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Review

SUMMARY Ciliated protozoa undergo large-scale developmental rearrangement of
their somatic genomes when forming a new transcriptionally active macronucleus
during conjugation. This process includes the fragmentation of chromosomes derived
from the germline, coupled with the efficient healing of the broken ends by de
novo telomere addition. Here, we review what is known of developmental chromo-
some fragmentation in ciliates that have been well-studied at the molecular level
(Tetrahymena, Paramecium, Euplotes, Stylonychia, and Oxytricha). These organisms differ
substantially in the fidelity and precision of their fragmentation systems, as well as in the
presence or absence of well-defined sequence elements that direct excision, suggest-
ing that chromosome fragmentation systems have evolved multiple times and/or have
been significantly altered during ciliate evolution. We propose a two-stage model for
the evolution of the current ciliate systems, with both stages involving repetitive or
transposable elements in the genome. The ancestral form of chromosome fragmentation
is proposed to have been derived from the ciliate small RNA/chromatin modification
process that removes transposons and other repetitive elements from the macronuclear
genome during development. The evolution of this ancestral system is suggested to
have potentiated its replacement in some ciliate lineages by subsequent fragmentation
systems derived from mobile genetic elements.

KEYWORDS chromosome fragmentation, transposons, ciliated protozoa, IESs,
telomeres, Tetrahymena, Paramecium, spirotrich

INTRODUCTION: CHROMOSOME BREAKAGE IN EUKARYOTES

D oublestranded breaks in DNA occur frequently and can be the result of exoge-
nous factors such as ionizing radiation or reactive oxygen species, or endogenous
processes such as DNA replication or the excision of transposable elements (TEs). Such
breaks in the DNA are potentially dangerous and/or life threatening, as they can lead
to lethal mutations or rearrangements that disrupt the structure of chromosomes. As
a result, most organisms have elaborated at least two systems, non-homologous end
joining (NHEJ) and homologous recombination repair [reviewed in reference (1)], to
mend broken chromosomes and minimize the negative effects of breakage. In rare
instances, a double-stranded break in the DNA also may be healed by the de novo
addition of telomere repeat sequences [e.g., reference (2)]. As is the case for the natural
telomeres of chromosomes, this de novo telomere formation allows for the complete
replication and structural integrity of the novel chromosome end.

In contrast to most eukaryotes, a small number of organisms have been identified
where chromosome breakage followed by de novo telomere addition is part of the
normal life cycle. These include the chromatin diminution process of some parasitic
nematodes in the Ascaris genus [reviewed in reference (3)] as well as the unicellular
ciliated protozoa (phylum Ciliophora), the latter of which is the focus of the current
review. In these instances, chromosomes are broken at specific sites within the genome
during a defined time in development, and the resulting ends are stabilized by the
efficient de novo addition of telomeres. Such wholesale changes in chromosome
structure can be tolerated because they occur only in somatic cells or in nuclei that
are analogs of a somatic cell. That is, programmed chromosome breakage coupled with
de novo telomere addition does not occur in the germline genome so that unaltered,
intact chromosomes still can be transmitted to subsequent generations.

It is of interest to understand how these unusual systems have evolved, as well as the
molecular mechanisms that mediate these processes, as this may provide novel means
of enhancing chromosome repair in vivo and gene/chromosome engineering in vitro.
In this article, we review key findings on developmentally programmed chromosome
fragmentation and de novo telomere formation in ciliated protozoa. The ciliates are
a diverse group of unicellular eukaryotes that diverged from other eukaryotes over a
billion years ago (4). Developmental chromosome fragmentation is common within the
group [e.g., references (5-8)], but a great deal of diversity exists, including extreme
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cases where essentially every gene comes to reside on an individual chromosome
following fragmentation. We will focus on ciliates where some molecular details of
the fragmentation process have been deduced: the oligotrich ciliates (class Oligohyme-
nophorea) Tetrahymena and Paramecium, which undergo moderate levels of chromo-
some fragmentation, and members of the spirotrich group (class Spirotrichea; Euplotes,
Oxytricha, and Stylonychia), which extensively fragment their genomes. In addition to
highlighting shared and unique features of chromosome fragmentation among these
ciliates, we will note key unanswered questions and propose model(s) for how fragmen-
tation may have originated and evolved with the ciliate group.

OVERVIEW OF CILIATE NUCLEAR ORGANIZATION AND REORGANIZATION
Nuclear dimorphism

The most distinctive feature of the phylum Ciliophora, and the one that allows
for extensive and irreversible modifications to chromosomes such as chromosome
fragmentation, is nuclear dimorphism (Fig. 1). Specifically, each ciliate cell contains
two types of nuclei that serve distinct functions. The smaller nucleus, the micronu-
cleus (MIQ), is diploid, contains large chromosomes with many genes, and is in most
respects a typical eukaryotic cell nucleus. That is, the large chromosomes are organized
as chromatin, the genome is replicated during the cell cycle, and chromosomes are
distributed to daughter cells by mitosis. The MIC is transcriptionally inert during asexual
multiplication and plays a major role during sexual reproduction, essentially serving as a
“germline nucleus.”

Micronucleus
Intact chromosomes
Diploid

Mitosis

No transcription

Macronucleus
Sub-chromosomal DNA
Polyploid

Amitosis

Active transcription

Micronuclear meiosis,
exchange, and fusion
of haploid nuclei

Division of zygotic nucleus,
development of new macronucleus,
loss of old macronuleus

FIG 1 Nuclear dimorphism in ciliated protozoa. Idealized ciliate cells are shown at the top contain-
ing a MIC and a macronucleus (MAC). Both nuclei replicate and divide during asexual or vegetative
reproduction. In response to starvation, cells of different mating types pair, the MIC undergoes meiosis,
and exchanged haploid meiotic products fuse to form a diploid zygotic nucleus. The zygotic nucleus
divides, with one product becoming the MIC, while the other product undergoes developmental genome
rearrangement to form a new MAC. The old MAC (hatched circle) is degraded.

December 2023 Volume 87 Issue 4

Microbiology and Molecular Biology Reviews

10.1128/mmbr.00184-22 3


https://doi.org/10.1128/mmbr.00184-22

Review

In contrast, the large macronucleus (MAC) contains subchromosomal-sized DNA
molecules and is invariably polyploid. In extreme cases, the MAC chromosomes of some
ciliate species are present in tens of thousands of copies, each of which contains almost
exclusively a single gene. MACs typically replicate their genomes during each cell cycle
but divide by a process termed amitosis because there is no spindle apparatus to ensure
that the two copies of a given chromosome are each distributed to a different daughter
cell. These unusual features of the MAC can be tolerated while still maintaining genetic
stability because the MAC is transitory. That is, the MAC is differentiated anew during
sexual reproduction from a copy of the MIC and then destroyed during the subsequent
round of sexual reproduction (Fig. 1).

Mating and macronuclear development

Mating and MAC development are complex processes that occur over periods of at
least ~100 hours in some species. Figure 1 provides a generic view of sexual reproduc-
tion, summarizing the key common steps shared among ciliates, although details can
differ substantially among the various ciliate groups. In response to starvation, cells
become mating competent and partially fuse to form mating pairs. The MICs in the
paired cells then undergo meiosis, and a haploid meiotic nucleus (migratory pronucleus)
is reciprocally exchanged between the two members of the pair. The exchanged haploid
nuclei next fuse with one of the resident haploid nuclei (the stationary pronucleus)
to generate a diploid zygotic nucleus. This zygotic nucleus replicates its genome and
divides generally twice to form the precursor(s) of the MICs and MACs for subsequent
asexual reproduction.

The mitotic products of the zygotic nucleus that are destined to form the new MAC
then begin a complex series of changes. MAC development typically begins with a
number of cycles of DNA replication in the absence of nuclear division (endoreplication).
The amount of endoreplication varies between species, but in some groups (e.g., the
spirotrichs), visible polytene chromosomes are produced [e.g., reference (9)]. During
this initial stage of MAC DNA replication, two forms of DNA rearrangement occur (Fig.
2). First, internal segments of the chromosomes are excised and eliminated, while the
flanking sequences are rejoined. Second, the chromosomes are fragmented at specific
sites, and de novo telomerization occurs at the resulting ends. Following the reorganiza-
tion of the genome, development concludes with additional cycles of DNA replication
that result in the mature, polyploid MAC genome. In conjunction with the development
of a new MAC, the old MAC is destroyed or lost.

Internal DNA elimination

Much research in recent decades has focused on the internal DNA elimination processes
in developing MACs of a select number of ciliate species (Tetrahymena, Paramecium,
Euplotes, and Oxytricha/Stylonychia). It has provided key insights into the nature of the
eliminated sequences, the proteins involved in their excision, and the possible evolution-
ary origin of the process. This area has been the subject of a number of recent reviews
(10-14), and we will only briefly summarize some of the key findings.

Developmentally programmed elimination of internal sequences during differentia-
tion of the Tetrahymena MAC, followed by rejoining of the flanking DNA, was first
documented in 1984 (15, 16). The developmentally excised DNA sequences were
generically termed “internal eliminated sequences” (IESs) by analogy to developmentally
eliminated sequences reported in the same year in Oxytricha nova (17). Subsequently,
comparison of MIC and MAC genome assemblies revealed that ~10,000 IESs, accounting
for ~34% of the MIC genome, are eliminated during MAC development in Tetrahymena
(18). Two types of IESs have been characterized in the Tetrahymena thermophila MIC
genome. Type | IESs constitute the overwhelming majority of them. They are relatively
long (85% are in the 1-10 kb range), and nearly half of them overlap germline TEs,
mostly DNA transposons. During new MAC differentiation, IES DNA is excised by a
domesticated PiggyBac transposase, Tpb2p (19, 20), and the two flanking chromosome
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FIG 2 Two forms of DNA rearrangement occur in the developing MAC. A segment of MIC DNA is shown at the top that

includes two segments of DNA that will form MAC chromosomes (green rectangles; C1 and C2). MAC development begins

with multiple rounds of DNA replication without karyokinesis or cell division. Two types of DNA rearrangement then occur:

(i) internal eliminated sequences (IESs; red rectangles) and other repetitive elements are excised from internal regions of the

chromosomes, and (ii) the chromosomes are fragmented and telomeric repeats (“T") are synthesized de novo onto the DNA

ends. Following rearrangement, additional cycles of DNA replication give rise to the mature polyploid MAC.

ends are joined through NHEJ (21). Type | IESs are located in non-coding regions, and
they are excised imprecisely. Tetrahymena Type | IESs are generally flanked in the MIC by
pairs of inverted DNA repeats, called “flanking regulatory sequences” (FRS) (22), which
are typically located within ~70 bp of each IES end. The existence of at least six different
major types of FRSs has been proposed.

In contrast, only 12 Type Il IESs exist in the T. thermophila MIC genome. They all
include identical 12-bp inverted repeats at each end, which are also excised during MAC
differentiation. Type Il IESs all occur within exons in protein-coding genes, from which
they are precisely excised by the Tpb1p- and Tpb6p-domesticated PiggyBac transposases
(18, 23, 24). The Tetrahymena Type Il IESs are thought to have arisen from a recent
invasion of a member of the PiggyBac transposon family.

The existence of Paramecium IESs was first reported in 1992 in Paramecium tetraurelia
(25) and, subsequently, in other members of the P. aurelia group and in P. caudatum
(26). In Paramecium, the term “IES” has been restricted to MIC-specific internal sequences
(~45,000 in P. tetraurelia) that are precisely eliminated between two conserved 5-TA-3’
repeats (27) and represent only ~10% of eliminated DNA (26, 28, 29). Paramecium IESs
are mostly short (93% are <150 bp) and scattered along the genome, including inside
genes. The excision machinery, also composed of domesticated PiggyBac transposa-
ses [PiggyMac (Pgm) and its Pgm-like partners], cleaves IES boundaries around the
conserved terminal TA repeats (TAs) (30, 31). A hallmark of Paramecium IES excision
is the tight coupling between DNA cleavage and subsequent NHEJ-mediated precise
double-stranded break repair (32, 33). Indeed, activation of Pgm endonuclease activity
requires the presence of NHEJ factors, which would ensure that flanking DNA ends are
joined right after cleavage. A weak consensus resembling the termini of Tc1/mariner TEs
defines a terminal inverted repeat (TIR) at IES ends (34): this was the first indication that
Paramecium IESs are related to TEs (35). Further evidence stemmed from the identifica-
tion of Tc1/mariner elements among the largest IESs (28) and the finding that several
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multicopy IESs have recently transposed within Paramecium genomes (26). Besides
IESs, ~30% of MIC DNA, including different TE families (both DNA and RNA transpo-
sons) and other repeats (28, 29), is eliminated imprecisely, leading to heterogeneous
chromosomal deletions (36). Of note, these imprecisely eliminated internal Paramecium
MIC DNA sequences are not referred to as IESs because rejoining of flanking DNA
does not uniformly occur in conjunction with their excision (see section “Chromosome
fragmentation in Paramecium” below). Imprecise DNA elimination is also Pgm dependent
(30), except for 3 Mbp that are currently under investigation (29). Whether Pgm plays a
direct role, by cutting DNA within or around eliminated regions, or is involved indirectly
(e.g., IES excision may be required to activate imprecise elimination) remains to be
established.

Similar to Paramecium, Euplotes IESs (estimate number ~100,000) are mostly excised
precisely between two 5°-TA-3” direct repeats, also called “pointers,” a single copy of
which is retained at the excision junction (37). Two types of IESs have been distinguished:
“short IESs” (<~600 bp) and longer Tcl/mariner-related “transposon IESs” called Tec
elements (38-40). A consensus sequence found at the ends of short IESs is similar to the
TIRs of Tec elements, which again suggests that the two classes of IESs are evolutionary
linked (37). Furthermore, molecular analysis of excision products showed that at least
some Tec copies are excised precisely, most likely through the same mechanism as short
IESs (41-43). Another elimination pathway, perhaps associated with DNA degradation,
was proposed for Tec elements from non-MAC-destined regions (44). The enzymatic
machinery involved in DNA elimination in Euplotes, however, has not been identified.

More than 100,000 IESs were also reported in Oxytricha, in which they separate
fragments of MAC-destined sequences (MDSs). One particular feature of this ciliate is
that ~20% of its genes are scrambled in the MIC and their MDSs must be re-ordered
during macronuclear development to form functional MAC chromosomes (45). IESs
from non-scrambled genes (median size 180 bp) are excised precisely between directly
repeated pointers that vary in length and sequence from one IES to the next, with
5’-TA-3" and 5"-ANT-3’ representing the majority of 2 and 3 bp pointers, respectively (17,
45). The situation is more complex for scrambled genes, in which the pointers flanking
each IES are not direct repeats (46): the rearrangement of scrambled MDSs involves
distant identical pointers, which are generally longer and more GC-rich (45). Multicopy
TEs (both DNA and RNA transposons) are also found in the MIC genome. The largest class
consists of three families of Tc1/mariner-related elements (TBE1, TBE2, and TBE3) that
frequently interrupt genes or their immediately surrounding sequences. Similar to IESs,
TBEs are flanked by direct repeats (5-ANT-3" for TBE1) that they use as excision pointers
(47). A mechanistic link between Oxytricha IESs and TBEs was further supported by
the demonstration that genome rearrangement requires the expression of transposases
from all three TBE families (48).

Epigenetic control of DNA elimination by non-coding RNAs and heterochro-
matin

Studies performed in a few ciliate species have uncovered the role of different types
of non-coding RNAs in the control of developmentally programmed internal DNA
elimination [reviewed in reference (49)]. Two pathways, one specifying the sequences
to be eliminated from the new MAC and the other specifying those to be maintained in
the new MAC, have been reported in different ciliate groups.

First, the “genome scanning” model, initially proposed for Tetrahymena IESs (50),
involves the participation of non-coding RNAs called scanRNAs (scnRNAs) in specifying
the sequences that will be eliminated from the new developing MAC (Fig. 3). These short
scnRNAs (28 nt in Tetrahymena, 25 nt in Paramecium) are specifically produced during
meiosis through the cleavage of MIC transcripts by specialized Dicer-like proteins (51,
52). Once loaded onto development-specific Piwi proteins (53, 54), scnRNAs interact
with old MAC transcripts through homology-dependent pairing, which mediates a
genome-wide comparison of parental MIC and MAC genomes (55, 56). As a result of
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FIG 3 Genome-scanning model for epigenetic control of DNA elimination in Paramecium. Maternal

MAC transcripts (wavy blue lines in top and middle panels) are produced constitutively from the
whole rearranged genome. During meiosis, the MIC genome is transcribed on both strands, yielding
double-stranded RNAs (dsRNA) that cover the entire non-rearranged genome. After dsRNA processing
by Dicer-like proteins Dcl2 and Dcl3, 25-nt scnRNAs (wavy black and red lines, middle panel) are loaded
onto Piwi proteins Ptiwi01 and Ptiwi09. Following comparison with maternal MAC transcripts, the scnRNA
population is enriched in MIC-specific scnRNAs (wavy red lines in middle and bottom panels, red boxes
and double-headed arrow represent IESs and an imprecisely eliminated TE, respectively). The latter
scnRNAs are imported into the new developing MACs, where they direct Ptiwi01/09 to homologous
sequences by pairing to nascent transcripts (in blue, bottom panel). Ptiwi01/09 recruits the PRC2
polycomb complex, which contains the EzI1 histone methyl transferase responsible for H3K9 and H3K27
trimethylation (represented by orange and white circles). RNA-mediated heterochromatin formation is
thought to drive the elimination complex to MIC-specific DNA. See text for references.

the molecular subtraction of scnRNAs homologous to old MAC sequences, scnRNAs
corresponding to MIC-restricted DNA are directed to their homologous sequences in
the new developing MAC through pairing to nascent transcripts (55, 57). Recent work
in Paramecium established that scnRNA-guided Piwi proteins recruit the Paramecium
PRC2 Polycomb complex (58, 59), which induces the trimethylation of histone H3 on
lysines K9 and K27 (60, 61). In Tetrahymena, PRC2-dependent H3K9me3 and H3K27me3
heterochromatin marks also drive the recognition of MIC-specific sequences by the DNA
elimination machinery, in a Piwi-dependent manner (62, 63). The genome scanning
model fully accounts for the observed trans-generational epigenetic inheritance of DNA
elimination patterns in Tetrahymena. In Paramecium, it is supported by the observation
that imprecise elimination of repeated DNA and excision of ~70% of IESs are sensitive to
depletion of PRC2 subunits (29, 59, 61).
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Second, in the spirotrichous ciliate Oxytricha, Piwi-associated small piRNAs (~27 nt)
are also produced specifically during conjugation (64, 65), but, in contrast to Paramecium
and Tetrahymena scnRNAs, Oxytricha piRNAs appear to be produced from the old MAC
(instead of the MIC) and cover the whole rearranged somatic genome. They were shown
to guide the retention of MDSs in the new MAC, protecting them from the massive
elimination that targets ~95% of the germline genome. Even though the mechanistic
details remain to be investigated, both cytosine methylation and hydroxymethylation
were proposed to mark eliminated DNA genome-wide (66). Long transcripts from the old
MAC were also detected in Oxytricha and appear to act as RNA templates for genome
rearrangement and gene unscrambling (see Fig. 9 in section “A potential role for RNA in
directing chromosome fragmentation in Oxytricha and Stylonychia”) in the new MAC (67).

CHROMOSOME FRAGMENTATION

The second major type of genome rearrangement during ciliate MAC development,
chromosome fragmentation coupled with de novo telomere addition, has received less
attention in recent years. However, there have been many key findings concerning this
process in a select number of ciliate species. The main goals of this review are to
summarize our current knowledge of this process focusing on some of the key model
ciliates, identify gaps in our knowledge, and speculate on the origin and function of
developmental chromosome fragmentation.

Chromosome fragmentation in Tetrahymena

Chromosome composition of the Tetrahymena thermophila MIC and MAC
genomes

The 157-Mb T. thermophila MIC genome (18) is diploid in vegetative cells and arranged
as five pairs of chromosomes of roughly similar size. A number of early studies provided
evidence that MAC chromosomes were considerably smaller in size and much more
numerous. These studies include the analysis of MAC DNA by sedimentation analysis
(68) and pulse-field gel electrophoresis (69, 70), as well as analyzing the MAC telomere
content (71). Ultimately, sequencing of the complete T. thermophila MIC and MAC
genomes (18, 72) indicated that sexually mature cells contain 181 MAC chromosomes,
which are generated during new MAC differentiation by programmed, site-specific
fragmentation of the 5 MIC chromosomes. Fragmentation occurs at every copy of a
highly conserved, 15-bp “chromosome breakage sequence” (Cbs, described in detail in
“The Tetrahymena chromosome breakage sequence”) in the MIC genome, and telomeres
are then added de novo to the broken ends.

For decades, it was accepted that essentially all the MAC chromosomes are main-
tained at an average G1 ploidy of ~45. This was based on genetic observations, i.e.,
the rate of segregation of assortant cells pure for either allele starting from cells with
originally heterozygous MACs (73). However, using “droplet digital PCR” on individual T.
thermophila cells, Zhou et al. (74) have concluded that the G1 ploidy of the non-rDNA
chromosomes is ~90, instead of ~45. While the two types of observations remain to be
reconciled, the resolution of this contradiction is not relevant to programmed chromo-
some breakage. One significant exception to the above ploidy level is the MAC rDNA
minichromosome; it is the smallest chromosome (21 kb) and is maintained at ~9,000 G1
copies (75). MAC chromosomes, other than the rDNA, average 562 kb in length, and
range between 37 kb and 3.2 Mb, based on improved MAC sequence assemblies (76).

In addition to the maintained T. thermophila chromosomes in the MAC genome, some
MAC chromosomes are generated during MAC differentiation that are lost within the
first few fissions after conjugation, as reported first by Cassidy-Hanley et al. (77), and
later based on a comparison of MIC and MAC whole-genome assemblies (18, 78). These
chromosomes are referred to as “non-maintained chromosomes” (NMCs). Thirty-three
NMCs were identified by the Tetrahymena MIC sequencing project. NMCs are relatively
small, ranging in predicted length between a few nucleotides and 84 kb. Some NMCs
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contain predicted genes (18); indeed the function of at least one of these genes during
early development stages has been shown to be absolutely required for viability (79).

The failure of NMCs to be maintained is attributed to a putative lack of fully functional
origins of replication. This is a reasonable hypothesis, considering that the spacing
between chromosome replication origins in the T. thermophila MAC genome averages
about 15 kb (80). The identification of NMCs requires a comparison of MIC and MAC
genome sequences, so the occurrence of NMCs in species other than T. thermophila,
although likely, will remain unknown until the MACs and MICs of related species are
sequenced. The possible origin of NMCs is discussed later in the evolutionary context of
MIC Cbs duplication and translocation.

The Tetrahymena chromosome breakage sequence

A pioneering series of studies of the Tetrahymena rDNA minichromosome by Meng-Chao
Yao and members of his research group led to the discovery and characterization of the
Tetrahymena chromosome breakage sequence (Fig. 4) and to the eventual understand-
ing of its role in site-specific fragmentation of the five Tetrahymena MIC chromosomes
into around 200 MAC chromosomes and non-maintained chromosomes.

Sequencing of the entire 21 kb MAC rDNA minichromosome, and of the MIC DNA
segment that encodes the MAC rDNA and its flanking regions, led to the discovery of
four copies of a highly conserved 15-bp sequence flanking the rDNA minichromosome
in the MIC, which are absent from the MAC sequence (81). Three tandem copies of

A
2
|2
1
relnarTazestihl WL T Tex T aTazxax
AR L R R R LR R EEEE R EEEEEEEL R L0
B Telomere Telomere
addition region addition region
—r —r
Cbs
i Endoreplication
Cbs
Cbs
Chs
Fragmentation and
de novo telomerization

L)
i

FIG 4 The Tetrahymena Cbs. (A) DNA sequence logo showing sequence conservation among the 225
Cbss in the T. thermophila MIC genome. The Cbs AC-rich strand is illustrated. The Cbs, comprising the
central 15 nucleotides (positions 16-30), is shown along with 15 adjacent nucleotide positions on each
side of the Cbs. Only Cbs positions 1, 11, 13, 14, and 15 show any diversity [figure taken from reference
(18)]. (B) Schematic of chromosome breakage and telomere addition events in Tetrahymena. A segment
of a MIC chromosome containing a Cbs and two flanking MAC chromosome precursors (“C1” and “C2")
is shown at the top. During MAC development, this MIC chromosome region is first endoreplicated and
then fragmented at or near the Cbs. Telomeric repeats (5'-CCCCAA-3'/3"-GGGGTT-5"; yellow “T” circles) are
added to the ends at various positions within the TAR. Note that the Cbs DNA is lost along with a variable
length of sequence on either side of the Cbs.
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the sequence 5-TAAACCAACCTCTTT-3" were found on the 5’ side, and one copy was
found on the 3’ side of the MIC rDNA locus. A subsequent analysis found that the 15-bp
sequence element was associated with other sites of chromosomal breakage (82). In
one case studied in detail, the 15-bp conserved sequence was found to reside within
a 54-bp segment of MIC DNA absent from the MAC, such that the ends of two MAC
chromosomes were formed from the immediately flanking sequences (82). Furthermore,
a naturally occurring “Cbs-like” DNA segment differing at one nucleotide position was
found not to be associated with chromosome breakage during MAC differentiation (82).

Direct experimental evidence showed that the Cbs causes chromosome fragmenta-
tion in vivo during MAC differentiation (83, 84). Deletion of the three copies of the 15-bp
repeats on the 5’ side of the MIC rDNA, or the single copy on the 3’ side, abolished
chromosome fragmentation on the respective side of the MIC rDNA in the developing
MAC. Single-base pair substitutions at several Cbs positions abolished developmental
chromosome fragmentation (83). Moreover, the experimental in vivo insertion of a Cbs
within MIC chromosome sites where it previously did not occur induces chromosome
fragmentation at that site. These studies led to the conclusion that the Cbs is a necessary
and sufficient signal for directing developmental chromosome fragmentation (84).

Subsequent studies characterized additional Cbss in T. thermophila, but it was not
until its MIC and MAC whole-genome sequences were obtained and compared that all
the Cbss in the MIC genome and their flanking sequences could be analyzed. The 5
MIC chromosomes contain a total of 225 Cbss, including all those that generate the
181 maintained and the 33 non-maintained MAC chromosomes (18). The consensus
sequence of all the Cbss in the MIC genome is 5-tAAACCAACCtCttt-3” in the “AC-rich”
strand, where capital letters represent the nucleotide positions that are absolutely
conserved in every one of the 225 Cbss; thus, all the As and Cs in the consensus
sequence are universally conserved nucleotides (Fig. 4A). Of the 225 Cbss in the T.
thermophila MIC genome, 109 or roughly one half (48%) have the entire, exact consensus
sequence: 5-TAAACCAACCTCTTT-3". Another 93 Cbss (41%) differ from the consensus
sequence at a single position among the 5 variable nucleotide positions. The remain-
ing 23 Cbss (10%) differ from the 15-bp consensus by only 2 nucleotides. Thus, no T.
thermophila Cbs differs from the consensus sequence by more than two nucleotides.
Although an initial transformation-based study suggested that some deviations from the
15-bp Cbs consensus might have a decreased efficiency in chromosome fragmentation
(83), there is as yet no indication that any of the natural Cbs variants have a reduced
efficiency of chromosome fragmentation during macronuclear development.

Interestingly, the Cbs shares two sequence features with the Tetrahymena telomere
sequence, which consists of repeats of the hexanucleotide 5-CCCCAA-3": (i) Both the
Cbs and the telomeres have clear C-rich and G-rich DNA strands, and (ii) the Cbs C-rich
strand includes an absolutely conserved “CCAACC” hexanucleotide, which is contained
within the poly-CCCCAA telomere sequence. The significance of these similarities (if any)
remains unclear. Certainly, eukaryotic telomere sequences are far more ancient than the
Tetrahymena Cbs.

De novo telomere addition begins at a variable distance away from the Cbs end. The
shortest reported distance is 4 bp, and the longest is 30 bp from the end of the Cbs
in 90% of the cases investigated (85). Overall, the results to date have led to a model
in which the Cbs directs a double-stranded cut(s) in the DNA, and the two ends are
trimmed to various extents by a nuclease prior to the addition of telomeres within a
“telomere addition region” (TAR; Fig. 4B). The nature and location of the Cbs-induced
break are not known. The results also imply that chromosome breakage at the Cbs in
some way modifies or tags the resulting ends such that they are recognized by the de
novo telomere addition machinery—rather than by the end-rejoining machinery—but
there is currently no information on how this might be accomplished.
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Cbss are remarkably conserved in the MIC genomes of T. thermophila and other
Tetrahymenine species and could be at least 300 million years old

The T. thermophila Cbs sequence shows a remarkable degree of conservation not only
in other Tetrahymena species but also in species of closely related genera. The Cbs
has been reported in the following Tetrahymena species: T. malaccensis, T. elliotti, T.
borealis, T. hegewischi, and T. caudata (18, 86). Coyne and Yao (86) also showed sequence
conservation among rDNA-flanking Cbss in Glaucoma chattoni and Colpidium campylum,
two genera closely related to Tetrahymena, implying that the Cbs predates the origin of
the Tetrahymena genus. All but one of the Cbs variants found in these other species are
also among the 225 Cbss in T. thermophila (Table S1), which further illustrates in detail
the remarkable degree of Cbs sequence conservation among these species. Only 1.4
mutations have been fixed per Cbs variable site since the divergence of T. thermophila
and T. pigmentosa (18), which are estimated to have diverged a little over 100 Mya
(87). Based on the estimated age of radiation of the Tetrahymena species (87), the Cbs
sequence, as it is found today, could have already existed in Tetrahymenine species as far
back as ~300 million years ago.

There also appears to be a strong conservation of the location of Cbss. Nine
consecutive Cbss in a randomly chosen MIC chromosome segment in the T. thermophila
genome were identified, based on the conservation of genes flanking those sites, in the
MIC genomes of three other Tetrahymena species: malaccensis, borealis, and pigmentosa
(18). Among the total of 36 chromosome breakage sites investigated, only one site is
missing in T. borealis, and a novel one occurs in T. malaccensis. Thus, most of the Cbs sites
have been conserved over an estimated period of at least 100 million years; gains and
losses of Cbs sites that affect the lengths of the MAC chromosomes have occurred but
are rare. Interestingly, among the 36 chromosome breakage sites examined in the four
Tetrahymena species, there were four chromosome breakage sites at which tandemly
repeated Cbs duplications had occurred. The duplications are likely of recent origin
because in every case the two duplicate Cbss have identical 15 bp sequences.

T. thermophila Cbs clades provide evidence for evolutionary Cbs duplication and
translocation/transposition

Genome-wide cross alignments of all T. thermophila Cbss and 200 bp of flanking MIC
sequence on each side (18) showed that 49 Cbss (nearly a quarter of the 225 Cbss in the
genome) cluster into 15 sequence groups, called “Cbs clades” (Table 1). Each Cbs clade
is presumed to have been generated by successive duplications of an ancestral Cbs and
some flanking sequence. The length of conserved Cbs-flanking DNA sequence among
different Cbs clades varies between 45 bp and 17.5 kb (Table 1). Two types of events are
proposed to have led to the generation of existing Cbs clades: local tandem duplication
and long-range duplication/translocation.

The members of local tandem Cbs duplication clades are concentrated within
centromere-adjacent regions of MIC chromosomes (see Table 1). Hamilton et al. (18)
have suggested that local tandem Cbs duplications resulted from unequal crossing-
over, based on several features. These Cbss are consecutively arrayed (i.e., contain no
interspersed Cbss from another clade), and, with one exception, all Cbss in a tandem
array are in the same orientation. In addition, the tandem arrays are concentrated in
pericentromeric MIC regions, known to be enriched in functional and decayed trans-
posons and repetitive elements (18). These MIC chromosome regions also show an
increased frequency of unequal crossing-over compared to the rest of the MIC genome
(87). Thus, a Cbs that became imbedded near pericentromeric transposons or other
repetitive sequences would be surrounded by numerous homologous sequences that
could facilitate unequal crossing-over, which in turn would lead to a Cbs duplication.
Further unequal crossing-over fostered by the duplicate Cbs copies would then be
sufficient to quickly extend the length of the duplication array near the MIC chromosome
centromere. Moreover, the proximity of a Cbs to pericentromeric transposable elements
could also potentiate the association of a Cbs clade member with a mobile element, thus
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TABLE 1 Fifteen T. thermophila Cbs clades®

Cbs clade name (# members)*? Cbs chromosome locations“® Duplication repeat unit
1L-16 (2) 1L-16; 4R-24 45 bp

1L-17 (4) 1L-17,18,19; 4R-25 45 bp
5R-5(2) 5R-5,6 53 bp
5R-14(2) 5R-14,15 84 bp

1L-1 (5)* 1L-1,2,3,4,5 144 bp
1R-35(2) 1R-35,36 469 bp
1L-28 (2) 1L-28, 29 530 bp

2R-1 (2)* 2R-1,2 605 bp
1R-37 (2) 1R-37,38 796 bp

3L-4 (3)* 3L-4;41-2,3 3.8Kb

1R-1 (8)* 1R-1,2,3,4,5,6,7;2L-2 13.6 Kb

5L-9 (3) 5L-9,10, 11 10.4 kb

4R-3 (6)* 4R-3,4,5,6,7;4R-38 17.5 Kb
1L-20 (2) 1L-20; 3L-14 Not reported
3L-3 (2)* 3L-3;3L-29 Not reported

“Data were taken from reference (18).

®The 15 MIC Cbs clades are listed in order of increasing repeat unit length.

“Cbs location includes chromosome arm (e.g., “1L" = left arm of MIC chromosome 1) followed by the consecutive
Cbs number along the chromosome arm (e.g., “2” or “28"); thus, XL-1 and XR-1 are the nearest Cbss flanking the
centromere of MIC chromosome X.

The six clades that include at least one Cbs located within the first three Cbss closest to a centromere have an
asterisk next to their names in the first column.

The seven clades that include long-distance Cbs translocation/transposition—within or between different MIC
chromosomes—are underlined.

providing an explanation for the “translocated/transposed” Cbs clade members (e.g., in
different MIC chromosomes or at great distance within the same MIC chromosome).

A T. thermophila MIC Cbs duplication that leaves at least ~40 bp of intervening
sequence but does not include a MAC replication origin is predicted to generate a
non-maintained chromosome. Interestingly, among the total of 33 predicted NMCs
identified in the T. thermophila MIC genome (18), 24 (73%) are flanked in the MIC by
two consecutive members of the same Cbs clade. One additional NMC is flanked by
two Cbss belonging to different Cbs clades, and another one is flanked by a Cbs clade
member on one side. Only seven NMCs are not flanked by a Cbs clade member in the
MIC.

Finally, the events resulting in the currently observed Cbs duplications (local
or long-range translocations/duplications) must have occurred relatively recently in
evolutionary time, given that the Cbs-flanking sequences have not yet had enough time
to mutate to the point that their sequence similarity would have deteriorated beyond
recognition.

Biochemical machinery specifically required for Cbs-dependent chromosome
breakage

Functional chromosome fragmentation in the developing MAC requires a DNA double-
stranded break(s) at the Cbs, putatively generated by a “Cbs endonuclease,” followed
by the de novo addition of telomeres to the broken DNA ends. Two proteins have
been reported to be specifically required for Cbs-dependent chromosome breakage: the
“protection of telomere 2 protein” (Pot2p) (88) and the p68 DEAD box DRH1 RNA helicase
(89) (see Table S2). The length and strong sequence conservation of the Tetrahymena
Cbs would appear to make it a strong candidate for identifying a protein(s) involved in
chromosome fragmentation. Nonetheless, there has been no reported success in either
identifying a protein(s) that physically interacts directly with the Cbs or in detecting,
in vitro, the catalytic activity required for the Cbs-dependent breakage of the phospho-
diester bonds in DNA.
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Remarkably, among all the 16 Tetrahymena proteins so far shown experimentally to
be required for the excision of thousands of MIC-limited IESs in a newly developing
MAC, all but one (apparently not yet tested) are also required for Cbs-dependent
chromosome breakage (89) (see Table S2). To explain this observation, those authors
have suggested the possibility that a developmental checkpoint exists, such that the
successful completion of global IES excision generates a signal that allows genome-wide
Cbs-dependent chromosome breakage to proceed. It is also possible that the expression
of one or more genes involved in chromosome fragmentation and/or subsequent steps
in MAC development is dependent on IES excision. The existence and nature of such a
hypothetical checkpoint remain to be addressed experimentally.

In summary, although a good deal of information exists about the Cbs sequence and
the products of chromosome fragmentation in Tetrahymena, much remains to be learned
about the biochemistry of Cbs-dependent programmed chromosome breakage.

Chromosome fragmentation in Paramecium
Sizes and numbers of MIC and MAC chromosomes in Paramecium

Early microscopic observations of meiotic MICs during metaphase | uncovered 41 to 45
chromosome pairs in P. tetraurelia (90). Similar numbers were obtained for other species
of the P. aurelia group, with a haploid count of 37 to 60 MIC chromosomes (91). These
chromosome numbers are probably an underestimate because short chromosomes
may have been missed due to technical limitations. Recent progress in vegetative MIC
purification by cytometry and assembly of the MIC genome from Illlumina sequencing
(26, 29, 92) have provided an estimate of 108-150 Mbp for the P. tetraurelia MIC genome.
This would give a predicted average MIC chromosome size of 2.5-3 Mbp if 60 chro-
mosomes are present. Of note, the organization of MIC chromosomes is still under
investigation. In particular, MIC centromeres (eliminated during MAC development) have
not been characterized at the molecular level (93), and whether MIC telomeres are
retained on MAC chromosomes is under investigation.

Based on whole-genome sequencing data, the size of the P. tetraurelia haploid MAC
genome is 72 Mbp (94), with a nuclear ploidy of 1,000 to 1,600 n (95). MAC scaffolds
were assembled following whole-genome sequencing of total MAC DNA from young
vegetative cells (~10 fissions post autogamy) (94, 96). A majority of the 188 largest
MAC scaffolds carry telomere repeats at both ends, as expected for full-length chromo-
somes (94), and their lengths range between 50 kbp and 1 Mbp, in agreement with
earlier pulse-field gel electrophoresis analyses (97-99). The large number of complete
MAC scaffolds, together with their shorter length compared with MIC chromosomes,
is consistent with programmed chromosome fragmentation taking place during MAC
development. Based on the current estimates, one to two fragmentation sites at least
may be present on each MIC chromosome. Note that the scaffolds represent a consensus
sequence for a larger number of MAC chromosomes owing to heterogeneity generated
by DNA elimination, as will be described below.

Reproducibility and heterogeneity at chromosome fragmentation sites

The pattern of developmentally programmed chromosome fragmentation in P. aurelia
is generally reproducible across sexual generations. Different levels of heterogeneity
have nevertheless been noted. First, early molecular cloning of MAC chromosome ends
revealed the existence of microheterogeneity in the position of the nucleotide to which
telomeric repeats are added, with each TAR extending over 500-800 bp (Fig. 5A). MAC
telomeres, which are ~200 bp long on average, are composed of a mixture of 5-T;G4-3’
and 5-T3G3-3’ repeats (100), both of which are added to free 3 DNA ends by the same
error-prone telomerase using a single RNA template (101, 102). In contrast to Tetrahy-
mena (see section “The Tetrahymena chromosome breakage sequence”) and Euplotes
(see section “ldentification of the conserved E-CBS near MAC chromosome ends”), no
common conserved motif was found in the sequences surrounding telomere addition
positions in Paramecium (36, 103-105). At a higher level, macroheterogeneity was also
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FIG5 Molecular analysis of three Paramecium chromosome fragmentation regions. (A) MIC chromosome
(bold line) including the telomere addition region (vertical arrow) downstream of the P. tetraurelia 51G
surface antigen gene is shown, along with the corresponding MAC chromosome (thin line). A Tc1/mariner
transposon (orange) is adjacent to the TAR on the MIC chromosome. Adapted from reference (28).
(B) Multiple TARs in the vicinity of the P. tetraurelia 51A surface antigen gene. Vertical arrows mark the
position of the TARs that were mapped upstream and downstream of the 57A gene. Position 1 accounts
for 50% of MAC telomeric ends in wild-type strains and overlaps the 3’ end of a minisatellite (blue box).
Other as yet uncharacterized germline eliminated sequences were proposed to locate downstream of
position 2. The dashed arrow is the major TAR used in the d48 MAC deletion mutant. [See references (103,
104).] (C) Fragmentation region of the P. primaurelia chromosome harboring the 756G surface antigen
gene. The three confirmed TARs are marked by vertical arrows. The locus harbors a truncated copy of a
Tc1/mariner transposon (orange box) and two minisatellites (blue boxes). [See reference (36).] New MAC
chromosomes are represented at the bottom of each panel, with the telomeres shown as hatched boxes
to account for the microheterogeneity of telomere addition positions (within 500-800 bp regions). In
panel C, internal deletions of germline DNA repeats (minisatellites and transposons) are represented by
red dotted lines between brackets on individual chromosomes. The same scale bar applies to all panels.

documented in the pattern of chromosome fragmentation (Fig. 5B and C), with the
presence of multiple TARs separated by several kilobase pairs from each other (103-
105). These two levels of heterogeneity may result from the introduction of multiple
chromosome breaks during fragmentation and/or DNA end trimming before telomeres
are added.

Chromosome fragmentation in Paramecium is associated with heterogeneous
DNA elimination

A more complex view of chromosome fragmentation in Paramecium has emerged from
studies of MAC chromosome ends and their corresponding MIC regions in P. primaurelia
and P, tetraurelia. In these two species, both fragmented and non-fragmented molecules
can originate from the same MIC chromosome (97). Sequence analysis of such alterna-
tively rearranged germline regions (Fig. 5C and 6) revealed that they contain repeated
sequences, i.e., TEs (either Tc1/mariner or LINE elements) and/or minisatellites of different
lengths and nucleotide composition, all of which are absent from the MAC genome.
This led to the hypothesis that chromosome fragmentation is an alternative outcome
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of imprecise DNA elimination by DNA breakage and rejoining (as noted in section
“Internal DNA elimination,” in Paramecium, a distinction is made between “imprecise
DNA elimination” and the precise elimination of “IESs” by DNA breakage and rejoining).
That is, DNA double-stranded breaks are healed by telomere addition instead of being
repaired through end joining [e.g., references (36, 106)]. In support of this hypothesis, all
the chromosome fragmentation regions that were previously studied at the molecular
level in species from the aurelia group (Fig. 5A and B) coincide with the presence of TEs
or minisatellites in their downstream germline sequence.

In the whole-genome sequence assembly, each MAC scaffold actually represents
a population of alternatively rearranged molecules, with co-occurring internal dele-
tions and/or telomeric ends within specific germline regions that likely define inter-
nal fragmentation regions [Fig. 6; (109)]. Non-overlapping MAC scaffolds may either
originate from distinct MIC chromosomes or from distant parts of the same MIC
chromosome separated by a large eliminated germline region (92, 109). Identification
of all fragmentation regions genome-wide and their associated imprecisely eliminated
sequences awaits the complete assembly of the MIC genome (29).

Whether such a scheme is general for other species of Paramecium is unclear.
However, the distantly related species P. bursaria has been shown to also have similar
overlapping, or nested, MAC chromosomes, although they are smaller in size than those
of the aurelia group species (110). Information on the MIC genome will be needed to
determine if they are generated in a similar manner.
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FIG 6 Fragmentation of a germline chromosome during development generates multiple somatic chromosomes. The JBrowse image of the MIC scaffold that
bears the P. tetraurelia 51G and 51C surface antigen (SAg) genes is shown (top), with tracks for annotations showing genes (107), IESs (28), MAC Illumina read
coverage, preliminary TE annotations, curated retro- (LINE) and Tc1/mariner (TIR) transposons (29), and remapped MAC telomere repeats found on individual
reads. Note that the arrows representing the orientation of the SAg genes and TEs (TIR and LINE) are not drawn to scale. The true extent of the hypothetical
MIC chromosome, beyond the MAC-destined region shown, has not been determined (dotted lines at left and right ends). Sites of fragmentation (light blue
shading) are identified from the positions of TEs and remapped MAC telomere repeats combined with the MAC read coverage. The lower part of the figure
shows hypothetical MAC chromosomes predicted to result from programmed genome rearrangement. The six molecules carrying the 57C SAg gene (a to f, in
black) are compatible with the sizes of the P. tetraurelia MAC chromosomes that were observed on southern blots, following pulsed-field gel electrophoresis and
hybridization with a 57C SAg gene probe (108). Note that the region displayed here is homologous to the P. primaurelia region shown in Fig. 5C. (Linda Sperling
contributed to the design of this figure.)
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Epigenetic control of chromosome fragmentation and experimental induction of
heritable variant patterns

Consistent with chromosome fragmentation being associated with imprecise elimination
of interstitial DNA, several observations indicate that it is also epigenetically controlled
by the old MAC. The first observation is that among the different TARs that surround
the P. tetraurelia 51A gene (Fig. 5B), the upstream one is predominantly used in the
d48 variant, even though this line carries a fully wild-type MIC genome (103, 105).
This alternative fragmentation pattern, which removes the 57A gene from the MAC, is
maternally inherited across successive sexual generations. Microinjection of the A gene
into the vegetative MAC suppresses the deletion of the A gene and restores the wild-type
fragmentation pattern in the following sexual generations (111-113). The rescue is not
observed following microinjection of similar paralogous genes, which indicates that it
depends on sequence identity or strong similarity between the rescuing transgene and
the rescued locus (114). Taken together, these early data fit with the genome scanning
model that was originally proposed for internal DNA elimination (Fig. 3) but with de
novo telomere addition substituting for chromosome rejoining. Indeed, when the 57A
gene is absent from the MAC (e.g., in the d48 line), no homologous maternal transcript is
produced. As a consequence, scnRNAs from the wild-type MIC would not be subtracted
when compared with old MAC transcripts and can subsequently drive the deletion of the
51A gene in the new MAC. Displacement of the major TAR upstream of 574, therefore,
appears as a consequence of DNA elimination.

Alternative chromosome fragmentation patterns can also be induced experimentally
in the sexual offspring of wild-type cells, following RNAi-induced degradation of specific
old MAC transcripts. This was first demonstrated for two different subtelomeric regions
in P. primaurelia and P. tetraurelia, using either transgene-induced (115, 116) or dou-
ble-stranded RNA-induced RNAi (115). In each experiment, displacement of the major
TAR to an upstream alternative position accompanies the deletion of the gene that
was targeted by RNAI. The alternative fragmentation pattern is then inherited across
sexual generations. Using the same procedure, heritable somatic deletions could also
be induced experimentally in an internal region of a MAC chromosome carrying the
trichocyst discharge ND7 gene (115). The resulting internal deletions are heterogeneous
and show the same characteristics as those generated upon developmentally program-
med imprecise elimination of germline DNA repeats (36), with one or several 5’-TA-3’
dinucleotides at each junction. Interestingly, experimental induction of internal MAC
deletions is accompanied by chromosome fragmentation and the detection of new
telomeric ends in the vicinity of the deleted ND7 gene (117). These observations strongly
suggest that heritable alternative chromosome fragmentation patterns can be triggered
experimentally at any genomic region, together with imprecise DNA elimination.

Molecular mechanisms involved in chromosome fragmentation—open
questions

As discussed, chromosome fragmentation and heterogeneous internal deletions in
Paramecium are most likely alternative products of imprecise DNA elimination. Similar
to IES excision, imprecise elimination of TEs and other repeats requires Pgm (30) and
the Ku NHEJ factor (33). Significant differences, however, exist between the two DNA
elimination processes.

The precision of IES excision can be explained by the conserved position of DNA
cleavage sites at the IES-flanking TAs and the obligatory presence of Ku in the cleavage
complex allowing for its immediate recruitment to protect and join the two flanking
broken ends (118). Although this needs to be examined more closely, telomere addition
at cleaved IES ends is likely a rare event in normal conditions, based on the mapping
of telomeric reads along the MIC sequence (Fig. 6). One study reported the detection
of a minor TAR downstream of an IES in P. primaurelia (119), but no sequence of the
corresponding germline region is available, making it difficult to conclude that there
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is a general mechanistic link between IES excision (i.e., as opposed to imprecise DNA
elimination) and chromosome fragmentation.

Imprecise DNA elimination yields heterogeneous internal deletions often involving
TA-containing microhomologies (36, 115). Assuming that the Pgm endonuclease cleaves
DNA both during IES excision and imprecise DNA elimination, two non-exclusive
hypotheses may explain the heterogeneity of the latter [discussed in reference (36)].
Pgm may introduce DSBs at variable TAs on each side of heterochromatin regions with
variable boundaries, which may be followed by direct end joining. Alternatively, Pgm
may cleave DNA at defined sites, but unprotected broken ends would be trimmed
by an exonuclease before they are joined: the AT- richness of eliminated sequences
may increase the probability of having self-complementary TA-containing microhomol-
ogies at heterogeneous junctions. In either scenario, the finding that chromosome
fragmentation takes place as an alternative to end joining suggests that the DSBs
that are generated during imprecise elimination are accessible to the telomerase.
Further investigation will be needed to unravel whether the recruitment of Paramecium
telomerase to broken DNA ends depends on Ku or rather competes with Ku.

An important issue that remains to be addressed is the mechanistic basis for how
Paramecium carries out both a precise mode of DNA deletion (IES excision), in which
DNA cleavage and end joining are tightly coupled, as well as an imprecise mode
associated with chromosome fragmentation (elimination of repeated sequences). A
recent genome-wide study has revealed that IES excision takes place well before the
bulk of imprecise DNA elimination (120). This delayed elimination kinetics may indicate
that different or additional factors contribute to imprecise elimination. Alternatively, DNA
elimination linked to chromosome fragmentation may not be directly catalyzed by Pgm
and instead use a different, but still Pgm-dependent, pathway.

Chromosome fragmentation in spirotrichs (Euplotes, Oxytricha, and Stylony-
chia)

Sizes of chromosomes in spirotrich ciliates

Historically, developmental chromosome fragmentation was first inferred in the
spirotrich ciliates [class Spirotrichea; (121, 122)], owing in part to the extreme form of
chromosome fragmentation that occurs within many of this group’s species. Organ-
isms such as Euplotes, Oxytricha, and Stylonychia all have small MAC chromosomes
that predominantly contain single genes. The average size of MAC DNA molecules,
often called nanochromosomes, ranges from ~2 to 3 kbp, while the total sizes of
MAC genomes range from ~50 to 100 Mb in the various spirotrichs analyzed to
date (123-128). MIC genomes have been less well characterized, but the genome
sizes typically range from ~500 to >10,000 Mb, and >100 chromosomes have been
observed in some species [(45), reviewed in references (129, 130)]. Since genome
analyses have identified ~12,000-30,000 different nanochromosomes in the MACs of
spirotrich species (123-125, 127, 128), at least this number of chromosome fragmen-
tation sites must exist in their respective MIC genomes. Nonetheless, despite these
species sharing MAC nanochromosomes, there appears to be significant diversity in
the chromosome fragmentation processes among spirotrichs, similar to the differen-
ces observed between the oligohymenophorans Tetrahymena and Paramecium. The
differences among spirotrichs are particularly evident when comparing the euplotid
(Euplotes) and hypotrich (e.g., Oxytricha and Stylonychia) species.

Chromosome fragmentation in Euplotes

Identification of the conserved E-CBS near MAC chromosome ends

In Euplotes crassus, chromosome fragmentation/telomerization is precise and reprodu-
cible to the nucleotide (131, 132). That is, one sees telomeres at exactly the same
nucleotide position for the multiple copies of a given nanochromosome generated
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in a single cell during MAC development, and this holds true for subsequent sexual
generations. There is also clear evidence of a conserved sequence element in the vicinity
of Euplotes chromosome fragmentation/telomere addition sites. This sequence element
was initially observed in global sequence analyses of total MAC DNA of a number of
spirotrichs by the Maxam and Gilbert chemical sequencing procedure (133, 134). This
sequencing method essentially sequences all chromosome ends simultaneously, and
the results indicated that all, or almost all, spirotrich nanochromosomes are capped
with short telomeres of a defined length that consist of repeats of 5-CCCCAAAA-3'/
3’-GGGGTTTT-5". However, in the case of Euplotes aediculatus, an additional conserved
5-bp sequence of 5-TTGAA-3" was observed separated by 17 bp from the first telo-
meric repeat (Fig. 7). Similar sequence analyses, as well as sequencing of individual
cloned nanochromosomes and sequencing of MAC genomes, confirm the presence of a
5-TTGAA-3’ element at the ends of most MAC nanochromosomes in a variety of Euplotes
species [e.g., references (124, 125, 128, 135)]. This element appears to be well conserved
and has been termed the Euplotes CBS (E-CBS) based on its likely role in chromosome
fragmentation. An analysis of 100 nanochromosome ends in E. crassus (136) initially
suggested that the 5-bp E-CBS sequence may represent the core of a larger conserved
sequence block (5-HATTGAAaHH-3; H = A, T, or C), and subsequent MAC genome-level
analyses lend support to a larger conserved region (124, 127, 137). However, because the
core 5-TTGAA-3’ is particularly well conserved, for simplicity we will consider it as the
“E-CBS” in our further discussion.
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FIG 7 Model of chromosome fragmentation and de novo telomere addition in Euplotes. A segment of MIC DNA is shown at

top, which includes two MDSs (green ovals C1 and C2) as well as flanking DNA eliminated during MAC development (thin

blue line). An enlargement of the segments of DNA that will be fragmented is shown below the top line, with individual base
pairs indicated (N = A, G, C, or T). Note that the right end of MDS “C1” and the left end of MDS “C2" overlap by 6 bp. During
MAC development, a fragmentation enzyme (red object) interacts with the E-CBS and cleaves the 5-strand 11 bases upstream

and the 3"-strand 17 bases upstream to generate 6 bp 3" overhangs. Telomerase then adds telomeric repeats (highlighted in

yellow) to the 3" ends. The 5’ strands of the telomeres are then synthesized, along with the complements of the original six

base overhangs (bases in red). Sequences which are not retained as MAC nanochromosomes are degraded, as indicated by the

large red "X
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Positioning of the E-CBS suggests a model for chromosome fragmentation in
Euplotes

The E-CBS might be involved in either directing the cellular machinery that fragments
the chromosomes or, alternatively, specifying where telomeric repeats will be added.
Current data favor the former possibility. First, only ~75% of nanochromosome ends in E.
crassus possess a reasonable match to the E-CBS, yet all analyzed ends have a telomere
(136). For cases where a nanochromosome end lacks a good match to the E-CBS, analysis
of the MIC organization of a few such situations found that they have a strong match
to the E-CBS in the flanking, and typically eliminated, MIC DNA. However, when the
E-CBS is in flanking MIC DNA, the 5-TTGAA-3" is in inverted orientation and separated
by 11 bp from the position where a telomere will be added to the nanochromosome
(Fig. 7). This difference in orientation and distance of the E-CBS when present in the
nanochromosome end versus flanking MIC DNA suggested a model of chromosome
fragmentation that explains the “apparent” discrepancy in E-CBS position in a simple and
straightforward manner [Fig. 7; (131, 136)]. In the model, the E-CBS serves to position
the presumed fragmentation nuclease/complex on the MIC DNA such that it generates a
6-bp staggered cut in the DNA strands, with the resulting 5" end separated by 11 bp from
the E-CBS and the 3’-overhanging end separated by 17 bp from the E-CBS. One or both 3’
ends then serve as the substrate for the addition of telomeric repeats, with the staggered
cut subsequently filled in by synthesis of the complementary DNA strand (i.e., the strand
containing the 5" end of the telomere).

Two lines of evidence provide support for fragmentation generating a 6-base 3
overhang. First, while there is typically some developmentally eliminated spacer DNA
separating adjacent precursors of nanochromosomes in the MIC genome of Euplotes
crassus, two cases are known in E. crassus where adjacent nanochromosome precursors
overlap by 6 bp in the MIC (131, 136). These situations can be explained by a six-base
staggered cut in the DNA followed by both ends of the fragmented chromosome
undergoing de novo telomere formation as shown in Fig. 7. This would essentially
duplicate the 6-bp cut region in both of the resulting nanochromosomes. Second, a
ligation-mediated PCR procedure has been used to directly search for the predicted
fragmentation intermediates with 6-base 3’ overhangs that have not yet been capped
by telomeres (138). Such fragmentation intermediates were observed during MAC
development in DNA from E. crassus cells at the period when chromosome fragmenta-
tion/telomerization is known to occur but not in the DNA of cells at other stages of MAC
development nor in the DNA of asexual cells. Additional analyses indicated that the 5
end of the staggered cut possesses a phosphate group, while the 3" end has a hydroxyl
group. This represents the only characterized fragmentation intermediate in ciliates and
strongly supports the model shown in Fig. 7.

A recent analysis of the Euplotes vannus MAC genome and partial MIC genome
(124) both provides support for the above chromosome fragmentation scenario, as well
as an indication that it might be more complex. The partial E. vannus MIC genome
sequence was obtained from a single E. vannus cell using a whole-genome amplification
procedure, followed by high-throughput sequencing and assembly. More than 1,200
chromosome fragmentation sites were obtained. In contrast to E. crassus, where most
adjacent nanochromosome precursors are separated by eliminated spacer DNA, the vast
majority of adjacent E. vannus nanochromosomes overlapped by up to 10 bp or were
separated by less than 10 bp. Significantly, the most frequent situation observed (30%)
was a six-bp overlap between adjacent nanochromosomes, which is in agreement with
the E. crassus model (Fig. 7). Most of the other junction arrangements are unexpected,
particularly since E. crassus and E. vannus are extremely closely related [e.g., reference
(139)], and do not fit well with the model of a six-base staggered cut. The results clearly
bear further investigation and validation, particularly given that they were based on a
specialized high-throughput sequencing procedure.

More generally, multiple MAC genomes of Euplotes species have been obtained but
have not been fully analyzed in regard to chromosome fragmentation. In addition
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to further refining the E-CBS sequence, additional questions that could be addressed
include the fidelity of fragmentation/telomerization, as well as how frequently the E-CBS
is found at the ends of nanochromosomes and whether its position relative to the site of
telomere addition is invariant.

Chromosome fragmentation and alternative fragmentation in Oxytricha and
Stylonychia

Microheterogeneity and macroheterogeneity of chromosome fragmentation in
Oxytricha and Stylonychia

Species of Oxytricha and Stylonychia display key differences in chromosome fragmen-
tation compared to Euplotes despite belonging to a related sister group within the
spirotrichs. First, in contrast to the “precision-to-the-base” chromosome fragmenta-
tion/telomerization process seen in E. crassus, both Oxytricha and Stylonychia display
macroheterogeneity and microheterogeneity in the positions of telomere formation.

The macroheterogeneity is the result of alternative use of chromosome fragmenta-
tion sites, in which the multiple copies of one region of the genome in the developing
MACs are processed into two or more nanochromosomes (Fig. 8). Alternative fragmen-
tation was first documented in Oxytricha (140-142), and subsequent large-scale MAC
genome sequence analyses of Oxytricha trifallax (127) and Stylonychia lemnae (123) have
provided data on the ubiquity of this phenomenon. In O. trifallax, at least 10% of the
MAC chromosomes were found to be members of an alternatively processed family
(127). The most common situations observed (74%) were two-gene nanochromosome
families, where a shorter nanochromosome exists along with a second family member or
“isoform” that is extended at one end (e.g., Fig. 8). Such situations can arise through the
alternative use/disuse of a single fragmentation site during MAC development and often
generate nanochromosomes containing two or more coding regions. More complicated
alternative processing families have also been observed, including a situation involving
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FIG 8 Chromosome fragmentation in Oxytricha and Stylonychia. Alternative processing and microhe-
terogeneity of chromosome fragmentation/telomerization are illustrated for a segment of MIC DNA
containing two coding regions (green ovals C1 and C2) and three chromosome fragmentation/telome-
rization regions (F/T), including one that is used in an alternative manner (Alt. F/T). Endoreplication
during MAC development generates multiple DNA strands that can be alternatively fragmented to yield a
two-nanochromosome family. Chromosome fragmentation and/or de novo telomere addition occurs with
variability at all ends, leading to microheterogeneity in the position of telomeres (“T").
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14 nanochromosome isoforms that arise through the use of 15 chromosome fragmenta-
tion sites encompassing eight coding regions (127).

Comparison of the S. lemnae and O. trifallax MAC genomes provides indications that
chromosome fragmentation sites display evolutionary change. Specifically, only about
half of the two-gene MAC contigs in S. lemnae are found in O. trifallax. Moreover, only
about two-thirds of the alternative fragmentation sites that are involved in generating
some of these two gene nanochromosomes are conserved between the two species.
Finally, a more recent analysis of the O. trifallax MAC genome that incorporated PacBio
long sequencing reads into the genome assembly (143) suggests an even higher
frequency of alternative fragmentation, with 28% of full-length nanochromosomes
having at least one additional alternatively processed isoform.

The function, if any, of alternative fragmentation is not clear. It has been suggested
that it could serve to place a gene under different transcriptional controls. That is, the
two or more members of an alternatively processed nanochromosome family could
differ in regard to the presence of enhancers or other transcriptional control elements
(141). Secondly, for cases where alternatively processed chromosomes contain multiple
coding functions, it might allow for coordinate expression of gene products from some
members of the family. Alternatively, the relative proportions of the members of an
alternatively processed nanochromosome family may aid in optimizing the cellular
levels of their corresponding expressed proteins (144). Finally, it is quite possible that
alternative fragmentation does not have a function per se but is instead the result of
neutral, or near-neutral, genetic changes during evolution that impair the recognition of
some chromosome fragmentation sites or that create new sites that function subopti-
mally.

In addition to the macroheterogeneity produced by alternative chromosome
fragmentation, microheterogeneity is frequently seen in the base position where the
telomere is added for the numerous copies of a given nanochromosome generated in
a single cell during MAC development. In the case of chromosome fragmentation sites
not subject to alternative processing, there is a minimal amount of microheterogeneity.
A single telomere addition site is often used for a given MAC chromosome end of this
type, but some of these MAC chromosome ends display a few different sites of telomere
addition spanning a region of up to ~50 bp (45, 127, 131, 141, 145). In contrast, multiple
TASs are more common for alternatively used chromosome fragmentation sites, and the
region of telomere addition may span 250 bp (45, 127, 141, 145).

Finally, similar to Euplotes crassus, adjacent precursors of MAC DNA ends may overlap
by a small number of base pairs in the MIC chromosome (45, 142). Indeed, this situation
is quite common in Oxytricha trifallax, where almost one-half of MAC precursors overlap
by 1-10 bp, but overlaps of up to 34 bp were observed (45). This again suggests that
chromosome fragmentation may involve staggered cuts in the DNA.

Sequence features adjacent to Oxytricha and Stylonychia sites of chromosome
fragmentation

To date, conserved sequences analogous to the Tetrahymena Cbs or Euplotes E-CBS
have not been defined in stichotrichs such as Oxytricha and Stylonychia. The general
AT-richness of the ends of the nanochromosomes and their flanking regions in the MIC,
coupled with the observed microheterogeneity in the positions where telomeres are
added, provide a particularly challenging situation for defining a conserved sequence
element. There are, however, indications that sequences near the ends of the nanochro-
mosome precursors are necessary for proper developmental fragmentation/telomeriza-
tion, as well as some intriguing base composition features for subtelomeric DNA.

First, Jonsson et al. (146, 147) have used transformation to carry out a deletion
analysis of a construct with a segment of S. lemnae MIC DNA containing nanochromo-
some precursors. They found that no particular flanking MIC DNA segment was required
for proper fragmentation and telomerization of a nanochromosome precursor but that
deletion of the first 70 bp of subtelomeric sequence at one end of the nanochromosome
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precursor and a region ~250-350 bp inward from the other end resulted in a failure
to undergo fragmentation/telomerization. Both of these regions were found to contain
the core E-CBS motif, and mutating the motif that exists in close proximity to the 3’
end of the nanochromosome precursor abolished proper processing. The 5-TTGAA-3’
motif can be found within the first few hundred subtelomeric bases of many S. lemnae
nanochromosomes. However, because the motif is AT-rich, which is also a characteristic
of the subtelomeric regions and because it is not at a defined position relative to the
telomere, its significance in directing chromosome fragmentation remains unclear.

Other analyses have identified unusual global sequence features of the subtelomeric
regions of stichotrich nanochromosomes that could potentially play a role in specifying
fragmentation and/or telomerization. Prescott and Dizick (148) initially noted a purine
versus pyrimidine strand asymmetry within the first 50 bp of the subtelomeric regions
of nanochromosomes in Oxytricha and Stylonychia. Specifically, the bases adjacent to the
5’ ends of the telomeres have an abundance of purines, and there were also indications
of some periodicity in purine richness. Intriguingly, these features were not seen in the
ends of Euplotes nanochromosomes. Subsequent studies examining a larger sample of
sequenced O. trifallax nanochromosomes (149), as well as the analyses of the nanochro-
mosomes obtained in the MAC genome sequencing projects of S. lemnae (123) and
Oxytricha trifallax (127), have supported the purine richness of the first 50 bp of the
subtelomeric regions of 5" ends. These studies also show a 10-bp periodicity in the
AG-richness of the subtelomeric regions. These sequence features have been suggested
to either aid in the binding of proteins that foster or carry out chromosome fragmenta-
tion or perhaps alter chromatin structure as a way of identifying regions targeted for
fragmentation and telomere addition.

A potential role for RNA in directing chromosome fragmentation in Oxytricha and
Stylonychia

As noted in section “Epigenetic control of DNA elimination by non-coding RNAs and
heterochromatin” above, small RNAs play a role in IES removal during ciliate MAC
development, and research has suggested that development-specific RNA molecules
also may be involved in chromosome fragmentation and/or telomere addition in
stichotrichs. Multiple types of RNAs appear to be involved in MAC development in
Oxytricha and Stylonychia [reviewed in references (12, 14)]. First, in contrast to Para-
mecium and Tetrahymena, small RNAs (piRNAs) are generated from the parental MAC
and are thought to migrate to the developing MAC where they interact with homol-
ogous DNA sequences “tagging” them for retention during development. Second,
nanochromosome-length RNAs that include telomeric repeats are also synthesized in
the parental MAC and subsequently play a role in “templating” the rearrangement of
nanochromosome precursors, particularly the complex unscrambling of MDSs neces-
sary to form many stichotrich nanochromosomes [(67); Fig. 9]. These nanochromosome-
length transcripts, which derive from both DNA strands and appear to be synthesized
by RNA polymerase Il (150), may also have a role in chromosome fragmentation
and/or telomerization. In both O. trifallax (151) and S. lemnae (152), injection of
RNAs representing full-length nanochromosomes with telomeres into cells undergoing
development resulted in a 2- to 12-fold increase in the corresponding nanochromo-
some copy number in offspring. This increase in copy number persists in subsequent
generations (151, 153) indicating that a transgenerational epigenetic mechanism is
involved. Conversely, RNA interference was used with the intention of targeting the
endogenous full-length transcripts, and this resulted in decreased copy number of the
cognate nanochromosomes in offspring. Two models have been suggested to explain
the increase in nanochromosome copy number following developmental injection of
full-length RNAs. First, the full-length RNAs may increase the number of DNA strands
that are correctly fragmented in the developing nucleus, providing additional copies for
amplification during the subsequent stages of MAC development. Second, an increase
in the nanochromosome RNA may lead to more efficient (i.e., earlier) processing of the
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FIG 9 Telomere-to-telomere RNA aids in unscrambling and telomerization. A MAC DNA molecule formed from three MDSs (green rectangles) in the MIC (1,

2, and 3), two of which are scrambled (2 and 3), produces a telomere-to-telomere transcript (red line) in the maternal MAC. The transcript is transferred to

the developing MAC where it provides a template for unscrambling the MDSs and for IES (orange lines) removal. The RNA may also play a role in defining

chromosome fragmentation and providing a template for the de novo synthesis of telomeres (T).

nanochromosome precursors, giving them a head start in the amplification process.
Finally, more recent studies (153), discussed in greater detail below, have provided some
evidence that the telomeric repeats in the nanochromosomal RNAs may serve as the
templates for de novo telomere formation.

DE NOVO TELOMERE ADDITION

Developmental chromosome fragmentation is almost certainly dependent on an
efficient de novo telomere addition process, as telomeres would both prevent deleteri-
ous DNA rearrangements involving the newly generated ends, as well as allow for the
complete replication of MAC chromosome ends during subsequent cycles of asexual
reproduction. As in most other organisms, ciliate telomeres [reviewed in reference
(154)] consist of short sequence repeats with a pronounced G-C base strand bias. In
Tetrahymena, the telomere repeat unit is 5-CCCCAA-3"/3"-GGGGTT-5’, while in Parame-
cium, the repeats are 5-CCC[C/AJAA-3’/3'GGGI[G/TITT-5". The repeats in spirotrichs are
5-CCCCAAAA-3"/3"-GGGGTTTT-5".

The enzyme telomerase [reviewed in references (154, 155)] is responsible for
synthesizing telomere repeats onto the ends of existing telomeres, thereby maintain-
ing chromosome and telomere length during asexual reproduction. Telomerase is a
multi-subunit complex, with two core catalytic subunits: a reverse transcriptase-like
protein subunit called TERT (telomerase reverse transcriptase) and an RNA component
termed TERC (telomerase RNA component). Telomerase RNAs have a region complemen-
tary to the telomeric repeat sequence that binds to existing repeats at the 3’ ends (i.e.,
the G-rich strand) of telomeres and then provides the template for the synthesis of new
repeats.

In almost all cases, the DNA ends that arise as the result of developmental chromo-
some fragmentation lack pre-existing telomeric repeats or even partial repeats [the
Tetrahymena ribosomal DNA is one notable exception; (156)]. As a result, telomeric
repeats must be added de novo to the termini of nascent MAC chromosomes during
the development of a new MAC. Given that telomerase typically requires pre-existing
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telomeric repeats to interact with the RNA component of telomerase, de novo telomere
addition by telomerase to the newly fragmented ends arising during MAC development
would seem to pose a problem. As with chromosome fragmentation, current data
indicate that different ciliate groups may have arrived at different solutions for de novo
telomere formation, but the results provide indications that some form of telomerase is
involved.

De novo telomere addition in Paramecium

Telomerase and de novo telomere formation have received little attention in Parame-
cium, but key experiments strongly suggest that de novo telomere addition might be
performed by the same telomerase that functions during vegetative growth. Studies
involving the introduction/transformation of exogenous DNA into vegetative Parame-
cium have demonstrated that essentially any introduced DNA can be converted into a
linear molecule capped by telomeres and maintained as an autonomously replicating
mini-chromosome [e.g., references (157-159)]. This suggests that the same telomerase
present in asexually reproducing cells might well be sufficient for de novo telomere
addition to the DNA ends generated during MAC development. In fact, sequencing
of the MAC genome of Paramecium has revealed only one TERT gene (102, 160). It
remains possible that some modification or enhancement of the vegetative telomerase
activity might be necessary to efficiently deal with the abundance of newly fragmented
ends generated in the developing MAC or that fragmentation somehow “marks” newly
generated ends in a way that fosters association with telomerase. Transcripts from the
TERT gene do increase from two- to threefold during sexual reproduction (107), but the
levels of TERT protein, as well as telomerase RNA, have not been evaluated.

De novo telomere addition in Tetrahymena

Perhaps the strongest evidence that components of the vegetative telomerase play
a role in the formation of new telomeres comes from work on Tetrahymena. Yu and
Blackburn (161) introduced a modified TERC gene into vegetative cells that was designed
to template the addition of mutant telomeric repeats (e.g., GsT, repeats) as opposed
to the standard telomeric repeats (G4T> repeats). When such cells were mated, the
resulting offspring contained MAC chromosomes with the variant telomere sequence at,
or near, the sites of de novo telomeric repeat addition, providing a clear indication that
the telomerase RNA present in vegetative cells prior to mating was also present in the
developing MAC where it contributed to the de novo telomeric repeat addition process.

In vitro studies also have provided evidence for the involvement of the telomer-
ase protein complex in de novo telomere formation. Wang and Blackburn (162, 163)
utilized partially purified telomerase preparations made from either vegetative cells or
cells undergoing MAC development and were able to identify reaction conditions that
allowed efficient addition of telomeric repeats onto single-stranded oligonucleotides
that represent the ends of natural sites of chromosome fragmentation (i.e., ends lacking
any similarity to a telomeric repeat). Double-stranded oligonucleotides could also serve
as a substrate for de novo telomere addition, but only if they had a single-stranded
3’ overhang of at least 20 bases and a 3’-OH group. The in vivo substrate for de novo
telomere addition in Tetrahymena has not been identified but presumably is similar
in structure. In regard to telomerase, no biochemical differences were detected in
comparing the vegetative and developing cell telomerase complexes using a number
of methods (163), suggesting the absence of development-specific factors that modify its
activity.

Intriguingly, the Cbs element appears to play a role in specifying de novo telo-
mere formation. In studies involving transformation of constructs with a Cbs into
cells undergoing MAC development, the DNA is both fragmented and undergoes de
novo telomere repeat addition (83-85). In contrast, de novo telomere addition did not
occur when a construct lacking the Cbs was linearized using a restriction enzyme and
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introduced into cells (85). Thus, in contrast to Paramecium, a double-stranded break per
se does not appear to be sufficient for telomere addition, leading to the conclusion that
the Cbs is also a necessary and sufficient signal for de novo telomere addition in the
Tetrahymena thermophila developing MAC. How this might be accomplished mechanisti-
cally remains unclear, given that the in vivo sites of de novo telomere addition are at a
distance from the Cbs (see Fig. 4) such that the Cbs is likely not present on the same
DNA strand at the time of telomere synthesis. It is possible that the Cbs is responsible
not only for specifying fragmentation but also is responsible for loading a factor onto
the flanking DNA that persists following fragmentation and marks the ends for de novo
telomere synthesis.

De novo telomere addition in Euplotes

In spirotrichs, the telomeres in asexually reproducing cells are unusual, in that they
are quite short and of uniform length. In Euplotes species, telomeres contain a 28-bp
double-stranded region of repeats (5-CCCCAAAA-3’; C4A4 repeats) and a terminal 3’
overhang of 14 bp as illustrated below:
5’-CCCCAAAACCCCAAAACCCCAAAACCCC...3"
3-GGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGGGGTTTTGGGG...5

In contrast, the telomeres found on the nanochromosomes in the Euplotes developing
MAC during the period immediately following chromosome fragmentation are longer
(164, 165) and more variable in size (166), with the most common length of the double-
stranded region being 84 bp and a single-stranded 3’ tail of about 10 bp. These long
or extended telomeres persist until the late stages of MAC development when they
are shortened to the size seen in the mature, vegetative MAC (167). The shortening of
the over-sized telomeres occurs even when DNA replication is inhibited, arguing that it
represents an active trimming process as opposed to simply loss of telomeric repeats
during DNA replication. The function, if any, of these longer telomeres is unknown.

It is likely that the same telomerase RNA that is used in vegetative cells is employed
in the de novo addition of telomeres. Price et al. (168) have found that the vegetative-
type telomerase RNA is also found in the developing MAC but at levels 12-13 times
higher than that seen in vegetative cells. These higher levels presumably are required
to efficiently add telomeres to the many DNA ends generated by programmed chromo-
some fragmentation.

There are indications that a specialized form of telomerase is utilized during Euplotes
MAC development (169, 170). Protein extracts from cells undergoing MAC development
were found to catalyze the addition of telomeric repeats onto the 3’ ends of single-stran-
ded DNA oligonucleotide substrates lacking telomeric repeats. Similar extracts from
vegetative cells could only add telomeres onto substrates that terminate with telomeric
repeats. The results of these studies also indicate that telomerase exists in a larger
ribonucleoprotein complex in developing cells as compared to vegetative cells, leading
to the suggestion that specific factors must associate with the telomerase complex to
convert it to a form capable of catalyzing telomeres de novo.

One such change may be in the TERT component itself. Karamysheva et al. (171)
found that E. crassus contains at least three TERT genes in its MIC genome. EcTERT-1
and EcTERT-3 are also contained on MAC chromosomes and are expressed in vegetative
and developing cells. In contrast, ECTERT-2 is not present in the MAC and is expressed
only during MAC development beginning during the period of chromosome fragmenta-
tion. EcTert-2 differs significantly in its predicted sequence from the other two ECTERT
proteins, which led to the suggestion that it might be the key to the developmental
change in telomerase’s de novo telomere addition activity (171).

Finally, the presence of an E-CBS adjacent to a fragmented chromosome end does
not appear to be a requirement for de novo telomere addition. As discussed in section
“Positioning of the E-CBS suggests a model for chromosome fragmentation in Euplotes,’
in the MIC genome, the E-CBS can reside either near the end within the precursor of
a MAC chromosome or in the flanking MIC DNA (see Fig. 7). That is, there are MAC
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chromosome ends that undergo de novo telomere addition even when they lack the
E-CBS. Indeed, Mollenbeck and Klobutcher (132) observed that telomeric repeats are
added to the ends of the flanking MIC DNA that are subsequently eliminated later in
MAC development. This result suggests that telomerase acts on all ends generated by
chromosome fragmentation and that addition of a telomere alone is not sufficient for
stabilization and subsequent retention of a DNA fragment. It was suggested instead
that retained versus eliminated sequences might be discriminated by differences in
chromatin structure, as such differences during development have been well documen-
ted in both Tetrahymena and Paramecium (see section “Internal DNA elimination”) and
are likely to exist in Euplotes as well (172-174).

A possible role for long RNAs in templating de novo telomere addition in
stichotrichs

As discussed in section “A potential role for RNA in directing chromosome fragmenta-
tion in Oxytricha and Stylonychia,’ nanochromosome-length RNAs are thought to be
produced by the old MAC during its development in Oxytricha and Stylonychia, and then
transferred to the developing MAC where they serve as a guide for both unscrambling
and proper chromosome fragmentation (Fig. 9). Injection of synthetic nanochromosome-
length RNAs, including terminal telomeric repeats, into cells increases the copy number
of the corresponding MAC DNA molecule (151, 152), presumably by enhancing the
efficiency of fragmentation. In contrast, injection of nanochromosome-length RNAs that
lack telomeric repeats at their ends, or which had inverted telomeric repeats, had no
effect on copy number, leading to the suggestion that the long RNAs with telomeres
might be needed for de novo telomere addition, perhaps by providing a template for
repeat synthesis (153). To test this hypothesis, cells were injected with nanochromo-
some-length RNAs in which two adenine residues in the telomeric repeat were replaced
with thymidines (153). For one of the genes tested, increased copy numbers of the
corresponding gene were seen, and a small fraction of injected cells had incorporated
the altered bases into their telomeres. The results, however, were complex, as many of
the injected cells had telomeres that were abnormal in other ways or alterations in the
subtelomeric regions of the MAC chromosome. Thus, the templating of telomeric repeats
by nanochromosome-length RNAs is an intriguing possibility in stichotrich ciliates but
one that requires additional investigation.

Open questions regarding de novo telomere addition

Results from all the ciliate systems strongly support the notion that at least some
components of the vegetative telomerase are essential for de novo telomere forma-
tion during MAC development. Indeed, the results from studies on Paramecium and
Tetrahymena can be interpreted as indicating that the vegetative cell telomerase may
be sufficient for de novo telomere addition. It is hard to rule out the need for other
factors that might enhance the efficiency of de novo telomere synthesis, particularly
factors that interact with the DNA ends generated by fragmentation. In Euplotes, there
are strong indications that at least some of the protein components of telomerase
are different during development, and, as discussed above, there may be a role for
long, nanochromosome-length RNAs in templating telomeric repeats in ciliates such
as Stylonychia. Further biochemical analyses of developmental telomerase are needed
to identify if components of the enzyme are altered, added, or replaced. In addition,
many of the studies of developmental telomere addition have been carried out in vitro.
Additional evidence for the involvement of proposed components of the developmental
telomerase in the form of genetic knockout analyses is desirable.

Relative levels of telomerase enzyme components versus components of the DNA
repair pathways might also play a role in augmenting de novo telomere formation. Kinzig
et al. (175) have found that overexpression of telomerase in human cells increases the
frequency of de novo telomere formation at artificially induced chromosome breaks.
As noted above, there is evidence that the level of telomerase RNA is significantly
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increased during development in Euplotes (168), but it is not known if there is a
corresponding increase in other components of the enzyme, particularly the telomerase
reverse transcriptase component. Telomerase levels in other ciliates also need to be
assessed. Conversely, a decrease in components of the non-homologous end joining and
homologous recombination repair pathways during MAC development, or downregula-
tion of their activities, might foster de novo telomere formation, and this needs to be
assessed.

Another significant question is the nature of the DNA ends to which telomeres are
added. To date, Euplotes crassus is the only ciliate where developmentally fragmented
DNA intermediates lacking telomeres have been identified (138). One would like to
know the nature of the DNA cleavage catalyzed by putative nucleases in other ciliates,
as well as the nature of subsequent nuclease processing, if any, of the cleaved ends.
Such information on the natural substrate(s) is required to design in vitro systems that
reflect the in vivo situation. A related question is whether there are specific proteins
that associate with the DNA ends that facilitate recognition by telomerase. This could
potentially include components of the chromosome fragmentation machinery. Finally, it
will be of interest to determine if the longer telomeres observed during development
in Euplotes are also seen in other ciliates. What function the longer telomeres might
serve, as well as how they are subsequently processed to the mature length, remain open
questions.

DISCUSSION
Evolutionary innovations of the ciliate “way of life”

A number of authors have speculated on factors that may have driven the formation
of the ciliate MAC and the fragmentation of chromosomes during its development [e.g.,
references (6, 176-179)]. In this first section of the Discussion, we seek to summarize
these ideas.

Evolutionary selection for bigger ciliate cells

Ciliates are non-photosynthetic unicellular eukaryotes whose cell lengths span a range
of approximately two orders of magnitude (~20-~ 2,000 um) among different species.
The majority of species meet their nutritional needs by engulfing and metabolizing other
microbial species, including bacteria and other microbial eukaryotes. Accordingly, it has
been suggested that a selection for larger cell sizes existed, and ciliates evolved cell
volumes that now span approximately six orders of magnitude, with ciliate cells from
species in the upper size range visible to the naked eye. Despite the evolution of major
size differences among species, the number of distinct genes in ciliate genomes is similar.
Likely, this is because ciliate cells are basically built by repetition of structural units,
organized around a cilium, that share similar numbers and types of components. Thus,
the main evolutionary challenge of evolving ciliate species with larger and larger cells
likely was synthesizing greater amounts of structural proteins, needed in stoichiometric
amounts, as quickly as possible. This challenge has been answered through a series of
striking major evolutionary adaptations, particularly in the MAC.

Evolution of polyploid MACs

Ciliate nuclear dualism may well have been a key step in allowing for increased
gene copy number and, thus, increased levels of protein products. The evolution and
elaboration of a MAC allowed for a series of genomic changes that would likely be
incompatible with a typical eukaryotic nucleus. That is, the development of a MAC
allowed for significant experimentation in genome structure to optimize vegetative
reproduction, while still maintaining a nucleus (the MIC) that allows for the orderly
distribution of the germline genome. Simply increasing the number of nuclei in a cell is
one straightforward way of uniformly increasing gene copy number. An early branching
group of ciliates, the karyorelictids, appear to have done this by having the “MIC”
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replicating and dividing multiple times prior to asexual cell division [see reference (180)
and references therein]. Some of the daughter nuclei become non-dividing “MACs,” often
with a genome size similar to the “MIC," effectively increasing the number of genomes
per cell.

Most other ciliates utilize sexual reproduction as a means of generating a MAC
(see Fig. 1), which is also capable of dividing during asexual reproduction. A key MAC
innovation in this case was the development of polyploidy to increase the number of
gene copies in a cell. MAC ploidy among different currently living ciliate species varies
over approximately three orders of magnitude, from tens to tens of thousands, and there
is a rough correlation between MAC DNA content/MAC volume/ploidy level and the
volume of the cell [e.g., reference (181)].

Evolution of developmentally programmed fragmentation of ciliate MAC
chromosomes

Early in ciliate evolution, a MAC generated during the course of sexual reproduction
that had a relatively low ploidy level would likely have been able to rely on the stand-
ard form of mitosis for distributing chromosomes during subsequent vegetative cell
divisions. However, as the number of copies of complete chromosome sets in the MAC
increased, it likely would have become increasingly difficult to efficiently disentangle
the large number of chromatids and faithfully distribute them to daughter cells using a
conventional mitotic mechanism (176, 177). Fragmenting the MAC chromosomes could
well have been a common ciliate solution to this problem, which subsequently enabled
ciliates to further respond to the selective forces for larger MAC genomes and larger cell
size.

Shortening of chromosomes through fragmentation would have required a number
of innovations in the MAC. For example, one consequence of the evolution of MAC
chromosome fragmentation is that all MAC chromosome fragments, except for the one
still containing the centromere, become physically unlinked from a centromere. Thus,
conventional mitosis would have been insufficient to distribute the acentric chromo-
somes to daughter nuclei in an organized manner. However, if the MAC ploidy levels
were already sufficiently high, random distribution of the small chromosomes passively
at karyokinesis would have been sufficient to give a reasonable probability of each
daughter cell receiving at least one copy of each gene, ultimately leading to the amitotic
MAC division process. In the absence of copy number control mechanisms, continued
divisions would ultimately lead to imbalances or complete loss of some genes, but this
also would have provided an additional selection for increasing the overall gene copy
number (6, 176, 177).

The current program of MAC development may be an example of “ontogeny
recapitulates phylogeny” in regard to providing support for the proposal that the early
evolution of the MAC involved some polyploidy prior to the origin of chromosome
fragmentation. All characterized ciliates undergo some level of genome endoreplica-
tion/polyploidization during MAC development prior to the chromosome fragmentation
step. For example, in Tetrahymena, the ploidy of the developing MAC increases to 8C
before programmed chromosome breakage begins (182). In the spirotrich species, the
level of polytenization prior to chromosome fragmentation is even more dramatic,
with many species producing polytene chromosomes similar to those seen in Droso-
phila salivary glands [reviewed in reference (129)]. For example, Stylonychia lemnae
has banded polytene chromosomes in the developing MAC with a ploidy level of
64C (183) and subsequently undergoes additional rounds of DNA replication following
fragmentation to give rise to a MAC with thousands of copies of each gene. Similarly,
the Paramecium tetraurelia developing MAC is endoreplicated to a level of 64C at the
onset of chromosome fragmentation, as indicated by the increased accumulation of new
telomeric ends (120).
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Other innovations in a MAC with fragmented chromosomes

A number of additional innovations in the MAC were likely needed to allow for develop-
mental chromosome fragmentation, while other features of the current MAC may have
evolved as a result of fragmenting the chromosomes. First, a system to stabilize newly
generated ends by adding telomeres to them would have been required. As discussed in
section “De novo telomere addition,” Paramecium appears to have a system for efficiently
adding telomeres to free DNA ends even in vegetative cells, while organisms such as
Euplotes appear to have developed modified forms of telomerase that foster de novo
telomere addition during MAC development.

Second, some ciliate lineages may have had to evolve modifications to the DNA
replication origin mechanism. As we will discuss in greater detail below, organisms such
as Tetrahymena, which have relatively large MAC chromosomes, may utilize the same
replication origins that function in the MIC. The spirotrich group of ciliates, however,
pose a problem in regard to retaining use of the MIC replication origins. Given the small
size of the average MAC nanochromosome (~2 kbp), it is hard to envision how each
nanochromosome could have maintained a MIC origin of replication, since origins on
eukaryotic chromosomes tend to be separated by on the order of 50 kbp on average [see
reference (184)]. Thus, as suggested by Herrick (176), it seems likely that some innovation
in DNA replication was also required to allow for the high degree of genome fragmenta-
tion in spirotrich ciliates. What constitutes an origin of replication for a nanochromosome
is unknown, but a number of unusual features of spirotrichs suggest that a specialized
mechanism of replication exists. First, DNA replication in spirotrichs is associated with
a cytologically visible “replication band” that moves across the MAC, replicating DNA
molecules it encounters (185, 186). Second, electron microscopic analyses suggest that
DNA replication is initiated near one or both ends of the nanochromosomes (187).
Moreover, a telomeric DNA primase activity has been detected (188), leading to a model
where the telomeres themselves serve as origins of replication. Perhaps, the extremely
short spirotrich telomeres of defined length are somehow relevant in this regard.

Little is known concerning origins of DNA replication in Paramecium, but it is possible
that telomeres might also function as origins. As we have discussed, almost any DNA
segment introduced into Paramecium cells undergoes de novo telomere addition to
generate a mini-chromosome. Since these mini-chromosomes are capable of replication,
and it seems unlikely that all such DNA segments would contain an internal functional
origin, perhaps, telomeres can also initiate DNA replication in this species. That said, the
large size of the natural MAC chromosomes in Paramecium strongly suggests that they
also contain internal origins.

Finally, extensive programmed chromosome fragmentation could not have evolved
unless all MAC components of the mitosis mechanism (e.g., centromeres, mitotic
spindles, etc.) had become useless. This in turn would have made it possible to
delete from the developing MAC, without penalty, all silenced transposon-related DNA
—centromere DNA included. The ciliate innovation of physically excising IESs/repetitive
elements during MAC development, as opposed to simply silencing such elements
through small RNA-directed chromatin modification as is typical of other eukaryotes,
would have resulted in the loss of the centromeric regions. More broadly, [ES/repetitive
element excision may also have had other fitness benefits for ciliates. Replicating a highly
polyploid genome involves a large energy investment, including the replication of a
substantial amount of non-genic DNA. Removal of repetitive DNA sequences during MAC
development likely would have shortened S-phase for the vegetative MAC, providing a
growth advantage for the cell and a possible opportunity to develop even higher gene
copy levels.

Origin(s) of ciliate chromosome fragmentation

Based on our descriptions of the chromosome fragmentation systems in Tetrahymena,
Paramecium, Euplotes, Oxytricha, and Stylonychia, major differences have clearly evolved
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among these ciliates. It seems very possible that chromosome fragmentation systems
have originated and/or been modified multiple times within ciliate groups (138, 176,
177). In support of this hypothesis, highly fragmented MAC genomes (e.g., the nano-
chromosomes of spirotrichs) appear to have arisen independently in three separate
ciliate clades (7). The development of fragmentation systems with diverse features would
not be surprising, as the evolutionary distances between ciliate groups are large, with
the major groups of ciliates having diverged on the order of a billion years ago [e.g.,
reference (4)]. Even Tetrahymena and Paramecium, which are both Oligohymenophorans,
but which have very different fragmentation systems, are estimated to have diverged
hundreds of millions of years ago (87).

While the evolutionary pathway(s) leading to developmental chromosome fragmen-
tation in ciliates remains uncertain, we are struck by a number of observations sug-
gesting the involvement of transposable elements in a number of the lineages [e.g.,
references (18, 83, 138, 189, 190)]. First, the large and well-conserved Tetrahymena Cbs
is generally reminiscent of the larger sequence elements that are involved in directing
site-specific recombination, including the sequences at the termini of transposons that
are recognized by transposases, the sequence elements recognized by the resolvases
of replicative transposons, or the sequences recognized by homing endonucleases
associated with mobile introns [reviewed in reference (191)]. Second, the observed loss/
gain of Cbss during the evolution of Tetrahymenids is suggestive of the movement
of transposons in the genome (i.e., insertion and excision). That is, a mobile element
carrying the fragmentation signal provides a reasonable explanation for the origin of
new fragmentation sites in a genome as well as the loss of such sites. Comparisons
of the MAC genomes of Oxytricha and Stylonychia similarly suggest the loss/gain of
fragmentation sites (123, 127). Third, the observed association of MIC transposons
and repetitive elements with fragmentation sites in Paramecium (see section “Chromo-
some fragmentation in Paramecium is associated with heterogeneous DNA elimination”)
suggests the involvement of these elements in specifying locations of fragmentation. It
has also been noted that the combined processes of chromosome fragmentation and
de novo telomere addition resemble the target-primed reverse transcription mechanism
used for transposition by some non-LTR retrotransposons [see reference (138)]. Finally,
as discussed in sections “Internal DNA elimination” and “Epigenetic control of DNA
elimination by non-coding RNAs and heterochromatin,” there is strong evidence that
one of the other main DNA rearrangement processes of ciliate MAC development, IES
excision/splicing, has derived from transposons. The unusual dual nuclear system of
ciliates provides some advantages for transposons (192). That is, the primarily transcrip-
tionally silent MIC provides a safe haven for transposable elements, while the develop-
ment of a MAC presents a means of ridding the functional genome of such elements.
Thus, it is conceivable that a transposon(s) might also have been involved in generating a
chromosome fragmentation system(s).

Despite the multiple and strong indications of transposon involvement, it remains
difficult to propose a single scheme that explains the origin of MAC chromosome
fragmentation in all species. As a result, we wish to propose two broad scenarios that
we believe are consistent with the varying features of chromosome fragmentation in the
species discussed (Fig. 10). In brief, we envision an ancestral fragmentation system in
ciliates that is based on the process of ridding the genome of repetitive DNA elements
such as transposons and does not rely on well-defined cis-acting sequence elements.
Second, we propose that secondary invasions by transposons have occurred that have
supplanted the ancestral chromosome fragmentation system, giving rise to systems
with well-defined “CBSs” ("CBS” with all capital letters and in parentheses is intended to
generically indicate a cis-acting sequence that specifies chromosome fragmentation).

Proposed ancestral mode of chromosome fragmentation

Some ciliates, such as Tetrahymena and Euplotes, have well-conserved “CBS” in the
vicinity of fragmentation sites. In contrast, Paramecium, Oxytricha, Stylonychia, and other
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FIG 10 Summary of proposed two-stage model for the evolution of ciliate chromosome fragmentation systems. See text for details. Relative evolutionary
relationships of species are shown, but evolutionary distances are not drawn to scale.

ciliates have no apparent well-conserved “CBS." As discussed above (section “Sequence
features adjacent to Oxytricha and Stylonychia sites of chromosome fragmentation”), it is
still possible that a “CBS” exists in some of these species but that it is short or less well
conserved so that its identification has been obscured by the variability in the position
of telomere addition. Further analyses of the dynamics of chromosome fragmentation/de
novo telomere addition in these species may help in identifying a “CBS” if it exists. For
example, if there is nucleolytic degradation of ends prior to telomere addition, then
identifying and characterizing the initial site of chromosome cleavage might aid in
identifying a nearby conserved sequence element.

It is also possible that these species employ an alternate mode of defining fragmen-
tation sites that does not depend on a well-conserved “CBS” It has been suggested
that chromatin structure might instead be involved in defining chromosome fragmenta-
tion/telomere addition sites [e.g., references (61, 132)]. As discussed in section “Epige-
netic control of DNA elimination by non-coding RNAs and heterochromatin,” chromatin
modifications specified by small RNAs have been documented in a number of ciliates.
Indeed, such systems are ubiquitous in eukaryotes (193), suggesting their origin in a
common eukaryotic ancestor, and Zufall et al. (194) have suggested that such systems
form the basis for the development of numerous genome rearrangement systems in
eukaryotes, including ciliates. While chromatin modification is a common method used
to silence repetitive elements in genomes, ciliates evolved the ability to rid the MAC
genome of such elements by excision and rejoining of flanking sequences.
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It is also possible that some specific chromatin modifications specify sites of
fragmentation. That is, chromatin modifications might protect sequences destined for
the MAC from interacting with a nuclease(s) that carries out fragmentation of the
MIC chromosomes such that cleavage occurs only at the boundaries of these protec-
ted chromatin domains. Conversely, specific chromatin modifications might designate
specific regions for recognition by a fragmentation nuclease. This idea is attractive
because the boundaries of chromatin domains are often not precisely defined so that
a chromatin-based system could provide an explanation for the variability in the position
of telomere addition sites that is seen in some species. That is, variability in the position
of the last modified nucleosome would either result in variable sites of chromosome
fragmentation or provide the boundary for nucleolytic degradation up to the positions
where telomeres are ultimately added.

We suggest that this type of chromatin-based system of chromosome fragmentation
evolved in conjunction with, or is derived from, the development of the IES/repetitive
element excision system. Specifically, as discussed in Sections “Chromosome fragmen-
tation in Paramecium is associated with heterogeneous DNA elimination” and “Epige-
netic control of chromosome fragmentation and experimental induction of heritable
variant patterns,” chromosome fragmentation/telomere addition in Paramecium occurs
at sites containing interstitial DNA elements (transposons or repetitive elements) that
can also be excised with rejoining of the flanking sequences. These elements likely
assume a modified chromatin structure via interaction with scnRNAs (58, 59). In this
scenario, chromosome fragmentation is simply an alternative outcome for the removal
of an interstitial DNA segment where breakage occurs, but there is no rejoining of
the chromosome ends (36, 106). These alternative outcomes of element excision are
consistent with the nested sets of MAC chromosomes observed in Paramecium (e.g., see
Fig. 6).

The notion of something akin to the Paramecium system reflecting the ancestral
state is attractive, in that it potentially aids in some of the evolutionary transitions
discussed above. First, early on, there may have only been an occasional failure to
rejoin ends generated during the removal of repetitive elements. Nonetheless, this
failure would have created a selection for an alternative outcome that avoided the
possible negative consequences of unrepaired chromosome ends. That is, there would
have been a selection to develop or optimize the stabilization of free ends by de novo
telomere addition. In turn, once optimized, de novo telomere addition would make it
possible for more sites of chromosome breakage to be tolerated, ultimately fostering the
development of MACs with smaller chromosomes and higher ploidy levels. As discussed
in section ‘Evolutionary innovations of the ciliate “way of life,” larger cell size was a likely
driver of both fragmented chromosomes and size reduction of the MAC genome via
IES/repetitive sequence excision.

Ciliates such as Oxytricha and Stylonychia, where no clear “CBS” has been identified,
might represent slight variations on this proposed small RNA/chromatin modification
pathway of chromosome fragmentation. Fragmentation is much more frequent in these
species, but repetitive sequences are not clearly associated with sites of fragmentation.
Nonetheless, the small RNA pathway appears to have diverged in this group, as small
RNAs associated with genome rearrangement are produced from the old MAC and
correspond to sequences that will be maintained in the MAC [i.e, MDSs; (64, 65)].
Chromatin modification in this instance might serve to roughly define the boundaries
of retained sequences, resulting in the observed variability in telomere addition sites.

Finally, it is intriguing that this proposed ciliate ancestral system shares some
similarity with the other known group of organisms where developmental chromosome
fragmentation has been shown to be coupled with de novo telomere formation. In
Ascaris, heterochromatic repetitive DNA sequences are lost from both the internal
and terminal regions of chromosomes in conjunction with de novo telomere addition
during development (3). The loss of the heterochromatic repetitive sequences, however,
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occurs only via chromosome fragmentation in Ascaris not via chromosome breakage and
rejoining.

Secondary fragmentation systems derived from transposable elements

Other ciliates appear to differ from the proposed ancestral system, in that they
utilize well-defined “CBSs” (Tetrahymena and Euplotes) and/or undergo precise chro-
mosome fragmentation/telomerization (Euplotes). We suggest that these organisms
represent cases where secondary chromosome fragmentation systems, which derive
from transposable elements, have supplanted the proposed ancestral small RNA/
chromatin modification system (Fig. 10). More specifically, once a system had been
established that efficiently heals chromosome breaks and allows for the replication and
distribution of mini-chromosomes, the stage was set for its occasional replacement by
an alternative system(s) of fragmenting the chromosomes during MAC development.
We note that there is evidence indicating that the current Tetrahymena Cbs-based
system is of relatively recent origin. As discussed in section “Chromosome fragmentation
in Tetrahymena,’ there are five positions within the 15-base Tetrahymena Cbs where
sequence variation is tolerated (also see Table S1). However, if one considers the entire
repertoire of Cbss, these variable positions in the Cbs do not appear to have reached
mutational equilibrium, as would be expected for an ancient system. Thus, it is possible
that Oligohymenopherans had an initial fragmentation system similar to the ancestral
ciliate system described in the preceding section. In our view, the ancestral system
persists in Paramecium but was replaced in the Tetrahymenid lineage by the current
Cbs-based system (18).

The scheme we envision for replacement by a secondary fragmentation system is
quite similar to what has been proposed for the evolution of the gene rearrangement
process (V(D)J recombination) that produces large numbers of antibodies and T-cell
receptor genes in the vertebrate immune system. V(D)J recombination is thought to
derive from a “cut and paste” transposon [reviewed in references (195, 196)]. Cut-and-
paste transposons are typically flanked by TIRs required for transposition and contain
a gene encoding a transposase that initiates transposition by recognizing the TIRs to
generate double-stranded breaks that release the transposon from the host chromo-
some so that it may subsequently integrate into a new site in the genome. V(D))
recombination appears to have arisen from a cut-and-paste element related to the
Transib transposons found in vertebrates and the ProtoRAG element in Amphioxus [see
references (195, 197)]. The transposase genes of these types of elements were likely
domesticated to form the vertebrate RAGT and RAG2 genes, which specify the proteins
that catalyze the assembly of the antibody and T-cell receptor gene segments, while the
TIRs of the element have been co-opted as the recombination signal sequences that
flank immune gene segments and serve as the cis-acting signals that guide rearrange-
ment.

A situation similar to the origin and establishment of V(D)J recombination can be
envisioned for chromosome fragmentation in ciliates (Fig. 11), and the proposed model
also shares a number of similarities to what was proposed for the origin of ciliate IESs
(35). The initial step is for a cut-and-paste transposon (transposon X) to have invaded
the germline (MIC) genome of one or more ciliate ancestors. In ciliates, transposon X
would also likely be transcriptionally activated during MAC development such that the
transposase protein was produced, leading to breaks at the ends of transposon copies
throughout the genome. In eukaryotes, the double-stranded breaks generated during
transposon excision are generally repaired either by homologous recombination using
the homologous allele as a template or by non-homologous end joining. Typically,
unrepaired breaks would lead to a selective force favoring the silencing or suppression
of such transposons. However, in a ciliate with the ancestral chromosome fragmenta-
tion system in place, this selective force would have been minimized because of the
established de novo telomere addition process that mends free DNA ends. In effect, the
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FIG 11 Transposon-based model for the origin of "CBS"-based ciliate chromosome fragmentation. The process initiates with the invasion of the MIC genome

(blue line with green ovals representing genes/coding regions) by transposon X with terminal inverted repeats (TIRs), which proliferates by transposition.

Developmental activation of the transposase would produce breaks at the transposon ends in the genome during MAC development. The transposase gene
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genome with TIRs that are the current ciliate "CBSs".

ancestral fragmentation system paves the way, and lessens the impact, for the invasion
of other elements that generate breaks in DNA.

Once such an initial transposon-based chromosome fragmentation system evolved,
production of the transposase would be in the host cell’s interest, leading to its separate
incorporation into the genome as a domesticated transposase/nuclease (Fig. 11). Other
copies of the transposon, either intact or lacking the transposase gene, could continue
to proliferate in the genome based on retaining a pair of TIRs but ultimately would be
expected to decay leaving only a TIR(s), which are the current “CBSs".

Mechanistically, cut-and-paste transposons typically require a pair of TIRs to interact
with the transposase protein(s) to form a complex, which triggers DNA cleavage to
start the transposition process. Formation of such a complex could still be required for
fragmentation if pairs of “CBS” at the ends of MAC chromosome precursors need to
interact to trigger fragmentation. Alternatively, since the developing MAC has under-
gone endoreplication prior to chromosome fragmentation, complex formation could
also be achieved by interactions of “CBSs” on different chromatids. Lastly, it is possible
that the ciliate excision machinery has evolved such that an individual “CBS” is now
sufficient to be recognized for efficient DNA cleavage.

In our model, the degree of transposition during the expansion of transposon X
influences the degree of chromosome fragmentation and the ultimate size of the MAC
chromosomes. In organisms such as Tetrahymena, a modest amount of transposition
of the transposon and/or Cbs would have resulted in relatively large MAC chromo-
somes containing many genes. Transposition into essential genes would clearly not be
tolerated, but there also may originally have been additional constraints, including that
a pair of Cbss must bracket a MIC origin or replication (176) so that this origin could
continue to function in the MAC. The non-maintained chromosomes in Tetrahymena are
a likely exception, as they do not contain genes essential for asexual growth, and hence,
would not require an origin of replication.
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In the spirotrich Euplotes, a mobile E-CBS may have saturated, or essentially saturated,
the MIC genome, in the sense that almost every gene ended up being flanked by a
pair of E-CBSs, so as to generate its own MAC chromosome during development. As
discussed above, such a system likely required the parallel development of novel origins
of replication or a novel replication system, as MIC replication origins were too infrequent
to provide one for every nanochromosome in this species.

We also suggest that once a “CBS” is established in the genome, it might well
propagate itself via a mechanism distinct from the original transposon X. This is
suggested by the Tetrahymena Cbs clades (Table 1), in which groups of Cbss are
contained within larger conserved repetitive sequence blocks that are preferentially
found near centromeres and/or in consecutive arrays along the chromosome. This
situation might be explained by Cbss occasionally becoming imbedded within other
mobile elements in the genome. It is noteworthy that many Cbs clade members reside
near centromeres (Table 1). Eukaryotic centromeres are often littered with transposons,
and they could be the location where the initial association of the Cbs with novel mobile
elements occurred. Irrespective of what mobile element a “CBS” becomes associated
with, it would still be capable of being recognized and cut by the domesticated nuclease
to initiate chromosome fragmentation.

The current data also can be interpreted to indicate that, over evolution, the function
of some “CBSs” may be impaired by mutation or they may completely lose function. This
would give rise to the observed alternative fragmentation seen in some ciliates, as well
as the possible loss of some Chbss in tetrahymenids. There would seem to be minimal
selection against the loss of a “CBS’, excluding situations where the MAC chromosomes
become too large for efficient distribution or where incompatible genes come to reside
on the same chromosome.

Finally, there are numerous possible variations on the model. For instance, the
relatively large size and strong sequence conservation of the Tetrahymena Cbs have
led to suggestions that it may have derived from the recognition site for a homing
endonuclease (18, 83, 189, 190). Homing endonucleases have been identified in the
Tetrahymena MIC genome. While the recognition sites for homing endonucleases are
typically unique sequences and not mobile in a genome, one can envision that such
a sequence could proliferate in a genome through becoming associated with a mobile
element. The duplicated element sites would then be subject to fragmentation by the
homing endonuclease to generate a fragmented MAC genome. As before, it would
become advantageous for the homing endonuclease gene to become domesticated
within the host genome.

CONCLUSION

Programmed chromosome fragmentation during macronuclear development is likely a
shared feature of most, if not all, ciliates. Study of a small number of ciliate species has
revealed a great deal of diversity in their chromosome fragmentation processes. This is
not entirely surprising, given the ancient origin of ciliates and the large evolutionary
distances among the species analyzed.

To explain this astonishing diversity, we have proposed here an evolutionary model
in which an initial chromosome fragmentation/de novo telomere addition system arose
in the developing MAC as an alternative way to repair chromosome breaks generated by
occasional failures of the sRNA and chromatin modification-dependent mechanism that
excises transposons and other repetitive elements during macronuclear development.
That is, the ancestral chromosome fragmentation system evolved to support the IES/
repetitive element excision process. Once established, the ancestral system is proposed
to have been replaced in selected lineages by secondary systems derived from mobile
elements.

We note that aspects of our model are in some ways similar to a recent proposal
by Boscaro and Keeling (178) concerning the evolution of IES excision in ciliates.
They propose that IES excision has behaved in an evolutionary ratchet-like manner,
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in that once it arose it both became essential for the cell and allowed for the
subsequent expansion of the system. In the case of chromosome fragmentation,
once the proposed ancestral system has been established, it allows for its replace-
ment, and possible expansion, by components of mobile elements that have invaded
the MIC genome.

Our model is clearly speculative, owing in part to the relative paucity of data on ciliate
chromosome fragmentation, particularly when compared to the IES excision process.
Additional details on the mechanism of fragmentation, and particularly the cellular
components that carry out chromosome fragmentation, will ultimately provide a better
supported and nuanced view of the origin(s) of ciliate chromosome fragmentation.
Analyses of additional ciliate species are also needed, in particular, to examine whether
the proposed ancestral system may still coexist in some species along with a more
recently acquired “CBS"-based system. It will also be of interest to determine if the
frequent fragmentation systems (i.e., MAC nanochromosomes) that have independently
developed in multiple ciliate lineages (5) arose in a similar manner; in particular, whether
there are indications of the involvement of transposable elements in these lineages.

The unique properties of ciliates have led to significant breakthroughs in chromo-
some and chromatin biology, including catalytic RNA (198) and the initial identification
of a histone-modifying enzyme (199) that led to the notion of a “histone code” (200).
More within the scope of this review, Greider and Blackburn (201) discovered telomerase
in extracts of Tetrahymena mating cells, taking advantage of the massive chromosome
fragmentation that takes place during MAC development. It is quite possible that further
studies of the chromosome fragmentation/de novo telomere addition process will result
in additional surprises. At a minimum, additional work will provide valuable information
on the plasticity and evolution of the genomes of early diverging eukaryotes.
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