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Abstract
Extensive programmed rearrangement of DNA, including DNA elimination, chromosome
fragmentation, and DNA descrambling, takes place in the newly developed macronucleus during
the sexual reproduction of ciliated protozoa. Recent studies have revealed that two distant classes
of ciliates use distinct types of non-coding RNAs to regulate such DNA rearrangement events.
DNA elimination in Tetrahymena is regulated by small non-coding RNAs that are produced and
utilized in an RNAi-related process. It has been proposed that the small RNAs produced from the
micronuclear genome are used to identify eliminated DNA sequences by whole-genome
comparison between the parental macronucleus and the micronucleus. In contrast, DNA
descrambling in Oxytricha is guided by long non-coding RNAs that are produced from the
parental macronuclear genome. These long RNAs are proposed to act as templates for the direct
descrambling events that occur in the developing macronucleus. Both cases provide useful
examples to study epigenetic chromatin regulation by non-coding RNAs.

Introduction: Big discoveries from a peculiar organism
The Nobel prize-winning discoveries of ribozymes (Chemistry, 1989) and telomeres
(Physiology or Medicine, 2009) illustrate the utility of Tetrahymena thermophila as a
eukaryotic model for the study of non-coding RNAs. But why was Tetrahymena used for
these studies? It turns out that these major achievements relied on a peculiarity of ciliate
chromosomes.

Like most other ciliates, Tetrahymena has two different nuclei, a micronucleus and a
macronucleus, within a single cell (Fig. 1). The micronucleus is diploid and contains 10
chromosomes (five per haploid genome). However, the macronucleus has over 20,000
chromosomes in Tetrahymena. There are several reasons for this extremely high number of
chromosomes in the macronucleus: 1) there are approximately 250 different chromosomes
per haploid genome, 2) most chromosomes attain ploidy levels of around 50, and 3) the
rDNA “minichromosome” is amplified to 10,000 copies [1]. Therefore, a single
Tetrahymena cell has over 400 times more chromosome ends (i.e., telomeres) than a human
cell. This difference was one of the key reasons why telomere structure was first determined
in Tetrahymena [2]. Telomerase activity, which elongates telomere repeats, was also first
identified in Tetrahymena [3]. Later studies have revealed that the telomerase complex
consists of telomerase RNA, a non-coding RNA that acts as a template for the elongation of
telomeres, and proteins including telomerase reverse transcriptase [4]. The unique
minichromosome structure of the rDNA and its extensive amplification also allowed
researchers to determine the primary structure and a detailed transcriptional map of rDNA
by the late 1970s [5]. This led to the unexpected discovery of a self-splicing intron in the
Tetrahymena rDNA [6].
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Despite the drastic differences in their chromosomal content, the micronucleus and
macronucleus are produced from a common zygotic nucleus during sexual reproduction.
The life cycle of Tetrahymena is presented in Figure 2. When enough nutrients are available,
Tetrahymena proliferates asexually by binary fission. The micronucleus divides mitotically
whereas the macronucleus divides by amitosis (Fig. 2A). In the absence of sufficient
nutrients, Tetrahymena undergoes the sexually reproductive process of conjugation (Fig.
2B-F). In this process, two cells of complementary mating types partially fuse to form a pair
(Fig. 2B) and their micronuclei undergo meiosis (Fig. 2C). One of the four meiotic products
in each cell is selected to undergo one mitotic division and yield two haploid pronuclei; the
other three meiotic products are degraded (Fig. 2D). The paired cells exchange one of their
pronuclei (Fig. 2E), and the stationary and migratory pronuclei fuse into a zygotic nucleus
(Fig. 2F). The zygotic nucleus undergoes two mitotic divisions (Fig. 2G). The two anteriorly
positioned daughter nuclei differentiate into macronuclei whereas the two posterior nuclei
become micronuclei, and the parental macronucleus is eliminated by an apoptosis-like
process (Fig. 2H). The pairing then dissolves and the progeny resume vegetative growth
when nutrients are available (Fig. 2I).

During the differentiation of the new macronucleus in Tetrahymena, micronuclear
chromosomes are fragmented by chromosome breakage, which is followed by the formation
of new telomeres (Fig. 3A). In addition, approximately 6,000 internal DNA segments are
eliminated and the macronuclear chromosomes are endoreplicated to around 50 copies (Fig.
3A). In parallel, the single micronuclear rDNA locus is excised, rearranged into an inverted
repeat, telomeres are formed at both ends, and endoreplicated to upward of 10,000 copies
(Fig. 3B). Although the patterns of rDNA rearrangement vary between different ciliate
species, chromosome fragmentation and DNA elimination are common traits in most ciliates
[7] [8]. Moreover, DNA descrambling (detailed below) occurs in some spirotrich ciliates
such as Oxytricha and Stylonychia (Fig. 3C).

In the past decade, we have come to realize that DNA elimination and DNA descrambling
are regulated by non-coding RNAs. In this review, I will first overview how short non-
coding RNAs regulate programmed DNA elimination in Tetrahymena. Then, I will describe
long non-coding RNA-mediated DNA descrambling in Oxytricha.

DNA elimination in Tetrahymena is epigenetically regulated by short RNAs
During macronuclear development in Tetrahymena, approximately 6,000 different internal
DNA segments are removed and the flanking sequences are religated (Fig. 3A). A stretch of
DNA destined to be eliminated is called an internal eliminated sequence (IES). IESs are
0.5-20 kb in size and a total of around 20 Mbp (~15%) of DNA in the micronuclear genome
is removed from the newly formed macronuclear chromosomes. IESs have not been found
in gene-coding sequences in Tetrahymena, although some are located in introns [9]. Many of
the known IESs are transposon-like repeats or other repeated sequences (Fig. 4) [10] [11]
[12], although some are single-copy sequences [13].

IES elimination in Tetrahymena can occur reproducibly at a specific site or at a limited
number of alternative sites. The boundaries of IESs are relatively precise (within a few
nucleotides) when compared between different progeny [14]. However, no consensus
sequence motif has been identified in or around IESs. The only common elements analyzed
to date that are associated with IESs are short (1-8 bp) direct repeats of varied sequences at
the ends of the IESs; these sequences have no known function in IES removal [7,8]. In
addition, the flanking regions of some IESs have cis-acting sequences required for IES
removal but no sequence homology has been observed across different elements [7,8].
Therefore, we can identify IESs only by directly comparing micronuclear and macronuclear
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DNA sequences. It has long been known that IES elimination is regulated by an epigenetic
mechanism, such that the new macronucleus copies the sequence pattern of the parental
macronucleus [7,8] [15,16]. To achieve such epigenetic regulation, some sequence-specific
information must be transferred from the parental macronucleus to the new macronucleus.
Several lines of evidence indicate that this trans-nuclear information is carried by 28- to 29-
nucleotide small RNAs that are made by an RNAi-related pathway.

To provide a general idea of how these small RNAs epigenetically support the precise
elimination of IESs without any common DNA sequence, I first describe here a model
termed the scan RNA model (Fig. 5), which we have proposed previously [17,18]. The
pathway starts by bi-directional transcription of the entire micronuclear genome during early
conjugation (Fig. 5A). The transcripts form double-stranded RNAs (dsRNAs) (Fig. 5B) that
are processed to short RNAs by RNAi-related machinery (Fig. 5C). We call these small
RNAs scan (scn) RNAs because they scan macronuclear and micronuclear DNA to identify
IESs. The scnRNAs then localize to the (parental) macronucleus, where those that have
homologous macronuclear DNA sequences are degraded (Fig. 5D). As a result, only
scnRNAs homologous to micronucleus-specific sequences (i.e., IESs) remain in the parental
macronucleus. Finally, these IES-specific scnRNAs move to the developing macronucleus
in later stages (Fig. 5E). There, sequences homologous to the scnRNAs are identified and
targeted for elimination (Fig. 5F). In this way, IESs can be identified purely by the scnRNA-
mediated comparison of micronuclear and macronuclear sequences, just as we do in silico.

Small RNA-directed DNA elimination in Tetrahymena
RNAi-related pathways are unified by their dependence on base-pairing interaction s
between small (~20-30 nt) RNAs and target sequences and their common use of Argonaute
family proteins [19]. Small RNAs can be produced by Dicer family proteins from various
dsRNAs or by a Dicer-independent mechanism from single-stranded RNAs [20]. Some
classes of small RNAs in mammals and plants are 2′-O-methylated at their 3′ termini by
conserved homologues of the RNA methyltransferase Hen1 [21] [22]. The Tetrahymena
genome encodes 12 Argonaute proteins that interact with different classes of small RNAs
[23] [24], three Dicer proteins that have distinct biological roles [25] [23], and a single Hen1
homologue [26].

The 28- to 29-nucleotide small RNAs known as scnRNAs are expressed exclusively during
sexual reproduction [17]. They interact with the Argonaute protein Twi1p [27], are produced
by the Dicer protein Dcl1p [28] [25], and are stabilized by 2′-O-methylation at their 3′-
termini by the RNA methyltransferase Hen1p [26]. Twi1p and Dcl1p are indispensable for
DNA elimination [17] [28] [25] and Hen1p is required for efficient DNA elimination [26],
indicating that scnRNAs play a pivotal role in DNA elimination. Consistent with this idea,
injection of dsRNAs designed to be homologous to a macronuclear-destined sequence
(MDS) into conjugating cells induced the elimination of the target MDS sequence from
newly formed macronuclei in the same manner as an IES [29]. Thus, dsRNAs, and probably
the small RNAs processed from them, are the primary signal for DNA elimination. Dicer-
dependent accumulation of scnRNAs and the requirement for this protein in DNA
elimination have also been reported in Paramecium [30]. Therefore, this scnRNA-directed
DNA elimination mechanism is probably conserved among oligohymenophorean ciliates.

Because scnRNAs can hybridize to IES sequences in vitro, it was expected that they were
derived from the micronucleus [17] [27]. Although the micronucleus is transcriptionally
inert in most of the life stages of Tetrahymena (and of other ciliates as well), it becomes
transcriptionally active during prophase of meiosis [31] [32]. In this stage, at least some
reagions of the micronuclear genome are transcribed bidirectionally [33]. Although the exact
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mechanism that produces these micronuclear transcripts is not clear, temporal micronuclear
localization of TATA-binding protein [34] and RNA polymerase II (RNAPII) [35] during
prophase of meiosis indicates that they are transcribed by RNAPII (Fig. 6A). The Dicer
protein Dcl1p also localizes to the micronucleus during meiosis and disruption of the DCL1
gene results in loss of scnRNA production and over-accumulation of micronuclear RNA
[25]. These results indicate that Dcl1p processes micronuclear transcripts into scnRNAs in
the micronucleus during meiosis (Fig. 6B).

On the other hand, the Argonaute protein Twi1p localizes to the cytoplasm in the meiotic
stages of Tetrahymena development [17] (Mochizuki et al. 2002). Thus, scnRNAs produced
in the micronucleus are probably transported to the cytoplasm where they complex with
Twi1p (Fig. 6C). The molecular mechanism involved in the micronuclear export of
scnRNAs has not yet been elucidated. In the mid-conjugation stages, Twi1p-scnRNA
complexes localize to the parental macronucleus [17]. Because Dcl1p is required for the
macronuclear localization of Twi1p [36], Twi1p must be complexed with an scnRNA to be
imported into the macronucleus. In addition, the endoribonuclease activity of Twi1p, which
is vital for removing one of the two strands of an scnRNA from the Twi1p-scnRNA
complex, and the Twi1p-associated protein Giw1p are essential for the macronuclear
localization of Twi1p [36]. Because the endoribonuclease activity of Twi1p is required for
its association with Giw1p, Giw1p probably senses the state of Twi1p-associated scnRNAs
and selectively transports mature Twi1p-siRNA complexes into the nucleus (Fig. 6C) [36].

Tetrahymena Hen1p only methylates single-stranded RNAs [26]. Therefore, scnRNAs can
be 2′-O-methylated by Hen1p only after the Twi1p-scnRNA complex releases one of the
two scnRNA strands. Because Hen1p is localized to the parental macronucleus [26], 2′-O-
methylation of scnRNA probably occurs after the mature Twi1p-siRNA complex is
imported into the parental macronucleus (Fig. 6D). Loss of Hen1p causes complete
abolishment of scnRNA methylation, a gradual reduction in the accumulation and the length
of scnRNAs, and a defect in DNA elimination [26]. Therefore, Hen1p-mediated 2′-O-
methylation stabilizes scnRNAs and ensures DNA elimination in Tetrahymena.

Although scnRNAs complementary to both macronuclear-destined sequences and
micronuclear-specific sequences (mostly IESs in Tetrahymena) are produced in the early
conjugation stage, only the second class of scnRNAs becomes gradually enriched during the
mid-conjugation stages [27] [37]. As described above, Twi1p-scnRNA complexes are
localized to the parental macronucleus in the mid-conjugation stages. Therefore, it is
reasonable to expect that some mechanism specifically degrades scnRNAs complementary
to the genomic DNA in the parental macronucleus.

The three Twi1p-binding proteins Ema1p (RNA helicase), CnjBp (GW repeat and Zinc-
finger protein), and Wag1p (GW repeat protein) play important roles in the selective
degradation of scnRNAs [37] [38]. Ema1p mediates the interaction between nascent non-
coding transcripts and scnRNA-Twi1p complexes in the parental macronucleus [37].
Therefore, it has been proposed that scnRNA degradation is induced by a base-pairing
interaction between scnRNAs and nascent non-coding transcripts from the parental
macronucleus (Fig. 6E). The importance of parental macronuclear transcripts for proper
DNA elimination has also been demonstrated in studies of another ciliate, Paramecium
tetraurelia, in which down-regulation of the macronuclear non-coding transcripts by RNAi
blocked the scanning process in targeted regions and induced ectopic DNA elimination [39].
CnjBp and Wag1p have redundant roles in the selective degradation of scnRNAs [38],
although the molecular mechanisms underlying their involvement remain unclear.
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When the new macronucleus is developed, the localization of Twi1p changes from the
parental macronucleus to the new macronucleus (Fig. 6F) [17]. In the newly formed
macronucleus, Twi1p is required for the methylation of histone H3 at lysines 9 (H3K9me)
and 27 (H3K27me), reactions catalyzed by the enhancer-of-zeste homologue Ezl1p (Fig.
6G) [40] [41]. These histone modifications are bound by the chromodomain proteins Pdd1p
and Pdd3p (Fig. 6H) [42] [41]. During the process of DNA elimination, IESs are found in
dense heterochromatic regions at the nuclear periphery [43]. Twi1p, Ezl1p, and Pdd1p are
required for the formation of this heterochromatic structure and for DNA elimination [44]
[40,41]. Therefore, IESs are wrapped in heterochromatin before they are eliminated, and the
formation of this structure is essential for DNA elimination. Because histone modifications
and the chromodomain protein Pdd1p, which binds to these modifications, accumulate
specifically on IESs in a Dcl1p- and Twi1p-dependent manner [42] [40,41], scnRNAs
selected for IES specificity must identify their complementary sequence and recruit the
histone methyltransferase Ezl1p. It has been suggested that nascent non-coding transcripts
mediate the interaction between chromatin and scnRNA-Twi1p complexes in the new
macronucleus as in the parental macronucleus (Fig. 6F) [37]. However, it is not yet clear
how the RNAi-related mechanism and Ezl1p are linked.

A study in which an IES element was extensively mutagenized revealed that the
rearrangement efficiency of an IES is correlated with the overall length of the IES and that
the lower size threshold is 300 bp [45]. It has been suggested that either a length of more
than 300 bp is required for proper targeting by small RNAs or a structure larger than that of
a di-nucleosome is necessary to induce efficient DNA elimination.

Because artificial tethering of the heterochromatin component Pdd1p to a locus is sufficient
to induce its ectopic DNA elimination [42], Pdd1p can recruit all proteins required for DNA
elimination. Recently it has been reported that a PiggyBac transposase-like protein is
required for DNA elimination in the oligohymenophorean ciliates Paramecium and
Tetrahymena (Fig. 6I) [46] [47]. In both ciliates, the PiggyBac transposase-like proteins are
encoded in the macronuclear genome, suggesting that a transposase invaded an ancestor of
these ciliates and has now been domesticated in the host genome. Because the Tetrahymena
PiggyBac-like protein Tpb2p localizes to heterochromatin foci on the nuclear periphery in
the developing macronucleus [47], this protein may directly recognize heterochromatin
structures and excise IESs. Tpb2p shows some sequence preference for a DNA-cutting site
in vitro [47]. This sequence preference may also contribute to the precise elimination of
IESs in addition to homology-dependent IES recognition by scnRNAs.

RNA-directed DNA descrambling in spirotrich ciliates
In spirotrich ciliates such as Euplotes, Stylonychia, and Oxytricha, more than 95% of the
genome is eliminated during macronuclear development. The lest of their genome is
extensively fragmented to approximately 20,000 chromosomes in the macronucleus (per
haploid genome), with an average size of around 2 kb. These chromosomes often contain
only single genes and are therefore referred to as “gene-sized” chromosomes [7] [48]. Some
spirotrich ciliates, such as Stylonychia and Oxytricha, not only eliminate IESs but also
perform “descrambling” of protein-encoding sequences during DNA rearrangement (Fig.
3C). In this process, “scrambled” protein-encoding sequences in the micronucleus are joined
and assembled (descrambled) into the proper order in the macronucleus. Studies of DNA
rearrangement in a developmental time course revealed that the removal of conventional
IESs tends to precede the complex events of inversion and translocation [49]. It has been
estimated that 20-30% of genes in these spirotrichs are scrambled in the micronucleus.
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Short-sequence repeats, called “pointers,” found at MDS-IES junctions are involved in DNA
rearrangement in spirotrich ciliates [48]. A pointer at the junction between an MDS, n, and
the downstream IES is generally identical to a pointer between MDS n+1 and its upstream
IES. However, pointer repeats are very short. The average repeat length is 4 bp between
non-scrambled segments and 11 bp between scrambled ones. Therefore, these pointers are
probably not sufficient for the identification of sites of DNA rearrangement.

Two types of non-coding RNAs have been suggested to be involved in DNA rearrangement
in spirotrich ciliates. The first consists of 25- to 30-nt small RNAs [50]. These small RNAs
are homologous to micronucleus-specific DNA sequences, like scnRNAs during the
development of new macronuclei in Tetrahymena. Moreover, RNAi-mediated knock-down
of Stylonychia PIWI, which is a potential binding partner of the small RNAs, caused loss of
histone H3 methylation at lysine 9 [50] and an arrest in the development of new macronuclei
[51] in Stylonychia. Therefore, it has been proposed that spirotrichs have a small RNA-
directed DNA rearrangement mechanism like that of oligohymenophoreans, in which small
RNAs specify the IESs to be removed and recruit chromatin-modifying enzymes to induce
heterochromatin formation at these sequences [50]. However, as over 95% of the IESs in
Stylonychia are shorter than 100 bp, that is, shorter than the length of DNA in a nucleosome,
it is unlikely that small RNA-directed chromatin modification can direct precise DNA
elimination of these short IESs. Moreover, many IESs in spirotrich ciliates are even smaller
than 10 bp and therefore could hardly be targeted precisely by small RNAs 25-30 nt in
length. As it has not been demonstrated that PIWI interacts with small RNAs or that PIWI
and small RNAs have a direct role in DNA rearrangement, further studies are necessary to
conclude that small RNAs play a role in DNA rearrangement in spirotrichs.

Although the involvement of small RNAs in DNA rearrangement in spirotrichs is still under
debate, it is certain that they are not able to support the complex DNA descrambling process
(Fig. 3C). Recent studies in Oxytricha strongly suggest that another type of non-coding
RNAs, long macronuclear RNAs, is predominantly utilized to guide the descrambling event
(Fig. 7A). Long RNA-guided DNA descrambling was first proposed as a theoretical model
[52] [53] and has been demonstrated experimentally recently [54]. Bi-directional
transcription of the parental macronuclear genome occurs during early conjugation in
Oxytricha. Macronuclear long RNAs are likely produced by “telomere to telomere”
transcription of short “gene-sized” macronuclear chromosomes (Fig. 7A). RNAi knock-
down of specific parental macronuclear long RNAs inhibits descrambling in addition to
eliminating non-scrambled IESs in the corresponding loci in the new macronucleus (Fig.
7B). Moreover, the injection of artificial RNAs reprograms the descrambling order (Fig.
7C). Therefore, long macronuclear RNAs act as templates in DNA rearrangement in
Oxytricha.

Transposases encoded in a group of abundant micronucleus-limited DNA transposons are
expressed in a developmentally programmed fashion and mediate both DNA descrambling
and IES elimination in Oxytricha [55]. Further research is needed to understand how long
non-coding RNAs and transposases are physically and functionally linked.

RNA-directed DNA proofreading
An even more surprising function for long non-coding RNAs has been identified in
Oxytricha. Nowacki et al. [54] found that base substitutions introduced into injected RNAs
were occasionally transferred to new macronuclear DNA (Fig. 7D). This indicates that there
is an RNA-directed DNA proofreading mechanism that allows acquired somatic mutations
to be transmitted to the next generation. Similar non-Mendelian inheritance phenomena have
been described in the plant Arabidopsis [56]. In loss-of-function HOTHEAD mutants of
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Arabidopsis, DNA polymorphisms absent in the parent but present in previous generations
reappear at a high frequency in the progeny of homozygous mutant plants. It ha s been
postulated that heritable RNAs covering the genome guide template-directed changes in
DNA sequence. Therefore a DNA proofreading mechanism mediated by an “RNA cache”
may be widely distributed among eukaryotes.

Evolution of non-coding RNA-directed DNA rearrangements
In Tetrahymena, an RNAi-related mechanism is required for the formation of the
heterochromatin state that precedes IES elimination. Because it is known that RNAi
machinery is also required for heterochromatin formation and subsequent transcriptional
gene silencing in other eukaryotes [57], the molecular mechanism regulating IES
elimination in Tetrahymena (and probably in Paramecium) is evolutionarily related to
RNAi-directed heterochromatin formation. Many IES sequences in ciliates are related to
transposable elements. Therefore, it is believed that one of the main roles of DNA
elimination is eliminating transposable elements from the transcriptionally active
macronucleus. Because RNAi machinery is also required for transposon silencing in other
eukaryotes [58], DNA elimination in ciliated protozoa probably evolved from the RNAi-
directed and heterochromatin-mediated transposon silencing pathway.

On the other hand, the evolutionary advantage of DNA descrambling is less evident.
Analogous to mRNA splicing, DNA descrambling may increase the chance of inventing
genes with novel functions by changing the rearrangement patterns of DNA segments.
Alternatively, there may be neutral evolutionary selective pressure on micronuclear DNA
scrambling, as long as the RNA-directed descrambling mechanism exists.

Conclusion
DNA elimination in the oligohymenophorean ciliate Tetrahymena is mediated by small non-
coding RNAs that are produced by an RNAi-related mechanism. The small RNA-mediated
comparison of the complete micronuclear and macronuclear genomes is proposed to identify
the DNA sequences to be eliminated. The macronucleus-encoded domesticated PiggyBac-
like transposase is probably directly involved in the DNA excision process. In contrast,
DNA descrambling in the spirotrich ciliate Oxytricha is regulated by long non-coding
RNAs, and transposases encoded by a group of abundant micronuclear transposons are
required for this DNA rearrangement. These long RNAs most likely act as templates to
guide the descrambling process. How these seemingly distinct mechanisms have evolved in
different classes of ciliates is unclear. Future studies on other ciliate classes may help
address this question. Additionally, the detailed molecular mechanisms regulating the
biogenesis and selection of scnRNAs in Tetrahymena, the transcription of long-template
RNAs in Oxytricha, and the induction of DNA rearrangements by non-coding RNAs are still
emerging. I expect that established genetic tools in these model ciliates, such as gene
deletion [59] and RNAi techniques [60] [61] [62], and fully sequenced genomes [63] [64]
will help to answer these unsolved questions in the near future.
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Figure 1. Nuclear dimorphism in Tetrahymena
Like most ciliates, Tetrahymena thermophila (picture) has two different types of nuclei
(highlighted in red) in a single cell: a macronucleus (Mac) and a micronucleus (Mic). The
micronucleus has five chromosomes per haploid genome whereas the macronucleus has over
20,000 chromosomes.
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Figure 2. Life cycle of Tetrahymena
When enough nutrients are available, vegetative Tetrahymena cells multiply by binary
fission and the macronucleus and micronucleus divide independently (A). After prolonged
starvation, two cells of complementary mating types fuse to start the sexual reproduction
process of conjugation (B). Their micronuclei undergo meiosis (C) and one of the meiotic
products survives and divides mitotically, giving rise to two gametic nuclei, one of which is
stationary and the other migratory (D). The migratory gametic nucleus crosses the
conjugation bridge (E) and the gametic nuclei fuse to produce a diploid zygotic nucleus (F).
The zygotic nucleus undergoes two mitotic divisions (G), and two of the products
differentiate as macronuclei while the other two differentiate as micronuclei (H). The
parental macronucleus becomes pyknotic and is resorbed. Finally, the pairing dissolves and
the progeny resume vegetative growth when nutrients are available again (F).
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Figure 3. DNA rearrangement and endoreplication in ciliates
(A) DNA elimination and chromosome fragmentation in Tetrahymena. Numerous internal
eliminated sequences (IESs, green lines marked with the letter “i”) are removed and two
flanking macronuclear-destined sequences are re-ligated. In parallel, chromosome breakage
at the Cbs (chromosome breakage sequence, marked with an arrow and the letter “c”) occurs
and new telomeres (red triangles) are formed. The macronuclear chromosomes are
eventually endoreplicated to around 50 copies.
(B) rDNA rearrangement in Tetrahymena. The single micronuclear rDNA locus (blue
arrow) is excised and rearranged into an inverted repeat. Telomeres are formed at both ends
de novo and endoreplicated to approximately 10,000 copies.
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(C) DNA descrambling in spirotrich ciliates (e. g., Oxytricha). Many genes are fragmented,
“scrambled” (that is, not 1-2-3-4-5-6 but 1-3-2-4-5-6, in this example) and some segments
are inverted (segment 5 in this example) and separated by IESs (green lines marked with “i”)
in the micronucleus (Mic). They are joined and assembled (descrambled) into the proper
order and direction in the macronucleus (Mac).
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Figure 4. Elimination of transposon repeats from the macronucleus
Tetrahymena cells in a vegetative state were used to detect two distinct transposon-related
sequences, Tlr1 (top) and REP (bottom), by fluorescent in situ hybridization (FISH, green,
left). DNA was stained with DAPI (magenta, middle). The micronucleus (i) and the
macronucleus (a) are marked.
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Figure 5. A model for small RNA-directed DNA rearrangement in Tetrahymena
In the early conjugation stages, the genome of the micronucleus (Mic), including the IESs, is
transcribed bi-directionally (A) and the resulting transcripts form dsRNA molecules (B).
The dsRNAs are processed into small RNAs (scnRNAs) (C). The scnRNAs are transferred
to the parental macronucleus (Mac) and any scnRNAs homologous to DNA sequences in the
parental Mac are degraded in the mid-conjugation stages (D). In late conjugation stages, the
scnRNAs that were not degraded in the parental Mac (those homologous to IESs) are
transferred to the developing new Mac (E), where they target IESs to be eliminated by base
pairing (F).
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Figure 6. Small RNA-directed DNA rearrangement in Tetrahymena
Events occurring sequentially are shown from top to bottom. The approximate stages at
which the events occur are indicated on the right by arrows. See text for details. Mic:
micronucleus, Mac: Macronucleus.
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Figure 7. Long non-coding RNA-guided DNA descrambling in Oxytricha
(A) A model for RNA-guided DNA descrambling in Oxytricha. Telomere-to-telomere
transcription of parental macronuclear “gene-sized” chromosomes produces guide RNAs
(wavy lines with circles), which are then transported to the newly developed macronucleus
where they act as scaffolds to guide DNA rearrangement. (B) Disruption of long non-coding
RNAs by RNAi causes a defect in DNA rearrangement. (C) Microinjection of artificial
templates (in this example, RNA having a 1-2-4-3-5-6 sequence) alters the order of the DNA
descrambling pattern in the new macronucleus. (D) Microinjection of artificial templates
that have base substitutions (C to T in this example) alters the DNA sequence of the new
macronucleus.
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