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1. INTRODUCTION

Ciliates, unicellular eukaryotes, have developed into powerful model systems for studying pathways involved in genome
remodeling processes. Very uniquely, ciliates have evolved a separation of germline and soma by differentiating two mor-
phologically and functionally different types of nuclei, the micronucleus (mic) and the macronucleus (mac), in the same
cell [1]. In the course of developing a new mac, extensive DNA rearrangement processes have to take place including DNA
amplification, DNA fragmentation and elimination, in some species reordering of sequences, and, finally, de novo telomere
addition. More details on the regulation of these processes have been elucidated over the years showing a strong connection
to processes regulated by noncoding RNA (ncRNA). Variation in nuclear organization between different ciliate classes,
such as the Oligohymenophoreans (eg, Tetrahymena) and the only distantly related Spirotrichs (eg, Oxytricha and Styl-
onychia) is reflected in different adaptations of these regulation processes and shows the huge power of ncRNA-regulated
mechanisms in genome dynamics.

In ciliates, diploid, generative mics are required for sexual reproduction and therefore are often considered as analogs
of “germline” nuclei. During vegetative growth (asexual reproduction by binary fission), mics are transcriptionally almost
inactive with their DNA being organized in heterochromatic structures (Fig. 7.1A and B).

The macs, on the other hand, are DNA rich and transcriptionally highly active during vegetative growth, supplying the
cell with all transcripts required for its maintenance and vegetative growth [1]. The macs therefore often are referred to as
somatic nuclei. In Fig. 7.1A, a vegetative Stylonychia cell was stained with antibodies against acetylated histone H3. These
histone H3 acetylations are connected with permissive chromatin, showing the transcriptionally active state of macs in the
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FIGURE 7.1 Nuclear dimorphism in the stichotrichous ciliate Stylonychia lemnae and its sexual life cycle. (A,B) Nuclear dimorphism in vegetative
Stylonychia cells, in both panels DNA was counterstained in blue showing several micronuclei as well as the macronucleus which consists of two parts
connected by a thin nucleoplasmic bridge (A), cellular shapes are visualized in gray by using an a-tubulin antibody. In (A) permissive chromatin of the
macronucleus (green) was detected by staining with H3K9ac/K14ac antibodies. In (B) transcriptionally inert, heterochromatic micronuclei are stained
with H3K9me3/K27me3 (pink). (C1-5) Schematic diagram of conjugation in ciliates (Modified after Grell KG. Protozoology. Berlin, Heidelberg, New
York: Springer Verlag; 1973.). For explanation see the text. The microscopic panel shows two conjugating Stylonychia cells. DNA was stained in red. In
one conjugation partner nuclei were furthermore marked by incorporation of bromodeoxyuridine in green.

vegetative cell [2]. The macs differentiate from derivatives of mics in an elaborated developmental process, resulting in the
removal of specifically selected sequences from the developing mac while all sequences encoding genes and regulatory
sequences required for their transcription and replication are retained. This elimination of specific sequences can be seen
as most extreme form of gene silencing and its regulation shares features with processes involved in RNAL silencing [3,4].

The number of mics and macs in one cell varies between different ciliate species and during the stages in their life cycle.
While mics divide by conventional mitosis during vegetative growth, macs undergo a process called amitosis during which
they divide without spindle formation or apparent chromosome condensation [5] resulting in daughter nuclei which obtain
roughly but not necessarily the same amount of DNA.

2. THE SEXUAL LIFE CIRCLE OF CILIATES

During sexual reproduction (conjugation), which is induced by mixing ciliates of two different mating types, a new mac
is generated from a micronuclear derivative. Fig. 7.1C shows the events taking place during conjugation of stichotrichous



Programmed DNA Rearrangement in Ciliates Chapter | 7 103

ciliates as, for example, Oxytricha or Stylonychia: first, the mic (m) of each conjugating cell undergoes a meiotic, followed
by a mitotic division resulting in four haploid mics (Fig. 7.1C2). Then, in each conjugation partner one of these haploid mics
divides mitotically into a stationary and a migratory nucleus, while the other three haploid mics disintegrate. Via a cytoplas-
mic bridge, connecting the two conjugation partners during conjugation, both migratory nuclei move into the other partner
(Fig. 7.1C3) and fuse with the stationary nucleus forming a diploid zygotic nucleus (synkaryon) (Fig. 7.1C4). After mitotic
division of the zygote nucleus, one of the daughter nuclei becomes the new mic, while the other differentiates into a new
mac (M). During this differentiation process the developing mac is also called macronuclear anlage (a) (Fig. 7.1C5).

In order to differentiate a new mac from the zygotic nucleus the genome has to undergo extreme DNA processing pro-
cesses, including DNA fragmentation, DNA elimination, DNA reordering (in some ciliate species), and DNA amplification
processes [1]. As a first step of macronuclear differentiation the genome of the macronuclear anlage is endoreplicated to a
copy number specific for each ciliate species. These endoreplicated chromosomes then become fragmented and a large part
of sequences becomes eliminated. This sequence elimination is a very specific process ensuring that all sequences encoding
genes and their regulatory sequences remain in the new mac. Depending on the ciliate species, the amount of sequences
eliminated during macronuclear development varies. Remaining sequences in the developing macs are thereby processed
into short DNA fragments, with the average size and copy numbers of these fragments varying between different ciliate
species. To each of these newly formed macronuclear fragments, telomeric sequences are added de novo and (at least in
stichotrichous ciliates) in a second amplification process, these macronuclear fragments are amplified, each to its specific
copy number [6,7]. Early in conjugation, the old mac (parental mac (p)) is first fragmented and later starts to disintegrate
until it disappears from the cell (Fig. 7.1C). Therefore, during a large part of conjugation, the parental macs as well as the
anlage coexist in the same cell. This, as discussed later, enables the conjugating cell to exchange factors between these two
nuclei and thereby epigenetically transmit information from parent to its offspring [8].

In the following, similarities and differences in the genome structures of the two different ciliate classes, Oligohymeno-
phorea (eg, Tetrahymena) and Stichotrichia (eg, Oxytricha and Stylonychia) are described and discussed in the context of
different models proposed for the epigenetic regulation of genome rearrangements in these ciliates.

3. ORGANIZATION OF THE MICRO- AND MACRONUCLEAR GENOMES

In mics, as in conventional eukaryotic nuclei, the genome is organized in long chromosomes with the genes being scat-
tered along the DNA molecules and separated by long stretches of intergenic DNA. A 2014 draft assembly of micronuclear
sequences of the stichotrichous ciliate Oxytricha trifallax estimated a size of the micronuclear genome of approximately
500Mbp [9] organized in about 120 chromosomes, while the micronuclear genome of the only distantly related oligohy-
menophorean ciliate Tetrahymena thermophila contains about 157 Mbp in five chromosomes [1,10].

The genome of macs, on the other hand, is organized in shorter linear molecules. Each of these short macronuclear
molecules carries all sequences necessary for its replication and all are terminated with telomeric sequences of homoge-
neous length at both ends, but lack centromeric DNA sequences [1]. The DNA complexity of macronuclear genomes is
much lower than in their corresponding mics [11]. Most extremely, in stichotrichous ciliates as, for example, Oxytricha or
Stylonychia, up to over 95% of the micronuclear DNA sequences are eliminated during development of a new mac, leaving
behind only sequences coding for genes and sequences necessary for their transcription and replication. In stichotrichous
ciliates these remaining sequences are organized in 15,000-20,000 different short molecules, with sizes between several
hundred base pairs up to more than 20kbp with an average length of about 2—4kbp [12,13]. Because of their small size,
macronuclear molecules are often called nanochromosomes in these ciliates. Usually they only encode one gene; in Oxyt-
richa, only 10% of the nanochromosomes contain sequences coding for more than one gene [13].

In the oligohymenophorean ciliate Tetrahymena, a much lower percentage of micronuclear DNA sequences are elimi-
nated during macronuclear development: only about 34% of the micronuclear genome is removed from the macronuclear
genome, the remaining sequences are organized in 187 macronuclear molecules with an average length of about 500kbp
[14], always encoding many genes separated by spacer DNA. In these ciliates, a well-conserved 15nt chromosome break-
age site (CBS) has been identified which is necessary and sufficient for fragmentation of micronuclear sequences into
macronuclear DNA molecules to occur. After breakage, the CBS and about 20 additional base pairs on both sides are lost
[15,16] and telomeric sequences are added de novo to both ends of each fragment. Until now, proteins which recognize
this CBS have not been identified, but it has been speculated that a homing endonuclease could have been domesticated
to perform fragmentation [17]. In Tetrahymena, loss of DNA caused by fragmentation only accounts for a minor amount
of sequences eliminated during development of a new mac. In fact, most DNA is eliminated as internal DNA deletion, by
removal of specific sequences from internal regions of chromosomes without generating new stable ends (Fig. 7.2A).

Ciliate micronuclear genomes contain numerous internal eliminated sequences (IESs), interrupting macronuclear pre-
cursor sequences in the micronuclear genome [18-20]. A 2010 genome sequence study identified more than 10,000 IESs,
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FIGURE 7.2 Examples of the differing micro- and macronuclear genome organization in oligohymenophorean and stichotrichous ciliates. (A)
Scheme of the different organization of a micronuclear locus (m) and its corresponding macronuclear molecules (M) in Tetrahymena. Open reading frames
(ORF) are shown in green, internal eliminated sequences (IESs) in yellow, noncoding, intergenic sequences in blue, telomeres as red arrowheads and
nonspecified flanking sequences as black lines. (B-D) Examples of the different organization of genes in the micronuclear (m) and the macronuclear (M)
genome of stichotrichous ciliates. MDSs are shown in green, IESs in yellow, pointers in light red, telomeres as red arrowheads and flanking micronuclear
sequences as black lines. Numbers show the order of MDSs in the macronuclear nanochromosome, upside down numbers indicate an inverted orientation
of the MDS in the micronuclear genome. (B) The linear §-telomere-binding gene in O. nova [47]. At the borders between MDSs and IESs both copies
of individual direct repeats (pointers) are indicated, of which only one copy remains in the macronucleus. (C) The scrambled actin I gene in Stylonychia
lemnae [48]. The rearrangement processes necessary to descramble the micronuclear actin I gene into a functional nanochromosome [51] are indicated
in the middle scheme. (D) The extensively scrambled polymerase o gene is encoded in two different loci in the micronuclear genome of S. lemnae [49].

with sizes ranging from several hundred base pairs up to 10kbp (on average 2-3 kbp), residing in the micronuclear genome
of Tetrahymena, most, if not all, in noncoding regions [10]; many of these IESs resemble transposable elements and most
contain short terminal direct repeats. In the early stages of macronuclear development, before becoming eliminated, these
micronuclear-specific sequences adopt heterochromatic chromatin organization: chromatin to become removed has been
shown to be under-acetylated [21]. Moreover, di- and tri-methylation at lysine 9 of histone H3 (H3K9me2,3), which are
known to be consistent histone modifications assigned to heterochromatin organization in many eukaryotes, as well as tri-
methylation at lysine 27 (H3K27me3) appear to be associated to IESs in the developing mac and disappear after elimination
has occurred [22]. One of three methyltransferase genes identified in the genome of Tetrahymena, EZLI, is expressed only
during conjugation and seems to be involved in introducing the H3K27me3 modification, which in turn seems to facilitate



Programmed DNA Rearrangement in Ciliates Chapter | 7 105

methylation of H3K9 [23]. Moreover, a chromodomain protein, Pdd1p, related to the conserved heterochromatin protein
1 (HP1), could be identified to be expressed only during conjugation. It localizes to the developing anlage, where in later
stages of conjugation it colocalizes with aggregates of IESs [24]. Gene knockout studies showed that Pdd1p is required for
DNA deletion and, when tethered to sequences normally remaining in the mac, caused these sequences to become elimi-
nated [22]. Pdd1p contains two chromodomains and one chromoshadow domain, with the first chromodomain presumably
being responsible for DNA targeting, while the other two domains seem to be involved in histone modifications and Pdd1p
aggregation [25].

During 2010, two genes, TPBI and TPB2, were identified which show high similarity to piggyback transposases and
lack other transposon features. Differently to other transposons and transposon-like elements residing in the micronuclear
genome of Tetrahymena, they are not removed from the developing mac, but instead are expressed specifically during
conjugation [26]. Namely, Tpb2p seems to be involved in DNA deletion: it colocalizes with Pdd1p forming aggregates,
and knockdown strains are deficient in DNA deletion and chromosome fragmentation. When expressed in bacteria, Tpb2p
exhibits a weak endonuclease activity. This endonucleolytic activity generates DNA ends resembling the termini of DNA
molecules which occur as intermediate products during removal of the M-element, an IES often used as model for deletion
studies in Tetrahymena [27]. This suggests that Tpb2p could be required for DNA cutting in the process of DNA elimina-
tion. During the process of domestication, TPB2 seems to have acquired further exons in its C-terminus in addition to pig-
gyback domains, leaving it nearly twice as long as most other piggyback transposases. Presumably through these additional
C-terminal sequences, including a zinc-finger domain, Tpb2p is now targeted to heterochromatic sequences [28].

Even though IESs in Tetrahymena are located in noncoding regions, therefore not necessarily requiring exact excision
of sequences, and are marked only imprecisely by adopting heterochromatic chromatin structure, most IESs are neverthe-
less removed rather precisely from the genome of the developing mac, with only minor occasional junction variations of
less than 10bp [29,30]. Only some IESs are eliminated with junctions varying by several hundred nucleotides [31]. IESs
eliminated precisely seem to be flanked by pairs of cis-acting sequences, for example, the M-element is flanked on both
sides by a 10bp sequence motive, 45 bp away from each end. This sequence motive seems to be responsible for setting dis-
tinct deletion boundaries as without it deletion of the M-element becomes variable. Moreover, new boundaries are induced
if the motif is inserted within the M-element [32]. Similar flanking sequence motives have also been identified near other
IESs. This led to the speculation, that in Tetrahymena precisely excised IESs are subdivided into many families, with each
family sharing a specific sequence motive for determining IES elimination boundaries [33]. It has been suggested that these
sequence motives flanking the heterochromatic sequences destined to be eliminated could help to target Tpb2p and presum-
ably also other similar nucleases to these heterochromatin boundaries, where they would cut the DNA according to their
specific sequence requirements [34].

So far, no distinct CBSs necessary for fragmentation could be identified in stichotrichous ciliates. In Stylonychia, a 6nt
sequence localized in the 5- and 3’-subtelomeric region of the nanochromosome coding for a 1.3kbp gene of unknown
function seems to be necessary for its fragmentation [35]. This putative CBS is very similar to a conserved CBS (E-CBS)
identified in the hypotrichous ciliate Euplotes [36]. In contrast to Tetrahymena, in stichotrichous ciliates micronuclear-
specific sequences are eliminated largely as long intergenic DNA stretches, separating the macronuclear precursor sequences
from each other. These sequences eliminated as bulk DNA consist in large parts of satellite repeats, transposons, and, of
some micronuclear-specific coding sequences [9].

Earlier studies in Stylonychia already showed by electron microscopy that in the developing mac at the end of polyteni-
zation, a large part of the genome adopts heterochromatic features and is excised as ring-like chromatin structures [37].
This appearance of heterochromatic chromatin in the macronuclear anlage was confirmed by studies on histone modifica-
tion patterns and chromatin plasticity during macronuclear differentiation [2,38]: very early in macronuclear development,
repressive histone modifications typical for the germline mic (eg, H3K27me3) are removed, and instead, the anlagen
genome becomes associated with histone modifications, such as histone H3 acetylations, typical for “open” chromatin.
Sequences which will be retained in the developing mac stay associated with these histone modifications, while repressive
markers (such as H3K9me3 or H3K27me3) are introduced to sequences to become removed. Furthermore, similar to 7et-
rahymena, chromatin-modifying proteins, the heterochromatin-specific Stylonychia HP1 homolog Spdd1p and a putative
E(z)kmt6-like histone methyl-transferase could be localized in the developing anlage simultaneously to the appearance of
repressive markers. During mid-2010s it was proposed that in Stylonychia, the fate of specific DNA sequences targeted to
become organized into either permissive or repressive chromatin, leading to retention and then respectively elimination,
could be determined not only by introducing specific posttranslational histone modifications, but also by a preceding depo-
sition of specific histone H3 variants [39]. In Stylonychia, eight different histone H3 variants could be identified; some of
these variants were shown to be differentially expressed during macronuclear development and to be specifically targeted
by posttranslational modifications.
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Besides chromatin modifications acting on histones, a further epigenetic modification, methylation of DNA, could be
involved in marking sequences for elimination from the anlagen genome [40]. In stichotrichous ciliates, extensive meth-
ylation of cytosines as well as hydroxymethylation has been observed to occur in micronuclear-specific transposons and
satellite repeat sequences [41,42].

In addition to sequences removed as bulk DNA in the process of fragmentation, similar to Tetrahymena, stichotrichous
ciliates contain more than 200,000 IESs in their micronuclear genome [9]. In contrast to Tetrahymena, IESs in stichot-
richous ciliates are smaller, with sizes generally between only 0 and 100bp [9,43,44] residing in noncoding as well as
coding regions. According to the number of interrupting IESs, macronuclear precursor sequences in the micronuclear
genome are separated into several blocks of so-called macronuclear destined sequences (MDSs) (Fig. 7.2B-D). IESs in
stichotrichous ciliates always are flanked by “pointer” sequences, direct repeats of 2-20bp in length, with one of the two
pointer copies at the 3-end of MDS n and the second copy of the pointer at the 5’-end of MDS n + 1 according to their order
in the macronuclear nanochromosome (Fig. 7.2B). IESs with a size of 0 bp therefore just consist of tandem repeats of two
pointers in the micronuclear genome. After excision of IESs, only one copy of each pointer can be found at the junction
between neighboring MDSs, suggesting a homology directed repair mechanism to be involved in IES elimination [43,45].
In Oxytricha, thousands of active transposase genes were identified to reside in the micronuclear genome-encoding pro-
teins which are thought to be involved in the excision of IESs. Each of these transposases would be targeted to its specific
pointer sequence and then be responsible for the excision of all IESs flanked by this specific pointer sequence [46]. In
general, MDSs in the micronuclear genome of ciliates occur in the same order as in the corresponding macronuclear chro-
mosome of the adult mac, they are linearly arranged (eg, Fig. 7.2B, micronuclear f-telomere binding protein locus [47])
but in stichotrichous ciliates, more than 30% of the MDSs are arranged in permuted disorder or inverted orientation in
the micronuclear chromosomes [9,45] (eg, Fig. 7.2C, micronuclear actin I locus [48]) with MDSs sometimes being even
located on different chromosomes (eg, Fig. 7.2D, polymerase o locus [49]). In order to form functional nanochromosomes,
in these cases not only the IESs have to be excised precisely during macronuclear development, as in linearly arranged
MDSs, but furthermore scrambled MDSs have to be reordered into their correct macronuclear order and orientation (Fig.
7.2C) (for review: [45]).

In stichotrichous ciliates, each nanochromosome is amplified to its specific copy number in the course of macronuclear
development. These copy numbers vary between a few 100 to up to 10° copies [1,6,7]. Copy numbers are generated in
two amplification steps. First, as in Tetrahymena, early in conjugation, before fragmentation into nanochromosomes takes
place, anlagen chromosomes are endoreplicated into polytene chromosomes. Already during this first amplification stage,
transposon-like elements as well as the IESs become excised from the anlagen genome [50-52]. After this first amplification
stage, fragmentation follows and the intervening micronuclear-specific bulk DNA sequences are eliminated and telomere
sequences are added de novo to both ends of each nanochromosome. In a second amplification step, all nanochromosomes
become amplified, each to its specific copy number. How this specific amplification could be regulated is discussed later.

In the first part of this chapter the organization of the micro- and macronuclear genome of two different ciliate classes,
the oligohymenophorean ciliate Tetrahymena and the stichotrichous ciliates Oxytricha and Stylonychia was described, as
well as some of the processes and the proteins identified so far which in the course of macronuclear differentiation are nec-
essary in order to develop a new mac from a micronuclear derivative. But how are sequences selected to become organized
into heterochromatin and finally deleted?

In the second part, the actual knowledge on the regulation of these selection processes is discussed.

4. EPIGENETIC REGULATION OF MACRONUCLEAR DEVELOPMENT IN TETRAHYMENA

One of several early hints that genomic rearrangement during macronuclear development could be regulated epigeneti-
cally by information from the parental mac came from studies of two differing cell lines of Paramecium, like Tetrahymena
belonging to the oligohymenophorean ciliates. These two cell lines contained identical mics but differed in their macro-
nuclear genomes. While one cell line kept a specific IES in its macronuclear genome, the second cell line reproducibly
excised this IES during macronuclear development. In progenies of crosses of these two cell lines, it could be shown that
the genomic alternative, that is, retaining the IES or eliminating it from the macronuclear chromosome, was maternally
inherited. Furthermore, when parental macs in these two cell lines were transformed with fragments of either version of the
respective macronuclear chromosome, presence of the IES in the parental mac resulted in retention, while absence resulted
in elimination of this IES in the newly developed macronuclear genome of its sexual progeny. This suggested that informa-
tion from the parental mac is involved in selecting sequences for deletion [53].

In 2002, Mochizuki et al [54]. presented a model, the scanRNA model, explaining regulation of macronuclear development
in Tetrahymena. This model was based mainly on the identification of a population of small RNA (sRNA) molecules, about
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FIGURE 7.3 The scanRNA model. sSRNAs are processed from long dsRNA molecules deriving from bidirectional transcription of the micronuclear
genome. After association to piwi-like proteins, SRNAs invade the parental macronucleus. By interacting with the macronuclear genome [or maybe
transcripts of the macronuclear genome (black, in brackets)], complementary sequences (green) are retained in the parental macronucleus and become
eventually degraded. sSRNAs homologous to micronuclear sequences (yellow) remain free to invade the macronuclear anlage. By recruiting chromatin-
modifying enzymes to their corresponding sequences in the anlagen genome, SRNAs mark these sequences for deletion by inducing heterochromatin
formation. Heterochromatic sequences are targeted by endonucleases, such as Tpb2, a domesticated piggyback transposase, excised and finally degraded.
The anlagen chromosomes become fragmented at sites defined by the conserved CBSs and telomeres (red arrowheads) are added de novo to each end of
the new macronuclear chromosomes. Modified after Mochizuki K, Fine NA, Fujisawa T, Gorovsky MA. Analysis of a piwi-related gene implicates small
RNAs in genome rearrangement in Tetrahymena. Cell 2002;110(6):689-99.

27nt in size, appearing in the early stages of macronuclear development and linked regulation of macronuclear development
to the mechanism of RNA interference (RNAi) which only shortly before had been described in nematodes [55]. Very early in
the course of macronuclear development, appearing SRNAs were shown to be homologous to both kinds of sequences pres-
ent in the micronuclear genome, to the MDSs as well as the micronuclear-specific sequences. In later stages of macronuclear
development, sSRNAs homologous to micronuclear-specific sequences become enriched. Furthermore, they identified proteins
expressed during these stages of macronuclear development and required for elimination, which were homologous to proteins
known to play key roles in RNAi-related pathways in other organisms. In the scanRNA model (Fig. 7.3), very early in macro-
nuclear development, the entire micronuclear genome is transcribed bidirectionally into double-stranded (ds) RNA molecules.
These dsRNA molecules are then processed by Dccl, a dicer-like protein [56,57], into SRNAs, called scan RNAs (scnRNAs),
with sizes of about 27nt. scnRNAs are associated with Twil, a member of the Piwi family [54], which during conjugation
was shown first to appear in the parental mac and in later stages to localize to the developing anlage. According to the model,
scnRNAs/Twil complexes assemble in the cytoplasm and are then shifted into the parental mac. scnRNAs homologous to mac-
ronuclear sequences are retained in the parental mac by their complementary macronuclear DNA sequences (hence the term
scnRNA) and become degraded. In contrast, scnRNAs homologous to micronuclear-specific sequences stay free to leave the
parental mac and to invade the developing anlage. There they recruit chromatin-modifying enzymes to their complementary
DNA sequences, that is, the micronuclear-specific sequences, marking them to be excised by recruiting chromatin-modifying
enzymes, organizing these sequences into heterochromatin.
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The scnRNA model very conclusively explains the observations obtained in the Paramecium experiments mentioned
earlier: offspring of ciliates from cell lines which kept the specific IES in their macronuclear genome or of ciliates, into
which this IES was artificially introduced in the parental mac, always retained the IES during development of a new mac.
According to the model, in these cases, scnRNAs homologous to this IES would be retained in the paternal mac as they
would be scanned for by the IES sequence present in the mac. As a consequence, no scnRNA homologous to the IES would
reach the developing mac, and therefore this IES would not be marked for excision from its genome.

It should be noted, however, that the 2012 high-throughput sequence analysis of SRNAs from different time points dur-
ing macronuclear development of Tetrahymena [58] showed that the scnRNA model in its original form seem at least to
need some modifications. By this SRNA analysis, it could be shown that in contrast to the uniform bidirectional transcrip-
tion of the entire micronuclear genome proposed in the scnRNA model, early in conjugation about 80% of all 27 nt SRNA
could be assigned to only 25% of the micronuclear sequences coding for IESs. Furthermore, sequences to be retained in
the mac were transcribed to a much lower extent (only 15% of all sSRNAs analyzed) than predicted by the model for these
early stages of conjugation. Furthermore, such bias of SRNA transcription could also be seen in mutants of TWI!. In these
mutants, according to the model, the scanning pathway should be impeded, and therefore no enrichment should be obtained.
This argues for the presence of an already highly biased transcription resulting in an enrichment of SRNAs homologous to
some [ESs sequences, instead of a uniform transcription of the micronuclear genome, followed by a subsequent scanning
process of the SRNAs in the paternal mac. But so far mechanisms which could regulate such a biased transcription are
unknown. Until now, direct experimental evidences arguing in favor for a scanning mechanism in the parental mac only
could be obtained in Paramecium. In these ciliates, artificial introduction or deletion of sequences from the parental mac
led to retention or elimination of these sequences in the newly developed mac of offspring cells [53,59].

In later stages of macronuclear development, the relative amount of SRNAs from macronuclear precursor sequences
decreases significantly as proposed by the model, but whether a scanning process is responsible for this decrease or tran-
scription of micronuclear sequences is already regulated dynamically, still needs to be determined. As one alternative to the
original scanRNA model, a two-step pathway resulting in an enrichment of SRNAs homologous to micronuclear-specific
sequences has been suggested. A selective transcription of dSRNAs from the micronuclear genome would be the first step to
determine a sequence for elimination [60,61]. In a secondary step, a scanning process as suggested in the scanRNA model
would than augment this sequence selection. A mechanism how such scanning in the parental mac could be performed
still needs to be elucidated. At least for Paramecium, it has been proposed that in the parental mac an interaction between
invading sRNAs and transcripts of all macronuclear chromosomes instead of the macronuclear genome itself could be
responsible for the retention of SRNAs homologous to macronuclear sequences [59,62]. This would then leave sSRNAs
homologous to micronuclear-specific sequences free to invade the developing anlage and to recruit chromatin-modifying
enzymes to their corresponding sequences marking them for elimination, similar as in RNA-induced transcriptional gene
silencing in Schizosaccharomyces pombe and other organisms [4,63]. By evolving pathways to excise these sequences,
elimination can thereby be seen as most extreme form of gene silencing.

5. EPIGENETIC REGULATION OF MACRONUCLEAR DEVELOPMENT
IN STICHOTRICHOUS CILIATES

sRNAs with sizes of about 27nt have also been detected during early stages of macronuclear development in stichot-
richous ciliates [38,64,65]. In contrast to the findings in Tetrahymena, 2012, in high-throughput sequence analyses of
conjugation-specific SRNAs in Oxytricha, no micronuclear-specific SRNAs were observed accumulating during macro-
nuclear development, but instead a high level of a macronuclear-specific class of SRNAs were identified appearing solely
during early macronuclear development [64,65]. These 27 nt long SRNAs originate from bidirectional transcription of the
parental mac. They preferentially cover the open reading frames of all nanochromosomes including macronuclear-specific
pointer recombination junctions which are only present in the rearranged macronuclear genome. As in oligohymenopho-
rean ciliates, they are associated with Piwi-like proteins (Mdp1 in Stylonychia [66] and Otiwil, one of 13 Twil homologs
identified in Oxytricha [64]), which as in Tetrahymena were shown to first appear in the parental mac and subsequently
to localize to the developing macronuclear anlage [2,64,67]. In contrast to the oligohymenophorean scanRNA model, in
which micronuclear-specific scnRNAs target sequences for elimination, the macronuclear-specific SRNAs of stichotrichous
ciliates seem to mark sequences for retention in the developing mac. Microinjection of synthetic SRNAs complementary to
IESs into conjugating cells leading to retention of these IESs and therefore reprogramming their developmental fate [64]
confirmed this suggestion. Moreover, their retention was shown to be stably inherited over asexual as well as sexual genera-
tions. In stichotrichous ciliates, the macronuclear-specific SRNAs could protect their corresponding sequences in the anla-
gen genome against introduction of epigenetic marks as DNA or histone methylation. Thereby all macronuclear destined
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sequences would stay in an open chromatin state, while all other sequences would be marked for deletion by packaging
them into heterochromatin.

Marking sequences by chromatin modifications or protecting sequences by a pool of 27nt sSRNA molecules can only
be imprecise. Such imprecise marking may be sufficient for sequences excised as bulk DNA and residing in noncoding
sequences; however, IESs, most of them interrupting sequences destined to contribute to coding sequences in the macro-
nuclear genome, need to be excised precisely in order to generate nanochromosomes encoding functional open reading
frames. Indeed, so far in mature mac nanochromosomes, junctions between consecutive MDS were always observed to be
correct accounting for a precise elimination of IESs in stichotrichous ciliates. But a different picture emerges when looking
at intermediate molecules, generated as transient products during the process of genome rearrangement. A surprisingly high
percentage of such intermediates show traces of IESs which had been incorrectly excised from their macronuclear precur-
sor DNA [51]. In these cases, either too much or not enough sequences were excised leading to nanochromosomes with
either additional or missing sequences. The fact that this does not lead to a high percentage of nonfunctional nanochromo-
somes in the mature macs suggests that either incorrectly rearranged nanochromosomes are selectively eliminated or that
they are corrected by a proofreading mechanism. All cases of imprecise excision observed nevertheless always took place
between pairs of direct repeats, called cryptic pointers, in contrast to the original pointers which should have been used for
precise excision. Imprecise marking of specific sequences by modifying chromatin structure could explain the observed
frequent occurrence of imprecise IES excision in intermediates. Excision could take place by homologous recombination
between any direct repeats localized in the vicinity of the endogenous correct pointer repeats using them as cryptic pointers.

A previous experiment had already suggested before that in Stylonychia a proofreading mechanism requiring template
sequences from the parental macronuclear genome could be involved in macronuclear development of this ciliate. In this
experiment, various constructs of a micronuclear locus containing precursor sequences corresponding to an entire macro-
nuclear nanochromosome as well as its [ESs and additional flanking micronuclear-specific sequences were injected into
anlagen before fragmentation took place [35,68]. Injection of constructs containing deletion of the micronuclear locus,
missing up to more than 200bp of one end of the nanochromosomal precursor sequences, resulted in fragmentation of
these sequences from their flanking micronuclear-specific sequences. Surprisingly, after finishing macronuclear develop-
ment, sequences missing in the injected deletion constructs had been filled up to correct full-length nanochromosomes.
This suggested that a proofreading mechanism could exist ensuring that nanochromosomes, which had been truncated
after fragmentation from their neighboring micronuclear-specific sequences, are filled up to their correct length. In order to
supplement missing sequences correctly, such a proofreading mechanism would require full-length templates of all mac-
ronuclear nanochromosomes.

Moreover, as described earlier, in stichotrichous ciliates up to 30% of the genes occur in a scrambled disorder in the
micronuclear genome. With pointer sequences between 2 and 20bp in length, pointers are not specific enough to provide
sufficient information to assure correct alignment of consecutive MDSs, especially if MDSs are scrambled in the mic,
and therefore can be located far apart or even as in the case of the polymerase o in Stylonychia on different chromosomes
(Fig. 7.2C and D).

In 2003, a theoretical model, the template-guided model of recombination, was proposed by Prescott et al. [69] explain-
ing how processes necessary to rearrange the micronuclear genome into the genome of the mature mac could be regulated
in stichotrichous ciliates (Fig. 7.4). They suggested that templates containing all sequences of the macronuclear genome are
produced from the parental mac and transported into the early macronuclear anlage. In the anlage, templates align to their
homologous DNA sequences of the early anlagen genome, thereby bringing corresponding direct pointer repeats into very
close vicinity, while intervening micronuclear-specific sequences extrude as loops from the DNA-template complexes.
Homologous recombination between the aligned pointer sequences then would allow excision of the loops containing the
micronuclear-specific sequences, leaving behind only one copy of the pointers in the mature macronuclear genome.

In 2008, strong experimental support was provided that indeed in stichotrichous ciliates, DNA processing during mac-
ronuclear development could be guided by templates, presumably RNA molecules, originating from transcription of the
parental mac [70]: degrading putative RNA templates of specific macronuclear nanochromosomes by applying RNAi
techniques during macronuclear development resulted in aberrant gene unscrambling of the corresponding micronuclear
loci. Furthermore, when early in macronuclear development, artificial RNA template molecules were injected, in which the
template sequences corresponding to MDSs of a specific macronuclear nanochromosome were lined up in a different order
to the MDS order of the endogenous template molecules, these artificial templates led to reprogrammed DNA rearrange-
ments resulting in nanochromosomes with MDSs arranged according to the order of the artificial template.

The template-guided model conclusively can explain how rearrangement processes, necessary for reordering of scram-
bled genes into their corresponding macronuclear nanochromosomes as well as correcting imprecise excision of IESs
and filling up truncated nanochromosomes after fragmentation, could be regulated. But why such imprecise IES excision
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FIGURE 7.4 The template guided model. Genome rearrangement processes are guided by templates (faint green and red) of all nanochromosomal
sequences. These templates derive from transcription of all nanochromosomes in the old (parental) macronucleus. Templates are transported into the mac-
ronuclear anlage and align to their corresponding sequences of the anlagen genome, thereby aligning both pointer repeats (red) at the junction of consecu-
tive blocs of macronuclear destined sequences (MDSs, green). IESs (in yellow) looping out as pointers align, are excised by homologous recombination
between the two pointer repeats. Finally, fragmentation into nanochromosomes occurs at the ends of template covered regions and telomeres are added
de novo to each end of the newly arranged nanochromosome (Modified after Prescott DM, Ehrenfeucht A, Rozenberg G. Template-guided recombination
for IES elimination and unscrambling of genes in stichotrichous ciliates. J Theor Biol 2003;222(3):323-30.). In this scheme, descrambling, arranging
scrambled MDS according to their order in the correct nanochromosomal order is not shown. Fig. 7.2C gives a hint on how sequences of a scrambled
micronuclear gene would need to bend and twist in order to unscramble by aligning to its nanochromosomal template. (More information on the gymnas-
tics of DNA processing in ciliates can be found in Ref. [45].)

should occur is difficult to explain. In the template-guided model, the macronuclear precursor sequences should align
precisely according to the template sequences. If imprecise IES excision should take place, correction by a proofreading
mechanism should occur concomitantly with the excision process, while the template molecule is still aligned, not leading
to imprecise intermediate molecules detectable by PCR methods.

Therefore, for stichotrichous ciliates, a third model was suggested combining aspects of both the scanRNA model
as well as the template-guided model of recombination [71]. This model was modified according to the finding that
in these ciliates, SRNAs originate from the parental mac targeting sequences for retention in the developing mac [64],
as discussed earlier. In this model (Fig. 7.5), MDSs in the early anlagen genome are marked by homologous sRNAs
which originate from bidirectional transcription of the parental macronuclear genome early during conjugation. After
processing of the dsRNA molecules into sSRNAs, they are associated to Piwi-like homologs and subsequently invade
the developing mac. In the developing mac, these SRNAs protect their corresponding sequences of the anlagen genome
from being marked for excision by chromatin-modifying enzymes [64,65]. Excision of IESs takes place by homologous
recombination between direct repeats located between MDSs protected by SRNAs. As marking of sequences by chroma-
tin modification is very imprecise, not only the correct pointer repeats, but also cryptic pointers, random direct repeats
located near the correct pointer sequences, can be used as sites for excision by homologous recombination, thereby lead-
ing to imprecise excision of IESs. Later during conjugation all nanochromosomes of the parental mac are transcribed
into long RNA molecules, presumably also covering the telomeric ends, which then migrate into the developing anlage
too. There, these RNA molecules guide the alignment of MDSs according to their order in the parental nanochromo-
somes. Furthermore, they serve as templates for a proofreading mechanism repairing imprecise excision and filling up
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FIGURE 7.5 Model explaining macronuclear development in stichotrichous ciliates. Early in macronuclear development, bidirectional transcripts
of the old (parental) macronucleus are processed into SRNAs (green) and associated to piwi-like proteins. These complexes invade the early macro-
nuclear anlage and mark corresponding sequences of the anlagen genome as macronucleus destined sequences (green). Chromatin of all other sequences
[intergenic sequences (IGE, purple) and IESs (yellow)] is modified by chromatin-modifying enzymes and thereby marked for deletion. Excision of IESs
takes place (possibly by not yet characterized different tranposases) between the two pointer repeats of consecutive MDSs or any direct repeats in their
vicinity. In addition to the early transcription of the old macronucleus, generating the SRNA molecules, the old macronucleus is further transcribed into
the long probably full length transcripts (black) including the telomeres. They are transported into the anlage and align to corresponding sequences of the
anlagen genome thereby guiding the reordering of scrambled MDSs. Furthermore, they act as templates for correcting imprecise excision of IESs or for
complementing nanochromosomes which became truncated by fragmentation. Telomeres are added de novo to each nanochromosomal end. Finally, by
a still unknown mechanism, the amount of template molecules, which reflects the copy number of each nanochromosome in the old macronucleus, then
determines the level of amplification of each nanochromosome, thereby defining the specific copy number of each nanochromosome in the mature new
macronucleus. Modified after Fang W, Wang X, Bracht JR, Nowacki M, Landweber LF. Piwi-interacting RNAs protect DNA against loss during Oxytricha
genome rearrangement. Cell 2012;151(6):1243-55; Juranek SA, Lipps HJ. New insights into the macronuclear development in ciliates. Int Rev Cytol
2007;262:219-51.
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missing subtelomeric sequences of macronuclear nanochromosomes after fragmentation. How this proofreading could
be performed still needs to be determined.

Finally, RNA templates from the parental mac are not only involved in guiding DNA rearrangement processes during
macronuclear development, they also seem to play an important role in regulating the amplification of nanochromosomes
to their specific copy number. When the number of specific templates during macronuclear development is changed experi-
mentally, either by applying RNAI techniques to decrease the amount of a specific endogenous template or by injecting
artificial RNA template molecules to increase the amount of a specific template, the copy number of the corresponding
nanochromosome in the adult macs is changed according to the experiment applied [6,7].

6. CONCLUSION

At first sight, the contrast in RNA regulation mechanisms between Oligohymenophorean and Stichotrichs seems to be
surprising: SRNAs originate from different nuclei (mic versus parental mac), they target sequences inducing opposing
developmental fates (deletion versus retention) and, in the case of Stichotrichs, an additional RNA-regulated mechanism is
required to guide genome reordering and proofreading. But both ciliate classes are only very distantly related, their lineages
separating over a billion years ago comparable to the linages of humans and fungi [72,73]. Moreover, this variability in the
regulation of genome rearrangement processes in both ciliate classes show the high adaptability of RNA-induced regula-
tion in genome dynamics making ciliates very useful model systems to study pathway regulated by ncRNA molecules.
Regulation of genome dynamics depending on ncRNAs have shown to be widespread in eukaryotes. Ciliates, extensively
using variations of these regulation mechanisms, provide excellent model systems to study the pathways involved in these
processes.

GLOSSARY

Anlage During development of a new macronucleus from a derivative of the micronucleus, the developing macronucleus is called anlage.

Cryptic pointers Direct repeats in the vicinity of the correct pointer repeats. Use of cryptic pointers for IES elimination leads to imprecise
elimination: These mistakes have to be corrected in order to generate functional macronuclear nanochromosomes.

Endoreplication DNA replication without nuclear division.

Macronucleus Somatic nucleus of ciliates.

Micronucleus Germline nucleus of ciliates.

Nanochromosome Short DNA molecule in the stichotrichous macronucleus, terminated by telomeric sequences and containing all sequences nec-
essary for its replication, mostly encoding only one gene and all sequences necessary for its transcription.

Pointer repeats Direct repeats (between 2 and 20bp) flanking IESs in the micronuclear genome. One copy of the direct pointer repeat is localized
at the 3’ end of MDS n, the second pointer repeat is localized at the 5" end of MDS n+ 1. After excision of IESs, only one copy of the pointer
repeats remains at the junction of consecutive MDSs in the macronuclear nanochromosome.

LIST OF ABBREVIATIONS

CBS Chromosome breakage site

IES Internal eliminated sequence

Mac Macronucleus

MDS Macronucleus destined sequence
Mic Micronucleus

scnRNA Scan RNA

REFERENCES

[1] Prescott DM. The DNA of ciliated protozoa. Microbiol Rev 1994;58(2):233-67.
[2] Postberg J, Heyse K, Cremer M, Cremer T, Lipps HJ. Spatial and temporal plasticity of chromatin during programmed DNA-reorganization in

—

Stylonychia macronuclear development. Epigenetics Chromatin 2008;1:3.
[3] Verdel A, Jia S, Gerber S, Sugiyama T, Gygi S, Grewal SI, et al. RNAi-mediated targeting of heterochromatin by the RITS complex. Science
2004;303(5658):672—6.
Volpe TA, Kidner C, Hall IM, Teng G, Grewal SI, Martienssen RA. Regulation of heterochromatic silencing and histone H3 lysine-9 methylation
by RNAI. Science 2002;297(5588):1833-7.
Cervantes MD, Coyne RS, Xi X, Yao MC. The condensin complex is essential for amitotic segregation of bulk chromosomes, but not nucleoli, in the
ciliate Tetrahymena thermophila. Mol Cell Biol 2006;26(12):4690-700.

[4

=

[5

[ty



[6
[7

[8
[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]

[36]
[37]

Programmed DNA Rearrangement in Ciliates Chapter | 7 113

Heyse G, Jonsson F, Chang WJ, Lipps HJ. RNA-dependent control of gene amplification. Proc Natl Acad Sci USA 2010;107(51):22134-9.
Nowacki M, Haye JE, Fang W, Vijayan V, Landweber LF. RNA-mediated epigenetic regulation of DNA copy number. Proc Natl Acad Sci USA
2010;107(51):22140-4.

Nowacki M, Landweber LF. Epigenetic inheritance in ciliates. Curr Opin Microbiol 2009;12(6):638-43.

Chen X, Bracht JR, Goldman AD, Dolzhenko E, Clay DM, Swart EC, et al. The architecture of a scrambled genome reveals massive levels of
genomic rearrangement during development. Cell 2014;158(5):1187-98.

Fass JN, Joshi NA, Couvillion MT, Bowen J, Gorovsky MA, Hamilton EP, et al. Genome-scale analysis of programmed DNA elimination sites in
Tetrahymena thermophila. G3 2011;1(6):515-22.

Ammermann D, Steinbruck G, von Berger L, Hennig W. The development of the macronucleus in the ciliated protozoan Stylonychia mytilus. Chro-
mosoma 1974;45(4):401-29.

Aeschlimann SH, Jonsson F, Postberg J, Stover NA, Petera RL, Lipps HJ, et al. The draft assembly of the radically organized Stylonychia lemnae
macronuclear genome. Genome Biol Evol 2014;6(7):1707-23.

Swart EC, Bracht JR, Magrini V, Minx P, Chen X, Zhou Y, et al. The Oxytricha trifallax macronuclear genome: a complex eukaryotic genome with
16,000 tiny chromosomes. PLoS Biol 2013;11(1):e1001473.

Eisen JA, Coyne RS, Wu M, Wu D, Thiagarajan M, Wortman JR, et al. Macronuclear genome sequence of the ciliate Tetrahymena thermophila, a
model eukaryote. PLoS Biol 2006;4(9):e286.

Fan Q, Yao MC. A long stringent sequence signal for programmed chromosome breakage in Tetrahymena thermophila. Nucleic Acids Res
2000;28(4):895-900.

Yao MC, Zheng K, Yao CH. A conserved nucleotide sequence at the sites of developmentally regulated chromosomal breakage in Tetrahymena. Cell
1987;48(5):779-88.

Fan Q, Yao M. New telomere formation coupled with site-specific chromosome breakage in Tetrahymena thermophila. Mol Cell Biol
1996;16(3):1267-74.

Callahan RC, Shalke G, Gorovsky MA. Developmental rearrangements associated with a single type of expressed alpha-tubulin gene in Tetrahy-
mena. Cell 1984;36(2):441-5.

Yao MC, Choi J, Yokoyama S, Austerberry CF, Yao CH. DNA elimination in Tetrahymena: a developmental process involving extensive breakage
and rejoining of DNA at defined sites. Cell 1984;36(2):433-40.

Yao MC, Gorovsky MA. Comparison of the sequences of macro- and micronuclear DNA of Tetrahymena pyriformis. Chromosoma 1974;48(1):
1-18.

Duharcourt S, Yao MC. Role of histone deacetylation in developmentally programmed DNA rearrangements in Tetrahymena thermophila. Eukaryot
Cell 2002;1(2):293-303.

Taverna SD, Coyne RS, Allis CD. Methylation of histone h3 at lysine 9 targets programmed DNA elimination in Tetrahymena. Cell 2002;110(6):
701-11.

LiuY, Taverna SD, Muratore TL, Shabanowitz J, Hunt DF, Allis CD. RNAi-dependent H3K27 methylation is required for heterochromatin forma-
tion and DNA elimination in Tetrahymena. Genes Dev 2007;21(12):1530-45.

Madireddi MT, Coyne RS, Smothers JF, Mickey KM, Yao MC, Allis CD. Pdd1p, a novel chromodomain-containing protein, links heterochromatin
assembly and DNA elimination in Tetrahymena. Cell 1996;87(1):75-84.

Schwope RM, Chalker DL. Mutations in Pdd1 reveal distinct requirements for its chromodomain and chromoshadow domain in directing histone
methylation and heterochromatin elimination. Eukaryot Cell 2014;13(2):190-201.

Cheng CY, Vogt A, Mochizuki K, Yao MC. A domesticated piggyBac transposase plays key roles in heterochromatin dynamics and DNA cleavage
during programmed DNA deletion in Tetrahymena thermophila. Mol Biol Cell 2010;21(10):1753-62.

Saveliev SV, Cox MM. Developmentally programmed DNA deletion in Tetrahymena thermophila by a transposition-like reaction pathway. EMBO
J 1996;15(11):2858-69.

Vogt A, Mochizuki K. A domesticated PiggyBac transposase interacts with heterochromatin and catalyzes reproducible DNA elimination in Tetra-
hymena. PLoS Genet 2013;9(12):e1004032.

Austerberry CF, Snyder RO, Yao MC. Sequence microheterogeneity is generated at junctions of programmed DNA deletions in Tetrahymena ther-
mophila. Nucleic Acids Res 1989;17(18):7263-72.

Austerberry CF, Yao MC. Nucleotide sequence structure and consistency of a developmentally regulated DNA deletion in Tetrahymena thermophila.
Mol Cell Biol 1987;7(1):435-43.

Chau MF, Orias E. Developmentally programmed DNA rearrangement in Tetrahymena thermophila: isolation and sequence characterization of
three new alternative deletion systems. Biol Cell 1996;86(2-3):111-20.

Godiska R, James C, Yao MC. A distant 10-bp sequence specifies the boundaries of a programmed DNA deletion in Tetrahymena. Genes Dev
1993;7(12A):2357-65.

Chalker DL, La Terza A, Wilson A, Kroenke CD, Yao MC. Flanking regulatory sequences of the Tetrahymena R deletion element determine the
boundaries of DNA rearrangement. Mol Cell Biol 1999;19(8):5631-41.

Yao MC, Chao JL, Cheng CY. Programmed genome rearrangements in Tetrahymena. Microbiol Spectr 2014;2(6).

Jonsson F, Steinbruck G, Lipps HIJ. Both subtelomeric regions are required and sufficient for specific DNA fragmentation during macronuclear
development in Stylonychia lemnae. Genome Biol 2001;2(2).

Klobutcher LA. Characterization of in vivo developmental chromosome fragmentation intermediates in E. crassus. Mol Cell 1999;4(5):695-704.
Meyer GF, Lipps HJ. Chromatin elimination in the hypotrichous ciliate Stylonychia mytilus. Chromosoma 1980;77(3):285-97.



114 SECTION | 1l Genome Stability of Unicellular Eukaryotes

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]
[46]

[47]
[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[60]

[61]

[62]

[63]
[64]

[65]

[66]

[67]

[68]

[69]

Juranek SA, Rupprecht S, Postberg J, Lipps HJ. snRNA and heterochromatin formation are involved in DNA excision during macronuclear develop-
ment in stichotrichous ciliates. Eukaryot Cell 2005;4(11):1934—41.

Forcob S, Bulic A, Jonsson F, Lipps HJ, Postberg J. Differential expression of histone H3 genes and selective association of the variant H3.7 with a
specific sequence class in Stylonychia macronuclear development. Epigenetics Chromatin 2014;7(1):4.

Bracht JR. Beyond transcriptional silencing: is methylcytosine a widely conserved eukaryotic DNA elimination mechanism? Bioessays
2014;36(4):346-52.

Bracht JR, Perlman DH, Landweber LF. Cytosine methylation and hydroxymethylation mark DNA for elimination in Oxytricha trifallax. Genome
Biol 2012;13(10):R99.

Juranek S, Wieden HJ, Lipps HJ. De novo cytosine methylation in the differentiating macronucleus of the stichotrichous ciliate Stylonychia lemnae.
Nucleic Acids Res 2003;31(5):1387-91.

Prescott DM, DuBois ML. Internal eliminated segments (IESs) of Oxytrichidae. J Eukaryot Microbiol 1996;43(6):432—41.

Prescott JD, DuBois ML, Prescott DM. Evolution of the scrambled germline gene encoding alpha-telomere binding protein in three hypotrichous
ciliates. Chromosoma 1998;107(5):293-303.

Prescott DM. Genome gymnastics: unique modes of DNA evolution and processing in ciliates. Nat Rev Genet 2000;1(3):191-8.

Nowacki M, Higgins BP, Maquilan GM, Swart EC, Doak TG, Landweber LF. A functional role for transposases in a large eukaryotic genome.
Science 2009;324(5929):935-8.

DuBois ML, Prescott DM. Volatility of internal eliminated segments in germ line genes of hypotrichous ciliates. Mol Cell Biol 1997;17(1):326-37.
Mollenbeck M, Cavalcanti AR, Jonsson F, Lipps HJ, Landweber LF. Interconversion of germline-limited and somatic DNA in a scrambled gene.
J Mol Evol 2006;63(1):69-73.

Landweber LF, Kuo TC, Curtis EA. Evolution and assembly of an extremely scrambled gene. Proc Natl Acad Sci USA 2000;97(7):3298-303.
Klobutcher LA, Herrick G. Developmental genome reorganization in ciliated protozoa: the transposon link. Prog Nucleic Acid Res Mol Biol
1997;56:1-62.

Mollenbeck M, Zhou Y, Cavalcanti AR, Jonsson F, Higgins BP, Chang W], et al. The pathway to detangle a scrambled gene. PLoS One
2008;3(6):¢2330.

Wen J, Maercker C, Lipps HJ. Sequential excision of internal eliminated DNA sequences in the differentiating macronucleus of the hypotrichous
ciliate Stylonychia lemnae. Nucleic Acids Res 1996;24(22):4415-9.

Duharcourt S, Butler A, Meyer E. Epigenetic self-regulation of developmental excision of an internal eliminated sequence on Paramecium tetrau-
relia. Genes Dev 1995;9(16):2065-77.

Mochizuki K, Fine NA, Fujisawa T, Gorovsky MA. Analysis of a piwi-related gene implicates small RNAs in genome rearrangement in ZTetrahy-
mena. Cell 2002;110(6):689-99.

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and specific genetic interference by double-stranded RNA in Caenorhab-
ditis elegans. Nature 1998;391(6669):806—11.

Malone CD, Anderson AM, Motl JA, Rexer CH, Chalker DL. Germ line transcripts are processed by a Dicer-like protein that is essential for devel-
opmentally programmed genome rearrangements of Tetrahymena thermophila. Mol Cell Biol 2005;25(20):9151-64.

Mochizuki K, Gorovsky MA. A Dicer-like protein in Tetrahymena has distinct functions in genome rearrangement, chromosome segregation, and
meiotic prophase. Genes Dev 2005;19(1):77-89.

Gao S, Liu Y. Intercepting noncoding messages between germline and soma. Genes Dev 2012;26(16):1774-9.

Garnier O, Serrano V, Duharcourt S, Meyer E. RNA-mediated programming of developmental genome rearrangements in Paramecium tetraurelia.
Mol Cell Biol 2004;24(17):7370-9.

Schoeberl UE, Kurth HM, Noto T, Mochizuki K. Biased transcription and selective degradation of small RNAs shape the pattern of DNA elimina-
tion in Tetrahymena. Genes Dev 2012;26(15):1729-42.

Yao MC, Chao JL. RNA-guided DNA deletion in Tetrahymena: an RNAi-based mechanism for programmed genome rearrangements. Annu Rev
Genet 2005;39:537-59.

Lepere G, Betermier M, Meyer E, Duharcourt S. Maternal noncoding transcripts antagonize the targeting of DNA elimination by scanRNAs in
Paramecium tetraurelia. Genes Dev 2008;22(11):1501-12.

Grewal SI, Moazed D. Heterochromatin and epigenetic control of gene expression. Science 2003;301(5634):798-802.

Fang W, Wang X, Bracht JR, Nowacki M, Landweber LF. Piwi-interacting RNAs protect DNA against loss during Oxytricha genome rearrange-
ment. Cell 2012;151(6):1243-55.

Zahler AM, Neeb ZT, Lin A, Katzman S. Mating of the stichotrichous ciliate Oxytricha trifallax induces production of a class of 27 nt small RNAs
derived from the parental macronucleus. PLoS One 2012;7(8):e42371.

Fetzer CP, Hogan DJ, Lipps HJ. A PIWI homolog is one of the proteins expressed exclusively during macronuclear development in the ciliate Styl-
onychia lemnae. Nucleic Acids Res 2002;30(20):4380-6.

Postberg J, Juranek SA, Feiler S, Kortwig H, Jonsson F, Lipps HJ. Association of the telomere-telomere binding protein-complex of hypotrichous
ciliates with the nuclear matrix and dissociation during replication. J Cell Sci 2001;114(10):1861-6.

Jonsson F, Wen JP, Fetzer CP, Lipps HJ. A subtelomeric DNA sequence is required for correct processing of the macronuclear DNA sequences
during macronuclear development in the hypotrichous ciliate Stylonychia lemnae. Nucleic Acids Res 1999;27(14):2832—41.

Prescott DM, Ehrenfeucht A, Rozenberg G. Template-guided recombination for IES elimination and unscrambling of genes in stichotrichous cili-
ates. J Theor Biol 2003;222(3):323-30.



[70]

[71]
[72]

[73]

[74]

Programmed DNA Rearrangement in Ciliates Chapter | 7 115

Nowacki M, Vijayan V, Zhou Y, Schotanus K, Doak TG, Landweber LF. RNA-mediated epigenetic programming of a genome-rearrangement path-
way. Nature 2008;451(7175):153-8.

Juranek SA, Lipps HJ. New insights into the macronuclear development in ciliates. Int Rev Cytol 2007;262:219-51.

Bracht JR, Fang W, Goldman AD, Dolzhenko E, Stein EM, Landweber LF. Genomes on the edge: programmed genome instability in ciliates. Cell
2013;152(3):406-16.

Parfrey LW, Lahr DJ, Knoll AH, Katz LA. Estimating the timing of early eukaryotic diversification with multigene molecular clocks. Proc Natl Acad
Sci USA 2011;108(33):13624-9.

Grell KG. Protozoology. Berlin, Heidelberg, New York: Springer Verlag; 1973.



	7 - From Micronucleus to Macronucleus: Programmed DNA Rearrangement Processes in Ciliates Are Regulated Epigenetically by Small and Long Noncoding RNA Molecules
	1. Introduction
	2. The Sexual Life Circle of Ciliates
	3. Organization of the Micro- and Macronuclear Genomes
	4. Epigenetic Regulation of Macronuclear Development in Tetrahymena
	5. Epigenetic Regulation of Macronuclear Development in Stichotrichous Ciliates
	6. Conclusion
	Glossary
	List of Abbreviations
	References




