed in this study, are distributed along
the Paramecium genome is shown by the heatmaps in Figure 3.9A. Genes were sep-
arated by their expression values as previously and ranked from high to silent. For
each category, genes were ordered from long to short, as indicated on the most left
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Figure 3.9 (A) Distribution of epigenetic marks along genes with different expression
levels. Heatmaps show the input-normalized enrichment values for epigenetic marks.
Genes (rows) are split into three categories based on gene expression: High (TPM>2), low
(0<TPM<2) and silent (TPM=0), and genes are sorted by decreasing order of gene length,
which is visualized by the length distribution graph on the left. Distance shown on the
x-axis is scaled, i.e. all genes (TSS-TTS) are either stretched or shrunken to a length of
1,500bp, adding 1,000bp up- and downstream of the gene without scaling. Missing data
in intergenic regions is indicated by black lines. (B) Distribution of epigenetic marks for a
subset of ≈4,000 genes with discrete length of ≈1.2kb. Plots show the signal at the TSS and
the TTS and in the upstream intergenic regions of genes belonging to the similar expres-
sion categories as in B.The plots avoid any kind of scaling, allowing for fair comparison
of signals. Figure adapted from Drews et al., 2022.

side of the heatmaps. In addition to the nucleosome profile and histone marks, Pol
II distribution was plotted as well as the GC content of each gene, which is crucial to
analyze since DNA sequence composition itself influences nucleosome organization
(Xiong et al., 2016).
The active marks H3K4me3 and H3K9ac show, along with the nucleosome profiles
(MNase 10U, MNase 128U) and Pol II occupancy, an accumulation at the 5’ region
with decreasing signal intensity along the ORF, which is apparent for high expressed
genes and becomes even more obvious when having a look on genes of the same
length (Figure 3.9B). Nevertheless, signals are still high toward the 3’ end of the
ORF and correlate with gene expression. Although the repressive histone mark
H3K27me3 shows a less pronounced enrichment at the 5’ region of the ORF com-
pared to other marks, the signal values still correlate with gene expression.
In contrast, silent genes have the faintest signals for all epigenetic marks and thus,
in Paramecium unoccupied DNA seems to be the main regulator of transcriptional
inactivation. Additionally, all epigenetic marks are low at the 5’ and 3’ flanking non-
coding regions, showing a clear drop which again contributes to the hypothesis that
intergenic regions hardly contribute to the regulation of gene expression.
Nucleosomes seem to be strongly phased in all gene categories, a pattern that be-
comes apparent for shorter genes. Nucleosome occupancy is correlated with higher
gene expression, as shown in Figure 3.3. The phasing pattern resembling nucleo-
some positions is seen in the Pol II heatmap and for almost all epigenetic marks.
The histone marks phasing pattern follows not only the nucleosomes but also the
GC content, which oscillates in position and quantity. Therefore, the GC content acts
as a cis-regulator for nucleosome positioning and gene expression in Paramecium as
well.
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Pol II phasing, following the pattern of nucleosomes, probably indicates that there
exists an association of Pol II and nucleosomes along the ORF, and the high occu-
pancy of both leads to higher gene expression. It seems like Pol II is pausing at
each nucleosome, probably indicating a mechanism of inefficient elongation. In fact,
shorter genes show higher levels of mRNA than longer genes, probably being tran-
scribed more efficiently (Figure A.6).
Heatmap signals indicate an existing interplay of histone marks, cis-factor regulated
nucleosome phasing, Pol II pausing with gene length and gene expression. There-
fore, the correlation of all epigenetic marks was calculated with each other, including
mRNA data (Figure A.7). All epigenetic marks are positively correlated (Pearson’s
correlation > 0.6) with each other and with mRNA (Pearson’s correlation > 0.30),
which is especially noteworthy in terms of H3K27 trimethylation, which is classi-
cally associated with transcriptional silencing.

3.3.9 Correlation of Epigenetic Features

The positive correlation of H3K27me3 with mRNA levels and other histone marks
and its presence throughout the ORF raises the question of the role of H3K27me3 in
the vegetative Paramecium MAC. To answer this and gain more insight into the reg-
ulation of gene expression by epigenetic features, mRNA data from varying cultiva-
tion conditions was gathered to ask for the contribution of each factor to differential
gene expression. The mRNA data sets comprise transcriptomic data from differ-
ent environmental states, such as heat shock, cultivation at 4◦C and the information
from four different Paramecium serotypes (A,B,D,H) (Cheaib et al., 2015).

Figure 3.10 (A) The number of high and low expressed
genes in each plastic gene group. (B) Distribution of
chromatin states among plastic gene groups. Only
genes with a ChromHMM state overlapping of at least
80% were included(see Figure 3.6). Partial correlation
values for H3K4me3-H3K27me3 (circle) and H3K4me3-
H3K9ac (asterisk) are shown in red for each group. Fig-
ure adapted from Drews et al., 2022.

Genes that show large ex-
pression variants during veg-
etative growth among differ-
ent growth conditions (termed
high plastic genes) (see sub-
section 2.8.2 for details) ap-
pear to be dynamically regu-
lated and were separated from
housekeeping genes, which in
contrast have a robust expres-
sion among different condi-
tions. The genes were classi-
fied into four groups of plastic-
ity (G1-G4), with G4 covering
the genes with the largest vari-
ation. For genes in these four
plasticity groups, chromatin
states based on ChromHMM
segmentation are visualized in
(Figure 3.10A/B). The states
show gradual differences along
the groups, with the most ap-
parent increase in ChromHMM
state 4 (blue) and the decrease
in state 2 (gray), the latter covering all epigenetic marks together, while state 4 shows
almost no signal for all marks (see Figure 3.6). This pattern suggests that epigenetic
marks are used for gene regulation in reaction to environmental changes and are not
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only used to control gene expression, similar to an on-off switcher. To add a higher
resolution to the understanding of combinatorial patterns of epigenetic marks, as
it was described for bistable domains harboring H3K4me3 and H3K27me3 signals,
partial correlation between different histone marks for the plastic gene groups were
calculated (see Methods section 2.8.3). Figure 3.10B shows an increase in partial cor-
relation of H3K4me3/ H3K27me3 only for most plastic genes, suggesting that the
interplay between histone marks varies in the four considered groups. Contradic-
tory, the correlation of both active marks, H3K4me3 with H3K9ac, does not change
regardless of gene plasticity.

3.4 Discussion

The genome of Paramecium tetraurelia has been extensively studied in terms of guided
genome rearrangement processes during sexual development involving the biogen-
esis of different sRNA species and the precise elimination of distinct genomic se-
quences by histone modifications (see section 1.2.2). However, studies of the organi-
zation of the vegetative MAC epigenome and observations on MAC gene expression
regulation during vegetative growth are lacking on the molecular level.
How the DNA is organized in the nucleus of this unicellular organism is not as trivial
as it seems: the macronuclear DNA is extremely gene rich and intergenic regions are
the shortest amongst various species (see Table 1.1). Additionally, due to the high
degree of polyploidy, the MAC is full of DNA that needs to be precisely accessed
to regulate gene expression. Although unicellular, excluding the need for tissue-
specific gene regulation, Paramecium still reacts to external stimuli, which needs to
be realized on the gene expression level. Because positioning of nucleosomes and
placement of histone modifications are key players of the epigenetic toolkit for gene
expression regulation, their functional role in the vegetative Paramecium MAC was
studied and expanded by the study of Polymerase II processivity.

The most striking observation is the correlation of higher nucleosome occupancy in
actively transcribed genes. In contrast, genes that are silent in expression are de-
void of nucleosomes, and those regions, low in signals for nucleosomes and histone
modifications, comprise most parts of the genome. Furthermore, the short inter-
genic regions are nucleosome-free as well. This leads to the idea that DNA being
less covered by nucleosomes, being naked so to speak, is the predominant chro-
matin conformation, while an attraction of nucleosomes to a specific site seems to be
crucial for induction of gene expression.
The observed particularities in the organization of the Paramecium nucleosomes are
quite the opposite to the organization of nucleosomes in other organisms: a long-
hold dogma describes naked DNA that is accessible for the transcription machin-
ery, and thus open chromatin is transcribed, while gene inactivation is regulated by
DNA wrapping around nucleosomes, making gene regulatory regions less accessi-
ble. For Paramecium, this model seems to be inapplicable since nucleosome patterns
are almost the opposite. Because chromatin condensation is carried out by recruiting
the linker histone H1 (Nalabothula et al., 2014), the question raised is whether this
is simply not possible due to a missing H1 ohnolog that could not be identified in
Paramecium. If this is a cause or consequence of the short nucleosome repeat length
with linker DNA of just a few bases, is only one of the open questions (Gnan et al.,
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2022), although the missing H1 ohnolog could simply be so divergent that it cannot
be detected.
Not only the placement of nucleosomes and their association to linker histone H1 are
contributors to the regulation of transcriptional silencing, but the introduction of the
H3K27 trimethylation is a well-described mark for guidance of low to no transcrip-
tion. By analyzing this mark and its combinatorial pattern with other marks from
ChromHMM segmentation analysis, it becomes obvious that this histone modifica-
tion is not exclusively correlated to low gene expression in the Paramecium epigenome.
Basically, the repressive function of H3K27me3 could be blocked by the introduction
of a phosphate group on neighboring serine as it was described for H3K9me3 block-
ing by H3S10 phosphorylation (Fischle et al., 2005). Since this serine is not found
in any of the Paramecium H3 proteins, this event is unlikely (Lhuillier-Akakpo et
al., 2016). In several studies of Paramecium developmental genome rearrangements,
it was reported that H3K27me3 accumulates mainly in new developing MACs af-
ter induction of sexual development (Vanssay et al., 2020; Frapporti et al., 2019),
and H3K27me3 was transiently found in the MIC during the first meiotic division
and in the fragments of the maternal MAC (Lhuillier-Akakpo et al., 2014). Since
cells were monitored extensively prior to fixation for nuclei isolation, contamination
from the MAC fragments or Anlagen could be ruled out. Additionally, the experi-
mental approach specifically enriches for MACs, limiting MIC contamination. How-
ever, if some MICs contaminate nuclei isolates, they should not contribute to the
general outcome of detectable histone mark patterns, since the ≈800 MAC chromo-
some copies would overshade faint signals from diploid MIC contamination. In fact,
this was evaluated in a previously performed ChIP experiment by Cheaib and Si-
mon, 2013 (prior to NEXSON protocol adaption), and DNA from MICs could not be
detected from H3/H3K9ac pull-downs, arguing against contaminations from MIC
chromatin.
If H3K27me3 is not exclusively associated with repression, what is the regulatory
role of H3K27me3 in gene expression then? The partial correlation revealed that
genes with dynamics in their expression amongst different conditions show higher
correlations for the active mark H3K4me3 and H3K27me3 than stably expressed
housekeeping genes. This observation is striking, as it resembles the condition of a
bistable domain (Sneppen and Ringrose, 2019), being associated with poised genes,
which are always on the edge of being transcribed or silent, simply by the removal
of one of the respective marks. As fascinating as it seems, the MAC polyploidy
still needs to be kept in mind since one cannot dissect which of the ≈800 copies of
the MAC chromosomes locus is associated with the respective mark. If Paramecium,
for instance, would use gene dosage to regulate gene expression level, one would
expect different ratios of marks: some copies silent, some copies active. Answers
could be given from re-ChIP experiments (Kinkley et al., 2016), which would consist
of two sequential pull-downs from one chromatin input: so H3K27me3 could only
be pulled down if H3K4me3 was present on the same molecule and pulled down in
the first IP.
It cannot be distinguished right now that both modifications appear on the same
molecule, as this would need to be seen in mass spectrometry analysis from long
peptides covering both K4 and K27. At least in Tetrahymena, the co-occurrence of
H3K4me3 and H3K27me3 has not been detected (Taverna et al., 2007) (personal
communication). Additionally, although cells are vegetative and do not undergo
genome rearrangements, a culture is not synchronized in terms of cell cycle, so data
is always gathered from a mixture of cell stages and even from varying MACs, since
each amitosis results in imbalances of MAC chromosome copy numbers between
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daughter cells.
In a previous study, increased H3K27me3 levels in association with decreased lev-
els of H3K4me3 at an endogenous reporter gene have been shown to go along with
siRNA mediated silencing (Götz et al., 2016). This supports the idea of H3K4/K27me3
ratio controlling gene expression levels and could be a more ancient mechanism
rather than an invention of multicellular organisms, using those ratios, especially
during developmental programs to keep epigenetic plasticity (Kumar et al., 2021).
From the data presented, it is tempting to speculate that the epigenetic repertoire al-
ready has the capacity to manifest vegetative gene expression by poising genes dur-
ing development, although Paramecium is unicellular. Paramecium has been shown
to inherit gene expression patterns, for example, where the transcription of a surface
antigen follows the expression pattern of the cytoplasmic parental cell. However,
the mechanism of this transmission is not yet understood, and it needs to be studied
if dynamic histone modification ratios are involved (Baranasic et al., 2014; Simon
and Plattner, 2014).

ChIP-seq Reveals Broad Domains Instead of Narrow Peaks

The key regulator, in addition to positioning nucleosomes in transcription-prone
genes, appears to be the introduction of H3K4me3 and, to a lesser extent, H3K9ac.
Both marks are well described for being associated with positive transcriptional reg-
ulation. This being said, the distribution of marks seems to be, again, divergent in
Paramecium: they did not reveal sharp peaks but broad domains. These domains can
be interpreted as domains ensuring an ongoing transcription elongation as it was
claimed for tumor-suppressor genes (Chen et al., 2015) but also for genes shaping
cellular identify. Those broad domains are associated with H3K4me3 and pausing
Pol II, thereby controlling the robustness of transcription.

A Divergent Mechanism of Transcriptional Elongation

Pol II pausing is/allows for fine-tuning of transcription and the pausing pattern in
correlation to broad histone marks domains was examined, having in mind, that
Paramecium Pol II does not exhibit the serine rich heptamer repeats being the site
for highly orchestrated phosphorylation patters regulating different phases of tran-
scription. Nevertheless, phosphorylation could be introduced as an activating mark
on the CTD, which is still serine-rich although not organized in repeats. The dif-
ferentiation of varying phosphorylation states of Pol II along gene bodies would
hit the nail on the head and reveal mechanistics of transcriptional regulation, but
the polyclonal serum against a peptide, including unphosphorylated serines, could
miss CTD variants being phosphorylated. Still, Pol II in Paramecium can be detected
in the center of ORFs and at the 3’ regions, regions where Pol II in mammals is usu-
ally phosphorylated at the CTD. One can speculate that the antibody still detects
different conformations of Pol II CTD.
From the pausing index and phasing pattern results, with Paramecium Pol II kind
of stalling at each nucleosome along the ORF, it can be suggested that pausing in
Paramecium occurs deferentially in comparison to other species. Since shorter genes
show a tendency for higher expression, regulation of transcriptional elongation in
longer genes is probably not that sufficient, resulting in stalling of Pol II along the
whole ORF. Since Pol II does not have to transcribe huge intergenic regions as it does
in humans, the question arises if Pol II really needs an advanced elongation regula-
tion. In yeast and humans, nucleosomes placed at intron boundaries contribute to
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co-transcriptional and alternative splicing (Patrick et al., 2015), the latter only de-
tected at low rates in Paramecium (Jaillon et al., 2008). Furthermore, highly efficient
splicing appears to be regulated by GC content and not by nucleosome positioning
at intron boundaries (Gnan et al., 2022). Another possible role for introns can be
hypothesized from MNase-seq data: Since genes with higher intron frequency show
higher gene expression levels, introns seem to recruit more nucleosomes into ORFs
and thus contribute to increased transcription levels.
How Pol II is released from stalling at nucleosomes is well understood for yeast and
humans, involving the release of NELF and assembly of the Mediator. This sys-
tem seems to be divergent in Tetrahymena and probably Paramecium, as both miss
homologs of NELF and the critical regulator of Pol II processivity in transcription
and elongation, the Mediator complex. Further, a set of transcription-associated
proteins were shown to be highly divergent in Tetrahymena (Garg et al., 2019; Tian,
Mochizuki, and Loidl, 2019). However, the core component (Med31) that is highly
conserved among eukaryotes was identified in Tetrahymena and allows for efficient
transcription (Garg et al., 2019). Furthermore, in Paramecium, not all components
of the Paf complex could be identified, which is involved in regulating elongation,
3′-end processing, and histone modification deposition (Jaehning, 2010). Especially,
the subunit Paf1, involved in serine phosphorylation of the CTD of Pol II, is missing,
which fits the missing serine repeats of the CTD. Preliminary silencing experiments
on the subunits of the Paf complex revealed reduced division rates upon slicing,
leading to the assumption that although divergent, the Paf complex contributes to
cell viability, probably by transcriptional regulation.
Due to the lack of canonical elongation systems coupled with a lack of conserved
serine residues, transcriptional elongation in Paramecium seems to be regulated dif-
ferently. As discussed above, broad H3K4me3 domains, along with increased oc-
cupancy of Pol II in gene bodies, could be an alternative control of transcription by
buffer domains. It seems tempting to speculate that this form of Pol II buffering
represents an alternative or perhaps an ancient form of elongation control.

Cis-factors in Nucleosome Positioning and Methodical Limitations

The interpretation of nucleosome positioning profiles obtained from MNase-seq must
always be handled with care since the enzyme’s preference for AT-rich regions and
its ability to digest up to the nucleotide size can result in over-digestion and loss of
nucleosome information. This was indeed extensively reviewed from fly and yeast
data (Chereji, Bryson, and Henikoff, 2019). Although the nucleosome profiles ob-
tained in this study (Figure 3.3,Figure A.4) are somewhat different from the profiles
published by Gnan et al., 2022, especially in terms of -1 nucleosomes upstream of
the TSS, this must not raise conflicts in biological interpretation. Fixation of chro-
matin and mild digestions preserve some nucleosome patterns lost by harsh diges-
tion. Since both, nucleosome data and ChIP-seq data, revealed the same patterns
(Figure 3.9) of signal distribution in genic and intergenic regions, the conclusions
drawn from ChromHMMM seem to be fair; arguing against the detection of nucleo-
some profiles simply due to MNase cleavage preferences.
In addition to experimental approaches and enzyme sequence preferences, cis-factors
such as the DNA sequence itself also contribute to nucleosome organization along
chromosomes, with GC content highly favoring nucleosome positioning (Tillo and
Hughes, 2009). In Paramecium, the overall genome GC content is quite low (≈28%)
but it has been shown that GC content in gene bodies is higher, which could prob-
ably contribute to the regulation of gene expression (Meyer and Liu, 2014). There
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is an ongoing discussion about the DNA sequence preferences of nucleosomes, and
also MNase-seq can generate a signature of higher occupancy at GC-rich regions,
on naked as well as on DNA covered by nucleosomes (Chung et al., 2011). To over-
come the limitations of this bias, unoccupied DNA was treated in parallel during all
experiments and was used for normalization and backgound reduction of MNase
cleavage preferences.
To add another layer of complexity, nucleosome profiles are not just affected by GC
content and MNase-bias or technical issues such as PCR bias but also by trans-acting
factors such as nucleosome remodelers (Xiong et al., 2016). Indeed, discovered nu-
cleosome profiles by Xiong et al., 2016 followed GC oscillations, but also shifts in
nucleosomal peaks upon transcriptional activation of some genes, probably due to
remodeling complexes, were seen. Thereby, the authors compared profiles between
the silent MIC showing no transcription and no activity of remodelers and compared
the information of MNase-seq from MICs to those of transcriptional active MACs. A
similar study in Paramecium would shed more light on the regulation of the highly
polyploid MAC in the presence of an active transcription machinery, but isolation of
Paramecium MIC chromatin is the pie in the sky, at least today.
Not only the bare DNA sequence acts as a cis-regulator but also introduced nu-
cleotide modifications have regulatory functions, such as the well-described cyto-
sine methylation (5mC), important for developmental regulation and gene silencing
(e.g. Bird, 2002). 5mC can recruit binding proteins comparable to the histone code
readers and reduce DNA bendability, although little is known about the effect on
nucleosome positioning (Ngo et al., 2016). However, 5mC could not be detected in
P . tetraurelia and Tetrahymena pyriformis (Singh et al., 2018; Hattman et al., 1978). In
contrast, N6-methyladenine(6mA) was identified in T. thermophila, being found pref-
erentially in the linker DNA of well-positioned nucleosomes of Pol II transcribed
genes (Wang et al., 2017; Luo et al., 2018) in the MAC. In Paramecium MACs, 6mA is
enriched between well-positioned nucleosomes that are positively correlated with
gene expression (Hardy et al., 2021), which fits the described observations (Fig-
ure 3.4): the more nucleosomes, the more 6mA, the more transcription.

3.4.1 Outlook

The presented study revealed unusual features of an unusual genome with open,
potentially accessible chromatin that is transcriptionally silent while the occupied
gene regions are expressed. Thereby, gene expression is regulated by a divergent
Polymerase II complex that seems to crawl along gene bodies, probably due to its
association with divergent elongation complexes. The presented study is the first
description of Paramecium tetraurelia’s MAC epigenome, providing a fundament to
dig deeper into the analysis of gene expression regulation in a genome with unusual
features.
To build on this, the distribution of histone marks canonically associated with elon-
gation such as H3K36me3 and other DNA binding proteins should be analyzed by
ChIP experiments to elucidate the regulation of Pol II. Six homologs of the TFIIS
transcription factors necessary for the release of Pol II from backtracking events
have been identified based on sequence homology, but the functional role of the
vegetatively expressed paralogs have not been studied yet. By pull-down experi-
ments either by the Pol II specific antibody or form transgenic cell lines expressing
a tagged Rpb1 subunit, interaction partners of the transcription machinery such as
TFIIS and others will be characterized. Technically, the footprint of TFs on DNA can
also be gathered by MNase digests, but because of their relatively labile binding to



90 Chapter 3. The Paramecium Macronuclear Epigenome

the DNA in comparison to nucleosome wrapping, their footprint is lost upon harsh
digests and upon size selection prior to MNase-seq, thus, their footprints are not
included in the presented study.
Furthermore, transcriptional elongation can be studied in terms of the accumulation
of not successfully polyadenylated nascent transcripts in the absence of subunits of
the Paf1 complex described to be involved in promoting elongation. Pull-downs of
Pol II-associated RNAs could shed more light on processivity and efficiency of elon-
gation and, when extended to developmental programs, on how Pol II is positioned
on genes upon sexual induction. These experiments should answer (i) how Pol II is
released from stalling without canonical elongation complexes and (ii) how Pol II is
regulated in development when lncRNA has to be transcribed for scanRNAs.
Since antibody specificity to different phosphorylation states at the CTD cannot be
clearly assigned, mass spectrometry analysis of peptides of the Pol II CTD could
shed light on the orchestration of phosphorylation. It has been shown that not all
heptad repeats need to become phosphorylated in a specific pattern and Parame-
cium’s CTD is therefore still capable of building a platform for transcription factors
(Suh et al., 2016).

If the chromatin is mostly open and unprotected, how is spurious transcription pre-
vented? One could think of histone modifications that went missing in the presented
ChIP-seq studies, resulting in unoccupied chromatin states from ChromHMM seg-
mentation analysis, but since MNase-seq data revealed chromatin mainly to be naked,
this seems unlikely. From extensive phylogenetic studies, homologs of well de-
scribed chromatin-binding proteins such as heterochromatin-binding protein 1 or
HMG-1, the latter being involved in DNA-bending, should be identified, and their
role in protecting the DNA from spurious transcription will be studied. Thereby,
knowledge from nonhistone proteins being involved in developmental chromosome
processing and chromatin binding in Tetrahymena (Yao et al., 2007; Kataoka and
Mochizuki, 2015) will be extended to Paramecium’s vegetative MAC landscape.
It has been shown that heat shock responses result in massive transcriptome alter-
ations which also involves dynamic chromatin remodeling. Still, a global view on
chromatin alterations upon stress induction is missing and could now be identified
by the established workflow of nuclei isolation, MNase- and ChIP-seq, nucleosome
positioning and detection of combinatorial patterns. These regulations probably also
involve chromatin remodelers like ISWI and chromatin binding proteins to be iden-
tified from mass spectrometry.

The functionality of histone modifications in development and their guidance by
a PCR2 complex on probably nascent transcripts has been described recently in
Paramecium (Miró-Pina et al., 2022) as well as in Tetrahymena (Xu et al., 2021), propos-
ing a mechanism comparable to CTGS in yeast but with the drastic result of DNA
elimination. In Paramecium, it has been shown that TGS can appear not only in devel-
opment but also at an endogenous locus upon transgene-induced silencing, a mech-
anism comparable to paramutation, involving core proteins of the RNAi machinery.
Two vegetatively expressed proteins of this machinery, Paramecium Piwi proteins,
seem to be involved, and results from trangsene-induced silencing experiments and
Ptiwi characterizations will be presented in the following chapter.
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4.1 Background

Due to three successive WGDs, Paramecium tetraurelia possesses 15 Piwi (Ptiwi 1-
15) proteins, with five of them being extensively studied in terms of their specific
roles in Paramecium sexual development. Ptiwis responsible for scanRNA and ies-
RNA biogenesis show high expression in developmental stages, such as Ptiwi 01/09
and Ptiwi 10/11, while others exhibit a more basal expression pattern throughout
the vegetative life cycle. Two of these vegetatively expressed Ptiwis, Ptiwi 13 and
Ptiwi 14, were recently described for their participation in the transgene-induced si-
lencing pathway, while Ptiwi 13 additionally contributes to siRNA biogenesis from
exogenously introduced double-stranded RNA (feeding-pathway) (Götz et al., 2016;
Bouhouche et al., 2011).
Silencing of endogenous genes by truncated transgenes (TG) in Paramecium has been
described for the first time by Ruiz et al., 1998 and follow-up studies revealed some
of the essential molecular mechanisms involved. By injection of DNA correspond-
ing to an endogenous gene into the Paramecium MAC but missing up-stream and
down-stream regulatory regions resulted in a silencing phenotype of the endoge-
nous gene in trans based on sequence homology, and this effect seems to arise in a
dosis-dependent manner. Based on these observations, the authors postulated that
an aberrant mRNA from the injected transgene could be the initial trigger for in-
duction of silencing and in 2001 they discovered that especially transgenes lacking
the 3’ UTR trigger silencing (Galvani and Sperling, 2001). This silencing mechanism
involves sRNAs and can result in the establishment of stably repressed chromatin
or post-transcription RNA degradation (Ruiz et al., 1998), as it was described for
cosuppression in fungi, plants, and animals.
TG-induced silencing involves several proteins of the Paramecium RNAi-machinery,
some of them being exclusively linked to the TG pathway, while others also par-
ticipate in both TG-induced silencing and processing of dsRNA from exogenous
templates. In addition to Ptiwi 13/14, two of the four Paramecium Rdrp proteins,
Rdr2 and Rdr3, have been shown to be involved in the biogenesis of primary and
secondary siRNAs, as well as Dcr1. Usually, the initial trigger for RNAi is a dsRNA,
which is probably generated by bidirectional transcription of the transgene locus.
However, in the presence of a truncated transgene in Paramecium, unspliced aber-
rant transcripts accumulate, corresponding to the transgene. Almost no antisense
transcripts can be detected, which is likely due to a rapid turn-over and processing
of the antisense strands into small RNAs. Importantly, sRNAs also cover genomic
regions that are not part of the TG but map to the endogenous locus; enabling transi-
tivity, although to a really low extent. No RNAi component seems to be exclusively
essential for the accumulation of such 2 ° siRNAs, but absence of one of each com-
ponent affects the accumulation of 1° siRNAs. These primaries are generated upon
Rdr2 activity on the sense, spliced template synthesizing long antisense RNAs.
Another class of long, unspliced transcripts is probably processed in an Rdr3-dependent
manner. This polymerase, which has a highly divergent catalytic domain, was shown
to be involved in transcriptional gene silencing (TGS) of surface antigen genes, and,
moreover, silencing of Rdr3 resulted in altered expression of several genes, espe-
cially in down-regulation of chromatin remodeling genes and up-regulation of genes
for transcriptional activity. Hence, Rdr3 could link gene regulation to heterochro-
matin formation at the transgene and endogenous locus as well as regulate loci apart
from TG-induced silencing (Marker et al., 2010; Götz et al., 2016).
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Despite extensive studies revealing the function of different RNAi components in
TG-induced silencing, it remains unclear what the initial trigger for silencing is and
why two Ptiwis proteins are involved. Ptiwi 13 and 14 have been shown to be-
have differently in TG-induced silencing at altered temperatures, which could be
related to the efficiency of silencing (Pirritano et al., 2018). Still, the underlying
molecular mechanism is not yet fully understood. Since changes on the chromatin
level upon TG-induced silencing were observed in Paramecium, the question arises
if Ptiwi-bound sRNAs act like piRNAs, which aim to preserve genome integrity by
establishing repressive heterochromatin at transposon loci.
During Paramecium development, Ptiwi 01/09/10/11 perform such functions, by
loading Dicer products and guiding heterochromatin formation on transposon rem-
nants that must be removed during sexual development (e.g., Furrer et al., 2017;
Miró-Pina et al., 2022). These observations indicate that Paramecium Ptiwis act like
Agos but with Piwi-like functions. Traditionally, Piwi proteins select ssRNA from
long ssRNA templates and process them into functional sRNAs by trimming with
further amplification. Agos, on the contrary, select one ssRNA strand from sRNA
duplexes, which are produced by Dicer/Dicer-like proteins. While Agos form the
RISC with mRNAs and siRNAs, Piwi proteins historically load 5’ U piRNAs in the
germline generated independently from Dicer, which further become size trimmed
followed by an amplification mechanism, either by the ping-pong cycle or involve-
ment of an RNA-dependent RNA polymerase. It has been proposed that Piwis spe-
cialized for transcriptional gene silencing (TGS) in the nucleus, possibly through the
targeting of histone modifications, while Agos specialized for post-transcriptional
gene silencing (PTGS) in the cytoplasm. Probably all piRNAs in metazoans become
3’ 2’-O-methylated after PIWI loading, and this 3’ modification likely protects sR-
NAs from uridylation and degradation. On the contrary, all plant sRNAs, si- and
miRNAs, are methylated at the 3’ end of both strands of the dsRNA duplex, sus-
pecting that this modification is involved in different pathways (Yang et al., 2006; Li
et al., 2005).
The functional segregation of Piwis from Agos is not just black and white; especially
the piRNA pathway seems to be highly divergent and not exclusively associated
with the silencing of transposons to protect the germline, which was supposed to be
their ancestral function, but Piwis also seem to be involved in silencing of somatic
genes.

Since Paramecium, as all other ciliates studied so far, does not harbor any Agos, it
serves as an excellent model to study the wide variety of the Piwi protein machinery.
In the following study presented, Ptiwi 13 and 14 bound sRNAs were examined in
the context of TG-induced silencing, and several questions were addressed: Why are
two Ptiwi proteins involved in transgene-induced silencing, and what are the char-
acteristics of Ptiwi-bound sRNA? Do they show any sequence preferences as was
shown for Piwis in Drosophila? Could both Ptiwi 13 and 14 perform divergent func-
tions such as Aubergine/Ago3 and PIWI in piRNA biogenesis and amplification?
Since vegetatively expressed Piwi proteins in Tetrahymena (Twi) show loading of
sRNAs from highly divergent loci such as pseudogenes (Kurth and Mochizuki, 2009;
Couvillion et al., 2009), the following study aimed to answer if Ptiwi 13 and Ptiwi
14 load sRNAs apart from the TG-mechanism and can take part in the regulation of
endogenous genes.
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4.2 Methods

Detailed protocols for the following methods can be found in the material and meth-
ods section (chapter 2).

Cell Culture

Paramecium tetraurelia (strain 51 and d4-2) of serotype A were cultivated at 31°C.
Potential autogamy induction was excluded via DAPI staining and dense cultures
were collected for immunofluorescence staining and IPs. Transgenic cell lines were
grown from 14 ° C to 26 ° C until proof of stable transgene expression.

Immunoprecipitaion (IP)

Vegetative Paramecium cells were simultaneously injected with a linearized plasmid
carrying the pTI-/- transgene and plasmid encoding a Ptiwi 13-FLAG or Ptiwi 14-
FLAG fusion construct (2.4.7). Cells injected with only the pTI-/- transgene served
as a control.

Phylogenetic Analyses

Alignments of Argonaute proteins were performed using Muscle with default pa-
rameters (Edgar, 2004). The set of Paramecium Ptiwi protein sequences (Bouhouche
et al., 2011) was expanded by the curated amino acid sequence of the putative pseu-
dogene Ptiwi 04, which was annotated using its paralog Ptiwi 05 amino acid se-
quence as a template. Neighbor-Joining method with 1000 bootstrap replicates (Saitou
and Nei, 1987; Felsenstein, 1985) was used to infer the evolutionary history of Arg-
onaute proteins. Evolutionary distances were computed using the Poisson correc-
tion method with distances measured by number of amino acid substitutions per
site (Zuckerkandl and Pauling, 1965). Ambiguous positions were removed by pair-
wise deletion. The final dataset comprised 1.703 positions. MEGA X (Kumar et al.,
2018) was used to perform evolutionary analyzes.

The following amino acid sequences of Argonaute proteins were used for phyloge-
netic analyses:

Tetrahymena thermophila: Twi1-Twi11 (Tetrahymena DB), Paramecium tetraurelia:
Ptiwi 1-15 (Paramecium DB), Homo sapiens Ago1: HGNC:3262, Homo sapiens Piwil1:
HGNC:9007, Caenorhabditis elegans Prg1: D2030.6, Drosophila melanogaster
Aubergine: FBgn0000146, Drosophila melanogaster Piwi: FBgn0004872,
Schizosaccharomyces pombe: SPCC736.11, Chlamydomonas reinhardtii Ago1-3:
https://www.plantgdb.org/

Additional Methods

• Antibody purification (2.4.4)

• Peptide competition assay, western blots and immunostaining (2.4.5, 2.4.3, 2.4.6)

• Immunoprecipitation (IP) sRNA enrichment and periodate treatment (2.4.7,
2.5.4, 2.5.5)

• RNA isolation (2.5.1)

https://www.plantgdb.org/
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• sRNA library preparation and sequencing (2.7.2)

• sRNA analyses, sRNA signatures, nucleotide content calculation and weblo-
gos (2.8.1, 2.8)

Data Deposition

All raw read data of this study has been deposited at European Nucleotide Archive
(ENA), accession no. PRJEB38766.
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4.3 Results

4.3.1 Ptiwi Phylogeny and Localization

The evolutionary relationship of the 15 Paramecium Ptiwi proteins to other proteins
of the Argonaute clade is shown in Figure 4.1A. The phylogenetic tree shows the sep-
aration of Argonaute proteins into two subclades: the Ago subclade based on Homo
sapiens Ago1 and the Piwi subclade based on Drosophila melanogaster Piwi. The tree
reveals a clustering of Paramecium Ptiwi proteins with the metazoan Piwis (green),
which are separated from Agos (yellow). Piwi proteins of another ciliate, Tetrahy-
mena thermophila, show the same clustering, which fits the description of Tetrahymena
thermophila having only Piwis but no Agos, just like Paramecium (Seto, Kingston, and
Lau, 2007).
The two Ptiwis involved in transgene-induced silencing, Ptiwi 13 and 14, do not
show a close relationship and therefore do not appear to be a result of one of the
whole genome duplication. Ptiwi 14 has one ohnolog, Ptiwi 08, which is expressed
during development. Both Ptiwi 13 and 14 were analyzed for their catalytic do-
mains. The catalytic DEDH tetrad of the PIWI domain responsible for slicer activity
on the targeted mRNA was identified (Figure B.1), as well as key residues of the
PAZ and MID domain (Nakanishi et al., 2013; Bouhouche et al., 2011). Unlike, for
example, Ptiwi 01/09, which show an up-regulation during the developmental pro-
cess that involves sRNA biogenesis and shuttling, Ptiwi 13 and Ptiwi 14 do not show
such alterations in gene expression. Although hidden by extreme up-regulation of
other genes in Figure 4.1B, both Ptiwis show vegetative expression and these levels
are not altered in development.
Among species, Piwi proteins have been described for their ability to shuttle be-
tween the nucleus and the cytoplasm depending on the specialized function, and
Ptiwis that act in genome rearrangements are likely to shuttle between different nu-
clei. Antibodies specifically directed against each of the Ptiwis were produced and
applied in immunofluorescence staining, specificity was verified by competition as-
says and western blots (Figure B.3A,B,D). Subsequently, Paramecium cells were in-
jected with fusion constructs carrying Ptiwi 13-FLAG or Ptiwi 14-FLAG transgenes
to clarify the location, and then stable transgenic lines were forwarded to immuno-
precipitation (IP).
Ptiwi 13 showed a cytosolic localization for each approach, using the custom anti-
body specific to Ptiwi or the FLAG antibody. Several structures could be observed in
the cytoplasm, probably due to artifacts of the fixation and binding of proteins to the
ER. Ptiwi 13 could also be detected in the MAC by the specific antibody, although
to a lesser extent (20% of cells; Figure B.3C), which was also seen in western blots
using protein from MAC enriched fractions (Figure B.3D).
Ptiwi 14 localized in the MAC but still emits a faint cytoplasmic signal, which is fos-
tered by a specific Ptiwi 14 signal in the MAC fraction in western blots (Figure B.3).
Since injection of FLAG-fusion constructs induces the over-expression of the respec-
tive Ptiwi protein (being under the control of the Paramecium endogenous calmodulin-
promoter directing high gene expression), signals must be compared between cus-
tom, specific antibody signals applied to uninjected cell lines and the anti-FLAG
signals from overexpression cell lines. Indeed, there were slight differences in local-
ization patterns, but in total, overexpression of both proteins did not interfere with
cell division rates (not shown) and localization signals (compared to Figure B.3C).
Thus, FLAG-fusion transgenes were used for IP experiments described in the fol-
lowing sections.
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Figure 4.1 (A) Phylogenetic tree of Paramecium tetraurelia Ptiwi proteins (blue) in relation
to Piwis (Twi) of Tetrahymena thermophila(red) and metazoan Piwis (green) and Agos (yel-
low). Support values are given at nodes. (B) Expression values for all 15 Ptiwis at differ-
ent time points in Paramecium development. Data is taken from an autogamy timecourse
performed by (Arnaiz et al., 2017; Arnaiz, Meyer, and Sperling, 2020). VEG-vegetative,
MEI-micronuclear meiosis, FRG-fragmented MAC, DEV1-4-Development of Anlagen. (C)
Localisation of Ptiwi proteins in vegetative Paramecium cells injected with Ptiwi 13-FLAG
(top) or Ptiwi 14-FLAG (bottom). Cells were analyzed by immunofluorescence staining
using custom anti-Ptiwi 13 or anti-Ptiwi 14 antibodies labeled with secondary Alexa594-
conjugated antibody (red). Cells were additionally stained with anti-FLAG antibody.
Other panels show DAPI (in blue), brightfield, and overlay of DAPI and Alexa594 sig-
nal with white asterisk indicating MAC position. Representative overlays of Z-stacks are
shown. Scale bar is 10 µm and exposure is 2 s. (Table) Results of the localization predic-
tion using the ngLOC method. Figure adapted from Drews et al., 2021.

Localization was also predicted in silcio from amino acid sequences using the ngLOC
method (King et al., 2012) that predicted a cytosolic localization for Ptiwi 13 and a
nuclear localization for Ptiwi 14 in addition to a multi-localization confidence score
for both Ptiwis, with the probability for Ptiwi 13 shuttling between compartments
being slightly higher. From these results, Ptiwis appear to have different subcellular
localization preferences, although showing some appearance in the other respective
compartment, Ptiwi 14 in the MAC and Ptiwi 13 in the cytosol.
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4.3.2 sRNA Loading Preferences

Ptiwi-FLAG-transgenes were each injected into transgenic cells harboring the pTI-
/- transgene. This transgene contains a truncated version of the endogenous ND169
gene, which consequently causes the silencing of the endogenous locus by an RNAi-
dependent mechanism (Marker et al., 2010). Furthermore, a GFP-marker is intro-
duced under the control of the same bidirectional promoter as the truncated ND169
gene, allowing for the rapid screening of transgenic cell lines by the fluorescence
signal.

Figure 4.2 (A) Experimental setup. A single cell was injected with the pTI-/- transgene.
Once a stable line was established (green), cells were injected with Ptiwi 13/14-FLAG
fusion constructs. RNA was isolated from only pTI-/- injected lines (Transgene/WT),
overexpression lines prior to IP, and after specific pull-downs. (B) Read length distribution
of total reads from Ptiwi IPs after adapter and quality trimming. Three IP samples each
were analyzed. (C) Relative enrichment of RNA reads from Ptiwi IPs as in B mapping
to different categories of templates. The enrichment was calculated in reference to each
individual Ptiwi overexpressing line. * p-value <0.005. Figure adapted from Drews et al.,
2021.

Figure 4.2A shows the experimental approach of the presented study. To verify spe-
cific pull-downs of FLAG-fusion Ptiwi proteins, lysates, and pulldowns were ana-
lyzed by western blots, decorating the membranes with anti-FLAG antibody. For
all IP approaches, specific bands were detected (Figure B.3E). The IP procedure al-
lows the isolation of Ptiwi-bound small RNAs which were prepared for small RNA
sequencing in triplicates.
Knowing that piRNA and also siRNA in plants carry a special modification at their
3’ end (3’ 2’-O-methylation), particular importance was placed on the detection of
this modification: aliquots of small RNA isolates from IPs were treated with perio-
date, followed by a β-elimination resulting in a 3’ phosphate on unmodified sRNA,
hindering the inclusion in the sRNA library preparation protocol for subsequent se-
quencing. Otherwise, if sRNAs carry a 3’ 2’-O-methyl group, they are resistant to
periodate treatment and can enter the sequencing procedure.
To gain insight into the overall composition of Ptiwi-bound sRNAs, their length dis-
tribution was analyzed after read preprocessing, including quality and adapter trim-
ming. Figure 4.2B shows that sRNAs, pulled down in both Ptiwi IPs, have a predom-
inant length of 23nt (Figure 4.2B), which is the known siRNA length in Paramecium
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(Götz et al., 2016; Karunanithi et al., 2019; Karunanithi et al., 2020). To find differ-
ences in loading preferences, Ptiwi IP reads were mapped against several different
templates mimicking the availability of a mixed RNA template pool (Figure 4.2C).
The number of mapped reads for each IP was quantified in relation to the abundance
of mapping reads obtained from Ptiwi overexpression lines without enrichment by
IP. Those sRNAs represent the overall appearance of sRNAs in Ptiwi transgene lines,
whereas Ptiwi IPs should show enrichment or loss of sRNA classes, which is visual-
ized by fold changes in Figure 4.2C.
Obviously, Ptiwi 13 enriches a broad spectrum of RNAs from different origins, such
as rRNA and snRNA and, more specifically, Ptiwi 13 enriches for sRNAs from ex-
ogenous templates such as mitochondrial RNAs and RNA from food bacteria.
Ptiwi 14, on the contrary, shows an enrichment for sRNAs from MAC protein-coding
genes and a set of sRNAs produced from distinct loci in Paramecium (small RNA
cluster, SRC (Karunanithi et al., 2019)). sRNAs from other RNA templates are quite
underrepresented in Ptiwi 14 IPs.

4.3.3 Transgene-Induced Silencing: Loading of 1° and 2° siRNAs

After describing the overall binding preference of endo- and exogenous templates,
it was now essential to study the role of each Ptiwi in transgene-induced silencing,
first described by Bouhouche et al., 2011.
The structure of the transgene described above is shown in Figure 4.3 below the
endogenous ND169 locus, which becomes silenced at the chromatin level upon in-
jection of the truncated ND169 transgene. Endogenous ND169 is not involved in any
RNAi mechanism but serves as a reporter gene due to its function in the final step
of trichocyst discharge: silencing hinders trichocyst extrusion, which can be exam-
ined by stimulating cells with acid, and non-discharge serves as a quick control for
successful induction of silencing (Froissard et al., n.d.).
The truncated transgene was modified since its first description by Marker et al.,
2010, and now contains two deletions: one at the 5’ coding region (ND-1) and one at
the 3’ coding region including the downstream UTR (ND-2). The truncated gene still
contains five introns (Götz et al., 2016). The design of the transgene, having deleted
regions, allowed the detection of not only primary (1°) siRNAs, but also secondary
(2°) siRNAs. In a wildtype cell line, the ND169 locus does not produce any sRNAs,
so sRNAs mapping to deleted regions must appear in transgene-induced silencing
manner. This would be the production of 2° siRNAs by transitivity of 1° siRNAs
attacking the endogenous ND169 locus, probably by targeting a nascent transcript.
Therefore, sRNAs mapping to the ND-1 and ND-2 loci are termed 2° siRNAs in the
following.
Conversely, regions existing in the endogenous gene and the transgene, called ND-
gene, can be assigned with 1° and 2° siRNAs that cannot be dissected from each
other. However, due to the overall low abundance of 2° siRNAs (ten times less than
1◦ (Götz et al., 2016)), the NDgene region shows predominately 1◦ siRNA accumu-
lation.
Having a look at the ND169 locus simply by aligning reads to all loci, it becomes
evident that both Ptiwis load siRNAs originating from all loci, so 1◦ and 2◦ siRNAs
(Figure 4.3C). Figure 4.3D shows only reads mapping to the the ND-1 region as rep-
resentative for 2° siRNA producing loci, since ND-2 mapping reads were low abun-
dant. Those sRNAs are predominant in length, showing a distinct size peak of 23nt
for both 1° and 2° siRNAs. When again comparing the loading preferences among
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Figure 4.3 (A) Scheme of the truncated transgene is shown below the endogenous ND169
locus. Introns are numbered and brackets symbolize specific junctions. Regions are not
part of the transgene (ND-1 and ND-2) are shaded. (B) Patterns of siRNAs mapped to the
endogenous ND169 locus are shown as coverage tracks with prior separation of siRNAs
by their direction (sense/antisense). Regions accounting for 1° siRNAs (NDgene, yellow)
and 2° siRNAs (ND-1 and ND-2, grey) were highlighted. Coverage track shows data
for one replicate each in log scale with numbers on the right indicating untransformed
sense and antisense coverage. (C) Read length distribution as in Figure 4.2B but for 1°
siRNAs and 2° siRNAs from Ptiwi IPs and total RNA from pTI-/- injected cells mapping
to the NDgene locus and (D) the ND-1 locus (E) Relative enrichment of RNA reads from
Ptiwi IPs mapping to different regions of the transgene. Enrichment was calculated as in
Figure 4.2C. * p-value <0.005. Figure taken from Drews et al., 2021.

both Ptiwi IPs, taking into account the overall abundance of sRNA from overexpres-
sion, it becomes obvious that Ptiwi 14 loads more 2° siRNAs (Figure 4.3E). Since
these arise from the endogenous locus, it is tempting to speculate that these 2° siR-
NAs arise from a nascent transcript in the MAC and are subsequently loaded by
Ptiwi 14.

sRNA Loading Preferences I: Strandedness

The specific loading preference for 23nt sRNAs becomes even more obvious when
one looks at the ratio of all available sRNAs that could be loaded (total RNA) and
the actual loaded ones (Figure 4.4A). For several RNAs, such as those from food bac-
teria, mitochondria, or rRNA, Ptiwis specifically select the 23nt RNAs from a pool
of sRNA, which seem to be produced by different mechanisms. For example, mito-
chondrial mapping sRNAs comprise ≈30% 23nt sRNAs in the total RNA fraction,
while in Ptiwi 13 and 14 IPs, almost 70% of the loaded mitochondrial mapping RNAs
are 23nt long, arguing for a size selection mechanism. Transgene-associated RNAs,
in contrast, appear to be of precise length, even in the total RNA sample, suggesting
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that these RNAs were already generated in a more precise manner prior to Ptiwi
loading.

Figure 4.4 (A) Number of 23nt reads mapping to each indicated
genomic feature and transgene regions were related to the total
number of reads of other sizes. Proportions were calculated for
the mean of Ptiwi IPs and RNA from pTI-/- injected cells serving
as control (total RNA). (B) Average antisense ratio of reads from
Ptiwi IPs triplicates. (C) Average antisense ratio of small RNAs
from duplicate pTI-/- transgene samples (total RNA, untreated)
and the small RNAs from the same samples treated with sodium
periodate (+NaIO4). Figure taken from Drews et al., 2021.

Not only length of the
sRiNA but also direc-
tionality (sense/ anti-
sense) and the 3’ end
modification can be an
indicator for mecha-
nism of siRNA biogen-
esis and preferences
of each Ptiwi protein.
The antisense ratio of
transgene-associated siR-
NAs is greater than
0.96; therefore, Ptiwis
load predominantly an-
tisense siRNAs (Fig-
ure 4.4B) which was al-
ready suggested from
coverage plots (Figure 4.3).
Additionally, those RNAs
must carry a 3’ modi-
fication as it could be
concluded from perio-
date treatment: the an-
tisense ratio was not
altered upon periodate
treatment, indicating that
antisense siRNAs are
resistant and thus carry
a 3’ 2’-O-methylation (Figure 4.4C). To be more precise, antisense ratio even raised
upon periodate treatment, indicating that few sense RNAs are not modified, arguing
against the occurrence of dsRNA methylation at both strands as it is described for
plants.

sRNA Loading Preferences II: Nucleotide Composition

It has been well described that Argonaute proteins themselves have sequence pref-
erences for sRNA loading, e.g. for Piwi in Drosophila or Ago1 in Araidopsis. More-
over, it has been observed for Paramecium that Dicer enzymes have sequence cleav-
age preference, introducing sRNA signatures prior to Ptiwi-loading (Sandoval et al.,
2014).
Based on this knowledge, sequence logos for 23nt antisense transgene-associated
siRNAs (being the most abundant ones) were analyzed, which revealed a 5’ uridine
(5’ U) preference for 1° and 2° siRNAs in the total RNA fraction (Figure 4.5A) as well
as for the Ptiwi-bound sRNAs (Figure 4.5B and Figure B.4). Comparison of logos
between both Ptiwis reveals a 5’ U preference that is remarkably seen for Ptiwi 14
IPed RNAs.
Sequence logos themselves could give an idea of the Ptiwi-bound siRNAs biogenesis
mechanism (Figure 4.5C). If Dicer would be involved, a 5’ U preference should result
in an A preference at position 21 in the opposite strand. This is not seen in the logos
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Figure 4.5 (A) Sequence logos of 23nt antisense reads from pTI-/- injected cell lines (total
RNA) mapping to transgene regions. Logos were created for either all sequences or the
ones without 5’-U. (B) Sequence logos of 23nt antisense reads from Ptiwi IPs. (C) Cartoon
of sRNA logos and overlap signatures to be expected from each of the different sRNA
biogenesis mechanisms. (D) Overlaps of small RNAs from 17 to 25nt of untreated, total
RNA and the same small RNAs treated with sodium periodate (+NaIO4) were calculated.
Y-axis shows numbers of predicted pairs of the respective size. Postive Z-scores (orange)
indicate high probability of overlapping-pair formation.

of Ptiwi-bound siRNAs. The same holds true for a ping-pong signature: for the
amplification mechanism, piRNAs show an A preference at position 10 in non-5’-U
reads, which cannot be detected as well.
Since sequence logos did not reveal the biogenesis mechanism of siRNAs, reads were
analyzed for their overlapping pattern, expecting 10nt or 21nt overlaps as displayed
in (Figure 4.5C). Overlapping pairs prediction (Figure 4.5D) displays a slight peak
of reads that overlap by 21nt. This resembles 23nt reads overlapping with 3’ 2nt
overhangs, which is well described for Dicer generated siRNAs (Ma, Ye, and Patel,
2004) (Figure 4.5C). The overlap is not as pronounced as in siRNA duplex analysis
from Drosophila RNA (Antoniewski, 2014) since Ptiwis load only one strand (Fig-
ure 4.4) while the passenger strand is degraded, resulting in a number of reduced of
overlapping pairs.
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Strand-specific selection is again documented in Figure 4.5 D (right), showing that
for periodate-treated siRNAs, overlapping pairs of 21nt could not be significantly
predicted, leading to the conclusion that mainly antisense siRNAs are methylated,
and the siRNA mate is lost. Furthermore, those siRNAs also show a 5’ U preference,
suggesting that methylation and sequence preference cooccur on the same molecule
(Figure B.5).

sRNA Loading Preferences III: U-Content

The sequence logos revealed not only a 5’ U preference but an overall high uridine
content of bound siRNAs (Figure 4.5). To examine whether this preference is due
to the template sequence itself or selective loading of siRNAs, all siRNAs map-
ping to the transgene and endogenous ND169 locus were analyzed. Although most
stretches of the ND169 locus show an antisense preference, the proximal region of
the promoter (ND-5) shows divergent patterns (Figure 4.6A): the ratio of sense to
antisense siRNAs is almost 50:50. In particular, this region offers a higher uridine
content in the sense strand (Figure 4.6B) which is also seen in Ptiwi-bound sRNAs:
when comparing the U-content of in silico diced ND regions to the U-content of total
RNA and Ptiwi-bound RNAs mapping each loci, it becomes apparent that the sense
bias of the promoter proximal ND-5 region correlates with the enrichment of U-rich
sRNAs, mainly introduced by Ptiwi 14 selective loading (Figure 4.6C).
For all other regions, the U-content of the more abundant antisense 1° and 2° siRNAs
is higher than that of sense siRNAs and especially, the U-content of Ptiwi IPed RNAs
is higher than for in silico diced sRNAs. Thus, Ptiwi 13 and Ptiwi 14 strand selection
seems to include a general preference for U-rich sRNAs.

Figure 4.6 (A) Simplistic coverage track (50nt windows) of total sense/antisense reads
from pTI-/- injected cells mapping to the ND169 locus. (B) Adenine and uridine percent-
age of the sense RNA transcript from each region. (C) U-content of reads from Ptiwi IPs
with violin density representing number of reads. In silico data is generated by count-
ing U-content of all possibly generated 23mers of the DNA sequence. Figure taken from
Drews et al., 2021.

4.3.4 Ptiwis Load sRNAs from Endogenous sRNA Producing Clusters

The data presented in the previous section indicate that Ptiwis are involved in the
loading of siRNAs associated with transgenes with specific preferences, revealing
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Figure 4.7 (A) Overlaps of endogenous 17-25nt sRNAs isolated from wildtype RNA, cal-
culated as in Figure 4.5D. (B) Venn diagrams of sRNAs mapping to SRCs (small RNA
clusters) found in Ptiwi IPs. Numbers indicated amount of SRCs detected and the pro-
portion of each fraction of the total found SRCs. Sonified (S) and dounced (D) correspond
to sample preparation technique. (C) Coverage tracks of Ptiwi-bound sRNAs mapping to
endogenous loci (surface antigen 51A, cluster22 and SRC 204; data not normalized). (D)
23nt reads from Ptiwi IPs were mapped to SRCS and U-content of each read was counted.
Data was filtered for the top 23 SRCS with the highest antisense ratio and a minimum of
5,000 mapping reads. Mean of median U-content of antisense reads in ratio to U-content
of sense reads is plotted on y-axis while x-axis shows the antisense ratio of read count.
Deviation in ratio of U-content for three IP replicates is represented by error bars.

some divergence between both examined Ptiwis. Since Ptiwi 13 and 14 are expressed
during Paramecium vegetative growth irrespective of a transgene background, it was
worth examining their role in the Paramecium endogenous siRNA biogenesis path-
way. siRNAs originating from distinct loci recently described in the Paramecium
genome (Karunanithi et al., 2019) show a read length preference of 23nt and a pre-
dominant overlap of 21nt (Figure 4.7A), which is comparable to the investigated
transgene-associated sRNAs, again indicating a Dicer-dependent biogenesis path-
way.
For the 2,602 SCRs, most can also be identified in IPs of Ptiwi 13 and 14 (Figure 4.7B,C);
strikingly, the majority of them (> 90%) are loaded in both Ptiwis, independently of
the sample preparation procedure. Ptiwis do not only load sRNAs from described
clusters, but also from surface antigen genes that produce sRNAs in a manner not
yet fully understood and, from a large cluster on scaffold 22 (cluster22), which lies
between two convergent genes and produces a high amount of sRNAs, which were
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also identified in both IPs (Figure 4.7C). In terms of SRC derived sRNAs, the Ptiwi-
loaded ones which have high antisense ratios, also show a higher U-content in anti-
sense reads. This is seen by computing the U-content of the antisense reads and cor-
relating it with the overall antisense ratio of at least 5,000 reads from specific SRCs
(Figure 4.7D). This again leads to the hypothesis of loading preferences of Ptiwis for
uridine-rich sRNAs, as it was already shown for transgene-associated siRNAs.

Figure 4.8 (A) Protein-coding genes were classified by their ex-
pression from low to high (0,Q1-Q5) and accumulation of 23nt
sRNAs was calculated for all genes in each expression group. sR-
NAs from wildtype and both Ptiwi IPs were analyzed amongst
triplicates. (B) Genes associated with SRCs (GSRCs) were ana-
lyzed according to their mRNA expression level (black bars) and
the antisense ration of small RNAs mapping to the correspond-
ing SRC located in the respective gene (squares/triangles) Only
those GSRCs were analyzed, which could be assigned to 100% to
one SRC. SRCS had to raise at least 2,000 100% mapping reads of
23nt length and which were shared among all four samples. Be-
low chromatin states allocated to each SRC are indicated (chap-
ter 3, Figure 3.6)

sRNAs originating from
endogenous loci in genes
are loaded by both Pti-
wis which seems to
be irrespective of the
gene expression level.
Genes in all quantiles
classified from low to
high expression pro-
duce small RNAs (Fig-
ure 4.8) (Input), and
highly expressed genes
are associated with more
sRNAs. However, sR-
NAs from all expres-
sion groups are loaded
into both Ptiwis, even
those from silent genes
seem to be enriched. A
clear function of these
sRNAs cannot be de-
fined, since the precise
read alignment proce-
dure only allows anal-
yses of sRNAs that
act on the respective
gene/mRNA (in cis),
while it is known that
sRNAs are certain to
also act on divergent
RNA templates (in trans)
- templates which could
not be identified in this
study.
A rather simple ap-
proach to identify the
role of Ptiwi-bound sR-
NAs is summarized in
Figure 4.8B: Genes with
one SRC (GSRCs) were
ranked by their expres-
sion and the antisense
ration of sRNAs map-

ping to each SRC were plotted aside. The accumulation of antisense, Ptiwi-bound
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siRNAs in GSRCs with low expression (most right side of the plot) could be an indi-
cator for a classical siRNA-mediated silencing mechanism. Nevertheless, this does
not seem to be the exclusive function of antisense siRNAs, since also high expressed
GSRCs are associated with high amounts of antisense siRNAs.
Furthermore, the chromatin states at each SRC were analyzed, gathering data on
vegetative wildtype MAC chromatin described in chapter 3. Although it cannot be
withdrawn that Ptiwi overexpression due to the experimental IP approach led to
changes on the chromatin level, the analyzes could give a preliminary insight in
sRNA appearance in clusters associated with chromatin states at the endogenous
level apart from the transgene-induced silencing model. SRCs in silent genes (right
side of the plot) are associated with Ptiwi-bound antisense siRNAs and the chro-
matin state 4, which is almost devoid of any epigenetic mark and associated with
low gene expression along the MAC epigenome. This observation has to be consid-
ered as provisional, since only a small, highly filtered set of GSRCs was investigated.
Additionally, SRCS have to be analyzed in the chromatin state of the whole GSRC:
do these sites specifically recruit marks in GSRCs or is the whole GSRC already cov-
ered with activating histone marks? Based on MNase data it can be suggested, that
gene bodies show low epigenetic signals and SRCS could be clusters for attraction
of nucleosomes and histone modifications. For example, the SRC in the highest ex-
pressed GSRC (C745, most left side of Figure 4.8B) lies in the middle of a gene, argu-
ing against the SRC association to state 2 and 3 simply due to its location at the TSS
and association with the +1 nucleosome.

4.4 Discussion

The aim of the presented study was to answer why two of the 15 Paramecium Ptiwi
proteins are involved in transgene-induced silencing, ending with the unexpected
finding that both Ptiwis also load sRNA from Paramecium endogenous sRNA pro-
ducing clusters apart from transgene-induced silencing. Thus, transgene-induced
silencing and endogenous sRNA accumulation seem to share some genetic require-
ments, making the transgene system a suitable model to study endogenous sRNA
accumulation. Moreover, transgene-mediated silencing by which additional copies
of a gene cause silencing of all endogenous homologous loci is not yet fully under-
stood in many species, including Paramecium. The study of two involved proteins
was supposed to shed light on the molecular mechanism.

Biochemical Properties of Ptiwi-bound sRNAs

From the classical separation of Ptiwis from Agos, by selecting and processing ssR-
NAs from long templates by trimming rather than selecting strands from small RNA
duplexes, and knowing that Paramecium does not harbor Agos but Ptiwis, a prefer-
ence for sRNA loading similar to that of Piwi proteins was expected. Moreover, both
investigated Ptiwis should be able to generate their own sRNA products since both
have the catalytic tetrade necessary for RNA cleavage.
However, 1° transgene-associated siRNAs have been shown to be mainly depen-
dent on previous Dicer cuts (Götz et al., 2016), ruling out a ping-pong-like sRNA
biogenesis pathway involving both Ptiwis. This was fostered by an overlap of 21nt
in bulk sequencing of transgene-associated siRNAs, probably resulting from Dicer
cuts, and a missing internal A-preference in Ptiwi-IPed siRNAs, which could have
been expected from classical PIWI-bound sRNAs.



4.4. Discussion 109

Hence, although the ping-pong cycle in Drosophila involves different PIWIs, which
would argue for the involvement of two Ptiwi proteins, this does not hold true for
the examined TG-mechanism in Paramecium. In contrast, Ptiwis load strands from
Dicer products rather than contribute to a ping-pong like sRNA amplification mech-
anism, thereby exposing a non-canonical function of Ptiwis.
The functionality of sorting primary and secondary RNAs into different Ptiwis is
ruled out by the presented data as well since both Ptiwis load 1° and 2° siRNAs.
From these results, it seems like both Ptiwis act somewhat redundantly.

The argument of redundancy could be emphasized by several observations on Ptiwi-
bound siRNAs: Both Ptiwis load sRNA from endo- and exogenous templates as well
as 1° and 2° transgene-associated siRNAs, have sequence preferences for 23nt anti-
sense siRNAs and show a slight 5’ U preference. But paying attention to differences
in those categories, it can be assumed that each Ptiwi has specific preferences.
Especially, localization studies by western blots and immunofluorescence staining
attribute both Ptiwis to shuttling between cytoplasm and nucleus while Ptiwi 14
being more prone to enter the MAC. Shuttling for Argonaute proteins is not uncom-
mon and is described, for example, for plant AGO4, which loads siRNAs in the cy-
toplasm and shuttles to the nucleus. Although localization signals from immunoflu-
orescence stainings are not strong for both Ptiwis, the shuttling and localization is
additionally fostered by in-slico predictions. It has been shown in 2016 by Götz et al.,
that transgene-induced silencing involves changes on the chromatin level at the en-
dogenous locus and silencing-signals must be transmitted to the nucleus, probably
by shuttling of Ptiwi-siRNA complexes between cell compartments. However, direct
evidence for Ptiwi 13/14 associated guidance of sRNAs and induction of chromatin
changes, as could be shown from cross-linking studies in yeast and plants, where
Ago interacts directly with nascent transcripts in the nucleus (e.g. (Wierzbicki et al.,
2009)), is still missing in Paramecium.

Apart from differences in localization prediction, Ptiwi 14 furthermore shows stronger
5’ U preferences for loaded siRNAs and loads more 2° siRNAs than Ptiwi 13, which
in turn preferentially binds more sRNAs from exogenous templates. Given that
Ptiwi 13 is involved in the feeding-pathway in Paramecium, its preference for load-
ing exogenous RNAs fits quite well. In fact, loading preferences and selectivity for
sRNAs from Dicer products have already been described for Ptiwis being involved
in genome rearrangements, selecting scanRNAs or iesRNAs from Dcl2/3 and Dcl5
products. Here, different Ptiwis are involved (Ptiwi 01/09 and Ptiwi 10/11) as ies-
and scanRNAs are generated in a different manner. Sequence preferences such as 5’
UNG signature for iesRNAs are generated by Dicers rather than by the individual
Ptiwis strand selection.

Transgene-Induced Silencing and Endogenous siRNA Accumulation Show
Similar Characteristics

In comparison to developmental sRNAs, 23nt transgene-associated RNAs carry a
3’ 2’-O-methylation, which has not been studied for Paramecium’s scan-/iesRNAs
yet. This modification is found in various sRNA species, differing among pathways,
probably protecting sRNAs from exonucleases and regulating the sRNA binding-
affinity to different Ago/Piwi proteins (Farazi, Juranek, and Tuschl, 2008): In flies,
single-stranded piRNAs as well as siRNAs are modified at their 3’ end and so are
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miRNA and siRNA duplexes in plants, while miRNAs in flies are not modified (Hor-
wich et al., 2007). The modification is introduced by the methyltransferase Hen1,
first identified in Arabidopsis (Yu et al., 2005) and Hen1 homologs were also identi-
fied Paramecium (Marker et al., 2010) and Tetrahymena (Kurth and Mochizuki, 2009).
The introduction of the 3’ methyl group seems to contribute to selection of strands
by Ptiwi 13/14 in TG-induced silencing pathway. This strand selection is enforced
by a 5’ U preference and an overall higher U-content. Interestingly, Hen1 has been
localized in the Tetrahymena MAC during sexual development, although a vegeta-
tive MAC localization was not precluded. Therefore, Ptiwi 14 shuttling to the MAC
and interaction with Hen1 could be a feasible model for functional RISC assembly
in Paramecium (Kurth and Mochizuki, 2009).
Apart from the transgene-induced silencing pathway, the presented study revealed
that the two vegetatively expressed Ptiwis are also involved in the loading of sRNA
from Paramecium endogenous clusters. The role of these sRNAs is not fully under-
stood, since, on the global level, those siRNAs show no preferences or a link to tran-
scriptional repression. However, Ptiwis again selects antisense sRNAs from clusters
with higher U-content in their antisense DNA strand. Elucidating how Ptiwis act on
the chromatin level in vegetative growth is one of the upcoming challenges. From
GSRC analysis, silent loci with higher antisense siRNAs showed absence of epige-
netic marks. This analysis is reduced to an extreme level at the moment as only a
small subsets of GSRCs has been analyzed but one could think of antisense siRNAs
counteracting gene expression by hindering nucleosome assembly at gene bodies.
How exactly this siRNA trigger could be translated to the chromatin level cannot
be envisioned from the collected data, but aberrant transcripts from pausing Pol II
(chapter 3, Figure 3.7) can be prime candidates for siRNA attacks and the recruit-
ment of chromatin-modifying enzymes. Thereby they would hinder nucleosome
recruitment, which would be mechanistically different to CTGS in yeast.

In Tetrahymena, 27-30nt developmental scnRNAs carry a 3’ 2’-O-methylation which
is introduced by the methyltransferase Hen1 on ssRNA after Twi1-scanRNA load-
ing in the parental MAC (Kurth and Mochizuki, 2009). Endogenous 23-24nt sRNAs
from distinct clusters seem to be unmodified (Kurth and Mochizuki, 2009; Lee and
Collins, 2006; Couvillion et al., 2009), which also holds true for sRNAs associated
with the Paramecium vegetative cluster, as previously shown by siRNAs originating
from cluster 22 (Marker et al., 2010). Interestingly, constitutively expressed 23–24nt
siRNAs in Tetrahymena mapped to a small number of genomic loci show an overall
higher U-content and are Dicer-dependent (Couvillion et al., 2009). The function of
these siRNAs has not yet been identified, and further studies on this sRNA class are
missing, but at least for a subset of 23-24nt sRNAs, it has been shown, that they are
indeed 3’ methylated and loaded into Twi8, which localizes to the vegetative MAC.
Thus, these sRNA-Twi complexes could contribute to TGS (Couvillion et al., 2009).
More studies are needed to examine whether (i) the Paramecium Hen1 homolog is
responsible for methylation of Ptiwi 13/14 bound siRNAs, if (ii) this occurs in the
nucleus in interaction with Ptiwis, and if (iii) also SRCS are affected. It seems like
Ptiwi 13/14 act on the endogenous loci and transgene and in the same manner, with
slight 5’U preferences not as strong as in scanRNAs and no mutual-exclusively load-
ing of 1° and 2° siRNAs.

Strand selection in other species is controlled by not only 3’ modifications and 5’
nucleotide preferences, guiding the sorting of sRNAs into each Argonaute pathway,
but also by thermodynamics of binding and binding quality to the targeted mRNA.
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Todesco et al., 2010 showed that miRNA binding and regulation are impaired by
introducing mRNA mimics that impair perfect binding of the miRNA to mRNA
and consequently alter mRNA abundance. Number of hydrogen bonds at 5’ ends
influences which strand is loaded into RISC (Schwarz et al., 2003). Targeting of sense
mRNAs would then indeed bias for loading of antisense siRNAs, as it is seen in Ptiwi
IPs, and also infer with loading of sense siRNAs from the ND-5 region. However, the
higher uridine content in the sense strand should shift the preference towards sense
siRNA loading, resulting in a sense/antisense siRNA population from this region.

4.4.1 Outlook

Whole genome duplications in Paramecium resulted in a plethora of Ptiwi paralogs
that show subfunctionalization in different pathways during a Paramecium’s life cy-
cle. Ptiwis participate in processing of exogenous RNA, developmental genome
processing by shuttling different small RNA species, and - as shown by the pre-
sented study - contribute to transgene-induced silencing additionally to loading of
endogenous RNAs. Several mechanistic aspects, asking for complex biochemical ap-
proaches, need to be enlightened to understand the Ptiwi operation and coordinated
loading fully.
In terms of TG-induced silencing, the objective is to illuminate the interaction of
Ptiwi 13 and 14 with RNAi machinery proteins, specifically methyltransferase Hen1.
Ptiwi pull-down experiments with subsequent mass spectrometry analyses should
list interaction partners, expecting Ptiwi 14 to be associated with nuclear shuttling
proteins. By periodate treatment of Ptiwi-IPed RNAs, the biochemical modification
of 3’methylation could be shown, which could further extend to pull-downs in Hen1
knockdown background. The experiment would need to be performed vice versa to
verify interaction of partners.
Preferences for sRNA uridine composition could be verified by injection of trans-
genes with altered nucleotide sequences, e.g. higher or lower U-content. Seeing
whether U-rich sRNAs will be more preferentially loaded and lead to efficient silenc-
ing is of great future interest. The question of which sRNA properties prone them
to be loaded into Agos or Piwis is of future interest amongst various species, and
studies in Paramecium could contribute to understanding Argonaute protein loading
preferences.

Apart from TG-induced silencing, a characterization of endogenous small RNA pro-
ducing clusters and conditional changes in abundance and Ptiwi loading is of high
interest. Although shared among serotypes, some clusters show a serotype-specific
expression, allowing for differentiation by sRNA accumulation rather than by mRNA
expression. These clusters were identified using short stack that de-novo predicts
miRNAs by searching for RNA-folding and stem-loop structures. No miRNA clus-
ter haven been identified for the Paramecium genome. Nevertheless, it has been pos-
tulated in yeast that transcripts show backfolding to give rise to dsRNA hairpins
which can be processed by Dicer, resulting in accumulation of endogenous sRNAs,
thereby regulating stress responses and transcription termination. Such biosynthesis
mechanism for endogenously arising sRNAs has not been investigated for Parame-
cium loci until this day (Woolcock et al., 2012; Castel et al., 2014).
RNAs from the ≈2,600 cluster show a predominant length of 23nt with a slight an-
tisense preference but also accumulate sense siRNAs. ≈1,300 SRCS lie in protein-
coding genes (GSRCs), probably assigning endogenous sRNAs to an extent to gene
regulation. The sRNAs are predominately produced from mRNAs, cause no intron
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mapping sRNAs could be detected, ruling out a de-novo synthesis on a genomic
template. Thereby, a paradox can be observed: genes with high gene expression
show an accumulation of sRNAs, raising doubts on a silencing function of the small
RNAs on GSRCs. These observations were further promoted by Ptiwi-bound sRNAs
that are linked to high and low expressed genes (Figure 4.8). sRNAs from clusters
are dependent of both Rdr1 and Rdr2, and especially Rdr1 knockouts leads to mas-
sive transcriptome changes, even for other RNAi components such as Ptiwi 12, 13
and 14; thus RNAi components are linked to endogenous gene regulation. Further-
more, phased clusters are Rdrp dependent and show a higher gene expression upon
Rdrp slicing.

The function of these endogenous sRNAs remains to be uncovered, but few path-
ways have been shown to involve endogenous sRNAs: siRNAs control the number
of DNA copies in DNA replication in Oxytricha (Ciliates, Spirotrichea (Khurana et
al., 2018)) and, as already mentioned, RNAi components shape transcriptional re-
sponses to stress and further control transcription in parallel to replication by sRNAs
in yeast (Woolcock et al., 2012; Castel et al., 2014).
Such, if loss of endogenous (antisense) siRNAs would result in changes in chromatin
conformation upon transcriptome alterations or induce the latter ones consequently
demands for MNase- or ChIP-seq experiments from Ptiwi silencings. This will be
investigated in follow-up studies and give a broader insight in the function of en-
dogenous sRNAs.
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Controlled regulation of gene expression is the main contributor to an organism’s
ability to react to external stimuli, fluctuating environmental conditions, and op-
timal energy management. However, maintaining a robust and precise gene ex-
pression, uncoupled from external variability, is equally essential. Both processes,
gene plasticity and expression stability, are tightly regulated by core proteins of the
transcriptional machinery as well as epigenetic modulators, which control acces-
sibility to genes by reversible changes in the conformation of the chromatin. The
genetic toolbox of organisms to regulate gene expression differs among kingdoms,
with the unicellular ancestor of metazoans already having a rich repertoire of genes
that are required for cell signaling and transcriptional regulation. It is believed that
the cooption of ancestral genes into new functions was an essential mechanism in
the evolution of multicellularity and tissue differentiation. The latter processes in-
volve complex gene regulatory networks, receptor-ligand evolution, and epigenetic
memory (Sebé-Pedrós, Degnan, and Ruiz-Trillo, 2017).
Albeit multiple unicellular model organisms have been extensively studied in terms
of their gene regulatory machinery and serve as good models for a broad under-
standing of biological dogmas (e.g. the core set of the Pol II complex is highly
conserved from yeast to human (Spåhr et al., 2009)), differences in genome archi-
tecture and catalytic residues must result in divergent ways of gene expression reg-
ulation among species. Unicellular organisms such as ciliates show regulated gene
expression profiles in reaction to external stimuli. They harbor factors of guided
gene expression and a proportion of the repertoire of metazoans transcription fac-
tors in addition to epigenetic inheritance. Therefor, ciliates provide excellent models
to study the first glances of the complexity of early multicellular cell types and the
regulatory principles that orchestrate them, including transcription factors and chro-
matin dynamics (Sebé-Pedrós, Degnan, and Ruiz-Trillo, 2017; Drews, Boenigk, and
Simon, 2022). In particular, ciliates provide excellent models for studying epigenetic
landscapes, as they harbor a transcriptionally active nucleus and a silent germinal
nucleus in an isogenic background.
Paramecium tetraurelia is the favorite ciliated model organism of many researchers
around the world, focusing on understanding gene expression patterns in the Parame-
cium life cycle and epigenetic inheritance involving genome rearrangements and
RNAi components. Since the Paramecium MAC genome was fully sequenced in 2006
and gene annotations are consistently updated along with protein predictions, mul-
tiple transcription factors and chromatin regulators have recently been identified.
Although there are accumulating data on developmental programs, it is poorly un-
derstood how differential gene expression is realized at molecular levels in vege-
tative growth. Hence, the presented studies aimed to extend the understanding of
gene regulation in the vegetative nucleus, shedding light on transcriptional elon-
gation, Paramecium’s histone code, and vegetative RNAi components shaping the
epigenetic landscape.

5.1 Interaction of Epigenetic Key Players in a Crowded Nu-
cleus

The Paramecium MAC responsible for vegetative gene expression was analyzed in
terms of regulation of gene expression by epigenetic key players and cross-talk events
between each other. Having analyzed the genome characteristics of Paramecium
MAC in addition to the genome characteristics of other (multicellular) organisms,
it became clear that the gene organization and the high degree of coding density
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is significantly different from even closely related (compared to mammals) ciliates
such as Tetrahymena (Oligohymenophorea) (Table 1.1). Thus, the hardware for gene
expression machinery to work on is strongly different and should consequently call
for a divergent expression machinery.
In mammals, gene expression is tightly controlled by distal regulatory regions. These
regions, called enhancers, are bound by TFs and modified by histone modifications;
they often are located up to kilobases away from the gene they regulate and are in
intergenic or intronic regions, so they can control transcription by chromatin looping
(Shlyueva, Stampfel, and Stark, 2014). The human genome consists of ≈50% inter-
genic regions, and in the intragenic regions, the proportion of exons is low (≈12%).
Therefore, the human genome provides space for enhancers and other regulatory
regions, which have initially been thought to be junk DNA (Kenny et al., 2020). In
Paramecium, the highly condensed genome with small intergenic regions (≈30% of
the genome) and tiny introns (≈7%), a mechanism of distal gene regulation by en-
hancers cannot be envisioned (Table 1.1). In the yeast S. cerevisiae, having at least
shorter intergenic regions than H. sapiens and genome features more comparable to
P. tetraurelia, enhancer-like elements upstream of genes have been identified (John-
ston, 1987).
Nevertheless, paramecia can be grown under several different conditions, and such
gene regulation without long promoters or distal enhancers/silencers is feasible.
Proximal regulatory regions upstream of genes themselves provide platforms for
binding an assembly of the pre-initiation complex and establishment of activating
histone marks, further promoting transcriptional activation. In P. tetraurelia, a pro-
moter region 270bp upstream of the TSS has been described to be involved in mu-
tual exclusive gene expression of surface antigen genes, thus controlling differential
gene expression (Martin et al., 1994). Again, in humans, promoters can be as long
as ≈10kb, as investigated by TFIID binding (Kim et al., 2005). Furthermore, a re-
gion downstream of TSS also control differential surface antigen gene expression in
P. tetraurelia, but the mechanism is poorly understood (Leeck and Forney, 1996). Re-
cruiting the + 1 nucleosome to downstream regions might be a prime candidate for
regulation, as these nucleosomes have been shown to be mainly linked to high gene
expression (Figure 3.4).
In Paramecium, short intergenic regions that separate two genes still allow gene regu-
lation and, especially, the uncoupling of genes in close proximity. One would assume
that genes separated just by short intergenic/promoter regions cannot be regulated
independently, resembling an operon-like structure in prokaryotes. This structure is
not conserved in Paramecium, and even short promoters allow differential gene ex-
pression (Figure A.5). It is of high future interest how assembly of the transcription
pre-initiation complex is realized in the light of space and time: short bi-directional
promoters (SS, Figure 3.5) still need to allow for PIC assembly and blocking of spu-
rious transcription. Interestingly, non-coding promoter antisense RNAs (PAS) have
been shown to be regulated by chromatin remodeling, movement of the -1 nucle-
osome, and transcripts themselves contribute to Pol II promoter proximal pausing
release and transcript degradation (Yang, 2022). In the light of closely neighboring
nucleosomes, and a divergent Pol II pausing pattern, identification of long antisense
RNAs in bidirectional promoters in Paramecium total RNA-seq is of high future in-
terest.

Among ciliates, Paramecium tetraurelia is not the species with the compactest genome:
Halteria grandienella and Oxytrica trifallax have the most compact known genomes
(Zheng et al., 2021). In particularly, these ciliates have MAC genomes organized
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in nanochromosomes, meaning short chromosomes the size of a single gene. Gene
regulation in these ciliates is accompanied by chromosome copy number regulation,
where high copy numbers correlate with higher gene expression. It is tempting to
speculate that those raised copy numbers are used to produce more gene products,
a mechanism that is controlled by small RNAs. It is not clear to this day, what the
reason for this high coding density is, but one could speculate that these species
tend to have short, compact transcripts for protein-coding genes to optimize their
metabolism. Apart from sRNA participation, at least O. trifallax has been shown to
use well-positioned nucleosomes and DNA modifications to regulate gene expres-
sion, where N6-methyladenine(6mA) and nucleosome recruitment are linked to high
gene expression (Beh et al., 2019), which is indeed partially comparable to Parame-
cium’s gene expression regulation by chromatin factors.

In Paramecium, many genes are linked on one chromosome, such copy number de-
termination is likely not involved in gene dosage regulation since it would result in
regulation of many genes at the same time. However, transgenes injected into the
Paramecium MAC are maintained at their copy number level over vegetative fission
(Garnier et al., 2004; Götz et al., 2016). Hence, there probably exists a not yet un-
covered mechanism in Paramecium to control copy numbers. These listed examples
simply indicate, that ciliates invented different pathways to control differential gene
expression and thereby involve nucleosome positioning machinery.

As mentioned, the compact Paramecium genome demands transcriptional flexibil-
ity and regulation without space for long-distance interactions and enhancer-like
modes of gene activation. Thus, experimental approaches were emphasized on chro-
matin modifications and the characterization of RNAi components, since the epige-
netic regulators were determined to be involved in developmental genome process-
ing and likely also shape vegetative expression.

5.1.1 High Coding Hardware Is Unprotected

MNase- and ChIP-seq studies on vegetative MAC chromatin revealed that the nucle-
osomal organization of Paramecium’s highly condensed genome does not follow well
established textbook knowledge. The default state of the chromatin is open - more
precisely speaking, most parts of the genome are not protected by nucleosomes. In-
deed, expression is regulated by attracting nucleosomes to genes in conjunction with
histone modifications (Figure 3.4).
The open conformation of a genome, exposing bare nucleotides rather than wrap-
ping them in higher order chromatin structures, first of all seems contradictory. UV
radiation and other toxic traits cause severe damage such as DNA double-strand
breaks that cannot always be healed by the nuclear machinery and delay or impede
the cell cycle. This is of special relevance in cancer cells, cause most tumor types
show defects in DNA damage responses (Luijsterburg and Attikum, 2011). Chro-
matin protects from radiation and chemical agents (Takata et al., 2013) but also ac-
tivates chromatin remodeling and deposition of histone modifications, which are
crucial for the repair of DNA lesions. Interestingly, SWI ATPase remodelers are
inactivated in cancer cells, so they may function as tumor-suppressors in healthy
tissues. DNA lesions further promote the accumulation of KU complexes for non-
homologous end joining and DNA repair (Luijsterburg and Attikum, 2011). Parame-
cium possesses components of the NHEJ-machinery and theses components have
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been shown to be involved in development, when IES become excised from devel-
oping MAC chromosomes, which involves KU70/80 heterodimers that anchor Pig-
gyMAC transposase to ensure efficient coupling of DNA excision and DSB repair.
Paralogs of KU proteins are also vegetatively expressed and are likely to perform
DNA repair function, but little is known about how they act in the highly poly-
ploid MAC (Abello et al., 2020). It is tempting to speculate, that high polyploidy
allows tolerance of DNA damage in some sites of the ≈800 chromosome copies. In
Tetrahymena, proteins of the DNA repair machinery and transposon-like proteins act
together with chromatin binders (Shieh and Chalker, 2013), which illustrates that cil-
iates can serve as promising candidates to study DNA damage response in a clinical
context.

However, Paramecium does not need to rely on the highly accessible, exposed MAC
chromatin as genetic material, since the transcriptionally silent MIC serves as a ge-
netic backup. This nucleus is located mostly in a protective pocket close to the MAC
and possesses centromer-specific histone variants. Apart from this, there is no fur-
ther knowledge about MIC chromatin. Repressive histone marks such as H3K27me3
and H3K9me3 have been described as absent from MIC by some research groups
(Lhuillier-Akakpo et al., 2014), but the studies are based on immunofluorescence
stainings and are highly dependent on antibody specificity. Repressive marks ap-
pear to accumulate in sexual induction and MIC meiosis (Lhuillier-Akakpo et al.,
2014; Lhuillier-Akakpo et al., 2016) such that at least, Paramecium has the genetic
repertoire to protect its genome in the MIC by canonical heterochromatin. This is
crucial, since the MIC is full of transposable elements and their remnants which must
be repressed to avoid their insertion in distant sites and even genes. By immunofluo-
rescence stainings, at least in the presented study (chapter 3), both repressive marks
could be identified (data not shown).
Despite that, compared to studies on Tetrahymena MIC chromatin with nucleosome
phasing patterns but lower occupancy compared to MAC chromatin (Xiong et al.,
2016), the chromatin organization in the Paramecium MIC remains elusive. Since
Guérin et al., 2017 recently published a protocol on Paramecium MIC enrichment, it
is expected that accumulating data on the organization of MIC chromosomes will be
published soon. Nevertheless, chromatin-specific methods will need to be scaled to
low input amounts in the future to gain insight into nucleosome organization and
histone modifications in the MIC. Therefore, it is of high future interest to follow
dynamic chromatin patters upon MIC transcriptional activation at the beginning of
sexual development. Mechanisms of transposon and elimination of IES are well un-
derstood as dependent on chromatin remodeling, but how expression of relevant
key players takes place is poorly understood. Additionally, since the old MAC frag-
ments still show gene expression, the interplay of gene regulation in old and new
MACs must be tightly controlled. Elucidating this network is of great interest and
would benefit from a low input ChIP-/ATAC-seq approach from MIC/Anlagen ma-
terial.
From the study presented, MAC chromatin is the opposite to the textbook of DNA
being mainly covered by protective chromatin. Allowing for beneficial mutations or
deletions can be one mechanism to enhance offspring fitness. As a consequence of
high chromosome copy numbers and random segregation by amitosis of the MAC,
beneficial mutations can be assorted into daughter cells, thus allowing for selection
of a cell population with accumulating advantageous traits. This phenomenon is
most frequently observed in Tetrahymena: here, the polypolidy of ≈45n allows for
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quick phenotypic assortment, where different chromosomal variants become sepa-
rated by amitosis and give rise to daughter cells that can be homozygous for one
loci upon several divisions. Artificially induced deletions in some of the MAC chro-
mosomes have recently been shown to segregate into phenotypically wildtype and
mutant lines with increasing amitotic divisions: thus, phenotypic assortments may
also occur on chromosome variants in Paramecium (Nekrasova et al., 2019; Drews,
Boenigk, and Simon, 2022).

Why Paramecium opens up its MAC chromatin to this extreme level is not under-
stood to this day. Since the study covers the first description of the Paramecium
nucleosome landscape by MNase- and ChIP-seq, methodical limitations may have
contributed to the loss of information on the chromatin organization. In some Di-
noflaggelates, eukaryotes belonging to the Alveolata clade like Paramecium, DNA
is not wrapped around nucleosomes but rather lysine-rich proteins, although the
organisms have the genetic repertoire to express histone variants. Furthermore,
these organisms have a large amount of DNA in their nucleus and show mitosis
by attachment of a extra nuclear spindle apparatus, comparable to amitosis in Het-
erotrichia.The ratio of protein to DNA in Dinoflaggelata is not 1:1 as in other organ-
isms that wrap DNA around nucleosomes but more imbalanced to the side of higher
DNA content (Talbert and Henikoff, 2012). Further, the Dinoflaggelata genome size
is strongly correlated with nuclear volume and cell size, suggesting that selection
on cell size could influence genome size, which is seems to be an evolutionary se-
lection pressure driving Paramecium’s high copy number as well. In Paramecium,
the footprints of non-histone proteins have not been investigated, and additional in-
formation from other ciliates such as Tetrahymena is missing. Data is accumulating
on histone binders and chromatin remodelers, but if these ciliates additionally use
nonhistone proteins to pack the high amounts of DNA in their MACs or guide DNA
bending by e.g. HMG-1 as mammals do (Landsman and Bustin, 1993), is not known.
The MNase- and ChIP-seq protocol was applied with subsequent enrichment of
DNA fragments corresponding to the size of mononucleosomal DNA. Such, smaller
fragments protected by additional DNA binders likely got counter-selected by the
protocol. Combinatorial approaches in using ATCA-or DNase-seq to detect open
chromatin in context with nucleosome positions obtained by MNase digest could
add more resolution to the understanding of DNA storage in the MAC. In conclu-
sion of protocol adaption to investigate chromatin landscape, parameters such as fix-
ation time, temperature, fixative concentration have to be carefully considered and
adjusted to the biological aspect of TFs dynamics and nucleosome binding strength.
Even among cilates, patterns of nucleosome positing are quite divers, which can be a
consequence of different methodical approaches but probably also reflects the vary-
ing epigenetic repertoires of the investigated species.

Apart from DNA damages, another aspect of open and accessible chromatin must
be considered, which is spurious transcription. In A/T rich genomes, such as the
Paramecium genome, A/T stretches can infer nucleosome positing and thus can be
a determinant for transcription initiation. Consequently, the genes’ GC content is
higher compared to intergenic regions in Paramecium. The suppression of spuri-
ous transcription is regulated by chromatin remodelers such as ISWI, recruited by
H3K36me3 in yeast (Wade and Grainger, 2018; Smolle et al., 2012). In mouse em-
bryonic stem cells, CpG methylation in gene bodies prevents spurious transcription.
This DNA modification is not found in Paramecium, however, 6mA exist which is
located especially in the 5‘ region of gene bodies as it was shown for Tetrahymena
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as well. Nonetheless, how Paramecium prevents spurious transcription on the chro-
matin level in gene bodies is not known. One could think of a Pol II being less
possessive, thus nascent spurious transcripts can be detected early by the exosome.
AT the same time, the cells need to make sure that enough Pol II complex is avail-
able to express house keeping genes which would counterselect for multiple Pol II
complexes inefficently stalling along chromosomes. Understanding how spurious
transcription is prevented is of high future and clinical interest, since activation of
cryptic promoters is linked to carcinoma development. In this context, loss of DNA
methyltransferase 3 activity results in loss of gene body methylation, increasing Pol
II occupancy, transcripts of cryptic RNA and consequently altered proteomes. Vice
versa, in healthy tissues, Pol II recruits the introduction of H3K36me3 and CpG
methylation preventing spurious transcription (Neri et al., 2017).

5.1.2 Recruitment of Epigenetic Regulators to Genes Drive Expression

The presented studies show that nucleosome occupancy in genes is positively cor-
related to gene expression. The patterns of nucleosome positioning and occupancy
that influence gene expression in different organisms have already been discussed.
But the general dogma that nucleosome recruitment and higher occupancy are linked
to reduced transcription does not hold true in Paramecium.
The shown data reflect the current situation in the vegetative Paramecium MAC
under standard cultivation conditions. It is of high future interest to disturb the
steady-state level of transcription by altering environmental conditions, to truly un-
derstand how the epigenetic landscape changes to induce transcriptome alterations.
Cheaib et al., 2015 established a protocol for cold, heat shock, and starvation con-
ditions during Paramecium cultivation and described massive transcriptome alter-
ations involving differential expression of chromatin-modifying enzymes like his-
tone deacetylase isoforms and nuclear assembly proteins. By MNase- and ChIP-seq
approaches, it will be identified, how nucleosome occupancy on genes that become
up-or down-regulated changes and if these changes appear rapidly and are main-
tained over longer time periods or even when the initial trigger is removed. Prelim-
inary MNase data form cultures of serotype H, cultivated at 14°C, indicate that the
overall occupancy pattern among all genes is not globally altered. This experiment
fostered the results from MNase approaches with patters of -1 and +1 nucleosomes
and higher occupancy in high expressed genes, thus confirming robustness of the
technical approach. Additionally, when sorting for differentially expressed genes,
their nucleosome patterns were not drastically altered, indicating that adaption to
cold stress does not involve massive chromatin remodeling as a consequence. Nev-
ertheless, studies on histone modifications are missing, so that conclusion on PTMs
on histones cannot be drawn. In Oxytricha, in vivo fluctuations of 6mA in between
nucleosomes did not alter the nucleosome profile and density, which is why the au-
thors concluded, that nucleosome patterns must be regulated by cis factors which
in consequence also contribute to nucleosome positioning in Paramecium (Beh et al.,
2019).
Implication of chromatin conformation changes upon stress induction has been in-
vestigated in a case study in Tetrahymena, exploring nucleosome patterns upon star-
vation (Sheng et al., 2021). Thereby, the authors describe not only a more pro-
nounced phasing and occupancy pattern in genes being down-regulated upon star-
vation and but also detect an altered accumulating of 6mA in linker DNA. Both
epigenetic regulators - nucleosome positioning and DNA methylation - therefor
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contribute to transcriptome alterations. Thereby, the level of gene up- or down-
regulation positively correlates with levels of 6mA, thus 6mA contributes to gene
regulation upon starvation. Nevertheless, the signals are not black and white, since
down-regulated genes still show 6mA in linker DNA. Nucleosome positing is glob-
ally increased upon starvation, whereby reduced replication rates need to be taken
into account, resulting in less nucleosome perturbing.
The patterns of 6mA distribution and nucleosome positioning are divergent to Parame-
cium and Oxytricha, the latter showing fuzzy nucleosomes in down-regulated genes.
Still, in Paramecium and Oxytricha, 6mA is also located in linker DNA and shapes
nucleosome positioning (Beh et al., 2019; Hardy et al., 2021). Although patterns of
these epigenetic modulators are divergent among ciliates, it can be conclude that
they contribute to fine tuning in gene expression - even in unicellular organisms
(Sheng et al., 2021). Interestingly, the functions of 6mA are rather divergent even in
eukaryotes, as 6mA can be linked to gene activation and epigenetic silencing. Thus,
even more distantly related ciliates such as Blepahrisma (Heterotrichea) interestingly
use 5mC and 6mA while Stentor (Heterotrichea) uses only cytosine methylation to
shape gene expression (Wang et al., 2017).
The proportion of cis-acting DNA modifications varies amongst ciliate species and
little is known about the function of this modification (Wang et al., 2017). Apart from
DNA modifications, the sequence composition itself contributes to nucleosome po-
sitioning. In Tetrahymena, GC content contributes to positioning of nucleosomes - be-
ing highly positioned in the TSS - forming an array of downstream positioned nucle-
osomes and GC oscillations within Tetrahymena gene bodies contributing to spaced
nucleosomes (Beh et al., 2019). Equally to Paramecium MNase data, the authors de-
scribe labile nucleosomes in intergenic regions in Tetrahymena. Future research will
show, how distinct nucleosome positioning mechanisms operate in the context of
numerous other regulatory codes within the genome, including the maintenance of
transcription factor binding site, translational efficiency, mRNA splicing and higher
secondary structures or chromatin intermingling of ≈800 chromosome copies.
The nucleosome itself is the basic building block of chromatin and mainly con-
tributes to gene expression regulation (Kornberg and Lorch, 2020). Apart from being
a steric obstacle, the nucleosome shows modifications on histone tails orchestrating
gene expression. The presented study introduced a combinatorial approach to study
gene expression regulation for the first time in Paramecium. Approaches to under-
stand dynamic combinatorial patterns of epigenetic marks have been described in
mammals, especially integrating information of (partially) methylated domains, hi-
stone marks and RNA-seq data. The studies aid to differentiate among cell-type
specific epigenomes and transcriptional states (Salhab et al., 2018). Further studies
on well described histone modifications being implicated in transcriptional regula-
tion such as H3K27ac and H3K36me3 as well as H3K14ac will indeed shed light
on the epigenomic landscape of Paramecium, taking divergences in amino acid se-
quences into account. Just to list one example: amino acids surrounding the analo-
gous H3K79me epitope, thought to be involved in maintaining an open chromatin
conformation (Talbert and Henikoff, 2021b), are not conserved in Paramecium, mean-
ing that the occurrence of this mark cannot be elucidate by using custom antibodies
in ChIP-seq experiments. To be precise: the presented study did not focus on any
modifications on histone variants or the incorporation of those as it was investi-
gated in Stylonychia development(Postberg et al., 2018). Additionally, modification
at Histone H4 that are described to be crucial for chromatin folding and dosis com-
pensation in males (Talbert and Henikoff, 2021b) and have not been investigated.
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However, data of the combinatorial pattern (Figure 3.6) allow for preliminary in-
sights and future research needs to enlighten Paramecium’s histone code on a more
profound level.

5.1.3 Processivity of Polymerase II: Beyond the CTD

The listed key players of gene expression regulation investigated in the presented
studies, like nucleosome positioning, histone modifications and small RNA process-
ing, contribute to RNA Polymerase II recruitment and transcription initiation, elon-
gation and termination. Thereby, Pol II processivity and transition from pausing
to elongation is regulated by modification of amino acids in the heptad repeat of
the C-terminal domain. How this kind of phosphorylation pattern is established in
Parameicum’s highly divergent CTD domain is not understood to this date. Schüller
et al., 2016 and others argue, that Pol II CTD phosphorylation does not occur on all
heptad repeats in the CTD and still, Pol II is active. Effectors like the CDK9-kinase in
mammals, involved in CTD phosphorylation, were not investigated on the homol-
ogy level in Paramecium to this date. Such, how and when these kinases act on the
highly divergent heptad repeats is of high future interest. By coordinated digest of
Pol II CTD and mass spectrometry analysis, orchestrated heptad specific phospho-
sites could be investigated.
Comparing yeast and human CTD phosphorylation, the former show divergent pat-
terns, meaning, less Ser2 phosphorylation. This observation is probably based on
the lower amount of introns and the generally shorter genes, resulting in decreased
elongating of Pol II. It is therefore promising, to take Paramecium into account for
future studies, since this organism has such highly condensed genome and no hep-
tad repeat structure. In this context, the emerging field of nuclear condensates will
benefit form Paramecium as model organism: it is thought that Pol II, associated fac-
tors, and the DNA to be transcribed find each other in nuclear spheres (condensates)
and researches aim to understand, which nuclear properties contribute to the spa-
tial compartmentalization. Elucidating, how transcription domains form in a MAC
full of ≈800 chromosome copies in concordance with a divergent CTD will tell more
about the evolutionary conservation of transcriptional systems (Bhat, Honson, and
Guttman, 2021).
It has been shown, that polycomb silencing by the PRC1/PRC2 complex leads to
recruitment of an RNA endocnuclease when chromatin is not fully closed by repres-
sive histone marks. The endocnucleas cleaves nascent RNA and releases Pol II which
entered elongation thus RNA degradation seems to have also critucal functions in
heterochromatin mediated gene silencing (Zhou et al., 2022a). If such mechanisms
are present in Paramecium has not been analyzed yet but seems to be an interesting
molecular mechanism to investigate in future studies.

5.1.4 Small RNAs Shape Gene Expression

Apart from chromatin examinations, the presented studies also cover sRNAs as epi-
genetic key regulators in the highly condensed Paramecium MAC genome (chap-
ter 4). RNAs have been described in mammalian systems to recruit chromatin re-
modeling complexes, while lncRNAs recently were termed as "tentacles to recruit
and induce chromatin changes" in cis and guide either up- or down-regulation of
gene expression (Neve et al., 2021). Besides from lncRNAs, small RNAs can con-
tribute to chromatin remodeling which is well described for CTGS in yeast. In
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Paramecium likewise to other ciliated species, small RNA-guided chromatin remod-
eling is described in developmental processes with accumulating data (e.g. (Miró-
Pina et al., 2022; Singh et al., 2022)). Nevertheless, little is known about vegetative
RNAi apart from processing of dsRNA from bacteria and silencing of homologous
genes.
Vegetative regulation of gene expression and especially fine tuning of gene expres-
sion is regulated by miRNAs in mammals. Thereby, one miRNA can regulate hun-
dreds of target genes in a complex regulatory network. Since small RNAs emerging
from small RNA producing clusters identified in Paramecium were not analyzed in
terms of off-tagets effects, conclusions on regulation of multiple genes in trans can-
not be drawn (Karunanithi et al., 2019). Studies by Hu et al., 2021 and others on
single-cell miRNA profiles show fluctuating miRNA levels among different cells in
one tissue. Thus, Paramecium can contribute to our understanding of small-RNA me-
diated transcription regulation in single cells and under different conditions. Never-
theless, single-cell transcriptomics and description of small RNA populations from
single cells was not successful to this day.
Several examples exist, that uncovered gene regulation mechanisms by small RNAs
apart from the miRNA pathway. In D. melanogaster, endogenous siRNAs regulate
expression of metabolic stress response genes. These are generated in an Dicer de-
pended manner and loss of Dicer function leads to reduced life span and hypersen-
sitivity to oxidative stress (Lim et al., 2011). However, the authors cannot conclude
how disrupted sRNA biogenesis results in gene regulation, but speculate that endo-
siRNAs coordinate the expression of multiple target genes that act together to regu-
late energy homeostasis. Therefore, studies on the Paramecium vegetative RNAi sys-
tem will help to understand sRNA mediated regulation of homeostasis. Moreover,
in C. elegans sRNAs were shown to regulate genes of the phosphorus metabolism.
These siRNAs are dependent on an Rdrp since the silencing of Rdrp resulted in
alerted gene expression of phosphorous metabolism (Asikainen et al., 2008).
The first description of Paramecium’s vegetative small RNAs did not allow for con-
clusions on regulatory functions. These siRNAs have no sense/antisense prefer-
ences and their accumulation does not result in silencing of homologous genes. Thus
it is questionable whether these siRNAs are important for fine-tuning gene expres-
sion, or perhaps a matter of maintaining fitness in an changing environment. In
agreement with Okamura and Lai, 2008 the question rises, if sRNA accumulation is
a regulatory mechanism that generates species-specific characters during evolution?

In mouse oocytes, pseudogenes have been shown to regulate corresponding genes
and this regulation involves siRNAs that are generated form gene-pseudogene pair
transcripts. Genes with abundant pseudogene-derived siRNAs show an increase
in expression upon loss of Dicer activity. Pseudogenes have long been considered
to be non-functional artifacts of transposition pathways that act on protein-coding
mRNAs. In some cases, regulatory roles have been postulated for pseudogenes,
largely through antisense mechanisms. Tam et al., 2008 postulate a role for a subset
of mammalian pseudogenes in the production of functional siRNAs. The vegeta-
tive SCRS of Paramecium are distributed among different genomic categories, such
as genes, intergenic regions, and 117 are located in pseudogenes (Karunanithi et al.,
2019). However, it could not be identified whether sRNA-mediated regulation of
pseudogenes occurs. It would be of high interest to investigate pseudogene regula-
tion and regulation of ohnologous genes resulting from whole genome duplication.
Nevertheless, studying these s challenging since parameters of siRNA targets and
off-tragets effects must be considered.
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Table 5.1 Table summarized features of sRNAs bound by Ptiwi proteins (left) and features
of sRNAs assigned to different loci/pathways (right). Asterisk indicates reduced informa-
tion. Data is collected from (Karunanithi et al., 2019; Götz et al., 2016; Marker et al., 2014)

.

sRNAs have also been shown to control splicing in mammals. In a 2012 study, the
authors identified endogenous sRNAs that accumulate at the 3’ end of introns. Ago2
loaded with sRNA recruits H3K9me3 and HP1, leading to reduced Pol II elonga-
tion and thus promotes the incorporation of variant exons (Ameyar-Zazoua et al.,
2012). Although alternative splicing in Paramecium does not occur (Jaillon et al.,
2008), splicing efficiency is still controlled by factors of the epigenetic toolbox. Po-
sitioned nucleosomes at exon boundaries could thus contribute to higher gene ex-
pression (Figure 3.4E), and if this guided by endogenous sRNAs will be studied in
the future.

Figure 5.1 schematically summarizes vegetative MAC chromatin and different play-
ers in epigenetic regulation that were characterized in the presented studies. MAC
chromosomes with short intergenic regions and high coding density (blue) show
genes with divergent expression levels, whereas genes under the same bidirectional
promoter are not shown. Genes of high expression are characterized by a well-
positioned, pronounced +1 nucleosome and nucleosome-devoid gene bodies. Thereby,
Pol II is stalling at every nucleosome. The divergent machinery of the Polymerase II
elongation complex is not shown, but will be studied in future.
mRNAs from expressed genes can serve as templates for Rdr1 and Rdpr2 as it was
shown by studies from Karunanithi et al., 2019. The dsRNA is then processed by
a Dicer or Dicer-like protein into small dsRNA, of which preferably the antisense
strands are loaded by Ptiwi 13 and Ptiwi 14. Shuttling of these vegetative sRNAs
is likely and fostered by the current data summarized in chapter 4. Nucleus shut-
tling 23nt sRNAs show accumulation in distinct clusters and are imagined to recruit
nucleosomes to gene bodies or favor nucleosome remodeling. This is highly specu-
lative and needs to be investigated by Ptiwi IP mass spectrometry or MNase nucle-
osome profiling upon Ptiwi silencing. The endogenous loci, either regions attracted
by small RNAs or the TSS and TTS show distribution of histone marks that appear
in a combinatorial, plastic pattern, while plasticity is indicated by dashed modifica-
tions. The + 1 nucleosome, indicate by the most pronounced peak next to the gene
start, is associated with H3K4me3 and H3K9ac while the repressive H3K27me3 is
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depleted. Still, this mark is not exclusively found in silent genes. In gene bodies, nu-
cleosomes at SRC sites are modified by all marks and future research has to show, if
these sRNAs (Table 5.1, SRC/GSRC associated) contribute to distribution of histone
modifications (Figure 4.8B).

Figure 5.1 Model on Paramecium endogenous and exogenous siRNA pathways including
chromatin conformation changes. The figure is centered on the vegetative MAC (beige),
excluding MIC chromatin and developmental DNA rearrangements. See text for details.
Created with BioRender.com.

Götz et al., 2016 showed dynamic chromatin remodeling at endogenous locus of
ND169 upon transgene-induced silencing. Apart from endogenous clusters produc-
ing sRNAs and/or attract nucleosomes, the model (Figure 5.1) includes the de-novo
telomere capped transgene chromosome (orange). The chromatin conformation of
this locus has not been described yet and how injected transgenes are packed by
proteins is not known. The transgene is transcribed by Polymerase II producing
aberrant transcripts as seen by long RNAs covering the initially injected vector se-
quences. These transcripts probably serve as templates for Rdr2/3 and the generated
dsRNA is further processed by Dicers/Dicer-likes into dsRNA duplexes. Again,
Ptiwis contributing to vegetative RNAi also load transgene associated sRNAs (Ta-
ble 5.1, TG associated). These sRNAs are likely to shuttle to the nucleus and at-
tack the endogenous locus (grey), probably by interacting with a nascent transcript.
Chromatin remodeling occurs at the endogenous locus, thus resembling the CTGS
model in yeast.

5.1.5 Future Perspective: Surface Antigen Expression Regulation by Epi-
genetic Marks

Surface antigen expression seems to depend on chromatin marks, since active and
silent genes are covered with nucleosomes possessing different ratios of histone
marks between active and silent genes. Preliminary experiments, silencing of Rdr3,
resulted in massive changes on the chromatin landscape, precisely on the level of
histone modifications rather than on the nucleosome occupancy or +1 nucleosome
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positioning, as well as in the loss of mutual exclusive SAg expression: upon silencing
of Rdr3, the mRNAs of all SAgs were detected and the cells were expressing multi-
ple SAgs at the same time on their surface. First results from histone enrichment and
western blots (Tobias Beckröge) indicate a global loss of H3K27me3. In a wildtype
situation, active SAgs accumulate sense siRNAs of unknown function (Table 5.1, ac-
tive SAg associated), but upon Rdr3 silencing, all SAgs accumulate antisense siRNAs
in high amounts. From these results, it seems likely that a link between small RNAs
and chromatin remodeling in gene expression, comparable to TGS in yeast, exists.
Among unicellulars, surface antigen regulation is realized differentially: Plasmodium
falciparum silences SAgs by heterochromatin formation and on the transcriptional
level whereas Giardia lamblia transcribes all VSP genes and post-transcriptionally
cleaves mRNA of the non-expressed genes using the RNAi pathway while expres-
sion of SAgs is additionally regulated by histone marks (Kulakova et al., 2006).
In Trypanosoma brucei, RNAi-guided genome rearrangements steer surface antigen
variability and expression in addition to regulation by chromatin changes. Parame-
cium SAg expression seems to be regulated on the post-transcriptional level (Simon,
Marker, and Schmidt, 2006b) but the role of sRNAs and nucleosome coverage in
association with histone modifications remains elusive until this day. Studies from
mutants impaired in surface antigen A expression ((Matsuda and Forney, 2005) and
Tobias Beckröge) revealed accumulation of sense siRNAs corresponding to the mu-
tated surface antigen gene besides the accumulation of other SAg associated siRNAs.
This implicates a functional association of siRNAs to SAg expression. How antigen
shifts are regulated by these siRNAs and chromatin alterations will be studied in
future, following antigen shifts of sertoype pure cultures subjected to varying tem-
peratures.

The pipelines established by the presented studies, covering MNase-, ChIP-, total,
and small RNA-seq with subsequent bioinformatic approaches like nucleosome pro-
filing will contribute to the idea of Paramecium’s vegetative gene expression machin-
ery focusing on the dynamic regulation of particular gene groups.





129

Bibliography

Abello, Arthur et al. (2020). “Functional diversification of Paramecium Ku80 par-
alogs safeguards genome integrity during precise programmed DNA elimina-
tion”. In: PLoS genetics 16.4, e1008723.

Adams, Mark D et al. (2000). “The genome sequence of Drosophila melanogaster”.
In: Science 287.5461, pp. 2185–2195.

Allis, C David and Thomas Jenuwein (2016). “The molecular hallmarks of epigenetic
control”. In: Nature Reviews Genetics 17.8, pp. 487–500.

Almouzni, Genevieve and Howard Cedar (2016). “Maintenance of epigenetic infor-
mation”. In: Cold Spring Harbor Perspectives in Biology 8.5, a019372.

Ameyar-Zazoua, Maya et al. (2012). “Argonaute proteins couple chromatin silencing
to alternative splicing”. In: Nature structural & molecular biology 19.10, pp. 998–
1004.

Antoniewski, Christophe (2014). “Computing siRNA and piRNA overlap signatures”.
In: Methods in molecular biology (Clifton, N.J.) 1173, 135—146.

Arnaiz, Olivier, Eric Meyer, and Linda Sperling (2020). “ParameciumDB 2019: inte-
grating genomic data across the genus for functional and evolutionary biology”.
In: Nucleic acids research 48.D1, pp. D599–D605.

Arnaiz, Olivier et al. (2012). “The Paramecium germline genome provides a niche
for intragenic parasitic DNA: evolutionary dynamics of internal eliminated se-
quences”. In: PLoS Genet 8.10, e1002984.

Arnaiz, Olivier et al. (2017). “Improved methods and resources for paramecium ge-
nomics: transcription units, gene annotation and gene expression”. In: BMC ge-
nomics 18.1, p. 483.

Aronica, Lucia et al. (2008). “Study of an RNA helicase implicates small RNA–noncoding
RNA interactions in programmed DNA elimination in Tetrahymena”. In: Genes
& development 22.16, pp. 2228–2241.

Arrigoni, Laura et al. (2016). “Standardizing chromatin research: a simple and uni-
versal method for ChIP-seq”. In: Nucleic acids research 44.7, e67–e67.

Asikainen, Suvi et al. (2008). “Functional characterization of endogenous siRNA tar-
get genes in Caenorhabditis elegans”. In: BMC genomics 9.1, pp. 1–10.

Aury, Jean-Marc et al. (2006). “Global trends of whole-genome duplications revealed
by the ciliate Paramecium tetraurelia”. In: Nature 444.7116, pp. 171–178.

Baldi, Sandro, Philipp Korber, and Peter B Becker (2020). “Beads on a string—nucleosome
array arrangements and folding of the chromatin fiber”. In: Nature structural &
molecular biology 27.2, pp. 109–118.

Baranasic, Damir et al. (2014). “Genomic characterization of variable surface anti-
gens reveals a telomere position effect as a prerequisite for RNA interference-
mediated silencing in Paramecium tetraurelia”. In: mBio 5.6, e01328–14.

Barnett, Audrey and E Steers (1984). “Antibody-induced membrane fusion in Parame-
cium”. In: Journal of cell science 65.1, pp. 153–162.

Bastiaanssen, Carolien and Chirlmin Joo (2021). “Small RNA-directed DNA elimi-
nation: the molecular mechanism and its potential for genome editing”. In: RNA
biology 18.11, pp. 1540–1545.



130 Bibliography

Beale, GH (1952). “Antigen variation in Paramecium aurelia, variety 1”. In: Genetics
37.1, p. 62.

Beh, Leslie Y et al. (2019). “Identification of a DNA N6-adenine methyltransferase
complex and its impact on chromatin organization”. In: Cell 177.7, pp. 1781–1796.

Beisson, Janine et al. (2010). “Maintaining clonal Paramecium tetraurelia cell lines of
controlled age through daily reisolation”. In: Cold Spring Harbor Protocols 2010.1,
pdb–prot5361.

Bétermier, Mireille and Sandra Duharcourt (2014). “Programmed rearrangement in
ciliates: Paramecium”. In: Microbiology spectrum 2.6, pp. 2–6.

Bhat, Prashant, Drew Honson, and Mitchell Guttman (2021). “Nuclear compartmen-
talization as a mechanism of quantitative control of gene expression”. In: Nature
Reviews Molecular Cell Biology 22.10, pp. 653–670.

Bhaumik, Sukesh R, Edwin Smith, and Ali Shilatifard (2007). “Covalent modifi-
cations of histones during development and disease pathogenesis”. In: Nature
structural & molecular biology 14.11, pp. 1008–1016.

Bird, Adrian (2002). “DNA methylation patterns and epigenetic memory”. In: Genes
& development 16.1, pp. 6–21.

Bischerour, Julien et al. (2018). “Six domesticated PiggyBac transposases together
carry out programmed DNA elimination in Paramecium”. In: Elife 7, e37927.

Bonnemain, Hugues et al. (1992). “Interactions between genes involved in exocytotic
membrane fusion in paramecium.” In: Genetics 130.3, pp. 461–470.

Bouhouche, Khaled et al. (2011). “Functional specialization of Piwi proteins in Parame-
cium tetraurelia from post-transcriptional gene silencing to genome remodelling”.
In: Nucleic acids research 39.10, pp. 4249–4264.

Bourgain, Florence M and Michael D Katinka (1991). “Telomeres inhibit end to end
fusion and enhance maintenance of linear DNA molecules injected into the Parame-
cium primaurelia macronucleus”. In: Nucleic acids research 19.7, pp. 1541–1547.

Boyle, Alan P et al. (2008). “High-resolution mapping and characterization of open
chromatin across the genome”. In: Cell 132.2, pp. 311–322.

Brahma, Sandipan and Steven Henikoff (2020). “Epigenome regulation by dynamic
nucleosome unwrapping”. In: Trends in biochemical sciences 45.1, pp. 13–26.

Buenrostro, Jason D et al. (2013). “Transposition of native chromatin for fast and
sensitive epigenomic profiling of open chromatin, DNA-binding proteins and
nucleosome position”. In: Nature methods 10.12, pp. 1213–1218.

Bühler, Marc, André Verdel, and Danesh Moazed (2006). “Tethering RITS to a nascent
transcript initiates RNAi-and heterochromatin-dependent gene silencing”. In:
Cell 125.5, pp. 873–886.

Burkhart, Kirk B et al. (2011). “A Pre-mRNA–associating factor links endogenous
siRNAs to chromatin regulation”. In: PLoS genetics 7.8, e1002249.

Carone, Benjamin R et al. (2010). “Paternally induced transgenerational environmen-
tal reprogramming of metabolic gene expression in mammals”. In: Cell 143.7,
pp. 1084–1096.

Carradec, Quentin et al. (2015). “Primary and secondary siRNA synthesis triggered
by RNAs from food bacteria in the ciliate Paramecium tetraurelia”. In: Nucleic
acids research 43.3, pp. 1818–1833.

Castel, Stephane E et al. (2014). “Dicer promotes transcription termination at sites of
replication stress to maintain genome stability”. In: Cell 159.3, pp. 572–583.

Catania, Francesco et al. (2009). “Genetic diversity in the Paramecium aurelia species
complex”. In: Molecular biology and evolution 26.2, pp. 421–431.



Bibliography 131

Cedar, Howard and Yehudit Bergman (2009). “Linking DNA methylation and hi-
stone modification: patterns and paradigms”. In: Nature Reviews Genetics 10.5,
pp. 295–304.

Cerutti, Heriberto and J Armando Casas-Mollano (2006). “On the origin and func-
tions of RNA-mediated silencing: from protists to man”. In: Current genetics 50.2,
pp. 81–99.

Chalker, Douglas L and Meng-Chao Yao (2011). “DNA elimination in ciliates: trans-
poson domestication and genome surveillance”. In: Annual review of genetics 45,
pp. 227–246.

Chapman, Rob D et al. (2008). “Molecular evolution of the RNA polymerase II CTD”.
In: Trends in Genetics 24.6, pp. 289–296.

Cheaib, Miriam and Martin Simon (2013). “Dynamic chromatin remodelling of cili-
ate macronuclear DNA as determined by an optimized chromatin immunopre-
cipitation (ChIP) method for Paramecium tetraurelia”. In: Applied microbiology
and biotechnology 97.6, pp. 2661–2670.

Cheaib, Miriam et al. (2015). “Epigenetic regulation of serotype expression antago-
nizes transcriptome dynamics in Paramecium tetraurelia”. In: DNA Research 22.4,
pp. 293–305.

Chen, Kaifu et al. (2013). “DANPOS: dynamic analysis of nucleosome position and
occupancy by sequencing”. In: Genome research 23.2, pp. 341–351.

Chen, Kaifu et al. (2015). “Broad H3K4me3 is associated with increased transcription
elongation and enhancer activity at tumor-suppressor genes”. In: Nature genetics
47.10, pp. 1149–1157.

Chen, Xiao et al. (2014). “The architecture of a scrambled genome reveals massive
levels of genomic rearrangement during development”. In: Cell 158.5, pp. 1187–
1198.

Chen, Xiao et al. (2016). “Enzymatic and chemical mapping of nucleosome distribu-
tion in purified micro-and macronuclei of the ciliated model organism, Tetrahy-
mena thermophila”. In: Science China Life Sciences 59.9, pp. 909–919.

Chen, Ying-Jiun C, Evangelia Koutelou, and Sharon YR Dent (2022). “Now open:
evolving insights to the roles of lysine acetylation in chromatin organization and
function”. In: Molecular cell.

Cheng, Chao-Yin et al. (2020). “The evolution of germ–soma nuclear differentiation
in eukaryotic unicells”. In: Current Biology 30.10, R502–R510.
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Figure A.1 (A) Paramecium MACs were isolated by ultrasonication from fixed material
and mixed with DAPI for verification of MAC integrity. (B) Nucleosomal ladder of 2 µg
DNA from MNAse digested chromatin in two exemplary replicates. Samples were treated
with increasing units of enzyme and were loaded on an 3% agarose gel in ascending order
(1U,10U and 128U).

Table A.1 Datasets used for nucleosome profile analyses (left) and pausing analyses (right)
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Figure A.2 (A) Plot of nucleosome distribution at the TSS (1500bp up- and downstream)
plotted with DANPOS2 for Schizosaccharomyces pombe, Drosophila melanogaster and Homo
sapiens. TSS were annotated by EST analysis (Wood et al., 2002; Adams et al., 2000;
Lander et al., 2001). (B) Same plot as in A, but for Tetrahymena thermophila MNase-seq
analyses from varying fixation/digestion protocols. TSS annotation is predicted from
CAP-seq data (Arnaiz et al., 2017). Left: mild fixation+light digest (SRR2041661); mid-
dle: no fixation+light digest (Rep1, GSM2055775); right: no fixation+heavy digest (Rep1,
GSM2055773).

Figure A.3 Distribution of gene length across different intron frequency groups.
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Figure A.4 (A) Nucleosome distribution at the TSS obtained by plotting data from this the-
sis (left) and the data from (Gnan et al., 2022) (right), both analyzing nucleosome profiles
of Paramecium chromatin. Plots were created for all genes and genes on scaffolds >= 200kb
using the DANPOS2 pipeline. (B) Nucleosome profile plot at the TSS kindly provided by
Gnan et al., 2022 using their nucleosome analysis pipeline and MNase-seq data from this
thesis (A10U).

Figure A.5 (A) Pearson’s correlation coefficient of neighboring genes’ expression from dif-
ferent serotypes/cultivation conditions (Cheaib et al., 2015). (B) Pearson’s correlation
coefficient of neighboring genes expression for genes with different configurations (bi -
/unidirectional). (C)Length of intergenic regions for genes with the same configurations
as in B. P-values are based on a two-tailed Wilcoxon test.
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Figure A.6 Expression of genes (log10 (TPM+1)), separated by length.

Figure A.7 Distribution plot of each epigenetic mark and mRNA (TPM) are shown along
the diagonal. For the respective variables mentioned along the x- and y-axis of each box,
the Pearson’s correlation coefficients (above the diagonal) are shown. The y-axis of scatter
plots belongs to the variable mentioned along the horizontal line of that plot. All values
are log10 transformed with a pseudo count of 1.
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Figure B.1
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Figure B.2 Extension of Figure B.1. ClustalX alignment of Paramecium tetraurelia’s 15 Ptiwi
amino acid sequences. Blue arrows (bottom) indicate conserved catalytic residues. Hu-
man Ago1-4 are included as references.
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Figure B.3 (A) Dot blot assay using custom antibodies against P. tetraurelia Ptiwi 13 and
Ptiwi 14. Indicated peptides were spotted in different amounts. Hybridization with the re-
spective antibodies showed reactivity with the corresponding peptide. (B) Peptide compe-
tition assay. 0-100 pmol of each peptide were spotted. The antibodies were pre-incubated
with the indicated peptide in 100x excess and the mix was used to decorate the membrane.
Left: Top row shows blocking of α-Ptiwi 13 antibody with Ptiwi 13 peptide which results
in loss of antibody binding. Blocking of the α-Ptiwi 13 antibody with the Ptiwi 14 peptide
does not have an effect on the binding affinity to the spotted Ptiwi 13 peptide (mock, 2nd
row). Competition assay was performed for antibodies from serum of two immunized
rabbits (rabbit1603/1604). The last two rows show antibody binding without pre - incu-
bation. Same patterns were observed for the Ptiwi 14 antibody (right). (C) Localization
of Ptiwi proteins in vegetative Paramecium cells. Cells were analyzed by immunofluores-
cence staining using custom antibodies (red) as in Figure 4.1. (D) Protein from whole cell
lysate (total protein) and protein from MAC enrichments were decorated with custom an-
tibodies against α-Ptiwi 13 and α-Ptiwi 14. α-Actin and histone antibody α-H3 serve as
loading controls and verification of MAC enrichment. Estimated molecular weights (from
ParameciumDB): Ptiwi 13 91.9 kDa, Ptiwi 14 91.4 kDa, Actin1 41.7 kDa and histone H3
15.8 kDa.(E) Control Western blots for the IPs using α-FLAG antibody for Ptiwi detection
and α-GFP (Sup.-Supernatant). Two different setups of the IPs used sonication (S) and
douncing (D) for cell lysis, the latter remains MAC structure but permeabilized.
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Figure B.4 Sequence logos of 23nt siRNAs in Ptiwi IPs. Sequences were separated by their
direction (sense, top; antisense, bottom). Heat maps as in Figure B.5

Figure B.5 (A) Logos of 23nt sRNAs from ICL KD and (B) ICL KD periodate treated RNA.
Heat maps show log2 of the number of reads from each sample used for logo production.
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Figure B.6 (A) Analysis of cluster-associated sRNAs in Ptiwi IPs. Sample preparation is
described in Figure B.3.Venn diagram indicates the number of SRCs appearing with ≤
1TPM in IPs. Below the percentage of covered SRCs is given. (B) Genes associated with
SRCs (GSRCS) were analyzed according to their mRNA expression level (grey bar) and
the antisense ration of small RNAs mapping to the SRC located in the respective gene
(squares for the Ptiwi IPs and in triangles for the overexpression lines). Only those GSRCS
were analyzed which can be assigned to 100% to one SRC. SRCS had to be shared among
all four samples and were filtered for having at least 2,000 and 100% mapping reads of
23nt length.
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Broad domains of histone marks in the highly compact
Paramecium macronuclear genome
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The unicellular ciliate Paramecium contains a large vegetative macronucleus with several unusual characteristics, including an

extremely high coding density and high polyploidy. As macronculear chromatin is devoid of heterochromatin, our study

characterizes the functional epigenomic organization necessary for gene regulation and proper Pol II activity. Histonemarks

(H3K4me3, H3K9ac, H3K27me3) reveal no narrow peaks but broad domains along gene bodies, whereas intergenic regions

are devoid of nucleosomes. Our data implicate H3K4me3 levels inside ORFs to be the main factor associated with gene ex-

pression, and H3K27me3 appears in association with H3K4me3 in plastic genes. Silent and lowly expressed genes show low

nucleosome occupancy, suggesting that gene inactivation does not involve increased nucleosome occupancy and chromatin

condensation. Because of a high occupancy of Pol II along highly expressed ORFs, transcriptional elongation appears to be

quite different from that of other species. This is supported bymissing heptameric repeats in the C-terminal domain of Pol II

and a divergent elongation system. Our data imply that unoccupied DNA is the default state, whereas gene activation re-

quires nucleosome recruitment together with broad domains of H3K4me3. In summary, gene activation and silencing in

Paramecium run counter to the current understanding of chromatin biology.

[Supplemental material is available for this article.]

The degree of epigenetic differentiation and the organization of
eukaryotic genomes are usually adapted to the complexity of an or-
ganism:Chromatin serves as an additional layer of information, ei-
ther for manifestation of gene expression patterns, for the cyclic
condensation of chromosomes, or formicrotubule-assisted separa-
tion of DNA inmitotic divisions. Chromatin further influences the
proper processing of functional mRNAs as histone modifications
influence Pol II dynamics and its interaction with RNAmodifying
components, such as the capping enzyme or the spliceosome.

Paramecium tetraurelia is a unicellular organism belong-
ing to the SAR clade (including Stramenophiles, alveolates, and
Rhizaria), which is as distant to plants, fungi, and animals.
Paramecium is a ciliate, a phylum of Alveolata, and shows an un-
usual nuclear feature: Although unicellular, these cells already dif-
ferentiate between germline and soma by germline micronuclei
(MICs) and somatic macronuclei (MACs). Both differ in structural
and functional aspects.MICs are small (1–2 µm) and transcription-
ally inactive during vegetative growth, because the large (∼30-µm)
MACs transcribe all necessary genes to allow for cell proliferation
(Bétermier and Duharcourt 2014). During sexual reproduction,
haploidmeiotic nuclei are reciprocally exchanged and fuse to a zy-

gote nucleus: This creates new MICs and MACs, whereas the new
developing MAC (anlagen) already transcribes some genes in-
volved in development (Furrer et al. 2017; Rzeszutek et al. 2020).

The genomic structures between MICs and MACs are quite
different. MICs contain thousands of short transposon remnants
(internal eliminated sequences [IESs]), which become deleted by
a RNAi-related mechanism during macronuclear development
(Allen and Nowacki 2020). The MAC differs from the MICs by
the absence of IESs and transposons (Guérin et al. 2017). In addi-
tion, MAC chromosomes are tiny in size, usually <1 Mb, because
MIC chromosomes are fragmented into many (about 200) differ-
ent MAC chromosomes. These are amplified then to about 800
copies each, resulting in a massive polyploidy. The separation of
that many DNA molecules, approximately 200 MAC chromo-
somes ×800n, is realized by amitotic divisions of the MAC:
Replicated DNA becomes distributed to daughter nuclei without
chromosome condensation and a typical mitotic spindle. The lat-
ter would be useless as the absence of centromeres (Lhuillier-
Akakpo et al. 2016) and, consequently, kinetochores would not al-
low for attachment of microtubules.

In 2006, the Paramecium macronuclear genome project re-
vealed two highly unexpected findings: (1) an exceptionally

7These authors contributed equally to this work.
8Present address: Institute of Molecular Biology (IMB), 55128 Mainz,
Germany
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high number of genes (about 40,000), most of them resulting from
three successive whole-genome duplications, and (2) an excep-
tionally high coding density of 78%. The latter is owing to tiny in-
trons, predominantly 25 bp in length, and small intergenic regions
(352 bp on average) (Aury et al. 2006).

Chromatin during the amitotic M phase remains uncon-
densed, suggesting that the MAC does not harbor the full genetic
requirements to create highly condensed chromatin. In addition,
interphase chromatin was reported to show several unusual fea-
tures compared with other species based on chromatin spread
preparations, for instance, the finding of several unusual filament
types and the appearance of a low level of polyteny between indi-
vidual transcription nodes (Samuel et al. 1981). Classical hetero-
chromatin is believed to be absent from the MAC, although a
deeper biochemical insight in the MAC chromatin organization
is still missing. The same holds true for the presence of classical re-
pressive histonemarks in the vegetativeMAC, raising the question
of how gene repression is regulated. Another epigenetic mark,
5-methylcytosine, is known to be involved in the negative regula-
tion of gene expression inmanyeukaryotes. However, 5-methylcy-
tosine is reportedly absent in MAC DNA (Singh et al. 2018).

Hence, the contribution of dynamic MAC chromatin modifi-
cations to the regulation of gene expression remains poorly under-
stood in ciliates. We know from other organisms that chromatin
marks have functions in RNA processing and active elongation
of transcription. Current studies of mammalian chromatin report
functions for well-positioned nucleosomes in the context of Pol II
phosphorylation and interaction with RNA modifying enzymes.
This raises the question of how such a regulation is realized in cil-
iates, specifically in Paramecium.

+1 nucleosome positioning, for instance, was indicated to
correlate with Pol II pausing and increased recruitment of negative
elongation factor (NELF) (Jimeno-González and Reyes 2016).
Whereas initiation of transcription is accompanied by phosphory-
lation of serine 5, P-TEFb was shown to mediate the conversion of
the Pol II complex from its initiation to the processive elongation
form, which includes phosphorylation of serine 2 (Egloff and
Murphy 2008; Buratowski 2009). Promoter proximal pausing is
known to be controlled by the negative regulators NELF and
DSIF, whereas the C-terminal domain (CTD) of Pol II interacts
with the capping components for 5′-capping of the nascent
mRNA. Similarly, polyadenylation and splicing are controlled by
both the CTD of Pol II and correctly positioned nucleosomes
(Böhm andÖstlund Farrants 2011). Especially for the latter aspect,
alternative splicing has been implicated to be regulated by alterna-
tive CTD phosphorylation regulated by the SWI/SNF chromatin
remodeling complex (Batsché et al. 2006), rich heptad repeat.
Although we do not know much about these mechanisms in
ciliates, we suspect them to differ from the above-described CTD
regulation and interactionwith additional components inmetazo-
ans. This suspicion arises from the missing Pol II heptameric
repeats in Paramecium, which likely also affect the interacting
complexes owing to a coevolutionary effect. One of those
complexes involved in transcription coactivation and elongation,
the Mediator complex, for instance, significantly differs from
Tetrahymena to other species (Zhao and Liu 2019). As a conse-
quence, we currently do not understand the role of the ciliate epi-
genome architecture concerning Pol II activity in terms of
initiation, elongation, pausing, and interaction with complexes.
In this work, we aim to understand the epigenomic organization
of the polyploid vegetative MAC of P. tetraurelia. These cells con-
tain two diploid and transcriptionally silent micronuclei, which

divide by classical mitosis during cellular fission, whereas the
MAC divides amitotically: Stretching and outlining results in un-
controlled separation of uncondensed chromosomes (Fig. 1A).
The interpretation of any MAC epigenome data requires a look
for the genomic structure of the chromosomes. During their pro-
cessing from MIC chromosomes after sexual recombination, het-
erochromatic regions such as telomeres, centromeres, satellites,
and transposons become eliminated in addition to about 45,000
transposon remnants called IES elements (Fig. 1B). Fragments un-
dergo de novo telomere addition, resulting in small acentromeric
chromosomes with a size of <1 Mb. These chromosomes exist at
varying lengths owing to imprecise eliminations of repeated se-
quences (Duret et al. 2008). Compared with other species, even
the related ciliate Tetrahymena, the Paramecium MAC genome
shows an extremely high coding density of ∼80%, with small
intergenic regions and tiny introns of 25 nt on average (Aury
et al. 2006).

Results

Unusual properties of the macronuclear genome

The mechanisms of DNA elimination described above during
development of the Paramecium MAC result in a highly com-
pact genome with striking differences in comparison to Schizosac-
charomyces pombe and individual metazoans (Fig. 2A,B).

A

B

Figure 1. Paramecium vegetative cell divisions and chromosomal struc-
ture of MIC and MAC. (A) Paramecium tetraurelia showing two generative
MICs and one vegetative MAC. Cell division involves mitotic separation of
condensed MIC chromosomes and amitotic separation of uncondensed
MAC chromosomes. While MICs andMAC divide, the nuclear envelope re-
mains at both nuclei. (Figure courtesy of Jens Boenigk and Martin Simon.)
(B) Chromosomes of the diploid MIC are large and contain centromeres
and telomeres similar to canonical eukaryotic chromosomes. In addition,
they consist of about 45,000 internal eliminated sequence (IES) elements
and repeats (transposons, minisatellites). During macronuclear develop-
ment after sexual reproduction (not shown here), telomeres, centromeres,
repeats, and IESs become eliminated by different mechanisms. Although
IESs are precisely excised, elimination of repeats and, presumably, centro-
meres is imprecise, resulting in fragmentation into heterogenous macro-
nuclear chromosomes (with rare fusion of fragments). All macronuclear
fragments show de novo telomere addition and amplification to 800n
(created with BioRender [https://biorender.com]).

Pol II transcription in a condensed genome
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To quantify global epigenome organization in Paramecium,
we first investigated the distribution of histone H3 modifications
in the vegetative MAC, because histone modifications are major
contributors to chromatin architecture. Immunofluorescence
analysis with histone H3–specific antibodies shows H3K4me3
and H3K27me3 occurring in both MICs and the MAC, whereas
H3K9ac is present in the MAC only (Fig. 2C). The MAC
H3K27me3 signal is usually weak in immunofluorescence, similar
to earlier reports (Ignarski et al. 2014), and shows slight unspecific

staining of extranuclear structures as
the oral apparatus. To test the specificity
of the antibodies for their respective tar-
get, competition assays using dot-blots
were performed and are shown in
Supplemental Figure S1.

Low nucleosome occupancy in

intergenic regions and silent genes

To characterize nucleosome positioning,
mononucleosomal DNA was isolated af-
ter digestion of MAC chromatin withmi-
crococcal nuclease (MNase). Reads were
mapped to the genome and normalized
against a digest of naked DNA, resulting
in discrete peaks for both setups using
10 or 128 UMNase (Fig. 3A), correspond-
ing to light and heavy digestion. As the
figure suggests that intergenic regions
show low nucleosome occupancy, we
separately analyzed coding genes and
intergenic regions, the latter being de-
fined as the region in between the tran-
scription start site (TSS)/transcription
termination site (TTS) of the gene of in-
terest and the TSS/TTS (depends on the
orientation) of the upstream gene. Figure
3B shows that genes show increased nu-
cleosome occupancy in the 5′- and
3′-coding regions associated with drops
in occupancy in flanking noncoding re-
gions. The latter indeed show general
low occupancy (Fig. 3C). For further
quantification, we dissected genes by
their expression levels (Fig. 3D) and cal-
culated the associated nucleosome occu-
pancy. Figure 3E shows the MNase
signals quantified in intergenic regions
and quantiles of genes. Intergenic re-
gions show the lowest nucleosome occu-
pancy. Please note that these values are
not normalized for the individual gene
length of groups, given in Supplemental
Figure S2A. In support of these analyses,
Supplemental Figure S2B shows the occu-
pancy only of themost prominent nucle-
osome (+1) in these gene groups. Genes
show increasing nucleosome occupancy
with increasing gene expression levels.
This is an unexpected result, as unoccu-
pied DNA is believed to be highly accessi-
ble for Pol II and therefore usually

defined as active chromatin. Our results here suggest that this is
the opposite in the Paramecium MAC.

Prominent +1 nucleosomes mark actively transcribed genes

We aim to analyze the nucleosome positioning and occupancy in
genes more in detail. Genomic analysis of MNase data revealed
well-positioned +1 and −1 nucleosomes at the TSS (Fig. 4A). Espe-
cially the presence of −1 nucleosomes differs from analog analyses

A

B

C

Figure 2. Features of the Paramecium genome in comparison to other organisms. (A) Comparisons of
distribution of genes (green arrows) along the chromosomes of selected organisms to highlight the var-
iation in coding density (P. tetraurelia, Tetrahymena thermophila, Schizosaccharomyces pombe, Drosophila
menlanogaster,Homo sapiens). Awindow of 300 kb is shown for each chromosome in a genome browser.
(B) Summary of genomic features of the same organisms named in A. For details on collected data, see
Methods. (C ) Detection of histone modifications in vegetative Paramecium nuclei by immunofluores-
cence staining. DNA in the nuclei is stained with DAPI (blue), and antibodies directed against the three
indicatedmodifications (H3K4me3, H3K9ac, H3K27me3) were labeled with a secondary Alexa Fluor 594
conjugated antibody (red). Arrowheads point at micronuclei; arrows indicate position of the macronu-
cleus. Other panels show brightfield and overlay of signals. Representative overlays of Z-stacks of magni-
fied views are shown. Scale bar, 10 µm.
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of MNase data from Tetrahymena, S.
pombe, Drosophila melanogaster, but
they are apparent in humans (Supple-
mental Fig. S3). As such, their presence
in Paramecium is surprising and requires
additional analysis. In addition, the com-
parison to other species shows that
downstream nucleosomes (downstream
from +1) in Paramecium are apparently
much less pronounced; already, the +2
nucleosome signal is roughly back-
ground, which is in contrast to Tetrahy-
mena, S. pombe, and Drosophila showing
slightly decreasing peak values inside
the gene bodies (Supplemental Fig. S3).
The recent paper of Gnan et al. (2022)
did not identify these putative −1 nucle-
osomes in Paramecium. This difference is
not owing to the bioinformatics pipe-
lines, because Supplemental Figure S3
shows still the absence of putative−1 nu-
cleosomes when our MNase pipeline is
applied on the data of Gnan et al.
(2022). We therefore conclude that the
difference is owing to the MNase condi-
tions. We used formaldehyde-fixed ma-
terial in contrast to fresh chromatin. It
seems suitable that our MNase digests
are weaker compared with the relatively
harsh conditions on native chromatin.
Lighter MNase digests can obtain signals
of nucleosomes, which are otherwise
hidden: For example, in Tetrahymena,
light MNase digests indeed show a weak
−1 signal, which was similar to our data
Xiong et al. (2016). We added theMNase
profiles of the latter data of Tetrahymena,
analyzed with our MNase pipeline to
Supplemental Figure S3. As a result, one
indeed needs to take the MNase condi-
tions into account. We cannot exclude
that other MNase conditions applied to
the analyses of yeast, flies, and human
chromatin (Supplemental Fig. S3) could
produce alternative patterns. In the fol-
lowing, we aimed to see whether the po-
sitioning of −1 nucleosomes could be
owing to short intergenic regions. We
therefore dissected the Paramecium genes
owing to two parameters: intergenic dis-
tance and orientation of genes. We con-
sidered bidirectional promoter genes, in
which the two start sites of both genes
are adjacent (start–start [SS]), or unidirec-
tional genes, in which one start site is
paired with the end of the other gene
(start–end [SE]) (Supplemental Fig. S4A).
These two categories were additionally
classified into four groups based on their
intergenic distance. The number of genes
in each category is given in Figure 4B. Fig-
ure 4C shows nucleosome positioning of

A
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D E

Figure 3. MNase-seq results reveal well-positioned +1 nucleosomes. (A) Exemplary view of nucleo-
some distribution along the MAC scaffolds of Paramecium. Top panel shows the peak distribution in a
12-kb window, and the bottom panel shows the magnified view on one gene. For both panels, the top
row shows the coverage track from poly(A) mRNA-seq followed by the tracks for nucleosome occupancy
obtained by light (10 U) and heavy (128 U)MNase digestion of Paramecium nuclei. Coverage tracks were
visualized using the Integrative Genomics Viewer (IGV) browser (Robinson et al. 2011). (B) Profile plot of
nucleosome distribution at the transcription start site (TSS; left) and transcription termination site (TTS;
right) for genes >1 kb and digestion conditions as in A. The plot organization resembles the nucleosome
profile along the gene body/intergenic region with dotted lines indicating excluded regions in the center
of both plots. (C) Same plot as in B, but for intergenic regions >1 kb. Horizontal line is drawn to aid com-
parison between B and C. (D) Ranking of genes by their mRNA expression values from low to high (Q1–
Q5) and (E) total sum occupancy for the genes in each expression quantile and the intergenic regions.
Occupancy values are shown for mild and heavy digest side by side.
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Figure 4. Positioning of nucleosomes in relation to gene expression. (A) Profile plot for nucleosome distribution relative to the transcription start site (TSS)
for all analyzed Paramecium genes. Signal for 1000 bp upstream of and downstream from the TSS is shown. For comparison, MNase-seq data from T. ther-
mophilawere plotted in the samemanner. (B) Dissection of neighboring Paramecium genes based on their configuration and intergenic distance (ID). Table
shows separation of genes by configuration and ID, ranked from short distances (G1) to long distances (G4). The last two columns indicate numbers of
genes in each configuration and ID group. (C ) Nucleosome profiles in a 2-kb window centered at the TSS (left) or the TTS (right) for neighboring genes
in SS and SE configuration are shown. Genes were additionally separated by the length of intergenic distances; see color-coding in B. The nucleosome
profiles in relation to their distance (x-axis) to TSS (D), TTS (E), and intron–exon junction (F) are shown for gene categories based on their expression levels.
(G) Box plots showing themRNA expression (y-axis; log10 TPM+1) of genes with different intron frequency groups (number of introns per 100 bp; x-axis).
A Kruskal–Wallis test showed that the expression distribution between all pairs of intron frequency groups is significantly different (P<2.2 × 10−16).
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these categories at the TSS and the TTS.Most apparent, putative−1
nucleosomes are much more pronounced in genes with short
5′-intergenic regions >142 bp, and this is true for the SE and the
SS configuration. In addition, TTSs also show well-positioned
nucleosomes at the ultimate 3′-end of ORFs, which are more
pronounced in the SE configuration. The absence of −1 nucleo-
somes in genes with a longer intergenic region let us conclude
that these putative −1 nucleosomes are either +1 or TTS nucleo-
somes of upstreamgenes, but no true−1 nucleosomes. They could,
however, have a function in regulation of both genes, being
“coincidental” −1 nucleosomes in point of view of our analysis.

We consequently asked for a potential coregulation of genes
at bidirectional promoters. Correlation analysis of neighboring
genes suggests a high degree of coregulation of all neighbor genes
regardless of the configuration (Supplemental Fig. S4A,B).
However, Supplemental Figure S4C shows that we cannot identify
a higher degree of coregulation in genes under the same bidirec-
tional promoter, suggesting that even short intergenic distances
are sufficient to control regulation of gene expression indepen-
dently of the neighbor gene. However, our data indicate that genes
with bidirectional promoters tend to have a longer intergenic dis-
tance (Supplemental Fig. S4D), suggesting that selection pressure
acts on these regions to separate bidirectional genes fromeach oth-
er. Gene length itself seems not to have a strong effect on TSS and
TTS nucleosome positioning (Supplemental Fig. S5).

We sought to investigate whether nucleosome positioning is
changed with differences in gene expression levels (Fig. 4D,E). At
both ends of a gene, TSS and TTS, well-positioned nucleosomes
can be found in highly expressed genes only. In contrast, these re-
gions and also gene bodies of silent genes appear to be almost
devoid of well-positioned nucleosomes.

We can detect well-positioned di-nucleosomes around in-
trons (Fig. 4F). As mentioned, the 25-nt introns are among the
shortest reported in eukaryotes (Russell et al. 1994). Intron splicing
appears to result from efficient intron definition, rather than exon
definition as inmulticellular species, although only 3 nt define the
5′- and 3′-splice sites (Jaillon et al. 2008). Our data do not reveal
any associations of intron nucleosomes with intron length
(Supplemental Fig. S6A). As our MNase data suggest a general
low occupancy of nucleosomes in gene bodies, intron-associated
di-nucleosomes could be an exception to this. We correlated the
intron frequency (number of introns per 100 bp) with gene expres-
sion levels (Fig. 4G) and found increasing mRNA levels with in-
creasing intron frequency, an effect independent of the gene
length (Supplemental Fig. S6B). Thus, introns in Paramecium
may be involved in transcriptional regulation by recruitment of
nucleosomes to gene bodies.

Broad histone mark domains in gene bodies

To extend the chromatin analysis to histone modifications, chro-
matin immunoprecipitation followed by sequencing (ChIP-seq)
was performed from vegetative cells. We used the NEXSON proce-
dure (Arrigoni et al. 2016) involving isolation of intactMACswith-
out MICs. Another advantage of this procedure was that we were
able to use the very same MAC preparations for both MNase-
and ChIP-seq. We used antibodies for the activation-associated
marks H3K9ac andH3K4me3, as well as an antibody for the repres-
sive mark H3K27me3. It is necessary to note here that H3 variants
have been described in P. tetraurelia (Lhuillier-Akakpo et al. 2016):
Divergent and putative development-associated H3 variants can-
not be detected with the antibodies used here; it is not likely

that these antibodies can dissect the five H3 variants expressed
during vegetative growth, which means that ChIP should detect
all of these variants, as well as the putative H3.3. The observed
ChIP-seq signatures of these three marks showed rather broad sig-
nals, which were not comparable to sharp peaks of metazoan
ChIP-seq signals. Thus, we refrained from a peak-calling approach
and used ChromHMM (Ernst and Kellis 2012) to segment the en-
tire MAC genome into 200-bp bins, representing approximately
the resolution of a nucleosome including a spacer region, for de
novo determination of reoccurring combinatorial and spatial sig-
nal patterns. We found that five different chromatin states (CSs)
could be observed (trying to increase the number of states resulted
in highly similar states, and we continued all further analyses with
five states). Heatmaps in Figure 5A show the contribution of the in-
dividual signals to each CS and, on the right, the quantitative as-
signment of each CS to different regions of the genome. We
abbreviate all five CSs as CS1 to CS5.

Onemajor finding of the segmentation is represented in CS4.
ChromHMM defines this state as being almost free of any signal;
this state ismoreover attributed to thehighest percentage of the ge-
nome (Fig. 5A, right). This may support our previous assumption
that a high amount of MACDNA is free of nucleosomes and there-
fore also of transcription-altering histone marks. In contrast,
MNase and histone mark signals can be found in CS1–CS3 and
CS5. Their ChromHMM signature shows dynamic combinations
between the three investigated histone marks, and the occurrence
of these states also varies in different genomic areas. Focusing on
histone marks around the TSS, CS1 and CS2, both enriched in
H3K9ac andH3K4me3, show strong accumulation at the +1 nucle-
osome (Fig. 5B). All other CSs show depletion at +1, especially CS3,
which suggests that especially H3K27me3 is depleted at these gene
loci.

To go deeper into the role of the individual marks and states
in association with gene expression, we dissected genes into cate-
gories overlapping with a CS (1) for >80% of the entire gene body,
(2) with first 300 bp of the ORF, or (3) with 300 bp of the noncod-
ing upstream region. We consequently correlated this with the
gene expression level of these genes (Fig. 5C). Genes with high lev-
els of H3K9ac and H3K4me3 (CS1) are highly expressed. Focusing
to the role of H3K27me3, its high abundance in CS2, associated
genes showing the highest expression level, is an argument against
a repressive function of this histonemark. Only few genes (91) can
be attributed to CS3, the only state in which the H3K27me3 signal
dominates over H3K4me3 andH3K9ac; although the genes appear
to be quite lowly expressed, the small number of genes does not al-
low for a conclusion about a possible repressive function of
H3K27me3.

Genes associated with CS5 show low levels of H3K4me3 and
H3K9ac with the absence of H3K27me3, and these genes show an
intermediate gene expression level. CS4 shows the lowest gene ex-
pression level and, in agreement with the quantitative analysis,
the highest number of genes. We conclude that gene silencing
in the MAC is associated with genomic loci that consist predomi-
nantly of free and accessible DNA. Comparing the 80% gene over-
lap category to the upstream and the 5′-coding region, our analysis
indicates that the upstream region contributes less to gene regula-
tion.Mainly the 5′-CDS and theORF appear to be involved in gene
regulation, which fits to our conclusions fromMNase data.We can
therefore conclude that gene transcription is mainly associated
with high levels of H3K9ac and H3K4me3 at the +1 nucleosome.
We do not see direct evidence for a repressive function of
H3K27me3. These results now raise several questions, especially
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about the role of the prominent +1 nucleosome in transcriptional
activation: Could this be a place for RNA Polymerase II pausing in
order to regulate gene expression?

Pol II occupancy correlates with gene expression levels

To characterize Pol II occupancy and activity, it is important
to note that Paramecium Pol II diverges from conserved metazoan
andmost unicellular Pol II. In Paramecium, as well in Tetrahymena,
the consensus serine-rich repeats are missing, but the CTD shows
overall a high percentage of serines (Fig. 6A). As commercial Pol II
antibodies target the heptamers in the CTD, we had to produce an
antibody of our own against the P. tetraurelia CTD of RPB1. After
affinity purification and specificity checks by IF and western blots
of cellular fractions (Supplemental Fig. S7), ChIP was performed as
described. Figure 6B shows high Pol II occupancy of genes showing

high expression and vice versa. Here, the analysis of all genes of the
genome results in a quite equal distribution of Pol II along theORF.

WeconsequentlyaskedwhetherPol II pausingat the+1nucle-
osome can be observed, and we calculated a pausing index (PI) by
dividing the Pol II coverage of the TSS by the coverage of the gene
body (Fig. 6C).Dissectingpausedandnonpausedgenesbya thresh-
old of PI larger than 1.5, we compared Pol II occupancy of
Paramecium to other species. Figure 6D shows that Paramecium is
the only species with similar occupancy of paused and nonpaused
genes. The overall distribution of Paramecium Pol II is highly differ-
ent to other species. In humans, S. pombe, and Tetrahymena, non-
paused genes show increasing coverage along the ORF (for
detailed heatmaps, see Supplemental Fig. S8A). This is different in
Paramecium, in which nonpaused genes show in general higher oc-
cupancyand less decrease along theORF.Considering thehugedif-
ferences in gene length distribution for the different species, we

C

A B

Figure 5. Segmentation analysis using ChromHMM. (A) The chromatin state (CS) assignments are shown as a heatmap of emission parameters from a
five-state ChromHMMmodel (left). Each row corresponds to a ChromHMM state, and each column represents a different epigenetic mark. The darker the
color of an epigenetic mark for a state, the higher the probability of observing that epigenetic mark in that state. Heatmap showing the overlap fold en-
richment of each ChromHMM state (row) in different genomic annotations (columns; right). Enrichment values are obtained from the overlap enrichment
functionality of ChromHMMwith a column-specific color scale. (B) The fold enrichment of each state in 200-bp bins within a 2-kbwindowaround the TSS is
shown. Enrichment values are obtained from the neighborhood enrichment functionality of ChromHMM with a uniform color scale. (C) Box plots show
mRNA expression (y-axis; 10 TPM+1) of genes whose loci overlap at least 80% with a respective state (right). Additionally, genes were separated by their
assigned state in 300 bp upstream of the TSS (N−300) and the first 300 bp of the gene body (N+300), and mRNA expression values of these genes are
plotted (left, middle). Sketch on top of the plots visualizes the arrangement of the three analyzed regions.
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additionally analyzed subsets of genes with approximately the
same length (Supplemental Fig. S8B) and still observed the similar
Pol II distributionas shown inFigure6D.ThepatternofParamecium
appears different to other species, suggesting that regulated paus-
ing at the +1 nucleosome occurs only rarely. This is to some extent
also true for Tetrahymena and yeast with the difference that paused
genes here show a clearer peak at the TSS along with a strong
decrease along the ORF. Such patterns cannot be identified in
Paramecium. Paramecium in contrast shows a clear drop in Pol II oc-
cupancy before the TSS and at the TTS: This seems in agreement
with our hypothesis that regulation of gene expression occurs
mainly inside ORFs. We further analyzed whether pausing is asso-
ciated with reduced full-length mRNA production. Supplemental
Figure S8C shows that we see a significantly lower expression of
paused genes in Tetrahymena and S. pombe; only in humans do
paused genes show higher mRNA levels. Thus, Pol II pausing may
indeed be a mechanism of gene regulation, but used in a different
manner. Especially in Paramecium, the mRNA levels between
paused and nonpaused genes show the smallest differences, al-
though significant, suggesting that pausing is more involved in
fine-tuning transcription rather than on/off switching.

H3K4me3 is the most important predictor of gene expression

Integrating all the data generated, we started by characterizing
their distribution over all genes categorized by two factors, namely,
gene expression and gene length. Figure 7A shows the input nor-

malized profiles of different epigenetic marks and GC content
based on the gene expression groups. Genes in heatmaps are sorted
by gene length. MNase, Pol II, H3K4me3, and H3K9ac show accu-
mulation in the 5′-CDS in expressed genes with decreasing inten-
sity along the ORF. However, most signals are still high and
correlate to gene expression level in the 3′-CDS. The 5′-accumula-
tion is not that pronounced in H3K27me3, which shows more
equal distribution along the ORF. Hence, we further investigated
how the epigenetic marks are distributed along the gene structure,
based on their length. MNase signals show a strongly phased pat-
tern in all categories of gene expression, which becomes apparent
when genes are sorted by length. Supplemental Figure S10A shows
a strong positive correlation of exon length and nucleosome
counts in exons. Similarly, nucleosome occupancy is positively
correlated with gene expression (Fig. 7A). Similar to the strongly
phased signals of MNase, we observe that Pol II signals are also
phased and show positive association with gene expression.

All epigenetic marks are consistently low at 5′- and 3′-non-
coding regions, showing a clear gap in all analyses and thus foster-
ing the assumption that intergenic regions hardly contribute to
gene regulation. All silent genes have very faint signals of all epige-
neticmarks, supporting our conclusion that lowly occupied nearly
naked DNA is a hallmark of gene inactivation in Paramecium.

The visualization in the heatmaps in Figure 7A reveals a phas-
ing pattern for almost all marks, as genes are ordered by gene length
in each expression group. This means that nucleosomes are indeed
well positioned in all ORFs and along the entire length, but with
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Figure 6. Analysis of RNA polymerase II pausing. (A)Multiple sequence alignment of the RNA polymerase II enzyme’s RPB1 subunit in different organisms
is shown. The C-terminal end of RPB1 is zoomed in to show the difference in conserved regions of some ciliates to other organisms. For details, see
Supplemental Methods. (B, left) Box plots of gene expression (y-axis; log10 TPM) split in 10 quantiles are shown; higher quantiles mean higher expression.
(Right) Pol II enrichment (y-axis) profiles of genes in respective quantiles are shown. Distance shown on the x-axis is scaled; that is, all genes (TSS–TTS) are
either stretched or shrunken to a length of 1500 bp. A 500-bp window upstream of and downstream from the gene loci is included. Enrichment profiles
were plotted using deepTools2. (C) A graphical representation of the regions included in polymerase pausing index (PI) calculation is shown. We catego-
rized a gene as paused if the PI≥1.5. The table summarizes numbers of paused/not paused genes for selected organisms (Supplemental Table S1 contains
details on Pol II data sets). (D) Same as the Pol II enrichment profiles in B, but genes are split based on the status of Pol II pausing.
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varying intensity, owing to differences in gene expression. As one
will have assumed then that the histone marks need to follow the
nucleosome pattern, this follows also the GC content oscillations
in position and quantity. As such, this cis-factor likely contributes
nucleosome positioning and, consequently, gene expression. We
investigated the effects of gene length and mRNA levels and
observed that shorter genes show higher mRNA levels (Supplemen-
tal Fig. S9), and as such, gene length itself appears to be a factor lim-
iting transcriptional efficiency.We observe the phasing pattern also
for Pol II occupancy. This would suggest that Pol II shows associa-
tion with nucleosomes along the entire ORF, and the higher Pol II
occupancy in highly expressed genes does not indicate that this as-
sociation is a mechanism of transcriptional inhibition. In agree-
ment with the conclusion from the PI analyses, this Pol II
nucleosome association appears to be a mark of highly expressed
genes, although one could get the impression that Pol II stops at ev-
ery single nucleosome, which could also be an argument for ineffi-
cient elongation. Figure 7B shows the signals of the epigenetic
marks in a subset of genes with similar gene length (∼1200 kb),
thus avoiding the projection of small and large genes. As we ob-
served some intriguing patterns of histone marks, especially of
H3K27me3, which is abundant in highly expressed genes, we
checked the correlation of all epigenetic marks with each other
with mRNA (Supplemental Fig. S10A). We observed that all epige-
netic marks are positively correlated (Pearson’s correlation>0.6)
with each other, and with mRNA (Pearson’s correlation>0.30).
We wondered about the individual contribution of gene character-
istics and epigenomicmarks to gene expression. Thus,we construct-

ed a machine learning classifier to predict genes as highly or lowly
expressed using epigenetic features and genic features (see Meth-
ods). Ourmodel is based on a random forest algorithm, which accu-
rately predicts gene expression with an average area under the
precision-recall curve (PR-AUC) of 0.74 and 0.76 for genic or epige-
netic features, respectively. The model combining all information
performed best (PR-AUC of 0.82) (Fig. 8A). These differences were
statistically significant (Supplemental Fig. S10B). The experiments
in Figure 8A were performed using histone marks in the complete
gene body.When quantification is restricted to the proximal TSS re-
gion (TSS+300 bp), performance decreased (Supplemental Fig.
S10C), supporting a role of those marks throughout the gene body.

Further, we interrogated the best-performing model on the
importance of each feature in obtaining the classification (Fig.
8B). According to the feature importance values calculated on
our best-performing model, H3K4me3, intron frequency, and
gene length are the top three features required to classify gene ex-
pression. Intergenic length and H3K27me3 are among the least
important features for our model. The presence of H3K27me3 in
the whole gene body, with its high correlation to other histone
marks and highly expressed genes, does raise the question of the
role of H3K27me3 in MAC nucleosomes of Paramecium.

H3K4me3 and H3K27me3 co-occur at plastic genes

We consequently asked for the contribution of individual features
to gene regulation. We used RNA-seq data from environmental
states that include four different serotypes at different

A B

Figure 7. Distribution of epigenetic marks. (A) Distribution of epigenetic marks in different transcriptomic groups. Heatmaps show the input normalized
enrichment values for different epigeneticmarks. Genes (rows) are split into three categories based on gene expression—high (TPM>2), low (0< TPM<2),
and silent (TPM=0)—and are sorted by decreasing order of gene length in each, which is visualized by the length distribution graph on the left. Distance
shown on the x-axis is scaled; that is, all genes (TSS–TTS) are either stretched or shrunken to a length of 1500 bp, adding 1000 bp upstream of and down-
stream from the gene. Heatmaps were plotted using deepTools2; black lines in intergenic regions reflect missing data at this position. (B) Distribution of
epigenetic marks for a subset of 4000 genes with discrete length of∼1.2 kb. Plots show the signal in the upstream intergenic region, the TSS and the TTS of
genes belonging to the similar expression categories as in B.
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temperatures, starvation, heat shock, and cultivation at 4°C
(Cheaib et al. 2015). Using those data, we dissected genes showing
large expression variations (high plasticity) during the vegetative
growth in different environments to identify dynamically regulat-
ed genes from housekeeping genes (see Methods) (Supplemental
Fig. S11). We defined four classes of plasticity (G1–G4), in which
G4 genes showed the largest variation. We again used the random
forest algorithm to analyze whether genic/epigenetic factors con-
tribute to the accuracy of gene expression prediction for each
gene plasticity group. The performance of expression prediction
decreased for geneswith higher plasticity (Fig. 8C). Thus, plasticity
of gene expression seems to be accompanied with additional and
unknown features contributing to gene regulation.

To get further insights, we checked the CSs based on our
ChromHMM segmentation of the four categories of plastic genes
(Fig. 8D). These show gradual differences, with most apparent
increase that of CS4 and decrease that of CS2. This suggests that
epigenetic marks are used not only for control of gene expression
but moreover for gene regulation. We studied the differences of
histone marks of these categories in more detail and calculated
the partial correlation between different modifications (see

Methods). Figure 8D shows an increase in partial correlation of
H3K4me3/H3K27me3 for the most plastic genes only, suggesting
that the interplay between histonemarks varies in the four consid-
ered groups.

Discussion

Genomic and epigenomic paradoxes

At first glance, the genomic structure of the Paramecium MAC
seems paradoxical. Although Paramecium is extremely gene-rich,
with approximately 40,000 genes (Aury et al. 2006), the size limi-
tations of intergenic regions and introns provide only restricted ca-
pacity for differential gene regulation. This is different compared
with genomic/epigenomic features in metazoans, because unicel-
lular organisms do not need to differentiate into distinct tissues
with all the known epigenetic manifestations to guarantee for
cell type–specific gene expression patterns. However, the
Paramecium epigenome still needs to manage dynamic regulation
of gene expression and proper transcription of mRNA. We know
that histone marks do not just control condensation and

A B
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Figure 8. Prediction of gene expression by epigenetic marks and genomic features. (A) Results of classifying low and high gene groups using different
data (genic: related to gene structure; epigenetic: using abundance of histone marks and MNase; both: genic and epigenetic). PrecisionRecall curve with
average values from a 40-fold cross-validation with random forests indicating features by different colors. (B) Analysis of feature importance using both
genic and epigenetic features (underlining color indicates type on y-axis; see legend for A). Features are listed in decreasing order of classification impor-
tance from top to bottom. The importance (SHAP value; x-axis) of a feature for each gene illustrates its contribution to classification as high or low, with
positive and negative SHAP values, respectively. The color gradient depicts the feature value in scale from low to high, for example, the length of a
gene (third row). For example, long genes strongly contribute to the prediction of lowly expressed genes. (C) Genes were separated into four groups
by their plasticity, which is defined by a large variation in gene expression among different conditions. The box plot shows the distribution of classifier
performance values for genes with different plasticity (50-fold CV-based PR-AUC) for the same three feature sets as A. The number of genes in each plastic
gene group was randomly subsampled to have equal number of genes in high and low expressed category. (D) Distribution of CSs among plastic gene
groups. We only included genes with a ChromHMM state overlap of at least 80% (see Fig. 5). Additionally, partial correlation values for H3K4me3-
H3K9ac (cross) and H3K4me3-H3K27me3 (circle) are red for each group.
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transcriptional on/off switches but interactwith capping enzymes,
splicing factors, and elongation factors to guaranteematuremRNA
synthesis (Jimeno-González and Reyes 2016).

Thus, we aimed to answer the question in which manner the
MAC epigenome signature is associated with transcriptional regu-
lation in this ciliate. Its nucleosomes appear to hold some secrets as
recent results show that the nucleosome repeat length is only∼151
bp, which means that the linker DNA between nucleosomes is
only few base pairs long (Gnan et al. 2022). Our data show that nu-
cleosome occupancy appears to be associated in general with ac-
tive transcription, because segmentation of MNase and ChIP
data shows a large number of genes where our setup detects only
low or no signals (CS4 in Fig. 5). Correlation of this CS with
gene expression indicates that lownucleosome occupancy, regard-
less of the histone marks, is associated with silent or lowly ex-
pressed genes. One could therefore interpret naked or lowly
occupied DNA as a default state, which needs to be occupied
with nucleosomes first to become transcribed into mRNA. As
such, the epigenome of Paramecium appears paradoxical as well,
as gene inactivation becomes realized by low nucleosome occu-
pancy, and this is contrary to the classical models.

Textbooks describe gene inactivation by a hierarchical chro-
matin folding from open 10-nm fibers to condensed and higher
occupied 30-nm filaments. Active transcription accompanied by
open, accessible chromatin in mammals was highly supported in
the last years by many studies of DNA accessibility using ATAC,
NOMe, DNase-seq, or methods free of enzymatic steps like
sedimentation velocity centrifugation (Klemm et al. 2019;
Nordström et al. 2019; Ishihara et al. 2021). Our data do not sup-
port this model for Paramecium MAC chromatin, suggesting a dif-
ferent chromatin-associatedmechanism of gene inactivation. This
raises manymore questions about how, in particular, spurious and
aberrant transcription of Pol II in open regions is inhibited or
whether this could be tolerated to some extent. In most species,
condensation of chromatin is accompanied with linker histone
H1 recruitment and studies on Drosophila chromatin show H1 oc-
curring exclusively at closed heterochromatic loci (Nalabothula
et al. 2014). We are not able to identify a MAC histone H1 variant
in Paramecium, supporting the idea of condensation-free gene in-
activation. To be precise, we have to distinguish MAC and MIC
linker histones in ciliates. Tetrahymena has distinct MAC- and
MIC-specific H1 histones, where the MAC version (Hho1) is non-
essential (Schulman et al. 1987).HHO1 knockouts show an overall
decondensation of MAC chromatin (Huang et al. 1999). Indeed, a
Hho1 homolog is not present in Paramecium, or it may be more
divergent to identify. However, the recent findings of Gnan et al.
(2022) showed an extremely short linker DNA length between
Paramecium nucleosomes compared with other species, and the
investigators speculate that this could correlate with the absence
of a canonical H1 ortholog.

Bistable H3K4/K27me3 as a mark of poised genes?

Another question we followed is whether the H3K27me3 could be
involved in gene inactivation. Our ChIP data do not suggest that
H3K27me3 is associated exclusively with silent or lowly expressed
genes. When we asked for the function of this modification in the
vegetativeMAC, its role is unlikely the condensation of chromatin,
and the segmentation shows H3K27me3 co-occurring in varying
ratios with the H3K9ac and H3K4me3. Our data suggest that genes
with high regulation dynamics show an increasing correlation for
H3K27me3 and H3K4me3. This is one of the best-studied bivalent

domains for poised chromatin, where chromatin is placed into a
waiting state for future activation, and this was described to occur
particularly in embryonic stem cells (Pan et al. 2007; Zhao et al.
2007). There is an ongoing debate whether poised chromatin is
bistable or bivalent, the latter representing a background popula-
tion of fragments with active and silent marks, whereas bistability
means the frequent switching between monostable active and si-
lent states (Sneppen and Ringrose 2019). The polyploidy of the
Paramecium MAC introduces here an additional layer of complex-
ity. Similar to ChIPs of different cell states from a culture of meta-
zoan cell cultures, which cannot dissect different cell states of a
mixture from a real bivalent domain, we cannot be sure that the
800 copies of a gene in the MAC are coregulated.

If Paramecium, for instance, would use gene dosage to regulate
gene expression level, one would expect different ratios of marks:
some copies silent, some copies active. This is what we can observe
to some extent, because the random forest analysis suggests that
the K4/K27me3 ratio explains gene expression levels better than
the H3K27me3 alone. In a previous study, increased H3K27me3
levels in association with decreased levels of H3K4me3 at an en-
dogenous reporter gene have been shown to go along with
siRNA mediated silencing (Götz et al. 2016), which supports the
K4/K27me3 ratio hypothesis for controlling gene expression lev-
els. In addition, the finding that we see increasing partial correla-
tion values of K4/K27me3 in genes that show high regulation
dynamics could be called poised as such. This suggests that the
bivalency of K4/K27me3 in chromatin poising could be an ancient
and general mechanism rather than an invention of metazoans.

In Paramecium, the Polycomb group methyltransferease Ezl1
was shown to mediate both H3K9me3 and H3K27me3 during de-
velopment: Loss of these marks is accompanied by loss of transpo-
son repression and elimination and, in addition, a transcriptional
up-regulation of early developmental genes (Frapporti et al. 2019).
As Ezl1 shows also low expression during vegetative growth, it
remains to be elaborated whether Ezl1 or another SET-domain-
containing enzyme catalyzes the replicative maintenance of
H3K27me3 during vegetative cell divisions. In addition, it remains
to note that a putative repressive function of H3K27me3 could, in
principle, be blocked by a phospho-switch by a neighboring ser-
ine-residue as this was initially shown for loss of binding of HP1
to H3K9me9 in context with H3K10 serine phosphorylation
(Fischle et al. 2005). However, this is unlikely for Paramecium
H3K27me3 as all H3 variants miss the conserved serine 28 in
Paramecium (Supplemental Fig. S1; Lhuillier-Akakpo et al. 2016).

From an evolutionary point of view, this could imply that al-
though Paramecium is unicellular, the epigenomic repertoire al-
ready has the capacity to manifest vegetative gene expression
regulation during development, meaning to place histone marks
for poising genes. The inheritance of gene expression pattern
was previously shown also for the multigene family of surface an-
tigen genes as transcription of a single gene follows the expression
pattern of its cytoplasmic parent (Baranasic et al. 2014; Simon and
Plattner 2014), but wewould need to analyze the genome-wide ex-
tent of such an inheritance and/or whether such a mechanism is
coupled with other genomic parameters like, for instance, subtelo-
meric localization of the respective genes.

ChIP-seq reveals broad domains instead of narrow peaks

When looking for the distribution of marks along genes, the ab-
sence of narrow peaks becomes apparent as all histonemark distri-
butions are more comparable to broad domains instead of local
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and narrow peaks, which explains the failure of peak calling. Broad
domains were also found in mammals. For instance, H3K27me3
was shown in mammalian chromatin to be distributed along
ORFs (Zhou et al. 2011). Also in mammals, broad H3K4me3 was
shown for tumor-suppressor geneswith exceptionally high expres-
sion, where this mark has also been attributed to transcriptional
elongation (Chen et al. 2015). In addition to tumor-suppressors,
broad H3K4me3 domains have been implicated with genes for cel-
lular identity and transcriptional consistency; as the broadest do-
mains show increased Pol II pausing, the investigators suggest
the broad mark as a buffer domain to ensure the robustness of
the transcriptional output (Benayoun et al. 2014). This model
could also fit to our observations, which suggest not only that
H3K4me3 is the key regulator of transcription but that H3K4me3
appears in broad domains along ORFs highly covered with Pol II.
Concerning the different patterns of Pol II along ORFs compared
with other species, either for poised or nonpoised genes, the buffer
domain model could hold true for the majority of Paramecium
genes.

Nucleosome positioning and GC content

Paramecium has an exceptional genome compositionwith an aver-
age GC content of 28%, including the even more AT-rich inter-
genic regions. It is known that GC content favors nucleosome
positioning (Tillo and Hughes 2009). Our data show that nucleo-
some occupancy is mostly restricted to ORFs, which would corre-
late to increased GC levels but also correlated to gene expression
levels as higher expressed genes show higher occupancy of pro-
moter proximal- and intron-associated nucleosomes. It is difficult
to reason how much the sequence content of the Paramecium ge-
nome itself encodes the deposition of nucleosomes from our
data. There is ample discussion about theDNA sequence preferenc-
es of nucleosomes (Meyer and Liu 2014), and also MNase-seq can
generate a signature of higher occupancy at GC-rich regions on na-
ked as well as occupied DNA (Chung et al. 2011). One may con-
clude that this bias explains the large drop of MNase-seq read
occupancy at intergenic regions. However, analysis of ChIP-seq
data shows a similar drop at intergenic regions and similar phasing
patterns in our data, and Supplemental Figure S12 suggests that
our procedure and the applied PCR amplification have minimized
GC biases. We argue that it is unlikely to observe these trends ex-
clusively owing to methodological biases in AT content.

Our results of nucleosome positioning fit to observations in
Tetrahymena, where well-positioned nucleosomes in the MAC
match GC oscillations but are also affected by trans-factors, for ex-
ample, the transcriptional landscape (Xiong et al. 2016). In addi-
tion, studies in Tetrahymena revealed that N

6
-methyladenine

(6mA) is preferentially found at the AT-rich linker DNA of well-po-
sitioned nucleosomes of Pol II transcribed genes (Wang et al. 2017;
Luo et al. 2018). Also, in Paramecium, 6mA sites enriched between
well-positioned nucleosomes are positively correlated with gene
expression (Hardy et al. 2021). The latter finding would fit our ob-
servations: The more nucleosomes, the more 6mA, the more
transcription.

Qualitative aspects of gene expression

To understand the relation between epigenomic data and gene ex-
pression, throughout this study we categorized genes based on
their expression levels (high, low, silent). Although this categoriza-
tion helps, it should be treatedwith a grain of salt as the cut-offs are
rather arbitrary. Another aspect that requires cautious interpreta-

tion is the analyses presented in Figure 7. Specifically, Figure 7A
shows the linear relation between epigenetic signals andmRNAex-
pression in a qualitativemanner. The random forests analysis, pre-
sented in Figure 7, B and C, reveals both the linear and nonlinear
relationships inherent in the epigenetic data while calculating the
probabilities to predict/classify a gene as highly or lowly expressed.
For example, we can observe that H3K9ac is directly proportional
to the different expression groups in Figure 7A. However, Figure
7C suggests genes with low H3K9ac are associated with high ex-
pression. Although this may seem counter-intuitive, both results
are correct owing to the high colinearity of epigenetic marks
(Supplemental Fig. S10). Hence, the random forests model relies
on the H3K9ac signal only when the H3K4me3 signal is not suffi-
cient to increase the probability of predicting a gene as highly
expressed.

A divergent mechanism of transcriptional elongation

How can the highly regulated CTD phosphorylation and interac-
tionwith the different RNAmodification and elongation complex-
es of metazoans be compared to our data? Paramecium Pol II does
not show the serine-rich heptamer repeats. Thus, it would be sur-
prising if a regulated and patterned phosphorylation of individual
serines would be possible. As the Paramecium CTD is still rich in
serines, although not organized in a repeat structure, it still seems
likely that phosphorylation could be an activating mark. This
needs to be discovered, and we need to note here that our poly-
clonal serum against one peptide, including unphosphorylated
serines, could miss CTD variants being phosphorylated. An argu-
ment against this would be that we can detect Pol II, for example,
in the center and 3′-regions of genes, where most serines are phos-
phorylated in mammalian CTDs. It seems quite tempting to spec-
ulate that Pol II of Paramecium does not need to be that highly
regulated comparedwithmammals. First of all, alternative splicing
is extremely limited; no single example of exon skipping has
been reported (Jaillon et al. 2008); and, therefore, the well-posi-
tioned nucleosomes do not need to control this. In addition, the
data of Gnan et al. (2022) support the idea that the GC content,
not nucleosome positioning, contributes to splice efficiency.
Introns are recognized by intron definition, and even artificially
introduced introns in GFP are efficiently spliced (Jaillon et al.
2008). Our data suggest that introns serve in nucleosome position-
ing that may permit more intron accumulation in genes, increas-
ing transcription. This would be supported by our data showing
that genes with higher intron frequency show higher transcript
levels.

Concerning the issues of pausing and elongation, our data
suggest pausing to occur, but the pattern is different to other spe-
cies because we find high levels of Pol II associated with nucleo-
somes along the entire ORF not only restricted to +1
nucleosomes. Given the fact that +1 nucleosomes are quite prom-
inent, the question raises whether the stops of Pol II at +1 nucleo-
somes are mechanistically different from stops at all nucleosomes
inside the ORF or whether this is a general phenomenon of
Paramecium Pol II to stop at nucleosomes, maybe by less efficient
elongation. For instance, the tiny introns of Paramecium do not
contribute to a significant enlargement of transcriptional units
compared with other species with introns, which are often much
larger than the exons. It is therefore the question whether Pol II
elongation has the need to be highly supported. Paramecium and
Tetrahymena miss homologs of NELF, and two recent studies
showed the mediator complex, a key regulator of Pol II interaction
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with transcription and elongation factors, to be highly divergent
in Tetrahymena (Garg et al. 2019; Tian et al. 2019). Additionally,
in Paramecium we cannot identify all components of the Paf com-
plex regulating elongation, 3′-end processing, and histonemodifi-
cation (Jaehning 2010). Especially, the subunit Paf1, involved in
serine phosphorylation of the CTD of Pol II, is missing, which
fits to the missing serine repeats of the CTD. Because of the lack
of canonical elongation systems going along with a lack of con-
served serine residues, we conclude that transcriptional elongation
in Paramecium is regulated differently. As discussed above, broad
H3K4me3 going along with increased occupancy of Pol II in
ORFsmight be an alternative control of transcription by buffer do-
mains. It seems tempting to speculate this strange form of Pol II
buffering represents an alternative or maybe an ancient form of
elongation control.

This is the first description of the Paramecium vegetative chro-
matin landscape, which appears to be quite different to that of oth-
er unicellular eukaryotes and multicellular species. Broad domains
along the gene bodies regulate transcription, whereas the noncod-
ing and nonexpressed regions are devoid of epigenetic informa-
tion. Paradoxically, our data also indicate silent genes to be
devoid of epigenetic information, and it has to be clarified if and
how the cell prevents spurious Pol II activity at these unoccupied
regions. The Pol II distribution we observe is also quite different
to other species; the process of transcriptional initiation and elon-
gation appears to be controlled without sophisticated control of
CTD phosphorylation and canonical complexes, like NELF, Paf,
and Mediator, that assist Pol II in generating mature mRNA.
However, this work here attributes to the vegetative nucleus
only. We have to keep in mind that the transcriptional machinery
needs to switch its mode of action to lncRNA transcription from
the meiotic micronuclei during development. As such, functional
and temporal dynamics requiremore alterations of the polymerase
complex than in other species. There are plenty of challenges left,
especially about the control of Pol II without or with limited CTD
phosphorylation. Our study shows the unusual pattern of Pol II in
expressed genes and in the light of so many missing interaction
partners of Pol II; it is not a surprise that the epigenome looks dif-
ferent from other species in addition to the fact that no mitotic
condensation is necessary in the MAC. Concerning Pol II interac-
tion complexes, future studies will need to show whether some
components are absent or whether they are too divergent such
that reverse genetics cannot identify them. Their identification
and contribution to Pol II activity and modulation will shed light
on the mechanisms controlling mRNA and lncRNA transcription
and the epigenetic marks in support of them. The comparison of
the divergent mRNA transcription in Paramecium might unravel
new basic principles of how, for example, a gene can be silenced
in absence of repressive marks, and these principles might be ap-
plicable to understand the regulation of individual genes in other
species.

Methods

Cell culture and RNA isolation

P. tetraurelia cells (strain 51) of serotype A were cultured as de-
scribed before using Klebsiella planticola for regular food in wheat
grass powder (WGP) (Simon et al. 2006). All cultures for this study
were grown at 31°C. To ensure the vegetative state of the MAC,
cells were stained with DAPI.

Genomic annotations

The genomic features shown in Figure 2B are captured from the
annotations of the respective organisms, namely, from Parame-
ciumDB (strain 51, version 2), TetrahymenaGenome Database (ver-
sion 2014) (Stover et al. 2006), PomBase (version 2020) (The Gene
Ontology Consortium 2019), and the ensemble database for D.
melanogaster (release 98), and Homo sapiens (release 100) (Yates
et al. 2020).

Antibodies

ChIP-seq-grade antibodies directed against histone modifications
were purchased from Diagenode: H3K9ac C15410004,
H3K27me3 C15410195, and H3K4me3 C15410003. For the anti-
body against P. tetraurelia RPB1, the peptide SPHYTSHTN
SPSPSYRSS-C was used for immunization. Purification and testing
of specificity by western blots and immunostaining were per-
formed as described recently (Drews et al. 2021). Because there
are some amino acid differences in the N-terminal tail of the
Paramecium H3P1 to Human H3 (Supplemental Fig. S1A), the pep-
tide PtH3K27me3 TKAARK(me3)TAPAVG was synthesized, and
binding affinity of the purchased H3K27me3 antibody to the
PtH3k27me3 peptidewas verified by dot-blots and competition as-
says. For details, see Supplemental Methods.

Fixation of cells

Isolation of intact MACs from fixed cells was performed using an
adapted NEXSON protocol (Arrigoni et al. 2016). Two to 3 million
cells were washed twice in Volvic and starved for 20 min at 31°C.
After harvesting (2500 rpm, 2min), the cell pellet without remain-
ing media was resuspended in 2 mL fixative solution (20 mM Tris-
HCL at pH 8, 0.5 mM EGTA, 1 mM EDTA, 10 mMNaCl, 1%meth-
anol-free formaldehyde). After incubation (15 min, room temper-
ature), the reaction was quenched by adding glycine to a final
concentration of 125 mM. Cells were centrifuged (3300g, 3 min,
4°C), and the supernatant was discarded. The pellet was washed
once in ice-cold PBS buffer and once in PBS buffer supplemented
with cOmplete protease inhibitor cocktail, EDTA-free (PIC;
Roche 11873580001). Cell suspension was split in half and centri-
fuged (3300g, 5 min, 4°C), and cell pellets were flash-frozen in liq-
uid nitrogen.

MNase-seq

One aliquot was thawed on ice, resuspended in 2mL Farnham lab-
oratory buffer (5 mM PIPES at pH 8, 85mMKCl, 0.5%NP-40), and
evenly split into precooled 1.5-mL Bioruptor tubes (Diagenode).
After sonication (15 sec on/30 sec off, five cycles, 4°C) using
Bioruptor 300 (Diagenode) 5 µL was stained with DAPI to verify
isolation of intact MACs. Cell suspension was centrifuged twice
(3000g, 5 min, 4°C) with washing of the pellet in Farnham labora-
tory buffer in between. The following isolation of DNA covered by
mononucleosomes was isolated as described previously (Xiong
et al. 2016). One aliquot of isolated nuclei was resuspended in 1×
MNase buffer (50 mM Tris-HCL at pH 8.0, 5 mM CaCl

2
) and split

into portions of 20,000 nuclei per reaction. After centrifugation
(3000g, 5 min, 4°C) nuclei pellets were resupended in 500 µL
MNase reaction buffer (50 mM Tris-HCl at pH 8.0, 5 mM CaCl

2
,

10 mM β-mercaptoethanol, 1% NP-40, 500 ng BSA). To each reac-
tion, 10 or 128 U ofMNase (NEBM0247S) was added, and after in-
cubation (10 min, 37°C, 450 rpm), the reaction was stopped
(10mMEGTA, 1 mM EDTA, 5 min, 450 rpm). DNA corresponding
to the size of mononucleosomes (100–200 bp) was isolated from a
3% agarose gel using aMinElute gel extraction kit (Qiagen 28604).
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As input, nuclei were treated with Proteinase K, extracted as de-
scribed, and treated with 0.1 U or 1.5 U MNase (5 min, 28°C)
and extracted again. DNA library preparation was performed using
NEBNext Ultra DNA library prep kit for Illumina (NEB E7370) with
10 ng input, 11 PCR cycles, and KAPA Taq HotStart DNA polymer-
ase (Kapa Biosystems KK1512). The MNase-seq read count correla-
tion of four independent replicates, each, used for subsequent
analyses can be found in Supplemental Figure S13.

ChIP-seq

Nuclei pellets were resuspended in shearing buffer (10 mM Tris-
HCl at pH 8, 0.1% SDS, 1 mM EDTA) and transferred in fresh, pre-
cooled Bioruptor tubes. The suspension was sonicated (30 sec
on/30 sec off, five cycles, 4°C). After centrifugation (16,000g,
10 min, 4°C), the supernatant was aliquoted in 100-µL portions
and stored at −80°C. To control shearing efficiency, 50 µL was
decrosslinked using Proteinase K (20 mg/mL), followed by phe-
nol/chloroform/isoamylalcohol extraction,whichwas repeated af-
ter RNase A (10 mg/mL) digestion. Aliquots of 2 µg were run on a
1.5% agarose gel. Eightmicrograms of adequately sheared chroma-
tinwas subjected to immunoprecipitation using an iDeal ChIP-seq
kit for histones (Diagenode C01010050) with 2 µg of antibodies
against histone modifications or 10 µg of custom RPB1 antibody.
Input was generated by putting 1 µL of chromatin aside without
mixing to antibodies. After overnight IP and elution from themag-
netic beads, precipitated chromatin and the input kept aside were
decrosslinked, RNase A–treated, and extracted as described above.
DNA library preparation was performed using a NEBNext Ultra
DNA Library Prep Kit for Illumina for serine-rich heptad repeats
(NEB E7370) with 10 ng input, 11 PCR cycles, and KAPA Taq
HotStart DNA polymerase (Kapa Biosystems KK1512).
Precipitated DNA and input DNA were equally handled. ChIP-
seq read count correlation of four independent replicates of
H3K4me3, H3K27me3, and H3K9ac IP each, used for subsequent
analyses, can be found in Supplemental Figure S14.

Sequencing and preprocessing

DNA libraries resulting from MNase digestion and ChIP were se-
quenced on an Illumina HiSeq 2500 in high-output run mode,
and reads were adapter and quality trimmed. For details, see
Supplemental Methods. All MNase, Pol II, and histone ChIP-seq
reads were aligned to theMAC genome P. tetraurelia (strain 51, ver-
sion 2) (Arnaiz et al. 2012) after quality control. For details, see
Supplemental Methods. We used deepTools2 (Ramírez et al.
2016) to investigate the quality of replicates (multiBamSummary,
plotFingerprint, and plotCorrelation tools) with subsequent down-
sampling of some histone ChIP replicates, which had rather high
coverage (see Supplemental Table S1). We used the DANPOS2
(Chen et al. 2013) software for position or peak callingwith default
parameters. We used the dpos functionality to call the positions of
MNase and Pol II peaks and the dpeak functionality for histone
ChIP peak calling. MNase-seq data were normalized to naked
DNA inputs, whereas ChIP-seq datawere normalized to the respec-
tive input files listed in Supplemental Table S1. Further, we made
use of the profile functionality of DANPOS2 to visualize how a
chromatin feature is distributed in a genomic annotation of inter-
est (see Figs. 3, 4).

Segmentation analysis of chromatin marks

We used ChromHMM (Ernst and Kellis 2012) to perform genome-
wide segmentation using the histone marks (H3K27me3,
H3K4me3, H3K9ac) and MNase data. The genome was binarized
into 200-bp bins based on a Poisson background model using

the BinarizeBam function. This was used to learn a CS model
with five states using the LearnModel function. We used the
plotProfile and plotHeatmap functionality of deepTools2 to create
scaled enrichment plots of different chromatin features.

Gene expression and intron data

We used themRNA expression data of strain 51 wild-type serotype
A from our previous work (European Nucleotide Archive
[ENA, http://www.ebi.ac.uk/ena] accession number PRJEB9464)
(Cheaib et al. 2015). We quantified the expression using Salmon
(v0.8.2) (Patro et al. 2017) default parameters for all replicates
and used the mean of replicates in all downstream analyses. We
used the transcript annotation from theMAC genome of P. tetraur-
elia (version 2; strain 51) (Arnaiz et al. 2017). For intron profiles, we
created a 20-bpwindow centered on the first and last intronbase of
the 5′-exon–intron junction and the 3′-intron–exon junction. We
plotted the nucleosome profile for 1500 bp around this window
with the center of x-axis representing the junctions (see Fig. 4F).

Comparative Pol II analysis and PI

We used the data sets mentioned in Supplemental Table S1 for the
comparative Pol II analysis of different organisms shown in Figure
6. We calculated the PI, after applying a threshold on the number
of reads in the TSS region of genes (see Supplemental Fig. S8), de-
pending on the distribution of read counts of individual data
sets. The thresholds are mentioned in Figure 6C. mRNA quantifi-
cation was performed using the default parameters of Salmon
with transcripts obtained from the respective genomic annota-
tions mentioned above (mean of replicates). We defined a region
starting at 30 bp upstream of the TSS until 300 bp downstream
from the TSS as the TSS region, and a region starting at 300 bp
downstream from the TSS until the TTS as the gene body. The PI
is calculated as a ratio of reads (in TPM) in the TSS region compared
with reads in the gene body. Genes with a PI greater than 1.5 were
considered as paused.

Classification of gene expression using random forests

After removing 1369 silent genes (TPM= 0), we split the remaining
genes into 19,090 high (TPM>2) and 20,001 low expressed genes
(TPM>2). Cut-offs were determined using the first quartile of the
distribution of wild-type 51A serotypemRNA expression. For these
gene sets, gene body normalized read counts were calculated for
H3K27me3, H3K4me3, H3K9ac, Pol II, and MNase, as well as the
ratio of H3K4me3 and H3K27me3. We also obtained three genetic
features: gene length, intron frequency, and intergenic length.We
built a random forests classifier in Python (version 3) using the de-
fault parameters available with the scikit-learn package (Pedregosa
et al. 2011). We used all available data to train the model using a
40-fold cross-validation (CV) method, and the CV-based PR-AUC
was used to evaluate the performance of different models. A PR-
AUC of one would represent a perfect model, which 100% of the
time would correctly predict whether a gene is highly or lowly ex-
pressed. Further, we used the shap package (Lundberg et al. 2020)
to calculate the global and local feature importance.

Partial correlation networks

We investigated the partial correlation of any two epigeneticmarks
of interest after removing the effects of other measured epigenetic
marks by using the sparse partial correlation networks method
(Lasserre et al. 2013). We used the gene body normalized signals
of all the epigenetic marks in this study and the mRNA expression
for this analysis.
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Analyses of gene expression plasticity

Themean TPM for each gene over different conditions (expression
data from serotype A, B, D, and H as well as heat shock conditions)
(Cheaib et al. 2015) was calculated. The absolute deviation from
the mean for each gene was calculated. We refer to genes with a
large fluctuation as plastic genes. For the random forests analysis
of plastic genes, we grouped all genes in four groups of roughly
similar gene numbers. We performed random down-sampling
(five times) of highly or lowly expressed genes such that there is
an equal number of genes in both groups for classification.

Data access

All raw read data generated in this study have been submitted to
the European Nucleotide Archive (ENA; https://www.ebi.ac.uk/
ena/browser/home) under accession number PRJEB46233.
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ABSTRACT
Most sRNA biogenesis mechanisms involve either RNAse III cleavage or ping-pong amplification by 
different Piwi proteins harbouring slicer activity. Here, we follow the question why the mechanism of 
transgene-induced silencing in the ciliate Paramecium needs both Dicer activity and two Ptiwi proteins. 
This pathway involves primary siRNAs produced from non-translatable transgenes and secondary siRNAs 
from targeted endogenous loci. Our data does not indicate any signatures from ping-pong amplification 
but Dicer cleavage of long dsRNA. Ptiwi13 and 14 prefer different sub-cellular localizations and different 
preferences for primary and secondary siRNAs but do not load them mutually exclusive. Both Piwis 
enrich for antisense RNAs and show a general preference for uridine-rich sRNAs along the entire sRNA 
length. In addition, Ptiwi14-loaded siRNAs show a 5´-U signature. Our data indicates both Ptiwis and 2 
´-O-methylation contributing to strand selection of Dicer cleaved siRNAs. This unexpected function of 
the two distinct vegetative Piwis extends the increasing knowledge of the diversity of Piwi functions in 
diverse silencing pathways. We describe an unusual mode of action of Piwi proteins extending not only 
the great variety of Piwi-associated RNAi pathways but moreover raising the question whether this could 
have been the primordial one.
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Introduction

RNA silencing is a term describing a broad variety of mechan
isms that use short RNA molecules to regulate gene expres
sion. These can either target already transcribed mRNAs post- 
transcriptionally (PTGS) or they can interfere in transcription 
via co-transcriptional targeting of nascent transcripts (CTGS), 
thus recruiting chromatin modifying complexes [1,2]. An 
important component of RNAi (RNAinterference) mechan
isms is Argonaute proteins (Ago), which load small RNAs 
(sRNAs), thus creating functional complexes. Agos themselves 
can be phylogenetically dissected into two clades: Agos and 
Piwis (P-element-induced wimpy testes), the latter being dis
covered in Drosophila germline stem cells. Agos form the 
RISC (RNA induced silencing complex), with miRNAs and 
siRNAs both being ubiquitously expressed, whereas Piwis and 
piRNAs were believed to be expressed in germline cells 
only [3].

siRNAs are a distinct class of regulatory RNAs produced by 
the dsRNA (double stranded RNA)-specific ribonuclease 
Dicer: these have been shown across kingdoms to act either 
in PTGS and CTGS of protein-coding genes and structural 
elements such as centromeres through the life cycle [1]. In 
many systems, secondary siRNAs have been shown to be 

produced involving activity of RNA-dependent RNA poly
merases (RDR).

In contrast to Dicer-cleaved siRNAs, piRNAs were mainly 
described to silence transposable elements during gametogen
esis. However, increasing data on different piRNA mechan
isms reveal an unexpected diversity of those. This diversity 
does not only concern piRNA targets but also their temporal/ 
spatial occurrence and, most importantly, the piRNA biogen
esis mechanisms. In mouse and Drosophila, similar mechan
isms were described: single-stranded precursor 5´-U RNAs are 
loaded into Piwi proteins, and this is followed by subsequent 3 
´-trimming of the piRNA end. This initiation is then followed 
by Dicer-independent amplification of piRNAs by the ping- 
pong mechanism involving the reciprocal cleavage of comple
mentary ssRNA, thus generating an internal single nucleotide 
A preference (reviewed in [4]).

3´-Nucleotides of mature piRNAs usually carry a 2 
´-O-methylation, which is added after 3´-processing. Some 
mechanistic diversity becomes apparent as Drosophila and 
mouse piRNAs become 3´-trimmed after Piwi loading, but 
this was not reported in Caenorhabditis elegans where mature 
piRNAs are generated from precursors by 5´- and 3´- 
processing, and then the mature piRNA is loaded into Piwi 
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[5]. In all systems, 3´-methylation of piRNAs occurs after Piwi 
loading.

Piwi-mediated piRNA biogenesis differs to siRNAs and 
miRNAs maturation by the action of Agos and Piwis [6]. 
Agos load duplexes of Dicer cuts and select for guide and 
passenger strand before screening for targets. In contrast, 
Piwis do not show strand selection from duplexes and show 
a tendency for 5´-U containing ssRNAs, the latter has been 
shown to be due to both biased piRNA biogenesis and selec
tivity of Piwis [7].

As mentioned, piRNA pathways differ extremely between 
species and show a lack of conservation of involved genes [8]. 
Studies in Drosophila demonstrated that piRNA pathway genes 
evolve rapidly, indicating an arms race between transposons 
and their cellular defence [9,10]. Also downstream mechanisms 
differ between species as C. elegans shows an absence of ping- 
pong amplification using RDR-dependent siRNAs for amplifi
cation of the initial piRNAs [11]. Moreover, a screen of non- 
model species revealed the absence of the piRNA system in 
nematode lineages other than the most prominent C. elegans: 
these organisms apparently use RDR-dependent siRNAs to 
account for transposon control [12].

Consequently, piRNA biogenesis pathways are highly 
diverse, and increasing evidence indicates that piRNAs are 
not restricted to the germline but are present in low abun
dance also in somatic tissues, e.g. piRNA-like sRNAs have 
been identified in various somatic tissues by their ping-pong 
signature, and increasing reports also show piRNAs regulating 
expression of endogenous genes in somatic cells too [13,14]. 
However, purely descriptive studies reporting somatic piRNA 
expression need to be handled with care because of miss- 
annotations in piRNA databases containing piRNA-sized 
fragments of longer RNAs showing high RNA levels in 
somatic tissues [15].

As a result, an ongoing discussion asks for the evolution of 
these multiple functions of piRNAs, and one possibility is the 
co-option of transposon-derived piRNAs to regulate genomic 
functions [16]. A piRNA analysis of several arthropod species 
revealed somatic piRNAs targeting transposons and mRNAs 
across all species, and the authors consequently scrutinize that 
the ancestral role of piRNAs was to protect the germline from 
transposons [17].

In the context of changing dogmas about Piwis, ciliates 
provide an excellent model. They use several vegetative and 
developmental sRNA pathways [18], and they do not harbour 
any Agos. Paramecium tetraurelia, for instance, contains 15 
distinct Piwi proteins called Ptiwis [19]. These unicellular 
eukaryotes undergo sexual recombination of meiotic nuclei 
in order to develop somatic macronuclei (MAC) in the same 
cell with germline micronuclei (MIC). For further evaluation 
of Paramecium Piwi functions in the evolutionary context, 
one should be aware that the ciliate nuclear dimorphism 
cannot be seen as an ancestral state of multicellular species 
as germ-soma nuclear differentiation evolved at least twice in 
unicellular species [20]. As such, vegetative cells comprise 
functions of germline and somatic cells, rather than being 
exclusively somatic or germline.

Here, we characterize two Ptiwi proteins (Ptiwi13 and 
Ptiwi14) expressed during vegetative growth of Paramecium 

tetraurelia. Both are involved in transgene-induced silencing. 
In this mechanism, transformation of non-expressible trans
genes silence endogenous gene loci and this has been shown 
to involve dynamic chromatin remodelling [19,21,22]. This is 
at first glance similar to other mechanisms in which small 
RNA-mediated interaction of two different genetic loci have 
been reported. Next to co-suppression in plants where endo
genous and exogenous homologous genes are post- 
transcriptionally silenced by siRNAs [23], also the paramuta
tion represents an epigenetic interaction between two differ
ent genetic loci [24]. Interestingly, paramutations in 
Drosophila and C. elegans can involve both piRNA and 
siRNA elements, respectively [25,26].

The mechanism of transgene-induced silencing in 
Paramecium differs from those phenomena as only truncated, 
non-expressible transgenes can trigger silencing [27]. 
Transcription of translatable and intact mRNA from trans
genes appears to repress silencing and, in addition, also the 
deletion of these genes in F1 progeny [28]. Such transgenera
tional manifestations can also be observed in C. elegans and 
Drosophila; however, inheritance there concerns only gene 
silencing, not gene deletion [26,29].

In Paramecium, the precise characterization of sRNAs of 
transgene-induced silencing and especially of their bio- 
accumulation is missing. Two distinct Ptiwi proteins are 
involved, which is in conflict with the fact that Dicer is 
involved in the mechanism [22,30]. The sRNA specificity of 
the individual Ptiwi proteins remains unknown, and as such, 
their role and the origin and function of their associated 
sRNAs also remains elusive. The aim of this study is to dissect 
transgene-induced sRNAs by their loading into Ptiwi proteins 
to clarify about the the role and the mechanism of the two 
distinct Ptiwis in the mechanism in Paramecium.

Materials and methods

Cell culture, RNAi, microinjection

Paramecium tetraurelia cells (stock 51 and d4-2) were cul
tured as described before using Klebsiella planticola for reg
ular food in wheat grass powder (WGP) [31]. All cultures for 
this study were grown at 31°C. RNAi by feeding of dsRNA- 
producing bacteria was carried out as described before [32,33] 
using the double T7 vector L4440 in the RNAse III-deficient 
E. coli HT115DE3. Microinjection of the pTI-/- and FLAG 
fusion transgenes was carried out as described before [34].

Phylogenetic analysis

The evolutionary history was inferred using the Neighbour- 
Joining method with 1000 bootstrap replicates [35,36]. The 
optimal tree is shown in Fig. 1A. Evolutionary distances were 
computed using the Poisson correction method [37] and are 
in the units of the number of amino acid substitutions per 
site. Ambiguous positions were removed by the pairwise dele
tion option. There were a total of 1.703 positions in the final 
dataset. Evolutionary analyses were conducted in MEGA 
X [38]. Proteins were aligned with Muscle using default para
meters. Ptiwi1-15 sequences were described in [19], and we 
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also used a curated amino acid sequence for the putative 
pseudogene Ptiwi04 using its paralog Ptiwi05 as a template.

RNA isolation and treatment

Total RNA was isolated with TriReagent (Sigma). Integrity was 
checked by denaturating gel electrophoresis after DNase 
I (Invitrogen) digestion and subsequent purification with acid 
phenol. For dissection of 3ʹ-modifications by periodate oxidation, 
20 μg RNA were dissolved in 17.5 μl 4.375 mM borax, 50 mM 
boric acid, pH 8.6, and 2.5 μl 200 mM sodium periodate were 
added. After 10 min incubation in the dark, 2 μl glycerol were 
added with another 10 min incubation. After drying in the speed
vac, the pellet was dissolved in 50 μl 33.75 mM Borax; 50 mM 
boric acid; pH 9.5 and incubated for 90 min at 45°C . The RNA 
was subsequently purified with Sephadex G-25 columns (GE).

sRNA sequencing and analyses

For siRNA sequencing, 17–25 nt small RNA fractions were 
isolated by denaturating PAGE and subjected to standard 
small RNA library preparation using the NEB Next small 

RNA sequencing Kit (NEB, Frankfurt a.M., Germany). The 
procedure includes 3´-OH and 5´-monophosphate-specific 
ligation steps, and we tried to lower 3´-2´-O-me biases by 
18 hours 3´-ligation at 16�C. After 10 PCR cycles, the libraries 
were gel-purified and sequenced on the HiSeq 2500 using the 
Rapid Mode with 28 cycles. Reads were de-multiplexed, and 
adapter sequences were trimmed using Trim Galore (http:// 
www.bioinformatics.babraham.ac.uk/projects/trim galore/) 
that uses Cutadapt [39] with a stringency cut-off of 10. For 
analysis of reads, we used normalized counts and converted 
these values to transcripts per million (TPM), which we also 
refer to as sRNA accumulation. For the analyses specific to 
endogenous clusters, a TPM value greater than one was 
termed to be present in Ptiwi IPs. We used the RAPID pipe
line to obtain the normalized counts, implementing the 
KnockDown Corrected Scaling (KDCS) method [40]. 
Hierarchical clustering of data sets was performed with com
plete linkage using an Euclidean distance measure, and heat
maps were created using R/Bioconductor package gplots 
(v3.0.1.1). Shown statistical analyses were performed on aver
age of reads of dupli- or triplicates of experiments, including 
error bars based on calculated variance. Data are deposited at  

Figure 1. Relationship of Ptiwi proteins and their localization in vegetative cells. A: Phylogenetic tree of Paramecium tetraurelia Ptiwi proteins (blue) in relationship to 
Tetrahymena Piwis (Twi, red), metazoan Piwi proteins (green) and Agos (yellow). Support values are given at nodes, see Methods for details. The amino acid sequence 
of the putative pseudogene Ptiwi04 was corrected using its paralog Ptiwi05. B: Localization of Ptiwi proteins in vegetative Paramecium cells injected with Ptiwi13- 
FLAG (top) or Ptiwi14-FLAG (bottom). Cells were analysed by indirect immunofluorescent staining using custom antibodies directed against Ptiwi13 or Ptiwi14 
labelled with secondary Alexa594-conjugated antibody (red). Additionally, the cells were stained using anti-FLAG antibody. Representative overlays of Z-stacks of 
magnified views are presented. Other panels show DAPI (in blue), brightfield and overlay of DAPI and Alexa594 signal. White asterisk indicates the position of the 
macronucleus. Scale bar is 10 μm and exposure is 2 s.
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the European Nucleotide archive, ENA, Acc. Nr. PRJEB38766, 
and information of sequencing depth and mapping statistics 
are provided in Table S1.

sRNA signatures

Sequence logos of 23nt sRNAs were generated using 
WebLogo3 [41] with error bars twice the height of the correc
tion for small sample size. Probabilities for overlapping reads 
from aligned sRNA reads were calculated using the small 
RNA signature analysis tool in Galaxy [42]. sRNAs from 17 
to 25 nt were mapped to each region of interest, allowing no 
mismatches or multimapper in bowtie [43], and overlaps from 
1 to 25 nucleotides were calculated. Plots for read length 
distribution and coverage were created using Geneious 
Prime 2020.1.2.

Antibodies, western blots, immunostaining

Peptides corresponding to the amino acids 684–698 and 449– 
463 of Paramecium Ptiwi13 (C-DDAPPQARKNNKSPY) and 
Ptiwi14 (C-QNWMQRLTAEIGDK), respectively, were used 
for immunization of rabbits. Purification of antibodies from 
serum was performed by coupling the respective peptides to 
SulfoLink coupling resin (Thermo Scientific) and following 
the manual instructions. Purified antibodies were tested by 
dotblot assays (Fig S2). Western blots were carried out as 
described previously [44] using indicated antibodies diluted 
1:250 in 5% milk/TBST. Indirect immunofluorescence stain
ing was carried out as previously described [45]. Cells were 
permeabilized in 2.5% Triton X-100 and 1% formaldehyde for 
30 min followed by fixation in 4% formaldehyde and 1.2% 
Triton X-100 for 10 min. After blocking in 3%BSA/TBST, the 
cells were incubated in primary antibody diluted 1:200 in 3% 
BSA/TBST under mild agitation overnight at 4°C. After wash
ing and incubation with 1:2500 Alexa Fluor 568 F(ab’)2 frag
ment of goat anti-Rabbit IgG (H + L) (Thermo Scientific # 
A-21069), the cells were stained with DAPI and mounted in 
VECTASHIELD (VectorLaboratories). Images were acquired 
using Zeiss Axio Observer with ApoTome. For expression of 
tagged Ptiwis, the respective orf was cloned into Paramecium 
FLAG-Vectors pPXV containing three FLAG sequences either 
at the N or C terminus (kind gift of M. Valentine and J. Van 
Houten, Vermont, USA) as described in [46]. Injected clones 
were screened by single-cell PCR, and positives were grown 
for cell fixation and protein isolation. Macronuclei were iso
lated as described [47], and protein was isolated by adding 
preheated Laemmli sample buffer with subsequent boiling for 
5 min.

Ptiwi-immunoprecipitation

Transgenic Ptiwi lines harbouring the pTI-/- transgene and 
a single Ptiwi-FLAG fusion construct (described above) were 
used for Ptiwi IPs using monoclonal anti-FLAG M2 (Sigma). 
Our procedure follows the protocol by [48] for developmental 
Ptiwis with the following modifications. 500 k cells of a single 
transgenic line were grown and harvested by snap freezing in 

2 ml lysis buffer. 1 ml of the lysate was broken in a Dounce 
homogenizer and 1 ml was sonified until also MACs were 
destroyed. After addition of 50 μl Anti-FLAG M2 Magnetic 
Beads (Sigma) and incubated over night by gentle agitation. 
After washing beads with wash buffer and re-suspended in 
100μl. 10μl were used for western controls by addition of 
2.5μl Laemmli sample buffer and subsequent boiling for 
2 min. 90μl were extracted with TriReagent LS (Sigma) 
according to the manufacturer’s recommendation.

Results

Ptiwi13 and 14 prefer different subcellular localizations

Fig. 1A shows the evolutionary relationship between the 15 
Paramecium tetraurelia Ptiwi proteins. The phylogenetic tree 
reveals ciliate Piwi proteins clustering with metazoan Piwis, 
which are clearly separated from Agos. The two Piwis 
involved in transgene-induced silencing, Ptiwis 13 and 14, 
show some degree of similarity but no close relationship. 
They do not appear to be the result of one most recent 
genome duplication of which the Paramecium tetraurelia 
genome has undergone at least three. Ptiwi 14 has an ohnolog 
of the most recent WGD, Ptiwi08, which shows developmen
tal expression [49,50]. In addition, a recent study identified 
orthologs of Ptiwi 13 and 14 in most of the species of the 
Paramecium aurelia complex and in addition in Paramecium 
caudatum and Paramecium bursaria [51]. An analysis of the 
catalytic domain (Fig S1) shows that the catalytic DEDH 
tetrad [52] is present in Ptiwi13 and 14, suggesting that both 
are capable of slicer activity.

To clarify the subcellular localization, we raised antibo
dies against specific peptides corresponding to both Ptiwis 
for immunolocalization (Methods and Fig S2) and addi
tionally used FLAG-tagged Ptiwi transgenes, which we 
used for later Ptiwi IPs as well. Figure 1B indicates clear 
cytosolic Ptiwi13 signals in stainings with specific and 
FLAG antibodies. This cytosolic signal appears a bit struc
tured, likely due to fixation-induced binding of soluble 
proteins to ER membranes. Ptiwi13 custom antibodies 
reveal additional MAC signals in ca. 20% of cells as 
shown in Fig S2, and also the FLAG antibodies do not 
show an absence of Ptiwi13 signal in the MAC. We con
clude that Ptiwi13 has a predominant localization in the 
cytosol but can also appear in the MAC. Ptiwi14 staining 
with custom- and FLAG-Abs shows mainly MAC signals 
and only faint signals in the cytoplasm. We conclude that 
both Ptiwis have different sub-cellular localization prefer
ences in MAC and cytosol, but for both Ptiwis, also less 
intense signals in the respective other compartment are 
apparent. This is supported by the comparison of total 
and MAC protein Western blots shown in Fig S2 and by 
an in silico analysis of the amino acid sequences by ngLoc 
method, which is a Bayesian classification method to pre
dict localization of proteins [53]. According to the multi- 
localization confidence score (MLCS above 20), the algo
rithm predicts that both Ptiwis shuttle between nucleus and 
cytosol, where the evidence for Ptiwi13 is higher (Fig S3). 
Slight differences in the ratio of Mac and cytosolic signals 
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between FLAG and custom Abs may be due to increased 
levels of antigenic sites, resulting from the over-expression 
of FLAG-Ptiwi constructs. As these data exclude that the 
over-expression or the FLAG tag causes false positive loca
lization, we proceeded with Ptiwi-IPs of these fusion 
proteins.

Ptiwi13 and 14 have different loading preferences for 
endogenous and exogenous sRNAs

For Ptiwi IPs, we injected FLAG-tagged Ptiwi13 and 14 
transgenes, respectively, into a transgenic RNAi-strain har
bouring the pTI-/- transgene (Fig. 2A). The latter contains 
a GFP marker and, additionally, a truncated version of the 
endogenous ND169 gene causing silencing of the endogen
ous locus. Western blots of aliquots of the lysates/pull
downs verified the successful immunoprecipitaion and the 
absence of soluble proteins present in the supernatant 
(Fig. 2B). As a first insight, the trimmed read length dis
tribution of Ptiwi IP reads shown in Fig. 2C reveal a clear 
23nt peak, which is the predominant siRNA read length in 
Paramecium. We then mapped reads to different classes of 
RNA templates and quantified them relative to the respec
tive abundance in Ptiwi overexpression lines to limit the 
effects of an individual Ptiwi overexpression to stabilization 
of individual RNA species. Please note here that Ptiwi over- 
expression may cause unspecific binding of abundant RNA 
species.

Fig. 2D indicates that Ptiwi13 enriches for sRNAs of exo
genous precursors such as food bacteria and mitochondria. 
This is in agreement with a previous report that Ptiwi13 is 
also involved in exogenously triggered RNAi when paramecia 
are fed with dsRNA producing bacteria [19]: it has later been 

shown that Paramecium also converts exogenous ssRNA of 
the food bacteria such as rRNA and mRNA into siRNAs 
[19,54]. In addition, Ptiwi13 also enriches for fragments of 
rRNA and snRNA.

In contrast, Ptiwi14 IPs show accumulation of small RNAs 
produced from all protein coding genes (all MAC genes) and 
a subset of previously characterized siRNA producing genes 
(SRCs, small RNA clusters) of the Paramecium genome [55]. 
Small RNAs from ncRNAs are clearly underrepresented in 
Ptiwi14 IPs as well as fragments of snoRNA and tRNAs. 
The latter are also not found in Ptiwi13 IPs.

In summary, our data indicates both Ptiwis not to be 
redundant but with different localization and loading 
preferences.

2° siRNAs are enriched but not exclusively found in 
Ptiwi14

Both Ptiwis have been earlier shown to be necessary for 
efficient transgene-induced silencing [19]. Figure 3A shows 
the genomic structure of the endogenous ND169 gene 
involved in trichocyst discharge. This gene becomes silenced 
on the chromatin level when cells are injected with 
a truncated form of this gene shown below: the pTI-/- trans
gene shows two deletions: one on the 5ʹ-coding region (ND-1) 
and the 3ʹ-coding region including the 3´-UTR (ND-2) [22].

Mapping sRNA reads to the endogenous ND169 is 
shown in (Fig. 3B): siRNAs mapping to the regions called 
ND-1 and ND-2 result from the endogenous ND169 gene 
only, as these regions are not present in the transgene. 
siRNAs mapping to ND-1 and ND-2 therefore represent 2° 

siRNAs.

Figure 2. Analysis of sRNAs in Ptiwi immunoprecipitations. A: Experiment overview. A single cell was injected with the pTI-/- transgene. After establishment of 
a stable line, the cells were injected with FLAG-Ptiwi13/14 constructs, respectively (green). B: Control Western blots for the IPs using anti-FLAG Abs for Ptiwi detection 
and anti-GFP (Sup.-Supernatant, IP-Immunoprecipitation). Two different setups of the IPs used sonication (S) and douncing (D) for cell lysis, the latter remains MAC 
structure but permeabilized. C: Total read length distribution of Ptiwi IPed reads after adapter trimming. Average of reads from three IP replicates is shown. D: 
Relative enrichment of RNA reads in Ptiwi IPs mapping to different categories of genomic templates. Average of reads from three IP replicates was calculated, and 
the enrichment in reference to individual Ptiwi overexpressing lines is shown. * p-value < 0.005.
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They are therefore 2° siRNAs produced from the targeted 
gene after triggering by 1° siRNAs produced from the trans
gene [22]. Those regions existing in the transgene and the 
endogenous gene (called NDgene in the following) consist of 
both 1° and 2° siRNA; however, as the abundance of 2° 

siRNAs is more than 10-fold lower compared to 1°, the 
NDgene regions show predominantly 1° RNAs [22]. Figure 
3B also shows the reads from Ptiwi IPs. These maps already 
rebut one of our first hypothesis on the question why two 
different Ptiwis may be involved in this mechanism: both 
Ptiwi IPs show reads mapping to the NDgene and to the 
ND-1/2 region. As such, they do not mutually exclusively 
load 1° siRNAs and 2° siRNAs. Analysing quality and quan
tity of these sRNAs, Fig. 3C and Fig. 3D show that both 
Ptiwi bound sRNAs are of predominant 23nt length. Ptiwi14 
significantly enriches more 2° siRNAs (Fig. 3E). The finding 
that silencing of the ND169 gene by the transgene was 
shown to occur on the chromatin level [22] may make 
sense in this context as 2° siRNAs may then be produced 
from nascent transcripts in the nucleus and loaded by 
nuclear Ptiwi14.

Ptiwi13 and 14 specifically load 23nt antisense siRNAs

To characterize the nature of Ptiwi loaded sRNAs, we had first 
a look at the ratio of 23nt reads to other read lengths. 
Comparing total RNA from pTI-/- transgenic cells to IPs, 
Fig. 4A shows that both Ptiwis specifically load 23nt sRNAs; 
however, the ratio of 23nt to other lengths varies between 
different RNA species. For several RNAs, e.g. food bacteria, 
rRNA etc., one can see that Ptiwis specifically select 23nt 
sRNAs among many other RNAs. It seems likely that frag
ments of these RNAs are produced by different mechanisms 
creating several lengths of sRNA of which Ptiwis enrich for 
23nt sRNAs.

This appears different for transgene-associated 1° and 2° 

siRNAs, which show almost identical ratio of 23nt siRNAs in 
total RNA and IPs, suggesting that distinct biogenesis 
mechanisms contributes to more precise sRNA cleavage. 
Going more into detail with these transgene associated 
siRNAs, both Ptiwis load predominantly antisense RNAs as 
shown in Fig. 4B. We compared this to Ptiwi knockdowns, in 
which the individual Ptiwis are silenced by introduction of 
dsRNA by feeding bacteria. In the transgene (pTI-/-) 

Figure 3. Ptiwi13 and 14 load transgene associated sRNAs. A: Detailed scheme of the endogenous ND169 locus (top) and the truncated transgene (bottom). Introns 
are numbered and brackets symbolize specific junctions. Shaded regions are not part of the transgene (ND-1 and ND-2). B: Coverage tracks of siRNAs mapped to the 
endogenous ND169 locus. siRNAs were separated by their direction (sense/antisense). Regions accounted for 1° siRNAs (NDgene, yellow) and 2° siRNAs (ND-1 and ND- 
2, grey) are highlighted. Coverage track in log scale is shown for one replicate each, while numbers on the right indicate untransformed sense and antisense 
coverage. C: Read length distribution of 1° siRNAs and 2° siRNAs from Ptiwi IPs and total RNA from pTI-/- injected cells. Data are shown as proportion of reads 
mapping to the NDgene locus and D: the ND-1 locus. E: Relative enrichment of RNA reads in Ptiwi IPs mapping to different regions of the transgene. Enrichment was 
calculated for the average of reads of three replicates in reference to individual Ptiwi overexpressing lines. * p-value < 0.005.
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background, silencing of Ptiwi13 or 14 causes rescue of the 
ND169 silencing phenotype, meaning that cells can eject tri
chocysts again [22]. Comparing the antisense ratio of Ptiwi 
knockdown and IPs to each other, our data indicate a certain 
decrease of the antisense ratio in knockdowns and an increase 
in IPs (Fig. 4C). Its worth to note here that Ptiwi13 is recur
sive: being involved in the dsRNA feeding pathway may be 
less efficient compared to Ptiwi14 silencing but has been 
shown to be efficient for reporter RNAi rescue in several 
instances [19,22]. These changes in the antisense ratio are 
only moderate, and it is either possible that both Ptiwis are 
redundant or that also other factors contribute to strand 
selection. In many systems, 2ʹ-O-methylation was shown to 
occur in context of Piwi-associated sRNAs [56]. Using period
ate oxidation of RNA and subsequent library preparation, we 
can show that both 1° and 2° are resistant to periodate thus 
likely to be methylated at the 3ʹ-end (Fig S4). Moreover, our 
data indicate that predominantly antisense sRNAs are mod
ified in this manner (Fig. 4D), suggesting that this modifica
tion contributes to strand selection and stabilization.

Ptiwi14 loaded siRNAs have a 5ʹ-uridine preference

As the current data implicates that both Ptiwis select strands 
from Dicer cuts rather than amplify sRNAs in a ping-pong 

manner, we followed this idea by analysing the sequence logos 
of transgene-associated sRNAs. Figure 5A shows logos of 1° and 
2° sRNAs obtaining 5ʹ-uridine preference. To decide whether 
these RNAs should result from a Dicer cut, one should see an 
A preference at position 21 for the non 5ʹ-U reads. These are 
shown in Fig. 5A, but one cannot identify such a Dicer signature 
nor a ping-pong signature (an A at position 10 of the non 5ʹ-U 
reads). Ptiwi IPs (Fig. 5B) reveal that the 5ʹ-U preference of total 
RNA is mainly due to Ptiwi14, whose RNAs show a much 
stronger 5ʹ-U preference compared to Ptiwi13. Unfortunately, 
lack of Dicer or ping-pong logos do not allow for further 
conclusions about the biogenesis mechanisms.

We therefore additionally analysed reads for their overlap
ping signature: transgene 1° siRNAs show a peak at 21nt over
laps, which fit to 23nt Dicer cuts (Fig. 5C). The 21nt overlaps 
are prominent but not dominant in Fig. 5C, which is likely due 
to the strand selection by Ptiwis, which causes degradation of 
the passenger strand. Fig. 5C in addition shows that we cannot 
identify any 21nt read overlaps in periodate-treated samples in 
agreement with the hypothesis of strand-specific methylation.

Interpreting this as an argument for Dicer cleavage, this is 
contrary to the missing Dicer signature in sequence logos, 
which would have been an an A-preference at position 21 in 
non-5´-U reads. We have to consider that the observed 5ʹ-U 
preference is not that strong compared to 5ʹ-Us in Paramecium 

Figure 4. Asymmetric modification and Ptiwi selectivity contributes to accumulation of antisense siRNAs. A: Number of 23nt reads mapping to each indicated 
genomic feature and transgene regions accounting for 1° and 2° siRNAs were related to the total number of reads of other sizes. Calculation is shown for the mean of 
Ptiwi IPs and RNA from pTI-/- injected cells as control (total RNA). B: Antisense ratio of reads from Ptiwi IPs calculated by merging three replicates each. C: Difference 
in the antisense ratio of reads to the antisense ratio of respective control was calculated. Data is shown for reads from knockdown of Ptiwis in duplicates and IPs 
(triplicates) mapping to the indicated transgene regions. D: Antisense ratio of small RNAs from pTI-/- transgene samples (total RNA, untreated) and small RNAs 
treated with sodium periodate (+NaIO4). Average of reads from two replicates is shown.
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scnRNAs for instance [30,57], and thus the complementary 21- 
As on the passenger strand might not be detectable. In addition, 
Fig S5 shows that the 5ʹ-U preference is still pronounced in 
periodate-treated RNAs, thus indicating that nucleotide prefer
ence and methylation co-occur on the same molecules.

sRNA uridine content contributes to strand selection

When analysing the sequence logos, not only the 5ʹ-U prefer
ence was observed but some logos suggested that stabilized 
strands are rich in uridines (Fig S5, Fig S6). We followed this 
by analysis of the antisense ratio along the transgene and endo
genous ND169. Figure 6A shows again that most areas show 
dominant antisense preference for 1° and 2° siRNAs: an 

exception is the promoter proximal region (called ND-5), 
which shows almost 50/50 strand distribution. We consequently 
calculated uridine and adenosine content of these regions 
(Fig. 6B), revealing that the ND-5 region is different from the 
other regions as it shows a much higher uridine content on the 
sense strand. We therefore asked whether this could be seen in 
sRNAs, too. Also in sRNAs, the ND-5 region shows a different 
behaviour compared to other regions (Fig. 6C), and we conse
quently calculated the U-content of 23nt sRNAs of (i) in silico 
diced RNA, (ii) total transgene siRNAs and (iii) siRNAs of Ptiwi 
IPs. As demonstrated in Fig. 6D, the exceptional sense bias of 
the promoter proximal ND-5 region correlates to the enrich
ment of U-rich sRNAs, mainly by Ptiwi14. The analysis further 
reveals first that for all regions, the U-content of the more 
abundant antisense RNAs is higher than the sense siRNAs, 

Figure 5. Sequence logos of 1° and 2° siRNAs. A: Sequence logos of 23nt antisense reads from pTI-/- injected cell lines mapping to transgene regions. Logos for either 
all sequences or the ones without 5ʹ-U are shown. B: Sequence logos of 23nt antisense reads from Ptiwi13 IP (left) and Ptiwi14 IP (right). C: Overlap predictions of 
small RNAs from 17 to 25nt of untreated, total RNA and the same small RNAs treated with sodium periodate (+NaIO4). Z scores for overlapping pairs are included.
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and second for almost all regions for 1° and 2°, the U-content of 
Ptiwi IPed sRNAs is above in silico diced sRNAs. Thus, strand 
selection by Ptiwi13 and Ptiwi14 seems to include a general 
selection for uridine-rich sRNAs.

Transgene-induced silencing mimics endogenous siRNA 
accumulation

We finally had a closer look at endogenous siRNAs. We have 
recently described siRNA-producing loci in the Paramecium 
genome, showing read length preference of 23nt [55]. Figure 
7A shows also for these endogenous clusters a predominant 
overlap of 21nt, indicating Dicer to be involved at least in the 
majority of them. Surprisingly, most of the endogenous clus
ters can be identified also in IPs of Ptiwi13 and 14 (Fig. 7B, 
C and Fig S7). As shown in Fig S8, those SRC-derived, Ptiwi- 
loaded siRNAs with high antisense ratios also show a higher 

U-content in antisense reads. This again leads to the hypoth
esis of loading preferences of Ptiwis for uridine-rich siRNAs. 
Supplement Fig. S9 shows that both Ptiwis load SRC small 
RNAs independent of the expression level of genes: as 
Paramecium SRCs correlate with both, silent and high 
expressed genes, the function of these sRNAs is hardly under
stood, but the Ptiwi-IP data here suggest that Ptiwis do not 
dissect between sRNAs from silent or high expressed genes. In 
these analyses, we will miss any trans-acting mechanisms as 
mapping with only one mismatch allowed will likely result in 
cis acting correlations only. It is likely that also trans actions 
of SRC-produced siRNAs could occur, which is difficult to 
analyse as we do not know about the target recognition of 
Ptiwi-bound sRNAs. Correlating gene expression level with 
sRNA antisense ratio of SRCs located in protein coding genes, 
we also cannot identify a correlation between mRNA and 
antisense ratio of small RNAs in SRCs (Suppl. Fig S10). Few 
silent genes, however, show a strict bias of siRNAs, which 

Figure 6. U-content analysis of 23nt sRNAs in Ptiwi IPs. A: Sense/antisense reads from pTI-/- injected cells mapping to indicated regions in 50nt windows. B: 
Percentage of adenine and uridine of the sense RNA transcript of each region. C: Heatmap of reads mapping to the indicated regions separated by their direction. D: 
X axis shows U-content of reads found in Ptiwi IPs, while density represents number of reads. In silico data is generated by counting U-content of 23mers of the DNA 
sequence for each region.
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could be examples of classical sRNA silenced genes but as this 
analysis was only possible for few genes (Suppl. Fig. S10). As 
a result of the comparison of transgene-associated silencing 
and endogenous small RNA producing loci, both appear to 
have common genetic requirements with endogenous siRNA 
accumulation pathways and appears therefore as a suitable 
model to study endogenous siRNA accumulation. Transgene- 
induced silencing appears therefore as a suitable model to 
study endogenous siRNA accumulation.

Discussion

The dissection between Agos and Ptiwis was originally not only 
based on sequence similarity but on their spatial and temporal 
activity in germline and somatic cells. The most important 
distinction between both was due to their action in strand 
selection: Agos load RNAse III generated duplexes, whereas 
Piwis load longer ssRNA and generate their own sRNAs. 
Although many recent reports were published describing non- 
canonical functions of Piwis in somatic cells targeting non- 
transposable elements, the latter aspect of strand selection activ
ity remains an important difference between the two groups.

Ciliates belong to the SAR-supergroup, which are equidi
stant to animals, plants and fungi [58] and especially 
Paramecium is different to many other species, not only 
metazoans, as the genome does not contain Agos but 15 
Ptiwis [19]. Thus, Paramecium offers exciting possibilities 
for evolutionary comparison of RNAi mechanisms and the 
mode of action of individual components.

Transgene-associated siRNAs are Dicer products

We started this work here based on the surprising finding that 
two different Ptiwis are involved in a process where a non- 
expressible transgene silences a genetic locus at the chromatin 
level [19,22]. There are a couple of possible hypotheses why 
two distinct Ptiwis are necessary for this mechanism. First, 

a logical idea would be the action of ping-pong amplification. 
Although this would have been supported because Ptiwi13 
and Ptiwi14 likely have slicer activity, it is in conflict with 
the fact that Dicer1 is necessary to produce at least the 1° 

siRNAs (Fig S11). A second hypothesis would have been that 
both Ptiwis distinguish between 1° and 2° siRNAs. Our data 
clearly shows that both hypotheses are not true because we do 
not see any ping-ping signature but a 21nt overlap of reads, 
thus strongly suggesting that Dicer cuts at least the majority of 
siRNAs. Ptiwi IPs disprove also the second hypothesis because 
both Ptiwis load both 1° and 2° siRNAs, however, in different 
quantities. But what is the function of both Ptiwis then? Could 
they have the very same function being redundant? This 
seems not very likely because our data shows some discrete 
differences between Ptiwi13 and Ptiwi14: (i) Ptiwi13 loads 
more sRNAs from exogenous templates, (ii) both have differ
ent sub-cellular localization preferences, (iii) Ptiwi14 loads 
more 2° siRNAs and finally (iv) Ptiwi14 shows a much stron
ger preference for 5ʹ-U RNAs. It seems therefore more likely 
that both Ptiwis have indeed distinct and specialized functions 
in this mechanism. Concerning the subcellular localization, 
our data resulting from IF, Western and in silico analysis 
support the idea that both Ptiwis can be found in both cytosol 
and MAC but with different preferences. Our data indicate to 
be more Ptiwi13 in the cytsol and more Ptiwi14 in the MAC. 
It seems likely that both are involved in a shuttling process 
between cytosol and nucleus, reminiscent of the nematode 
Ago NRDE-3, which localizes in the cytosol and redistributes 
to the nucleus when bound to 2° siRNAs from the feeding 
pathway [59]. Also Arabidopsis Ago4 assembles with siRNAs 
in the cytosol and is then transported in the nucleus [60]. 
Among these examples for nuclear import of sRNA loaded 
Ago/Piwis, this would make sense if we think about the 
trigger for transgene-induced silencing. It has been shown 
that explicitly non-expressible transgenes induce RNAi 
[28,33], tempting that a quality control mechanism is involved 
in this process to dissect which transgene can produce 

Figure 7. Endogenous sRNAs in Ptiwi IPs. A: Calculation of overlaps of endogenous 17–25nt sRNAs isolated from wildtype RNA including Z-score for overlapping 
pairs. B: sRNAs mapping to SRCs (small RNA clusters) in the Paramecium genome are analysed by their presence in Ptiwi IPs. Venn diagrams of the two IPs of sonified 
(S) and dounced (D) lysates with numbers of SRCs detected and the proportion of each fraction of the total found SRCs. C: Three examples of endogenous loci shown 
by coverage tracks of unnormalized data (surface antigen 51A, cluster22 and SRC 204).
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translatable mRNA. Such a processes, e.g. nonsense-mediated 
RNA decay, works in the cytosol as translation is an efficient 
way to dissect between defect and translatable mRNAs. As we 
have previously shown that transgene-induced silencing 
works on the chromatin level, this cytosolic signal needs to 
be transported into the nucleus.

Ptiwis select strands from dicer products

Our data indicate that both Ptiwis select for strand-specific 
sRNAs from Dicer cut duplexes, which represents a non- 
canonical function of Piwi proteins. This finding is fostered 
by several aspects. Dicer knockdown reduces all sRNAs 
[22,30], and in addition we have shown here that bulk trans
gene siRNAs show 21nt overlaps of 23nt RNAs. Our study 
also brings strand-asymmetry in association with individual 
properties of sRNAs, apparently contributing to strand selec
tion and stabilization by Ptiwis: 5ʹ-U preferences, U-content 
and 3ʹ-methylation. 5ʹ-U preferences have been frequently 
described, e.g. for the Piwi lacking Arabidopsis Ago1 [61]. It 
is also quite reminiscent to the strong 5ʹ-U preference of 
Drosophila Piwi (and weaker in Aubergine), which act 
together with Ago3 in the ping-pong amplification of 
piRNAs [62]. However, we cannot identify any sRNAs with 
an A-preference at position 10, which would result from such 
a mechanism. 5ʹ-Nucleotide preferences were also reported 
for the developmental Ptiwis in Paramecium showing 
a strong 5ʹ-UNG signature [30,48,57]. Recent evidence from 
in vitro dicing experiments show that this signature is due to 
cleavage preference of the involved Dicer-like enzymes rather 
than due to preferential Ptiwi loading [63]. The authors spec
ulate about a co-evolution of Dicer-like enzymes to produce 
sRNAs targeting germline-specific DNA with strong sequence 
bias at its ends. This seems likely for the particular need to 
target conserved sequence-ends, but for the control of endo
genous gene expression, accumulation of such conserved 
sequence features in siRNAs would not make sense. 
Interestingly, the scnRNA mechanism holds another interest
ing aspect to discuss as it involves also a special kind of 2° 

sRNAs (iesRNAs) transcribed from already excised and cir
cularized IESs. However, 1° and 2° developmental sRNAs have 
been shown to be loaded in distinct Ptiwis. This is contrary to 
our vegetative mechanism; this makes sense because scnRNAs 
and iesRNAs have different biogenesis mechanisms and dif
ferent properties [57,63]. Vice versa, we may conclude from 
this that 1° and 2° siRNAs in transgene-induced silencing have 
identical biogenesis mechanisms, meaning that the same 
mechanism act on the transgene and the endogenous gene. 
Similar to transgene-associated Ptiwis, the knockdown of 
Ptiwi10 and Ptiwi09 during meiosis resulted in accumulation 
of duplexes and the authors concluded that these Ptiwis could 
be responsible for strand selection in reminiscence of Agos 
[48]. This is further supported by the involvement of Dicer/ 
Dicerl-like proteins in the biogenesis of these two sRNA 
classes [57], thus indicating that the two developmental Piwi 
proteins act also more like Agos, which is similar to our 
finding here. Ciliates may in general use Piwis in an Ago 
manner, which is surprising not only for the vegetative 
Ptiwis described here but even more for the massive 

elimination of transposons and transposon-derived sequences 
during development, which is the hall mark of Dicer- 
independent piRNA in other organisms.

Nucleotides as a biochemical reason and the resulting ther
modynamic behaviour of a sRNA duplex are only individual 
aspects for strand selection. It has been demonstrated that many 
protein factors in addition to Agos contribute to strand selec
tion, allowing for dynamic adaptation of the miRNA system in 
response to challenges to adapt gene expression [64]. Two 
aspects need to be taken into account: phosphorylation by de 
novo RDR initiation and availability of RISC targets. 
Concerning the latter, it has first been shown in plants that 
the alteration of the target RNA binding quality alters miRNA 
abundance [65]. It seems likely that such a parameter also 
contributes to the strand selection in our example, as for 
instance the ND-5 region still does not show a clear sense 
bias, which could be explained if indeed antisense strands are 
preferred due to available targets by a sense (m)RNA. As men
tioned above, also phosphorylation of RDR transcripts may play 
a role in strand selection: Tetrahymena Dicer2 was shown to be 
physically coupled with the RDRC: in vitro, Dicer2 cleaves 
discrete siRNAs from the 5´-triphosphorylated ends of dsRNA 
only [66]. As also the transgene-induced silencing here employs 
RDR activity, cyclic and phased de novo RDR activity on the 
sense transcript could produce duplexes with triphosphorylated 
antisense ends. If Ptiwis would select for those, the RDR pro
ducts would be preferentially loaded.

Conclusion

Our study is another evidence for the extreme diversification of 
small RNA amplification not only in ciliates and the data raises 
the question whether ciliates use their Piwis totally different to 
other species or whether this function of Piwis could be the 
primordial one and later split into Agos and Piwi mode of 
actions. Vice versa to the ciliate Piwis in strand selection, yeast 
Ago has been demonstrated to load single-stranded RNAs, 
which become trimmed into pri-RNAs which are Dicer inde
pendent [67]. This means that S. pombe Ago can also process 
longer ssRNA into functional small RNAs. Such a Piwi-like 
function may fit to the position of S. pombe Ago between 
mammalian Agos and Piwis in our phylogenetic reconstruction 
in Fig. 1A. This non-canonical Ago function in yeast together 
with our data in ciliate Piwi function, let us assume that Piwis 
and Agos in unicellular eukaryotes are more diverse in their 
activity than expected. One may hypothesize that yeast and 
ciliates owning only Agos or Piwis, respectively, use those in 
a more flexible way compared to species harbouring both Agos 
and Piwis. This flexibility along with the absence of miRNAs in 
ciliates [55] may also be compared with the highly conserved 
miRNA loading Agos in vertebrates, which show a much higher 
degree of conservation compared to siRNA loading Agos of e.g. 
nematodes and insects, which are still in an arms race with viral 
adaption [68]. Although this comparison of conserved miRNA 
loading Agos in mammals and evolutionary flexible antitran
sposon and antiviral Agos/Piwis in plants, nematodes and sin
gle-celled organisms make sense at first glance, recent studies 
also demonstrate antiviral RNAi in interferon deficient mam
malian cells [69], so depending on the extent of this, also the 
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mammalian RNAi mechanisms still needs to adopt to new 
pathogens.

As until now, no ping-pong amplification has been demon
strated in any ciliate, further research has to clarify whether 
this is absent in ciliates at all. From the evolutionary point of 
view, Ago-like usage of Piwis seems surprising in unicellular 
eukaryotes as Agos have been demonstrated on bacteria 
already [70], although their function is less understood. 
Further studies need to clarify whether Agos may have been 
depleted in ciliates or, on the other hand, if strand selection of 
dsRNA by Piwis may have been the primordial function.
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CILIATES, particularly Paramecium, served as model 
organisms in genetics and epigenetics long before the lat-
ter term was even used for the first time. From the histor-
ical point of view, ciliate genetics had its first's heydays 
from 1940 to 1960, when many important discoveries 
were made, resulting in a detailed description of epigen-
etic phenomena. As a result, most textbooks for under-
graduates dedicated individual chapters to ciliate cell 
biology and genetics in the 1970s, but these chapters dis-
appeared from textbooks in modern times (Preer, 1997).

This situation has now changed (Boenigk, 2021). 
Ciliate epigenetic research experiences a renaissance, 
although this wording might not be entirely precise as 
research is not simply making a replica of the former 
work. We are now able to describe epigenetic phenom-
ena discovered phenotypically in the early 1940s on the 
molecular level and identify small RNAs, histone mod-
ifications, and DNA modifications that are responsible 
for these phenomena. Still, genetics research is primarily 
based on yeast, C.  elegans, Drosophila, zebrafish, and 
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Abstract

The term epigenetics is used for any layer of genetic information aside from the 

DNA base-sequence information. Mammalian epigenetic research increased 

our understanding of chromatin dynamics in terms of cytosine methylation and 

histone modification during differentiation, aging, and disease. Instead, ciliate 

epigenetics focused more on small RNA-mediated effects. On the one hand, these 

do concern the transport of RNA from parental to daughter nuclei, representing 

a regulated transfer of epigenetic information across generations. On the 

other hand, studies of Paramecium, Tetrahymena, Oxytricha, and Stylonychia 

revealed an almost unique function of transgenerational RNA. Rather than 

solely controlling chromatin dynamics, they control sexual progeny's DNA 

content quantitatively and qualitatively. Thus epigenetics seems to control 

genetics, at least genetics of the vegetative macronucleus. This combination 

offers ciliates, in particular, an epigenetically controlled genetic variability. This 

review summarizes the epigenetic mechanisms that contribute to macronuclear 

heterogeneity and relates these to nuclear dimorphism. This system's adaptive 

and evolutionary possibilities raise the critical question of whether such a 

system is limited to unicellular organisms or binuclear cells. We discuss here the 

relevance of ciliate genetics and epigenetics to multicellular organisms.
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mouse models. Ciliate genetics is quite different at first 
glance. The occurrence of two different kinds of nuclei, 
that is, somatic and germline genome, makes ciliates be-
have like a germ cell and like a somatic cell simultane-
ously. This aspect complicates many research fields; for 
instance, it's still complicated to isolate pure micronu-
cleus DNA from Paramecium (Guérin et al., 2017), which 
is why genomics analysis of the germline genome started 
relatively late. In this review, we want to introduce the 
genetics and epigenetics of ciliates and, in particular of 
Paramecium. Genetics and epigenetics are indeed closely 
related in this species as, for instance, the DNA content 
of the somatic macronucleus is regulated by different 
epigenetic mechanisms. We aim to describe nuclear di-
morphism from an evolutionary point of view, which 
makes this unusual feature seem even more interesting.

N UCLEAR DIMORPH ISM: TWO 
DISTINCT GENOM ES IN A 
SINGLE CELL

Multicellular organisms can be dissected into somatic 
tissues and germ cells, reflecting different requirements. 
Germ cells store genetic information without dynamic 
gene expression and low epigenetic predetermination 
while DNA is protected from damage. Somatic cells, in 
contrast, arise from epigenetically variable cells to differ-
entiate into different tissues forming different character-
istic transcriptomic states while still harboring a certain 
degree of transcriptional dynamics to react to changing 
environments. Transcriptional activity in somatic cells 
makes DNA susceptible to damage. Thus, the germline 
represents a protected backup of an individual's genetic 
information.

Ciliates belong to the SAR clade, a supergroup con-
sisting of Rhizaria, Alveolata, and Stramenopiles (Burki 
et al., 2020). Especially the Alveolata, including the cil-
iate phylum, have been described as morphological and 
ecologically diverse; currently, ~8000 ciliate species 
have been described among 11 classes (Adl et al., 2012; 
Grattepanche et al., 2018). Ciliates show a separation of 
germline and somatic genomes, but within a single cell. 
They contain one or more germline micronuclei and one 
or more somatic macronuclei. Both types of nuclei are 
drastically different in terms of their genomic and epig-
enomic content and their mode of division.

Micronuclei (MICs) are diploid and contain chro-
mosomes that show similarities to those in metazoans 
as they are large and have centromeres, telomeres, and 
transposable elements (Figure 1A). Micronuclei are si-
lent and consist of condensed chromatin. During asexual 
vegetative cell divisions, they divide by classical mitosis, 
in which spindle formation by microtubules guarantees 
for controlled segregation of chromosomes.

Sexual recombination in ciliates occurs either by a 
self-fertilization process called autogamy or by mating 

two cells of compatible mating types with reciprocal ex-
change of meiotic nuclei deriving from the micronuclei 
(Sonneborn, 1937) (Figure 1B). Ciliate meiosis seems to 
be a bit less complex than in other organisms. The lack 
of synaptonemal complexes indicates a reduced capacity 
for recombination regulation, which may be partly coun-
terbalanced by a substantial elongation of meiotic nuclei, 
possibly substituting for a physical linkage of homologs 
(Loidl, 2021). Figure 1B illustrates that the fusion of two 
identical gametes during autogamy leads to isozygotic 
progeny, being homozygous for all genetic loci, whereas 
conjugation leads to heterozygous individuals. The pa-
rental macronucleus fragments into the so-called "skein" 
stage in both processes. The fragments of the old mac-
ronucleus remain in the cells, still being actively tran-
scribed for the following few cells divisions before they 
are eventually diluted out.

Macronuclei (MACs) differ strongly from micronu-
clei. MACs are actively transcribed, thereby regulating 
the vegetative cell metabolism. They are devoid of clas-
sical heterochromatin, and recent chromatin analyses of 
nucleosome occupancy suggest that DNA is highly ac-
cessible (Drews et al., 2022). MAC chromosomes show 
different polyploidy levels, ranging from classical dip-
loid macronuclei in the Karyorelictea up to ~15,000n in 
Spirotrichea. MAC chromosomes are much shorter than 
micronucleus chromosomes as they are fragmented ver-
sions of those. This high degree of polyploidy and the 
short length of the MAC chromosomes means that the 
ciliate MAC contains hundreds of times more chromo-
some ends, and therefore telomeres, compared to mam-
malian cells. Not surprisingly, some basic elucidations 
of chromosome structure are based on ciliate model or-
ganisms. This comprises the first description and iden-
tification of telomere structure and telomerase activity 
in Tetrahymena (Blackburn & Gall, 1978; Greider & 
Blackburn, 1985) and the exciting finding that DNA rep-
lication and cell division in Paramecium does not include 
any telomere shortening (Gilley & Blackburn, 1994).

The division of the MACs deviates from that of the 
MICs: Most ciliates undergo amitotic MAC divisions, 
which means that the MAC elongates and chromosomes 
are distributed by chance. The MAC S-Phase itself is rel-
atively long compared to the MIC, and DNA is amplified 
during more than 50% of the cell cycle (Berger, 1988). As 
heterochromatin is unknown in MACs, chromosomes 
are not condensated during amitosis, and transcription 
continues during the division. This may accelerate the 
cell division process and enhance the maximal division 
rate.

The segregation of MAC chromosomes is random, 
conflicting with the need for precise gene dosages re-
quired for regulated cell metabolism. Random segrega-
tion may be compensated by the high degree of polyploidy 
as strong unbalances of MAC chromosomes may only 
occur with exceptionally high numbers of cell divisions. 
Further, analyses of the DNA content in Tetrahymena 
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suggest mechanisms accounting for the maintenance 
of copy numbers (Doerder & DeBault, 1978). For in-
stance, transgenes injected into the Paramecium macro-
nucleus are autonomously replicated (Gilley et al., 1988; 
Godiska et al., 1987). Further studies demonstrated that 

transgenes, either at low or high copy numbers, main-
tain their ploidy during amitotic divisions (Garnier 
et al., 2004; Götz et al., 2016). The molecular mechanism 
behind this copy number maintenance remains to be 
analyzed.

F I G U R E  1   (A) Difference between Paramecium MIC and MAC division and chromosomal structure; (B) Autogamy and Conjugation in 
Paramecium aurelia



DREWS et al.4 of 25  |    

Apart from the total copy number of an individual 
MAC chromosome, allele frequency in heterozygous 
cells also develops strikingly differently. Imbalances of 
homologous chromosomes can occur by unequal distri-
bution of chromosomes during amitosis (Figure 2). With 
increasing numbers of mitotic cell divisions, the macro-
nuclei of daughter cells can become increasingly homo-
zygous while the micronuclei remain heterozygous. This 
phenotypic assortment is best studied in Tetrahymena 
(Orias & Flacks, 1975). Exclusively stochastic distribu-
tion of alleles would rarely lead to a homozygous MAC 
and require many cell divisions. This is different when 
assuming selection pressure to act on the emerging new 
individuals: for instance, clones carrying high num-
bers of alleles with a germline-encoded mutation, or a 
MAC nuclear genome variant as described below, will 
be negatively selected while clones having low numbers 
of such variations will be positively selected (Maurer-
Alcalá & Nowacki, 2019). This can be interpreted as a 
natural somatic selection and should be lost after the 
subsequent sexual recombination. However, the genome 
architecture of ciliates may limit this effect: on the one 
hand, species with high levels of polyploidy distribute 
many more gene copies. Thus, a complete phenotypic 
assortment becomes unlikely with increasing levels of 
ploidy. While ciliates with gene-sized nanochromosomes 
(Stylonychia, Oxytricha) could indeed counter-select in-
dividual alleles, this may be of minor importance in spe-
cies with several thousand genes per MAC chromosome. 
Selection will affect a potentially deleterious allele and 
all other alleles on the same chromosome. Such MAC 
chromosomes carry thousands of genes, but only a few 
adverse mutations may be tolerated at low copy numbers 

to account for the heterozygous genotype of other al-
leles on this chromosome (Maurer-Alcalá & Nowacki, 
2019). Paramecium, however, shows a phenomenon of 
heterogenous MAC chromosomes. Recent data suggest 
that artificially induced deletions in some of the MAC 
chromosomes can segregate into phenotypically wild-
type and mutant lines with increasing amitotic divisions: 
thus, phenotypic assortments may also occur on variants 
of large chromosomes in Paramecium (Nekrasova et al., 
2019).

DIVIDING A N D NON DIVIDING  
M ACs

The current phylogeny affiliates all ciliates with one of 
three clades: Intramacronucleata, Heterotrichea, and 
Karyorelictea. These three clades also differ systemati-
cally by the MAC cell division processes. There is no 
single report of MAC mitosis in any ciliate species nor 
any report of chromatin condensation during amitotic 
divisions.

The Intramacronucleata show amitotic MAC divi-
sions with the help of intranuclear microtubules, which 
assist the MAC to elongate and divide but do not form 
any classical spindle for chromosome segregation (Tucker 
et al., 1980). Most species studied on the molecular level 
to date belong to two classes of the Intramacronucleata, 
the Oligohymenophorea (Paramecium, Tetrahymena) and 
the Spirotrichea (Oxytricha, Stylonychia, and Euplotes) 
(Katz, 2001).

Although members of the Heterotrichea also show 
amitotic MAC divisions, these differ mechanistically 

F I G U R E  2   Phenotypic assortment during vegetative fissions illustrated in Tetrahymena
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from those of the Intramacronucleata. Microtubules here 
control amitosis outside the MAC in parallel orientation 
to elongation (Jenkins, 1977). As the localization of mi-
crotubules is different in both clades, it has been specu-
lated that the ability for amitosis evolved independently 
at other times (Herrick, 1994; Orias, 1991a, 1991b).

In this context, the third ciliate clade, the Karyorelictea, 
also needs consideration. Igor B. Raikov extensively 
studied Karyorelictea (Raikov, 1985). Members of this 
clade differ from Intramacronucleata and Heterotrichea. 
They do not show any MAC divisions and have a rela-
tively low DNA content, implying a ploidy similar to the 
diploid MICs (Kovaleva & Raikov, 1978; Ovchinnikova 
& Selivanova, 1965). Their inability to divide requires 
the generation of new MACs from MICs with every cell 
division, not only linked to sexual events like conjuga-
tion or autogamy as in other ciliates (Figure 3).

The current phylogenetic data suggest that 
Karyorelictea, which have nondividing MACs, and 
Heterotrichea, exhibiting amitotic MACs, together form 
a sister group to all other ciliates (Baroin-Tourancheau 
et al., 1992; Katz, 2001). As such, the Karyorelictea show 
a closer phylogenetically relationship to Heterotrichea 
and are separated from the Intramacronucleata, which 
further supports the hypothesis that amitosis evolved at 
least twice.

Most Karyorelictea indeed possess numerous MACs 
and MICs, while an individual MAC's life span of three 
to seven cell divisions is controlled by so far unknown 
mechanisms (Yan et al., 2017). Karyorelict nuclei form 
nuclear groups consisting most frequently of one MIC 
and two MACs, for example, Loxodes rostrum has a 

single group of one MIC and two MACs in a single cell. 
In other species, nuclear groups can occur multiple times 
so that many MICs and MACs can co-exist in a cell. 
Among the Karyorelictea, the nuclear grouping (num-
ber of MICs and MACs per group) and the total number 
of nuclei vary considerably between species within the 
Loxodiae.

We cannot assess the extent of genome rearrange-
ments occurring during MAC differentiation from 
MICs. Based on the decrease of chromatin granules 
during MAC development, Raikov suggested that DNA 
elimination may appear to some extent (Raikov, 1994). 
He described the MACs as "paradiploid," which im-
plies a minimal degree of replication only. On the other 
hand, an increase of DNA content was related to aging 
macronuclei in Loxodes magnus (Raikov et al., 1963). To 
compare the mechanisms of MAC development, genome 
data are necessary to analyze which DNA sequences un-
dergo amplification and which DNA elements from the 
MIC may be eliminated. However, Raikov's data clearly 
show differences in Karyorelict MACs in DNA process-
ing and, most strikingly, in the lack of MAC divisions 
which let him hypothesize that nondividing MACs might 
have been the ancestral state of an early nuclear dimor-
phic ciliate (Raikov, 1976, 1982).

EVOLUTION OF TH E N UCLEAR 
DIMORPH ISM A N D A M ITOSIS

Speculating about the evolutionary scenario that may 
have evolved the recent ciliate clades, we start with an 

F I G U R E  3   Vegetative cell divisions in Karyorelictea with nondividing MACs require generating a new MAC in every cell division. Please 
note that the figure shows on one nuclear set (1MAC + 2MICs); most Karyorelictea consist of multiple of these sets
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ancestral eukaryotic protist, with a single nucleus under-
going mitotic divisions and capable of meiotic reductions 
(Figure 4).

It seems unlikely that a mononuclear cell evolved 
genome rearrangements and high polyploidy levels, 

as the latter would be problematic in meiotic chromo-
some pairing and segregation. It seems more likely that 
an early event was the occurrence of two distinct nuclei, 
maybe by erroneous mitosis of a zygotic nucleus without 
cell division (Cheng et al., 2020).

F I G U R E  4   Hypothetical models for the evolution of recent ciliates based on the phylogenetic relationship of the three clades 
Intramacronucleata, Karyorelictea, and Heterotrichea
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Soon after the occurrence of the second nucleus, dif-
ferentiation of both germline and somatic nucleus may 
have occurred: the advantage is likely the same reason 
which favors germline/soma differentiation in meta-
zoans: a protected silent germline whereas the soma is 
actively transcribed but sensitive for environmentally 
induced mutations. This could imply that the heteroch-
romatic nature of the MIC and the euchromatic nature 
of the MAC were manifested soon after nuclear dualism 
occurred.

The next step could have been the loss of mitosis of 
the MAC. There are plenty of ideas for why this may 
have occurred. Amitotic dividing MACs show two char-
acteristics: polyploidy and the failure to condensate 
chromosomes by heterochromatin. The latter would 
be a prerequisite for mitosis, whereas a certain poly-
ploidy level might still be feasible for mitotic divisions. 
Polyploidy, in general, would have been of great advan-
tage as gene dosage is the easiest way to increase protein 
levels. Thus, it would also be a conceivable scenario to 
increase cell size. As higher polyploidy levels are prob-
lematic for the spindle apparatus, the gain of polyploidy 
may have caused the loss of mitotic divisions.

There are two competing hypotheses for the evolution 
of ciliate MACs, which are mainly based on the ideas 
of Hammerschmidt et al. (1996), later outlined by Katz 
(2001) and Cheng et al. (2020). The first hypothesis out-
lines that the loss of mitotic division led to a Karyorelict-
like ancestral ciliate (Hypothesis 1, Figure 4  left). As 
a consequence of this scenario, amitotic divisions 
would have been invented two times independently of 
each other, first by intranuclear microtubules in the 
Intramacronucleata and later by extranuclear micro-
tubules in Heterotrichea. The second hypothesis sug-
gests that the ancestral ciliate is more similar to recent 
Intramacronucleata: intranuclear spindle-microtubules 
could have been re-functioned directly to assist the 
elongation of the MAC by intranuclear fibers. In this 
scenario, the situation in Karyorelicta is interpreted as 
derived, that is, amitotic dividing MACs would have lost 
their ability to divide to a Karyorelict-similar ancestor. 
Later, the Heterotrichea would have evolved from this 
Karyorelict-similar ancestor by the neofunctionaliza-
tion of extranuclear microtubules.

A driving force for the evolution of polyploidy may 
be its ability to compensate for the increased probabil-
ity of losing genetic material in the uncontrolled segre-
gation of the amitotic MAC. At first glance, polyploidy 
seems to be linked to amitotic division. This would be 
right if Raikov's description of paradiplod MACs in the 
Karyorelictea would be accurate (Kovaleva & Raikov, 
1978; Raikov & Karadzhan, 1985). Some recent single-
cell genome data from Loxodes shows that different 
MAC chromosomes indeed have different amplification 
levels (Maurer-Alcalá et al., 2018). This could indicate 
an individual and controlled chromosome amplification 
or the effect of aging MACs with biased or uncontrolled 

amplification. It seems clear that we need more molecu-
lar data in Karyorelictea MACs, also individual MACs 
to analyze, on the one hand, the degree of genome rear-
rangements and amplification.

One major conclusion of these evolutionary scenar-
ios is that the amitotic division is not a primitive ver-
sion of mitosis: the fact that this evolved independently 
twice clarifies that amitosis is crucial for ciliate genet-
ics. Independent of whether polyploidy was the reason 
to evolve amitosis or vice versa, it seems clear that phe-
notypic assortments depend on amitotic divisions and 
polyploidy. Both together could provide a powerful 
mechanism for adaptation.

To understand the evolution of the recent ciliate clades 
and weigh the above hypotheses, we need to consider 
current genome rearrangements. Several hypotheses 
proposed that the evolution of the nuclear dimorphism 
occurred with the mechanisms in which the parental 
MAC affects the development of the new MAC (Bracht 
et al., 2013; Katz, 2001; Klobutcher & Herrick, 1997). 
These epigenetic mechanisms occurring during MAC 
development allow the transfer of information from the 
parental MAC to the new one. This is mediated by non-
coding RNAs, resulting in the MAC genome sequence 
variability. The following chapters will introduce these 
rearrangements and their epigenetic control.

GENOM E REARRA NGEM ENTS 
DU RING M AC DEVELOPM ENT

The genome structures between MIC and MAC chro-
mosomes differ considerably. One can summarize the 
events contributing to the development of MAC chro-
mosomes from MIC chromosomes by (i) DNA elimina-
tion, (ii) chromosome fragmentation, (iii) unscrambling, 
and (iv) amplification (Figure 5). The DNA elimination 
process involves the removal of a large fraction of the 
MIC genome in the form of transposable elements (TEs), 
repetitive DNA such as microsatellites, and internal 
eliminated sequences (IESs) (Figure 5A). The extent of 
elimination depends on the species, for example, 25% of 
the MIC genome is eliminated in Paramecium, 34% in 
Tetrahymena, and a massive wave of DNA elimination 
eliminates 95% of the Oxytricha MIC genome (Allen & 
Nowacki, 2020).

DNA elimination of IESs

Figure 5B compares the elimination and fragmentation 
events between Paramecium and Tetrahymena. IESs are 
short elements removed from the MIC DNA to create 
functional MAC chromosomes. In Paramecium, IESs 
are precisely eliminated. This is indeed necessary due 
to their localization inside and outside coding genes 
(Arnaiz et al., 2012). IESs of Tetrahymena instead are 
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located in intergenic regions only. Thus, their elimi-
nation allows for an imprecise elimination (Chalker & 
Yao, 2011). All ~45,000 IESs in Paramecium are f lanked 
by two 5′-3′ TA dinucleotides. After the cleavage, one 
TA dinucleotide remains in the MAC DNA after re-
joining neighbor DNA elements (Gratias & Bétermier, 
2003).

One of the greatest mysteries concerns the evolution-
ary significance of IESs: ten thousands of elimination 
events need to occur precisely and efficiently in every 
single conjugation or autogamy. Concerning the origin 

of IESs, Larry Klobutcher and Glenn Herrick proposed 
that IESs are remnants of transposons (Klobutcher & 
Herrick, 1997). Their model involves an initial MIC 
invasion of an autonomous transposon, providing a 
niche for the blooming of these transposons without 
harming their host: precise removal from MAC DNA 
would allow colonization in the silent MIC (Schoeberl 
& Mochizuki, 2011). In the next step of the model, the 
host would domesticate excision activity, for example, 
by bringing the transposase under control of a host 
promoter to control transposon excision during MAC 

F I G U R E  5   Summary of the mechanism of genome rearrangements occurring during MAC development in different ciliates
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development. This would then dramatically decrease 
the selection pressure on the transposons themselves. 
They would lose their protein-coding ability and au-
tonomy. As a result, they would shorten to the smaller 
size of recent IESs.

Since MIC DNA in Paramecium is difficult to pu-
rify (due to the high copy number of chromosomes in 
the MAC), the MIC genome was sequenced just re-
cently. By comparing the MIC genomes of nine different 
Paramecium species, Sellis et al. could identify families 
of mobile IESs resulting from recent insertions, thus sup-
porting the above-described model by Klobutcher and 
Herrick (Sellis et al., 2021). The authors identified several 
waves of IES insertions: older IES are much shorter than 
younger ones, agreeing with the model.

What could be the evolutionary advantage of such 
a transposon invasion for the host? The comparison of 
MAC DNA to MIC DNA revealed MAC heterogeneity 
for so-called "TA-indels." These are TA-dinucleotide-
flanked remnants of MIC DNA that were found in 
only a few MAC chromosomes and could represent: (i) 
inefficiently eliminated IESs, (ii) IESs with alternative 
TA boundaries, (iii) or so-called cryptic IES, which are 
MAC destined sequences mimicking IESs. The analysis 
of the genomic localization of these TA-indels revealed 
that they are underrepresented in coding sequences and 
TA-indels that are multiple of 3nt occur at a signifi-
cantly lower frequency as expected (Duret et al., 2008). 
This implies that IES excision is not 100% efficient and 
might represent an evolutionary driver to vary the MAC 
genome composition while the two MIC alleles remain 
unaffected.

Their excision requirements can further classify 
IESs. Epigenetic control was described for a subset of 
IESs: the presence of an IES in the parental MAC con-
trols whether the IES is excised in the new Mac: IES 
elimination occurs only if an IES is absent in the pa-
rental MAC, otherwise not (Duharcourt et al., 1995, 
1998; Meyer & Keller, 1996). The parental MAC should 
not influence F1 progeny's genotype according to 
Mendelian rules. IES excision, therefore, represents an 
exciting example of epigenetic control by the parental 
somatic nucleus. The underlying mechanisms involve 
a process that could be considered as "genome scan-
ning" between the parental MAC genome content and 
the MIC: only the genetic material of the "successful" 
parent should be able to enter the F1 somatic nucleus 
(see below).

However, this epigenetic control is not the case for 
all IESs. Old IESs are less often under parental control 
than new ones. We will later discuss that the epigenetic 
excision of (young) IESs involves small RNA, induc-
ing heterochromatic marks at IESs for excision by the 
PiggyMac transposase in Paramecium. In contrast, old 
IESs shorten but acquire sequence characteristics that 
make small RNAs and histone modifications dispens-
able for efficient excision (Sellis et al., 2021). This means 

that Paramecium requires fresh insertions of transpos-
able elements in the MIC to allow for new epigenetically 
controlled MAC variability.

Imprecise DNA elimination of repetitive 
elements in Paramecium and chromosome 
fragmentation

In Tetrahymena, the fragmentation of MIC chromo-
somes during MAC formation is determined by ~280 
chromosome breakage sites (CBS) in the MIC, repre-
senting a conserved 15-bp signal (Cassidy-Hanley et al., 
2005; Hamilton et al., 2005). Telomere addition occurs in 
a small range of 14–34 bp in the margin of the CBS, thus 
causing a small degree of heterogeneity in MAC chromo-
somes (Hamilton et al., 2005).

Chromosome fragmentation by imprecise elimina-
tion of repetitive elements is different in Paramecium. 
After eliminating repetitive elements, such as trans-
posons or minisatellites, ends can re-join, or the elimi-
nation event can be accomplished by de novo telomere 
addition, which causes the fragmentation of chromo-
somes. Both, re-joining or fragmentation, can occur at 
an individual chromosome because these elimination 
processes occur simultaneously to DNA amplification: 
as a result, the ~800 copies of the individual MAC chro-
mosomes exist in different length variants (Figure 5B). 
A further level of complexity is introduced because 
telomere addition occurs at various sites: there are het-
erogeneous chromosome ends, where TARs (telomere 
addition sites) are spread over several kb. One of the 
best-studied examples is the MAC chromosome con-
taining the 51A surface antigen gene: this chromosome 
has three different TARs. The resulting three alterna-
tive macronuclear ends have a distance between the 
telomere and the 51A gene of 8, 13, and 26 kb (Forney 
& Blackburn, 1988).

As a result of this heterogeneity, the MAC genome 
assembly only represents a consensus sequence chro-
mosomes: several shorter versions exist, as shown in 
Figure 5B. In addition to the two telomere-containing 
scaffolds, the MAC genome assembly also comprises 
many shorter scaffolds with a lower copy number: 
these could represent gaps or alternative ends of MAC 
contigs (Aury et al., 2006; Duret et al., 2008). It is not 
easy to estimate the contribution of this heterogene-
ity to the regulation of gene expression. An exception 
is the understanding of the regulation of surface an-
tigens, where a preferential subtelomeric localization 
has been implicated for Paramecium (Baranasic et al., 
2014).

In addition to the scanning of IESs in the paren-
tal MAC, alternative MAC chromosome ends are also 
under epigenetic control: the presence of parental DNA 
sequences determines their fate in the developing MAC, 
stabilizing these alternative chromosomal structures 



DREWS et al.10 of 25  |    

across sexual generations while the MIC remains wild-
type (Epstein & Forney, 1984; Forney & Blackburn, 
1988; Meyer, 1992).

Gene unscrambling

In Spirotrichea, an additional mechanism occurs. 
Individual fragments of a gene are not linearly arranged 
in the MIC but scrambled across the chromosomes 
and interrupted by IESs. Thus, a precise unscrambling 
of MIC sequences into functional ORFs is required to 
create functional genes (Figure 5C). In Oxytricha and 
Stylonychia, macronuclear destined sequences, MDS are 
interrupted by IESs. IES elimination and unscrambling 
coincide, and MDS originating from different loci are 
fused to functional genes (Prescott, 1999).

Two additional characteristics distinguish the MAC 
chromosome development in Spirotrichea from that in 
Oligohymenophorea: Spirotrichea produces gene-sized 
nanochromosomes, that is, most genes are located on 
individual MAC chromosomes are only 1–5 kb in size. 
Second, these gene-sized nanochromosomes can have 
enormously different copy numbers (Swart et al., 2013; 
Xu et al., 2012) in contrast to the Oligohymenophorea, 
which show nearly identical MAC chromosome copy 
numbers.

Unscrambling is also epigenetically controlled by the 
parental MAC, providing a lncRNA (long non-coding 
RNA) serving as a template to sort the individual MDS 
of a scrambled gene (Nowacki et al., 2008).

IES excision, as outlined above, shows some simi-
larities to Intron/Exon splicing. This comparison may 
be misleading due to mechanistic differences, but the 
general comparison of IESs to introns seems reason-
able. Following this line, unscrambling could be com-
pared to an event of trans-splicing in which individual 
MDS of a gene can be located from far and unlinked 
loci (Swart et al., 2013; Xu et al., 2012). A further sim-
ilarity relates to the evolutionary significance of splic-
ing, that is, the occurrence of alternative scrambling 
creates new combinations of functional domains (Gao 
et al., 2015).

Amplification

As mentioned, most ciliates show a certain degree of 
polyploidy in the MAC. DNA elimination and ampli-
fication are not separated in time as several rounds 
of replication already occur in the zygotic genome 
(Betermier et al. 2000). Consequently, the whole chro-
mosomes already exist in several copies before DNA 
elimination starts. Amplification can produce alterna-
tive MAC variants contributing to the heterogeneity 
mentioned above in chromosome fragmentation and 
IES excision in individual cells. Until now, almost no 

single-cell genomic data are available for ciliates; thus, 
the individual extent of MAC heterogeneity still needs 
to be analyzed. This may become even more pressing, 
taking the evolutionary consequences of MAC het-
erogeneity into account. As will be discussed in detail 
later, phenotypic assortment and epigenetic inheritance 
might contribute to a dynamic and rapid adaptation of 
the MAC genotype. Single-cell data would undoubtedly 
help untangle the relative importance of the described 
mechanisms to contribute to MAC heterogeneity. 
However, they should not be limited to stable lab cul-
tures but include cultures under selection pressure to 
different environmental stressors.

SELECTIVE H YBRIDIZATION 
IS USED DI FFERENTLY 
FOR GENOM E SCA N N ING 
IN OLIGOH Y M ENOPHOREA 
A N D SPIROTRICH EA

The creation of a functional genome during sexual de-
velopment involves different classes of RNAs, although 
the underlying mechanisms differ substantially between 
Paramecium and Oxytricha (Figure 6). This chapter fo-
cuses on the IES excision of Paramecium, and molecular 
aspects of unscrambling in Oxytricha since other mecha-
nisms leading to a functional MAC genome were already 
described above (see Figure 5).

Starting with Paramecium meiosis, long double-
stranded RNA is transcribed by RNA-polymerase in 
association with the MIC specific transcription factor 
complex SPT4-SPT5 from MIC chromosomes (Gruchota 
et al., 2017; Owsian et al., 2022). Small dsRNAs are pro-
duced by two Dicer-like proteins, Dcl2/3, with charac-
teristics in a 5′ UNG signature, 3′ 2nt overhangs, and 
the precise length of 25nt (Lepère et al., 2009; Sandoval 
et al., 2014). Subsequently, single-stranded RNAs are se-
lected by Ptiwi01 and Ptiwi09, two ohnologs belonging 
to the PIWI subclade of Piwi/Ago proteins (Bouhouche 
et al., 2011; Furrer et al., 2017). Ptiwi-sRNA complexes 
shuttle into the old, parental MAC. The scanning pro-
cess occurs: long transcripts from MAC chromosomes 
(Lepère et al., 2008) are scanned by 25nt Piwi bound 
sRNAs (further called scnRNAs) in a homology-
dependent manner. ScnRNAs that match their target are 
degraded. Since chromosomes of the parental MAC do 
not contain IES, scnRNAs complementary to those se-
quences, do not find a matching target and remain intact 
while unmatched scnRNAs are degraded. Subsequently, 
surviving scnRNAs are transported into the new devel-
oping MAC. Here, scnRNAs mark IES for their excision. 
However, only a minor fraction of IESs depend on the 
scnRNA pathway (Furrer et al., 2017; Lhuillier-Akakpo 
et al., 2014). The elimination process in the new develop-
ing MAC is initiated either by the interaction of the scn-
RNA with a nascent transcript or the DNA itself (Pina 
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et al., 2021). In brief, IES targeted by scnRNAs become 
excised by the domesticated piggyBac transposase called 
piggyMac. The remaining MDS segments are ligated to 
generate intact chromosomes, followed by final rounds 
of endoreplication. On the other hand, excised IESs are 
circularized and enter an sRNA amplification pathway 
shown in Figure 8.

Unscrambling in Oxytricha

In contrast to Oligohymenophorea, genome rearrange-
ments in Oxytricha do not involve transcription of the 
MIC. Bidirectional transcription of all chromosomes 
occurs in the parental MAC by RNA Polymerase II 
(Khurana et al., 2014; Lindblad et al., 2017; Nowacki 

F I G U R E  6   Comparison of the scnRNA models between Paramecium and Oxytricha
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et al., 2008) which subsequently followed by accumula-
tion of 27nt sRNA (Fang et al., 2012). In addition, long 
RNAs are shuttled in the new MAC, serving as a tem-
plate for subsequent genome rearrangements. The accu-
mulation of 27nt sRNAs with a 5′ U preference peaks 
exclusively early in development, probably when long 
RNAs are synthesized. The relationship between sRNAs 
and template RNAs remains obscure so far. Long RNAs 
could be precursors of 27nt small RNAs, but since sRNA 
do not cover telomere sequences as long RNAs from 
chromosome-wide transcription do, it is tempting to 
speculate that another RNA class serves as a precursor 
for sRNAs (Lindblad et al., 2017). Additionally, it is un-
clear if 27nt sRNAs are derived from dsRNA or ssRNA 
precursors as described for Ptiwi bound scnRNAs 
(Fang et al., 2012). Similar to the Paramecium mecha-
nism, Oxytricha sRNAs are shuttling from the parental 
MAC to the zygotic MAC, bound to Otiwi1, one of 13 
Oxytricha PIWI-proteins.

In the zygotic nucleus, chromosomes first un-
dergo some pre-amplification rounds that lead to 
giant polytene chromosomes followed by the excision 
of IESs (Spear & Lauth, 1976; Yerlici & Landweber, 
2014). In contrast to the mechanism described for 
Oligohymenophorea, Otiwi1 bound sRNAs protect 
MDSs. IESs remain unprotected, which consequently 
leads to their excision. Oxytricha manages genome re-
arrangements differently from Paramecium: Instead 
of using one domesticated piggyBac transposase, 
Oxytricha uses thousands of transposable elements ex-
clusively expressed from the MIC. Those telomeric re-
peats bearing transposable elements (TBEs) encode for 
three different transposases, which are expressed solely 
during development (Nowacki et al., 2009). The need for 
thousands of TBEs is likely linked to the massive scram-
bling events occurring in Spirotrich MAC, resulting in 
the mutualistic toleration of transposon accumulation 
while guaranteeing sufficient transposase activity (Vogt 
et al., 2013). More recently, Swart et al., 2013 identified 
two types of domesticated transposases encoded on 
MAC nanochromosomes likely to be involved in ge-
nome rearrangements, as well.

Little is known about the involvement of additional 
factors in IES excisions, such as guiding the sRNA-
Otiwi1 complexes and the formation of heterochroma-
tin. In Stylonychia, another Spirotrich ciliate, excision 
involves the deposition of histone H3  modifications: 
MDS become associated with marks for open chromatin 
while sequences to be eliminated are likely found in re-
gions that become marked by de-novo lysine methylation 
(H3K27me3/H3K9me3) (Postberg et al., 2008).

Once the IES is excised, the remaining MDS must 
be sorted to generate a functional MAC genome. MDS 
from far distant locations in MIC chromosomes are 
found to be in the direct vicinity in MAC chromosomes 
which is achieved by unscrambling. The order of and 

orientation of MDSs is usually the same as encoded 
in the MIC. Still, at least 12% of all MAC contigs in 
Oxytricha show scrambling (Burns et al., 2016), and 
8% of all MAC contigs show a nested structure, where 
an MDS for one chromosome is positioned inside the 
MDS coding for another chromosome (Braun et al., 
2018). MDSs from the same MIC loci can be shuffled 
to generate divergent nanochromosomes, even with the 
potential to build new genes with functional diversifi-
cation (Chen et al., 2015). This was recently shown for 
Euplotes pheromone gene, whose 5′-region derives from 
an MDS of an unrelated gene (Ricci et al., 2021). This 
process can be compared to alternative splicing on the 
DNA level and leads to the chance of higher gene di-
versity that can even be transmitted to the next gen-
eration (Chen et al., 2014; Maurer-Alcalá & Nowacki, 
2019).

The exact order of MDS is controlled by two dif-
ferent genetic tools: (i) pointer sequences that are 2- to 
20-bp long repeats at each MDS-IES junction and (ii) 
long template RNAs synthesized in the parental MAC. 
Homologous recombination between identical repeats 
at pointer sequences leads to the formation of a stream-
lined MDS-MDS order by leaving one pointer copy in 
the final MAC chromosome sequence (Nowacki et al., 
2008; Yerlici & Landweber, 2014). Unscrambling is prob-
ably also facilitated by the length of pointer sequences 
since longer pointers are found at MDS to be scram-
bled (Chen et al., 2014). The recombination process can 
probably happen as a cis—and/or trans process since 
polytenization before IES excision likely would allow for 
trans recombination of MDS from zygotic chromosomes 
(Chen et al., 2014).

In addition to pointers, long RNA templates gen-
erated from each parental MAC chromosome, even 
from those not showing any scrambling (Lindblad 
et al., 2017; Nowacki et al., 2008), serve as a template 
for the order of MDSs. Long RNAs are probably sta-
bilized as dsRNA in the zygotic MAC by Rpb2-a, a 
paralog of the second-largest polymerase II subunit, 
although sequence-based evidence is missing (Khurana 
et al., 2014). Based on the long RNA encoded blueprint, 
MDS segments are joined by homologous recombina-
tion while excised IESs have different fates: at least IES 
segments from unscrambled loci become circularized, 
and since transcripts from those circles could be de-
tected, similar to Paramecium, likely, circularized IES 
segments are not exclusively prone to be degradation 
products (Yerlici et al., 2019).

The mechanism of unscrambling was thought to be 
unique to Spirotrichea. Still, at least in Tetrahymena, 
seven complex MAC chromosomes are generated by 
the site-specific joining of non-contiguous segments of 
germline DNA (Hamilton et al., 2016), and a handful of 
scrambled loci have been detected recently (Sheng et al., 
2020).



EPIGENETIC ADAPTATION OF SOMATIC GENOMES       |  13 of 25

IES excision upon heterochromatin formation 
in Paramecium

In multicellular species, transposon silencing is realized by 
Piwi-proteins which act in a complex with piRNAs in two 
ways: targeting RNA of transposons post-transcriptionally 
in the cytoplasm or via co-transcriptional targeting of 
nascent transcripts in the nucleus (Czech et al., 2018). 
This seems similar in ciliates, as DNA elimination after 
placement of repressive histone marks can be seen as an 
extreme form of transcriptional silencing, namely DNA 
elimination. Figure 7 partially summarizes the current 
idea of IES excision upon RNA-mediated heterochroma-
tin formation in the new developing MAC.

In Paramecium, recruitment of scnRNAs bound to 
Ptiwi01/09 to their IES targets in the zygotic nucleus is 
thought to be achieved by a long nascent transcript, likely 
to be synthesized by RNA Polymerase II depending and 
elongation factor TFIIS4 (not shown, Maliszewska-
Olejniczak et al., 2015). Upon targeting the IESs by 
Ptiwi bound scnRNAs, tri-methylation at the histone 
H3 at lysine K9 and K27 co-occurs. Both H3K9me3 and 
H3K27me3 are introduced by the Enhancer-of-zeste-like 

protein Ezl1, a histone methyltransferase of the poly-
comb repressive complex 2 (PRC2): knock-down of Ezl1 
causes the retention of 70% of all IES (Frapporti et al., 
2019; Lhuillier-Akakpo et al., 2014). Ezl1 is probably as-
sociated with the chromatin assembly factor 1 (PtCaf1), 
which guides Ezl1 for methylation by its histone-binding 
domain. Since PtCaf1 is also involved in the upstream 
scanning process, there is accumulating evidence for 
the RNA-guided DNA elimination linked to changes in 
chromatin conformation (Ignarski et al., 2014).

This chromatin modification needs to occur in a 
strict local manner since the majority of IES is shorter 
than the DNA wrapped around a nucleosome (<150 bp), 
and only nucleosomes that cover IES should be targeted 
(Lhuillier-Akakpo et al., 2014).

Interestingly both, PtCAf1 and Ezl1 are not strictly 
limited to the developing MAC: both GFP-fusions also 
show a signal in the parental MAC in the early stages of 
autogamy before its fragmentation (Ignarski et al., 2014; 
Lhuillier-Akakpo et al., 2014). Their function in the old 
MAC remains unclear, maybe the regulation of develop-
mentally regulated genes or lncRNAs transcription.

Ezl1 is likely to be found in a PRC2  multiprotein 
complex with PtCaf1 and a potpourri of other proteins 
associated, while the composition of the Paramecium 
PRC2 complex is still obscure. H3K9 and H3K27 tri-
methylation further recruit or activate an excisase 
complex comprised of the piggyBac transposase called 
piggyMac (Pgm) and five associated transposases, 
termed piggyMac likes (PgmLs) (Bischerour et al., 2018). 
Pgm is required to excise all IESs and transposable ele-
ments (Arnaiz et al., 2012) and probably acts as a homo-
oligomer (Dubois et al., 2017). The Ku70/80 heterodimer 
anchors the Pgm-PgmL complex (Marmignon et al., 
2014) and a histone chaperone of the FACT complex, 
Spt16-1, that probably mediates chromatin rearrange-
ments, allowing the Pgm-PgmL complex to access the 
DNA for excision (de Vanssay et al., 2020).

Pgm induces DSB at the conserved TA dinucleotide at 
IES boundaries, resulting in overhangs centered around 
the TA dinucleotide sequence and now associated PgmLs 
from a large bridging complex to fine-tune the position-
ing of the Pgm transposase (Bischerour et al., 2018). 
Anchoring of Pgm-PgmLs complexes on Ku70/80  het-
erodimers probably ensures the efficient coupling of 
DNA excision and DSB repair since Ku proteins are DSB 
repair factors recruiting proteins of the non-homologous 
end joining (NHEJ) pathway (Abello et al., 2020). Upon 
IES excision, remaining MDSs are ligated in a stream-
lined fashion by Ligase IV and Xrcc4 while one of the 
two TA dinucleotides remains in the final MAC genome 
sequence (Kapusta et al., 2011).

As already mentioned, there are still open questions 
concerning IES recognition and excision. Only a minor 
fraction of IES (~ 5%) depend on the scnRNA pathway, 
and at least 30% are independent of any chromatin con-
formation changes. Further, although the IES excision 

F I G U R E  7   A model for heterochromatin related excision of 
IESs in Paramecium
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machinery is exact, ~7000 sites with excision variability 
have been identified: events like occasional IES retention, 
excision of IES with alternative boundaries, and cryp-
tic IES, that is, the excision of MAC destined sequences 
at TA dinucleotides, contribute to the variability of the 

MAC genome (Duret et al., 2008; Swart et al., 2014). An 
interesting example has been described for the epigenetic 
control of mating type inheritance in P. tetraurelia. The 
promoter of the mtA gene becomes excised, similar to 
the excision of a cryptic IES, during MAC development 

F I G U R E  8   Comparison of developmental and vegetative RNAi mechanisms involving 1° and 2° sRNAs in Paramecium
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by the scnRNA and PiggyMac machinery, thus pre-
venting the mtA expression resulting in the production 
of mating-type O cells. By this mechanism, the mating-
type can be inherited by the co-option of the genome 
rearrangement machinery to regulate gene expression 
(Sawka-Gądek et al., 2021; Singh et al., 2014).

Heterozygosity also needs to be taken into account 
into the evaluation of the genome scanning mechanism. 
In contrast to Tetrahymena, only a limited amount of cy-
toplasm is exchanged between the mates in Paramecium. 
Accidentally increased cytoplasmic exchange between 
mating pairs altered gene expression in exconjugants 
(Sonneborn & Lesuer, 1948). Considering the need to 
have scnRNAs for both maternal and paternal IESs, a 
cross of different strains with IES insertion polymor-
phisms (one strain contains IESs that are not present in 
the mating partner) would cause a problem for scnRNA 
dependent IESs. If a cell during conjugation receives a 
(paternal) gamete nucleus with an IES not present in the 
maternal MIC genome, this IES should not be excised 
because of the lack of homologous scnRNAs. However, 
paternal scnRNAs were shown to efficiently program 
the excision of such IESs on the maternal side. Although 
the effect of paternal scnRNAs was documented only for 
a few IESs (intra-species insertion polymorphisms are 
rare), the authors see no reason why this should not be 
the case for all scnRNA-dependent IESs. It remains un-
clear whether the demonstrated action of paternal scnR-
NAs depends on their physical transfer between cells in 
sufficient amounts or whether they may somehow pro-
gram excision in gametic nuclei locally before the latter 
are exchanged cross-fertilization (Pellerin G, Nekrasova 
I, Potekhin A, Meyer E personal communication).

CROSS - OVER BETW EEN 
DEVELOPM ENTA L A N D 
VEGETATIVE RNAi 
IN PARAMECIUM

In Paramecium, components of developmental chromo-
some rearrangements show a transcriptional activation 
during sexual recombination. Most show low or no RNA 
transcripts during vegetative growth (Arnaiz et al., 2010). 
Also, somatic RNAi pathways have been described, in-
duced either by the injection of truncated transgenes or 
by ingesting bacterially produced dsRNA. Both path-
ways differ in the active RNAi components (Marker et al., 
2010). In Figure 8, we compare these developmental and 
vegetative RNAi pathways and their possible overlap.

scnRNA and iesRNAs are involved in 
IES excision

After bidirectional transcription of the meiotic MIC, two 
Dicer-like enzymes, Dcl2/3, cleave the scnRNA duplexes 

(Figure 8  left). These cuts do not occur randomly or 
phased, but Dcl2 shows a sequence preference to cleave 
at the conserved ends of IESs, thus enriching the scn-
RNA pool for IES targeting scnRNAs (Hoehener et al., 
2018). The process then follows the mechanism outlined 
above. ScnRNAs are loaded into Ptiwi01/09, and scan-
ning occurs against a transcribed lncRNA in the paren-
tal MAC. After excision in the developing MAC, IESs 
are not directly degraded but ligated into circles: small 
IES form concatamers to build larger circles and large 
IESs are directly ligated into circular DNA (Allen et al., 
2017). This is the beginning of the second round of sRNA 
accumulation: so-called iesRNAs are produced from 
transcripts of the circular DNA by Dcl5 (Sandoval et al., 
2014): these secondary (2°) sRNAs are then loaded into 
Ptiwi10/11 (Furrer et al., 2017). Likely, 2° sRNAs repre-
sent a feed-forward loop to guarantee efficient IES ex-
cision: as amplification starts before DNA elimination, 
many IESs already exist in hundreds of copies. Also, 
in Tetrahymena, 2° scnRNAs have been described in a 
trans-acting network: early scnRNAs can act to other 
IESs in trans triggering accumulation of 2° sRNAs which 
can in turn target IESs in trans (Noto et al., 2015).

Primary and secondary siRNAs are involved in 
feeding induced silencing

RNA interference to silence protein-coding genes can be 
triggered in Paramecium by feeding dsRNA-producing 
bacteria (Figure 8, right). The protocol is similar to 
nematodes and allows for rapid and easy reverse genetics 
analyses (Galvani & Sperling, 2002). In contrast to the 
developmental scnRNA/iesRNA pathway, several pa-
pers demonstrated the involvement of RNA-dependent 
RNA polymerases (RDR) (reviewed in Nekrasova & 
Potekhin, 2019). One surprising finding was that two dis-
tinct RDRs are necessary for 1° siRNA accumulation, 
implicating that the dsRNA trigger needs to be amplified 
by RDRs before Dicer cleavage (Marker et al., 2010). The 
reason for this remains unknown. It may be related to a 
preference for 5′-tri-phosphorylated siRNAs, which was 
described for Tetrahymena Dcr2 being physically cou-
pled with the RDR (Lee & Collins, 2007). However, this 
remains to be analyzed for Paramecium. In particular, 
it remains unclear why two distinct RDRs are involved: 
mutants and knock-downs of both show a loss of 1° siR-
NAs, so they do not seem to be redundant (Carradec 
et al., 2015; Marker et al., 2010, 2014). One could imagine 
that RDRs and CID (cytoplasmic uridylyltransferase) 
are the initial components of a mechanism dissecting 
endogenous and exogenous RNAs (self vs. non-self). In 
nematodes, for instance, viral RNAs are 3′-uridinylated 
as part of a conserved antiviral mechanism (Le Pen et al., 
2018). However, this is unlikely, as both RDRs involved 
in the feeding mechanisms are also necessary for a cer-
tain number of endogenous siRNA clusters, so there 
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seems to be a mechanistic overlap between exogenous 
and endogenous RNAi (Karunanithi et al., 2019, 2020).

1° siRNAs trigger both post-transcriptional mRNA 
degradation and the production of 2° siRNAs produced 
from the mRNA by RDR2 (Carradec et al., 2015). It is 
also unclear whether 2° siRNAs are direct RDR prod-
ucts as described in nematodes or require another cut by 
Dicer. Three different Ptiwis are involved in this mech-
anism (Ptiwi12,13,15) (Bouhouche et al., 2011). Their 
precise role remains to be elaborated: they could be 
mutually exclusive specific for 1° or 2° siRNAs, which 
would then be similar to the developmental RNAi path-
way. Ptiwi13 has been shown to load siRNAs matching 
to food bacterial genomes (Drews et al., 2021); thus, it 
may also be responsible for loading 1° siRNAs in this 
mechanism here. However, transgene-induced RNAi re-
cently reported that the two Ptiwis involved do not show 
a mutual exclusive loading of 1° and 2° siRNAs: their 
function may be in RNA shuttling and transport (Drews 
et al., 2021; Götz et al., 2016).

Comparison and overlap of vegetative and 
developmental RNAi

Both pathways seem to occur independently, and both 
pathways involve a mechanism to create 2° sRNAs. A 
striking mechanistic difference is that no RDR activ-
ity was reported until now for the scn/iesRNA pathway. 
Progeny of RDR mutants is fully viable (Marker et al., 
2014). Also, in Tetrahymena, the activity of RDR1, the 
only RDR in Tetrahymena, seems dispensable for scn-
RNA production (Noto et al., 2015). Paramecium owns 
three RDRs, and the scnRNA/iesRNA pathway only 
operates with bidirectional RNA transcripts rather than 
dsRNA produced by RDRs, for both 1° and 2° sRNAs.

Most interestingly, overlaps have been described for 
the developmental and the vegetative RNAi pathways. 
Injection of non-expressible transgenes and feeding of 
dsRNA induces macronuclear deletions in F1 progeny. 
Although the precise mechanism is unclear, 23nt siRNAs 
from feeding could target the parental macronuclear 
lncRNA for degradation. As a result, these sequences 
could not pair with scnRNAs, therefore targeting a gene 
deletion in the developing MAC (Garnier et al., 2004). 
This surprising finding may be attributed to 2° siRNAs 
because the deletion does not only cover the dsRNA re-
gion but occurs mainly at the transcribed region.

The same study demonstrated that the injection of 
transgenes causes MAC deletions only if the transgene 
is silent: expressed transgenes cannot cause F1 dele-
tions (Garnier et al., 2004). This is quite reminiscent of 
the classical paramutation, although occurring not on 
the silencing- but the DNA elimination level. The bio-
logical significance of this mechanism is not clear in 
Paramecium; no endogenous siRNA-producing locus 
has been identified, which could cause a deletion.

Similarly, vegetative silencing decreases F1 copy num-
ber in Oxytricha and Stylonychia, and vice versa, over-
expression of genes in the parental MAC increases F1 
copy number. Maternal RNA was implicated in also 
transporting quantitative information to the new MAC 
(Heyse et al., 2010; Nowacki et al., 2010). Recent data in-
deed suggest that coding mRNA could serve as a tem-
plate for 27nt scanning RNAs in Stylonychia, as sRNA 
and mRNA abundance correlate to each other (Postberg 
et al., 2019). It seems likely that Spirotrichea could use 
this mechanism to adapt the copy number of individual 
nanochromosomes to the most advantageous gene dos-
age for an environmental condition: without the need for 
mutational changes (Yao, 2010).

In contrast, the biological significance of the 2° 
siRNA shortcut in the Paramecium RNAi mechanisms 
leading to MAC deletions remains to be elucidated. It 
seems risky at first glance that environmental RNA can 
interfere with the genome content. But this does not hap-
pen directly. It looks tempting to speculate that the de-
tour via the 2° siRNAs could introduce a threshold to 
avoid harmful deletions triggered by exogenous RNA. 
Many studies demonstrated that the vegetative silenc-
ing phenotype correlates with the abundance of 1° siR-
NAs (Lepère et al., 2009) and 2° siRNAs are much lower 
abundant (Carradec et al., 2015; Götz et al., 2016).

SU M M ARY OF CILI ATE GEN ETICS 
A N D EPIGEN ETICS: CONTROLLED 
GENOM E INSTA BILITY FOR 
RAPID M AC ADAPTATION?

We discussed here many different aspects of MAC ge-
nome heterogeneity: chromosome fragmentation, al-
ternative chromosome ends, inefficient IES excision, 
alternative scrambling, induced macronuclear deletions. 
Most of these aspects are well studied in lab cultures, 
although some only with individual genetic loci. The 
extent of these parameters of MAC variability in the 
wildtype under different evolutionary forces remains 
largely unknown. However, it becomes clear that the 
combination of nuclear dimorphism, amitosis, and pa-
rental controlled DNA rearrangements allow for a pow-
erful adaptive capacity. This is, in principle, the outline 
of this review: in Figure 9, we summarize the potential 
evolutionary consequences of the particular ciliate fea-
tures we introduced here.

The nuclear dimorphism allows for the differentia-
tion of a somatic MAC and amitosis. Individual alleles 
can be pre-selected and relatively enriched by pheno-
typic assortments. Depending on the species and its 
genome characteristics, the genotype would be capable 
of environmental adaptation within a few asexual cell 
divisions. Following Mendelian rules, all of these ge-
netic adaptations in the MAC would be lost after sex-
ual reproduction and the regeneration of a new MAC. 
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However, the transgenerational RNA phenomena dis-
cussed above would provide a chance to pass on epigen-
etic information to the new MAC. This would represent 

an exciting example of the inheritance of acquired char-
acters in the Lamarckian manner. As a result, ciliates 
could epigenetically manifest adapted MAC genotypes.

F I G U R E  9   A summary of the distinct models of ciliate genetics and epigenetics described in this review in association with their putative 
evolutionary advantages
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IESs can then be seen as a toolbox allowing for error-
prone elimination enabling a permanent try and fail 
variability of new MAC genotypes. At the same time, 
the germline remains protected and safe. Indeed, few 
recent studies have started to elaborate on the variable 
IES retention in lines under alternating selection pres-
sure, suggesting that such a mechanism may contribute 
to rapid phenotypic adaptation (Catania et al., 2021; 
Vitali et al., 2019). In addition to IES variation, alter-
native unscrambling of genes contributes to gene family 
evolution by alternative processing of scrambled micro-
nuclear loci (Gao et al., 2014; Katz & Kovner, 2010).

Several studies indicate gene families in ciliates evolve 
faster compared to other eukaryotes. On the one hand, this 
appeared due to an increased ratio of nonsynonymous/
synonymous substitution rates of individual loci (Katz 
et al., 2004; Zufall et al., 2006). Otherwise, the genome 
architecture, meaning the degree of macronuclear pro-
cessing, was implicated in gene-fragment rearrangements 
because the most divergent proteins have been identified in 
ciliate lineages with highly processed genomes, thus sup-
porting the idea of a programmed MAC variability (Zufall 
et al., 2006). Still, most of these conclusions result from the 
interpretation of single protein families. Genome data, es-
pecially MAC and MIC, is still missing for many lineages. 
An exception is a recent analysis of transcript diversity 
in single-cell transcriptomes from different non-model 
ciliates. Karyorelictea show the lowest paralog diversity, 
which is higher in ciliates with extensively re-arranged ge-
nomes; in addition, the study supports the idea that the 
loss of gene linkage by gene-sized chromosomes enhances 
gene evolution (Yan et al., 2019).

Coming back to one of the initial questions: what 
might have been the driving force to evolve the nuclear 
dimorphism in ciliates? We summarized here the genetic 
and epigenetic features that need to be considered. The 
main features of ciliates (except the Karyorelictea) are 
the amitotic division of the MAC and the paternally con-
trolled DNA rearrangements during MAC development. 
Unfortunately, data about these mechanisms are avail-
able only from the Intramacronucleata. We need com-
parable data of the Karyorelictea and Heterotrichea to 
evaluate transgenerational epigenetics as a driving force 
in the ciliated evolution of the nuclear dimorphism as 
discussed above.

Considering the evolution of this system, we need 
to extent the evolutionary scenario of chapter 3 by the 
concept of transgenerational epigenetics. Phylogenetic 
analysis of RNAi key components (RDR, Dicer, and 
Piwi) suggests that the last common eukaryotic ances-
tor was already capable of RNAi by post-transcriptional 
silencing and transcriptional regulation by histone mod-
ification (Cerutti & Casas-Mollano, 2006). The authors 
suggest that RNAi's ancestral role was the silencing of 
transposable elements. Presumably, the very early cili-
ates already silenced transposable elements by small 
RNAs. Transposon silencing in other species is usually 

realized by heterochromatinization, and recent litera-
ture suggests that, in particular, H3K9 methylation rep-
resents an ancestral mark for repeats and transposable 
elements (Kabi & Filion, 2021). Taken together, the liter-
ature so far indicates that the last common ciliate ances-
tor already used transcriptional silencing by sRNAs for 
transposon inactivation. As the general hardware was 
already present, two events may have been necessary to 
build the modern ciliates. First, the exchange of RNA 
between paternal and zygotic nucleus: for these mecha-
nisms, it is clearly of great advantage that both nuclei are 
present in the same cytoplasm. The dimorphism may be 
seen as a prerequisite for this massive transgenerational 
transfer of non-coding RNAs. Second, the coupling of 
RNAi with the domesticated transposase allows for 
DNA excision instead of silencing.

In general, transposon integration represents a mech-
anism to generate genetic diversity. Transposon integra-
tion is mostly disadvantageous or neutral. Co-opting 
of advantageous transposon integrations was also de-
scribed in vertebrates (Bourque, 2009) and believed 
to contribute to lineage-specific characters (Warren 
et al., 2015). For instance, the Gibbon lineage appears 
to be diverged from the Hominidae by massive genome 
rearrangements to a gibbon-specific retrotransposon 
(LAVA) (Carbone et al., 2006, 2014). However, this exam-
ple of transposon-mediated genome variability and spe-
ciation appears to follow classical Darwinian evolution, 
meaning an uncontrolled, stochastic genotype alteration 
with subsequent natural selection. The described mech-
anisms here suggest that ciliates have evolved a system 
of transposon domestication by parental control, using 
this for short time adaptation by inheritance of acquired 
characters in a Lamarckian manner. Both micronuclear 
genome stability and MAC polyploidy provide an evolu-
tionary buffer for either a genetic reset or the progressive 
adaptation of MAC genotypes.

Also, in mammals, V(D)J recombination represents 
a form of genomic instability/variability by somatic re-
combination. This instability is essential for the matu-
ration of B- and T-cells and involves the creation of new 
immunoglobulin genes: the RAG1 gene, which initiates 
the recombination evolved by transposase domestication 
(Huang et al., 2016). Comparing both systems, V(D)J re-
combination of IES excision, mammals need to limit this 
to specific gene families, whereas ciliates could use the 
entire genome as a playground.

TH E EXCEPTIONA L 
QUA LI FICATION OF CILI ATES 
FOR EPIGEN ETIC RESEARCH A N D 
ITS INTERPRETATION IN A N ECO -
EVOLUTIONARY CONTEXT

Current estimates calculate with up to 40,000 ciliate spe-
cies, of which ~4500 morphospecies have been described 
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(Foissner et al., 2009). Individual ciliate species and 
strains were able to adapt to almost all ecosystems, rang-
ing from freshwater and marine to terrestrial habitats 
(Finlay et al. 1998) and parasitic life strategies (Clark & 
Forney, 2003).

An apparent feature of ciliates is their relatively large 
cell size compared to flagellates in the same environ-
ments. In particular, a selective advantage may have been 
provided by an increase in the quantity of gene products, 
which is linked to an increase in ploidy. The indirect con-
sequence, that is, increasing cell size, may have allowed 
for widening the prey spectrum to a greater variance of 
prey organisms (Cheng et al., 2020) and at the same time 
may have altered (reduced) grazing pressure on ciliates 
by unicellular predators.

A second characteristic feature to be discussed here 
is the combination of nuclear dimorphism with trans-
generational inheritance. This massive investment in 
genome rearrangements and, in particular, the transgen-
erational mechanisms described in this review require 
some (energetic) resources. The increasing direction of 
resources towards optimizing the F1 genomes (instead of 
growth rate) can be interpreted as a shift towards a K-
strategy: ciliates invest more energy in their sexual prog-
eny. Their "parental care" achieves offspring which is 
highly adapted to the current environment. Thus, a con-
siderable fraction of energy is channeled to the survival 
of individual cells rather than too high growth rates as 
characteristic for K-strategists (Figure 10).

Many of the epigenetic mechanisms that allow for 
this "parental care" have been resolved in the past de-
cades while some are still uncertain or unknown. Ciliate 
epigenetics mainly refers to DNA rearrangements and 
eliminations that occur to an extent unknown in other 
organisms. It seems clear that the development of the 
new MAC inside the cell, which still contains the (old) 
parental macronucleus, logistically facilitates RNA 
transfer between generations.

This would support the model of Katz, 2001 which 
hypothesizes that the nuclear dimorphism evolved basi-
cally as a mechanism allowing the parental MAC to in-
fluence the F1 MAC and thus the F1 phenotype.

TRA NSGEN ERATIONA L RNA IN 
M U LTICELLU LAR ORGA N ISMS

Intergenerational epigenetic regulation appears more 
difficult in multicellular organisms but not impossible. 
In C. elegans, for instance, feeding of dsRNA by mech-
anisms similar to those described in Figure 8 has been 
described to induce secondary siRNAs likely involved 
in transcriptional silencing, which are stably maintained 
in subsequent generations (Luteijn et al., 2012). The 
striking difference to ciliates is that transgenerational 
epigenetics of other eukaryotes rarely involves genome 
rearrangements.

RNA is right now in the focus of transgenerational 
epigenetics in multicellular organisms too. piRNAs 
(piwi-interacting RNAs) are active components of a 
conserved pathway in gonadal cells to inactivate trans-
posons (Czech et al., 2018). In C. elegans, piRNAs and 
nuclear RNAi mechanisms cause an epigenetic memory 
that lasts more than 20  generations (Ashe et al., 2012). 
Mammalian oocytes exhibit active piRNA pathways; 
thus, a transgenerational impact of maternal control 
seems not unrealistic, but we know much less about 
this than the model systems. Further, a soma-germline 
transfer of small RNAs (mainly miRNAs (microRNAs) 
and tRNA fragments) from the epididymis to sperm rep-
resents a previously unexpected paternal somatic RNA 
transfer (Sharma et al., 2018). The extent of these trans-
generational effects remains to be studied. Nevertheless, 
recent reviews summarize the emerging knowledge on 
transgenerational sRNAs as a redefinition of the inher-
itance concept in animals (Cecere, 2021), that is, similar 
to the terminology applied for ciliates.

To date, research on transgenerational inheritance 
seems to be more advanced in ciliates. But due to their 
model character, it may be easier to observe epigenetic 
phenomena phenotypically in ciliates than multicellular 
organisms. A thrilling question is: could future research 
uncover a similar extent of epigenetic transfer of paren-
tal information to sexual progeny in mammals?

This seems not likely due to the more limited con-
tact between parental and F1 cell lineages and the 
extent of epigenetic mechanisms in cell and tissue dif-
ferentiation. However, as outlined above, transgener-
ational RNA indeed occurs in germ cells, and future 
research may uncover exciting functions of transgener-
ational RNA contributing to Lamarckian inheritance 
in mammals.

We have summarized in this review that ciliates 
evolved special genetic hardware for transgenera-
tional RNA transfer, coupled with a genomic system 
with pre-determined breaking points, providing a 
modular design allowing for genomic variability. This 
is in strong contrast to the needs of long-living and 
differentiated mammalian somatic cells, reliant on 
genome stability, allowing genetic instability at few 
sites, only, for example, immunoglobulin genes. It is 
tempting to speculate that the degree of transgener-
ational epigenetics could be associated with the com-
plexity of the species in terms of tissue differentiation. 
Therefore, it may not be accidental that indications 
for intergenerational epigenetic control in metazoan 
were mostly reported for animals with a low degree 
of cell (and tissue) differentiation. Most reports so far 
concern nematodes, whose adults consist of only a few 
hundred cells: Here, several heritable epigenetic man-
ifestations mediated by small RNAs have been de-
scribed (Rechavi et al.., 2014; Shirayama et al., 2012), 
which could lead to individual epigenetic variations 
(Houri-Zeevi et al., 2020).
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W H AT DO W E LEARN FROM 
CILI ATE EPIGEN ETICS?

We summarized here the current knowledge about 
ciliate epigenetics mechanisms: shortly outlined, they 
evolved genetic hardware in the MIC, which allows for 
a dynamic MAC composition that is to some extent 

controlled by regulatory RNA. Interestingly, the latter's 
composition involves parental information: Acquired 
characters can be passed through generations, enabling 
the adaptation of MAC genotype and phenotype in a 
Lamarckian manner. Still, the real contribution of these 
mechanisms to adaptation in free-living ciliates remains 
to be elaborated.

F I G U R E  10   Evolutionary dissection of individual ciliate features in relation to mono-nuclear protists and multicellular organisms
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Next to this, we describe that the amitotic MAC 
division is not a primitive mechanism as one could 
think at first glance compared to mitotic divisions. 
Re-functionalizing microtubules to divide the MAC 
indicates a critical tool that allows for phenotypic 
assortments and thus genetic variability in a single 
generation.

In principle, ciliate epigenetics uses common mech-
anisms found in many kingdoms: regulatory RNA, 
RNA interference, and RNA-induced heterochromatin 
formation. Also, the domestication of TE elements was 
recently described not to be unique to ciliates but to 
occur unexpectedly often (Jangam et al., 2017). As a re-
sult, these individual mechanisms seem to be specialized 
in ciliates but not unique to them. Acknowledging this, 
it seems tempting to speculate that ciliate epigenetics 
uncovers some mechanistic principles relevant to other 
species. As discussed, ciliates have an advantage for the 
transgenerational RNA transfer as parental and zygotic 
nuclei are in the same cytoplasm. Therefore, ciliates re-
main the preferred organisms to analyze the phenom-
enon of RNA transfer, which is the general challenge 
of transgenerational epigenetics, not only in ciliates. 
Specificity, timing, and transport mechanisms for RNA 
transfer are, in general, hardly understood, although 
being a common and essential factor of epigenetics 
across kingdoms.
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