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Abstract

As a group of unicellular eukaryotes, ciliates offer a unique system to explore epigenetic regulation, mostly due to their nuclear
dualism. Ciliates launched a successful radiation after their early evolutionary branching, therefore harboring an unexpectedly
rich pool of diverse biological functions and mechanisms. In this review, we compare distinct features of different ciliates in
mating type determination, genome organization, DNA methylation, and removal of internal eliminated sequences (IES), with
emphasis on Tetrahymena, Paramecium and Oxytricha. Firstly, we review studies on mating type determination in Paramecium,
one of the foundational phenomena that defined the field of epigenetics, and compare this process with that in Tetrahymena.
Secondly, we showcase the high diversity in genome structure of several ciliates, such as genome size, gene copy numbers,
genome rearrangement, etc. Thirdly, we present a brief description of features and potential functions of 5-methylcytosine (SmC)
and N6-methyladenine (6mA) in ciliates so far studied. Fourthly, we describe both the initial and the continuously optimized
scan RNA (scnRNA) model for IES elimination in Tetrahymena and contrast it with that in Paramecium and Oxytricha. Finally,
we discuss the importance of integrative approaches to the study of epigenetic diversity in ciliates and provide possible directions
for future research.
© 2017 Elsevier GmbH. All rights reserved.
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Introduction

Epigenetic modifications, which include heritable changes
that are not based on primary DNA sequences, are mainly
of three important kinds: RNA interference, histone post-
translational modifications, and DNA methylation (Holliday
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and Pugh, 1975; Russo et al., 1996; Volpe et al., 2002). These
modifications work together with established genetic infor-
mation to shape the cellular environment, thus governing
almost every aspect of biological processes.

Ciliates are a large and diverse group of single-celled
eukaryotes distributed throughout the world (Foissner, 1995;
Kahl, 1931; Lynn, 2008; Lynn and Small, 2002; Song et al.,
2009). Each ciliate has two functionally distinct nuclei
(Hammerschmidt et al., 1996; Nanney and Caughey, 1953).
The ampliploid macronucleus (MAC) stores the somatic
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Fig. 1. Photomicrographs of four model ciliates: two spirotrichs—the euplotian Euplotes harpa (A, E, F), hypotrich Oxytricha trifallax (B, C,
G), and two oligohymenophoreans—Paramecium caudatum (D, J) and Tetrahymena thermophila (H, 1). Scale Bars: 60 um (A, E, F), 50 pm

(B, C, G), 20 um (H), 100 m (D, J).

genome and governs the cellular phenotype, while the pre-
sumably diploid micronucleus (MIC) contains a germline
genome and is transcriptionally silent during vegetative
growth. Ciliates have served as model organisms in many
research fields, including cytology, zoology, evolutionary
biology and genetics (Hausmann and Bradbury, 1996). In
addition, ciliates provide novel insight into epigenetic regula-
tion due to their nuclear dimorphism (Hammerschmidt et al.,
1996; Nanney and Caughey, 1953). Ciliates display a high
level of diversity not only in morphology (Fig. 1), but also in
genetic and epigenetic regulations. Here, we compare distinct
features in different ciliates, with emphasis on Tetrahymena
thermophila, Paramecium “aurelia” and Oxytricha sp.

Mating type determination

Besides asexual reproduction, ciliates also have a sexual
stage, conjugation, to confer physiological regeneration and
increase genotypic variability (Rogers and Karrer, 1985).
During conjugation, a newly-formed zygotic MIC divides
and then differentiates into progeny MACs and MICs while
accompanying parental MACs disintegrate.

Mating types were first discovered in the Paramecium
“aurelia” complex by Sonneborn (1937). Two complemen-
tary mating types—O (odd) and E (even)—exist in the
Paramecium “aurelia” complex. Notably, the O/E alternative

of P. tetraurelia is maternally inherited, a signal discovery in
epigenetics (Hiwatashi, 1968). Three genes, mtA, mtB and
mtC, are required for type E expression (Singh et al., 2014).
Type E is determined by the expression of the transmem-
brane protein mtA, which plays a key role in species-specific
recognition (Singh et al., 2014). Meanwhile, mtB and mtC
gene products seem to be required for the mrA expression
(Singh et al., 2014). The mtA promoter is found to be excised
in mating type O. This excision is mediated by small RNAs in
a similar way to the deletion of Internal Eliminated Sequences
(IESs), which will be introduced in a following section (Singh
et al., 2014). A similar mating type determination model is
also found in P. octaurelia (Singh et al., 2014). In contrast, a
different mating type switch is proposed in P. septaurelia: its
O expression is determined by the excision of mtB coding-
sequence segments, which also causes mtA gene silencing
(Singh et al., 2014).

Tetrahymena thermophila has seven mating types (Nanney
and Caughey, 1953). After conjugation, the progeny cells
can possess any one of the seven mating types. In other
words, its mating type is determined randomly (Doerder et al.,
1995). Two adjacent genes, MTA and MTB, are arranged
head-to-head to constitute the somatic mating type locus
(Cervantes et al., 2013). Each gene can encode a mating
type-specific segment and a transmembrane (TM) domain,
which is highly conserved in all mating types (Cervantes
et al., 2013). The germline mating type locus contains a tan-
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dem array of incomplete gene pairs, one representing each
mating type (Cervantes et al., 2013). During the progeny
somatic differentiation, one gene pair is chosen and com-
pletely assembled while the remaining gene pairs are deleted
(Cervantes et al., 2013). Cervantes et al. (2013) also pro-
posed that programmed DNA rearrangements are involved
in its mating type determination process.

Genome structure

Within the past decade, micronuclear/macronuclear
genome sequences of several ciliates have been reported
(Arnaiz et al., 2012; Aury et al., 2006; Chen et al., 2014,
Eisen et al., 2006; Hamilton et al., 2016; Slabodnick et al.,
2017; Swart et al., 2013). Genome studies have made a major
impact on ciliate research and confirmed the high diversity
among ciliates that was previously expected by single gene
sequences (Table 1).

T. thermophila possesses one macronucleus (MAC) and
one micronucleus (MIC), the genome structures of which
are dramatically different (Chen et al., 2016; Zhao et al.,
2016) (Table 2). The MIC genome is approximately 157 Mb
while the MAC genome is about 103Mb (Eisen et al.,
2006; Hamilton et al., 2016). In terms of chromosome num-
bers, the MIC contains only five pairs of chromosomes and
divides mitotically in vegetative cells, while the MAC con-
sists of nearly 181 centromere-less chromosomes and divides
amitotically without spindle formation and chromosome con-
densation (Hamilton et al., 2016; Ray, 1956; Xiong et al.,
2012). Notably, an 11-kb single-copy micronuclear rDNA
is duplicated as a 21-kb palindromic minichromosome and
amplified to ~10,000 copies in the MAC (Yao and Gall,
1977; Yao and Gorovsky, 1974). Meanwhile, some histone
modifications and variants, like histone acetylation, H3K4
methylation, H3.3 and H2A.Z, are exclusively distributed in
the MAC and signal different transcriptional activities (Allis
et al., 1980; Cervantes et al., 2006; Cui et al., 2006; Henikoff
and Smith, 2015; Strahl et al., 1999).

The Tetrahymena genome undergoes programmed chro-
mosome breakage and extensive DNA elimination during
development of the new MAC (Orias et al., 2011).
In this process, the five MIC chromosomes are frag-
mented into hundreds of somatic minichromosomes at
a 15-bp chromosome breakage sequence (Cbs), which
is only found in tetrahymenine ciliates (Blackburn and
Gall, 1978; Hamilton et al., 2016; Lin et al., 2016;

Yao et al, 1990). Chromosome breakage sequences
share a highly conserved motif—WAAACCAACCYCNHW
(W=A/T; Y=T/C; H=A/T/C; N=G/A/T/C)—in T. ther-
mophila and other Tetrahymena spp. (Hamilton et al., 2016).
Some minichromosomes are eliminated about 10 doubling
times after conjugation while the rest are maintained in the
mature MAC genome (Lin et al., 2016), providing a distinct
method of genome reduction (Lin et al., 2016). Internal Elim-
inated Sequences (IESs) comprise approximately 30% of the
MIC genome (Coyne et al., 2012). These IESs are deleted by
a small RNA-induced heterochromatin formation (Liu et al.,
2007; Mochizuki et al., 2002; Taverna et al., 2002), while
the remaining Macronucleus Destined Sequences (MDSs)
are ligated to form the MAC minichromosomes. Subse-
quently, endoreplication follows in the differentiating MAC
to increase its copy number from 2 to ~45 (Doerder et al.,
1992).

Paramecium tetraurelia belongs to the same class Oligo-
hymenophorea as Tetrahymena (Adl et al., 2012; Lynn,
2008). Nevertheless, their respective genome structures dif-
fer markedly as follows: (1) the genome of P. tetraurelia has
undergone three whole-genome duplication (WGD) events,
with the most recent one occurring after the divergence of
the P. “aurelia” complex from P. caudatum and P. multimi-
cronucleatum (Aury et al., 2006), while WGD has not been
detected in the Tetrahymena genome; (2) the copy number of
their MAC chromosomes is different (P. tetraurelia is 800C
while 7. thermophila is 45C) (Aury et al., 2006; Doerder et al.,
1992); (3) some short IESs of P. tetraurelia lie in protein-
coding exons and require precise elimination to guarantee
proper translation (Arnaiz et al., 2012), while the vast major-
ity of IESs of Tetrahymena lie in intergenic or intronic regions
with variable junction sites and do not require precise elim-
ination (Bétermier, 2004; Fass et al., 2011; Hamilton et al.,
2016).

Oxytricha belongs to another ciliate class—the
Spirotrichea (Adl et al., 2012; Lynn, 2008). Its genetic
distance from Tetrahymena is comparable to that between
humans and fungi (Parfrey et al., 2011), and this distance is
demonstrated by significant differences in genome features.
MAC chromosomes of Oxytricha are highly fragmented, a
feature shared by other spirotrichs (Jahn and Klobutcher,
2002). Their average size is 3.2 kb and ~90% are “nanochro-
mosomes” that encode a single gene (Swart et al., 2013).
The copy number of these nanochromosomes is quite
variable, averaging ~2000C, which is considerably higher
than that of Tetrahymena and Paramecium (Prescott, 1994).

Table 1. Differences between epigenetic mechanisms in ciliate model species.

Tetrahymena thermophila ~ Paramecium tetraurelia ~ Oxytricha trifallax ~ Euplotes crassus
MAC genome size 103 Mb! 72 Mb'3 50 Mb*’ ~50 Mb??¢
MIC genome size 157 Mb? 100 Mb'® ~500 Mb*® -
Whole genome duplication No Yes'? No No
MAC chromosome numbers 1813 ~200" 15,600%° -
MIC chromosome numbers 5 >5013 - -
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Tetrahymena thermophila Paramecium tetraurelia ~ Oxytricha trifallax Euplotes crassus
MAC ploidy Variable Variable
45° 800" ~2,000%7 ~2000%*
MIC ploidy 24 217 217 217
Nano-chromosome No No Yes? Yes®
Genome unscrambling No No Yes?® No
IES percentage ~30%° ~30%'° 90%* 95%'®
IES location (genic/intergenic) Intergenetic’ Both, mainly genetic'®!®  Both, mainly genetic®® —
IES classification Maternally regulated®? Both!*-?0 - -
IES deletion mechanisms Imprecise’ Precise?! Precise® -
(precise/imprecise)
scnRNA source (IES/MDS) IES and MDS' IES and MDS* MDS? -
Late scnRNA production (source) New macronucleus' New macronucleus®’ - -
Pointer No No Yes?! No
Mating type 7" 2% 932 38%
DNA methylation 6mA" 5mC?%+P 5mC* -
Number of genes 24.700* 39,6421° ~18,400% -
Number of IES 6000 65,000" 150,000%° -

IEisen et al. (2006).
2Hamilton et al., (2016).
3Xiong etal., (2012).
4Ray, (1956).

5Doerder et al., (1992).
6Coyne etal., (2012).
7Schoeberl et al., (2012).

8 Chalker and Yao, (1996).
9Fass et al., (2011).
10Chalker and Yao, (2001).
Noto et al., (2015).
12Doerder et al., (1995).
13Gorovsky etal., (1973).
14Coyne et al., (1996).

15 Aury et al., (2006).

16 Arnaiz et al., (2012).
17Ammermann, (1971).

18 Jahn and Klobutcher, (2002).
19Duharcourt et al., (1995).
20Dyharcourt et al., (1998).
21 huillier-Akakpo et al., (2014).
22Duharcourt et al., (2009).
2Sonneborn, (1937).
24Kwok and Ng, (1989).
25 Fang et al., (2012).
26Swart et al., (2013).
2TPrescott, (1994).
28Greslin et al., (1989).
2Prescott et al., (2002).
30Nowacki et al., (2008).

31 Allis et al., (1987).
32 Siegel, (1956).

BBracht et al., (2012).
34Bender and Klein, (1997).
35Klobutcher, (1999).
36Dini and Luporini, (1979).
37Sandoval et al., (2014).
38Chen et al., (2014).

2 Almost all Tetrahymena IESs tested so far are maternally regulated.
55mC is not biochemically detected. Mac and Mic represent macronucleus and micronucleus, respectively; IES, internal eliminated sequences; MDS,
macronucleus destined sequences.
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Table 2. Differences between the macronucleus (MAC) and micronucleus (MIC) in Tetrahymena thermophila.

MAC MIC Literature
Ploidy 45 2 (Doerder et al., 1992; Ray, 1956)
Chromosome numbers 181 5 (Ray, 1956; Xiong et al., 2012)
Genome size (Mb) 103 157 (Eisen et al., 2006; Hamilton et al., 2016)
Mitosis* No Yes (Gorovsky et al., 1978)
Linker histone Hho Ip micLH (Allis et al., 1984; Hayashi et al., 1987; Wu et al., 1986)
H2A.Z Yes No (Henikoff and Smith, 2015)
H3.3 Yes No (Henikoff and Smith, 2015)
Cnplp No Yes (Cervantes et al., 2006; Cui and Gorovsky, 2006)
Histone acetylation Yes No (Cervantes et al., 2006; Cui and Gorovsky, 2006)
H3K4 methylation Yes No (Strahl et al., 1999)
H3S10 phosphorylation No Yes (Allis and Gorovsky, 1981)
Transcription Yes No® (Gorovsky et al., 1978)

#Mitosis during vegetative growth.

®No transcription during vegetative growth. Y and N represent Yes and No, respectively.

Furthermore, the MIC genome is highly complex, contain-
ing scrambled genes that require elaborate chromosome
rearrangements (e.g., deletion, inversion and permutation)
during MAC development in order to generate a functional
MAC genome (Chen et al., 2014). The MIC genome of
Stylonychia, another oxytrichid spirotrich like Oxytricha,
also has scrambled genes (Prescott, 1999). In Oxytricha,
IESs make up nearly 90% of the MIC genome, and, as
in the oligohymenophoreans, are eliminated during MAC
differentiation. This produces a small-sized MAC genome
(50Mb) from a medium-sized MIC genome (~500Mb)
(Chen et al., 2014; Nowacki et al., 2008; Swart et al., 2013).
The long non-coding RNAs (IncRNAs), derived from the
parental MAC genome, have been shown to act as templates
to guide DNA unscrambling (Nowacki et al., 2008).

In another spirotrich, Euplotes, the MAC genome is
also highly fragmented, and nanochromosomes make up a
large portion (Klobutcher, 1999). Euplotes has two transla-
tional peculiarities that can distinguish it from other ciliates:
stop codon usage and +1 programmed ribosomal frameshift
(PRF). The stop codon UGA is used in Tetrahymena and
Paramecium while in Euplotes it is reassigned as the cys-
teine or selenocysteine codon. The stop codons UAA and
UAG in Tetrahymena and Paramecium encode glutamine
while Euplotes uses both as stop codons (Salim et al., 2008).
Euplotes is so far the only ciliate reported to require +1 PRF:
a number of genes of euplotids have been reported to require
this frameshift to express a functional protein (e.g., the E.
aediculatus La motif protein (p43) and the E. crassus Tec2
transposon ORF2 protein), while 11% of genes in E. octocar-
inatus require the +1 PRF (Aigner et al., 2000; Doak et al.,
2003; Jahnetal., 1993; Wang et al., 2016). Compared to other
model ciliates, molecular genetic tools in the Euplotes system
are far less powerful. Gene silencing in Euplotes spp. can be
achieved by feeding them E. coli expressing dsRNA corre-
sponding to a target locus (Galvani and Sperling, 2002), but
a transformation system is urgently needed to enable more
systematic studies on Euplotes spp.

Distantly related to the four model ciliate genera dis-
cussed above, the heterotrich Stentor coeruleus is a giant
cell (up to 4000 um long when extended) that possesses
a moniliform MAC with a variable number of nodules in
each cell (Foissner et al., 1992). This huge cell size is corre-
lated with an extremely high copy number of its MAC genes
(average 60,000C) (Slabodnick et al., 2017). The genome
of Stentor is distinct in at least two aspects. First, it con-
tains extremely short introns (15-16nt) with a conserved
motif GTANsTAN3AG (N=G/A/T/C) (Slabodnick et al.,
2017). These tiny introns, also found in other heterotrichs,
are shorter than any other introns yet reported (Slabodnick
et al., 2017). More interestingly, Stentor uses a standard
genetic code instead of a “ciliate code” (Swart et al., 2016),
indicating that the deviation of genetic codes occurred after
the heterotrichs, like Stentor, diverged from other ciliates
(Slabodnick et al., 2017). In another heterotrich Condy-
lostoma magnum and a karyorelictid Parduczia sp., all three
stop codons could be reassigned as a sense codon (Swart
et al., 2016). Translation termination relies on the mRNA 3’
ends in a context-dependent manner (Swart et al., 2016).

DNA methylation

DNA methylation, one of the most important epigenetic
modifications, can modulate gene expression by influenc-
ing the interaction between DNA and transcription factors
(Fig. 2) (Feng et al., 2010; Smith and Meissner, 2013). Com-
mon DNA methylations include 5-methylcytosine (SmC),
N6-methyladenine (6mA), and N4-methylcytosine (4mC)
(Cheng, 1995; Ratel et al., 2006; Wion and Casadests, 2006).
5mC has been most intensively investigated as it plays a
significant role in epigenetics in other eukaryotes. In con-
trast, 6mA was only detected in prokaryotes and some lower
eukaryotes (Hattman et al., 1978; Kay et al., 1994; Reyes
et al., 1997) until some recent studies characterized its pres-
ence and potential functions in multicellular eukaryotes (Fu
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5SmC 6mA
Oxytricha fallax *
Oxytricha trifallax *
Stylonychia lemnae *
Stylonychia mytilus *
Tetrahymena thermophila *
Tetrahymena pyriformis *
-Paramecium tetraurelia *
*
*x

Fig. 2. Phyletic patterns of methylation of DNA in ciliates as
5-methylcytosine (SmC) and 6-methyladenosine (6 mA). Ciliate
species are shown according to their positions in a consensus phy-
logram based on (Gao et al., 2016). Red stars represent the presence
of DNA methylation in species.

et al., 2015; Greer et al., 2015; Koziol et al., 2016; Liu
et al., 2016; Wu et al., 2016; Zhang et al., 2015). Eukary-
otic 5SmC and 6mA are distinctly different. For instance, SmC
is mainly located in nucleosomal regions (Razin and Cedar,
1977) while 6mA is enriched in linker DNA (Harrison et al.,
1986). Both SmC and 6mA are associated with transcription
inactivation (Tajima and Suetake, 1998; Wu et al., 2016),
while 6mA can also be associated with transcription activa-
tion (Fuetal.,2015; Greeretal.,2015 Greeretal.,2015). 5SmC
and 6mA are apparently sporadically distributed in different
clades of ciliates (Fig. 2).

6mA is the only form of DNA methylation in 7. ther-
mophila (Blackburn et al., 1983; Hattman et al., 1978).
In vegetative cells, approximately 0.8% of the MAC ade-
nine is methylated, while 6mA is undetectable in the MIC
(Blackburn et al., 1983; Hattman et al., 1978). The level
of 6mA is relatively stable in different stages of vegetative
growth or when compared with starved cells (Gorovsky et al.,
1973; Karrer and VanNuland, 2002). During conjugation,
de novo 6mA can be detected during new MAC develop-
ment, at about 14-16h after the initiation of conjugation
(Harrison et al., 1986). It has also been reported that 6mA
preferentially locates in linker DNA regions in the sequence
of NAT (N=G/A/T/C) (Hattman et al., 1978). In its con-
gener Tetrahymena pyriformis, 6mA is also the only detected
methylated base (Hattman et al., 1978).

6mA content varied slightly in the Paramecium “aure-
lia” complex, ranging from 2.1% to 2.5% (Cummings et al.,
1974). It is proposed that 6mA may be involved in the tran-
scription inactivation of some sequences in MAC, but this
requires further validation (Kwok and Ng, 1989). SmC has
been indirectly discovered in P. fetraurelia using the nucleo-
side analogue 5-azacytidine and is proposed to modulate the
programming of the developing MAC (Kwok and Ng, 1989).

6mA was the only detected methylation in O. fallax (Rae
and Spear, 1978), yet a more recent study in Oxytricha tri-
fallax detected SmC directly by mass spectrometry (Bracht
etal., 2012). As proposed by these latter authors, 5SmC occurs

only during nuclear development and genome rearrange-
ment where it marks sequences within transposon elements,
including parental MAC chromosomes, MIC-limited repet-
itive elements, and aberrantly-spliced gene rearrangement
products, indicating that SmC might play key roles in DNA
elimination during genome rearrangements (Bracht et al.,
2012).

As in O. trifallax, SmC was detected within transposable
elements during MAC differentiation of Stylonychia lemnae
(Juranek et al., 2003). 5SmC is also present at low levels in
the vegetative MIC in the sequence of CCWGG (W =A/T).
Juranek et al. (2013) accordingly proposed that SmC may
be involved in silencing sequences and in heterochromatin
formation instead of in MAC differentiation. In contrast, 6mA
is the only detectable methylated base in Stylonychia mytilus
(Ammermann et al., 1981).

Only 5mC is detected in the colpodid Colpoda inflata and
this methylation pattern changes during the encystment pro-
cess, indicating that SmC participates in the regulation of gene
expression during encystment (Palacios et al., 1994; Taylor
et al., 1983). In the heterotrich Blepharisma japonicum, both
5SmC and 6mA were observed in the MAC of vegetative cells
(Salvini et al., 1986; Salvini et al., 1984). 6mA was proposed
to be play a role in gene activation in Blepharisma (Salvini
et al., 1986).

IES elimination mediated by small RNA

In ciliated protozoa, small RNAs play key roles in IES
excision in germline and somatic genomes. This pathway
has been well studied in three ciliate genera—Paramecium,
Tetrahymena and Oxytricha (Fang et al., 2012; Mochizuki
et al., 2002; Noto et al., 2015; Sandoval et al., 2014) (Fig. 3).

The original scan RNA (scnRNA) model in Tetrahymena
can be summarized as follows: (1) bidirectional transcripts
are synthesized by RNA polymerase II during parental MIC
meiosis (Chalker and Yao, 2001); (2) Dicer-like ribonuclease
(encoded by DCLI) cuts long transcripts to short double-
strand RNA (~27-30bp), the so called scnRNAs (Malone
et al., 2005; Mochizuki and Gorovsky, 2005); (3) scnRNAs
are exported to the cytoplasm and form a complex by associ-
ating with the Argonaute (Ago) family protein (encoded by
TWII) (Mochizuki et al., 2002); (4) Ago-scnRNA complexes
are then transferred into the parental MAC and compared with
nascent non-coding transcripts from the MAC genome. scnR-
NAs that can pair with MAC transcripts (MDS) are destroyed,
and the refined pool of scnRNAs is now complementary to
the IESs of the MIC (Mochizuki et al., 2002); (5) the remain-
ing Ago-scnRNA complexes are exported to the developing
MAC of the progeny and initiate the second round of the scan-
ning process (Mochizuki et al., 2002), targeting IES regions
for heterochromatin formation and subsequent elimination
(Liu et al., 2007; Taverna et al., 2002).

This model has been continually improved, largely owing
to the works of the Mochizuki laboratory. First, it was con-
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Fig. 3. Small RNAs play different roles during differentiation of a new macronucleus (MAC) in Tetrahymena, Paramecium, and Oxytricha.
(A) The scan RNA (scnRNA) model of Tetrahymena and Paramecium in which scnRNAs are generated from the MIC genome and cause
degradation of internally eliminated sequences (IESs) during development of the new MAC. (B) The Piwi-interacting small RNAs (piRNA)
model in Oxytricha in which piRNAs are generated from the parental MAC genome and protect macronucleus-destined sequences (MDS)

from degradation. Modified from (Fang et al., 2012; Orias et al., 2011).

sidered that scnRNAs are produced in an unbiased way in
the MIC genome, including both the IES and MDS regions
(Mochizuki et al., 2002). Subsequently however, Schoeberl
et al. (2012) found that scnRNAs are preferentially pro-
duced from IESs in the parental MIC. Second, scnRNAs were
thought to be produced exclusively from the parental MIC
during early conjugation (Mochizuki et al., 2002), whereas
Noto et al. (2015) demonstrated that in addition to “Early-
scnRNAs” in the MIC, “Late-scnRNAs” are produced in the
progeny MAC and derived from IESs prior to their excision
during late conjugation. Third, instead of only recognizing
IESs from which they are derived (Mochizuki et al., 2002),
Noto et al. (2015) showed that scnRNAs can also recognize
other IESs in trans and considered this as a genome-wide
trans-recognition network, which can guarantee efficient
elimination of IESs in the genome of Tetrahymena. Never-
theless, a great deal of work is still needed before we fully
understand what mechanisms govern the preferential tran-
scription in the parental MIC and how the boundaries are
determined for deletion of the IESs in the progeny MAC.

A similar scnRNA model has been proposed in Parame-
cium (Bouhouche et al., 2011; Lepere et al., 2009; Sandoval
et al., 2014). However, there are several differences between
Paramecium and Tetrahymena: (1) Paramecium contains
maternally and non-maternally controlled IESs, while almost
all the IESs studied so far in Tetrahymena are maternally
controlled (Chalker and Yao, 1996; Duharcourt et al., 1995;
Duharcourt et al., 1998); (2) Paramecium scnRNAs and IES-

derived small interfering RNAs (iesRNAs) are produced by
different Dicer-like proteins (Noto et al., 2015; Sandoval
etal., 2014) while in Tetrahymena Early- and Late-scnRNAs
are processed by the same Dicer-like ribonuclease—DCL1;
(3) Paramecium iesRNAs are transcribed and processed from
excised IESs while Tetrahymena Late-scnRNAs are pro-
duced before the IESs are deleted from developing MAC
chromosomes (Noto et al., 2015; Sandoval et al., 2014);
(4) most Paramecium IESs can express both scnRNAs and
iesRNAs while some Tetrahymena IESs can only express
Late-scnRNAs (Noto et al., 2015; Sandoval et al., 2014); (5)
~98% 1ESs of Paramecium are unique (Arnaiz et al., 2012),
and hence, instead of being involved in trans-recognition
between different IESs as in Tetrahymena, iesRNAs of
Paramecium can recognize other copies of the same IESs
to ensure IESs elimination (Noto et al., 2015; Sandoval et al.,
2014).

Oxytricha employs an entirely different way to eliminate
IESs: (1) scnRNAs in Tetrahymena and Paramecium are
generated from the parental MIC genome during early con-
jugation, whereas Piwi-interacting small RNAs (piRNAs) in
Oxytricha derive from the parental MAC (Fang et al., 2012);
(2) the refined pool of scnRNAs in Tetrahymena and Parame-
cium target IESs for deletion while piRNAs in Oxytricha
protect the MDS for retention (Fang et al., 2012; Mochizuki
et al., 2002). This indicates that scnRNAs behave in a cost-
efficient way by targeting a minority of the genome: ~10%
of the genome is MDS in Oxytricha compared to ~30% of
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the genome as IESs in Tetrahymena and Paramecium (Arnaiz
etal.,2012; Chen et al., 2014; Coyne et al., 2012; Fang et al.,
2012; Prescott, 1994); (3) piggyBac transposase-related pro-
teins are required in IES elimination of both Tetrahymena
and Paramecium while germline-limited transposons mediate
their own deletion in Oxytricha (Baudry et al., 2009; Cheng
et al., 2010; Nowacki et al., 2009; Shieh and Chalker, 2013).

Conclusion and perspectives

Studies of ciliates have contributed deep insights into epi-
genetic regulation. The discovery of scnRNA and histone
methylation-mediated DNA elimination not only illuminates
the mystery of MAC-MIC differentiation in ciliates, but also
provides mechanisms for epigenetic regulation in higher
eukaryotes. However, some questions remain unanswered
and merit future study. For example, what mechanism under-
lies the replication of histone modifications to achieve the
transgenerational inheritance of chromatin states; how do
scnRNAs preferentially transcribe from IES regions in the
meiotic MIC and what defines the deletion boundaries of
IESs in the new MAC to maintain a stable genome structure
at the population level.

Ciliates are an extremely diverse group, not only mor-
phologically, but also in genome structure and in their
mechanisms of epigenetic regulation. More extensive inves-
tigations should be carried out on non-model ciliates to
explore this rich pool of diversity. To accomplish this task,
integrative approaches should be applied for the following
reasons. First, to study either epigenetic diversity of different
species or phenotypic plasticity of one species, accurate taxo-
nomic identification and ecological role characterization are
required to guarantee proper identification from the outset.
For example, the proper identification of three closely related
and morphologically similar species, Oxytricha trifallax,
Oxytricha fallax, and Sterkiella histriomuscorum, has been
crucial to ensure the correct interpretation of results (Foissner
and Berger, 1999; Zolleretal., 2012). Second, genetic toolkits
are required to pinpoint key players in pathways and to reveal
their functions and the underlying mechanisms. Last but not
least, phylogenetic studies, both to determine the systematic
relationships of taxa but also to explore the evolutionary con-
servation/flexibility of protein families, will provide a deeper
understanding of adaptive evolution in the diverse lineages
of ciliates.
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