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Abstract

A transposon in the germline genome of the ciliate Oxytricha uses its transposase to remove itself, as
well as other germline-limited DNA, from the differentiating somatic genome during development.

The genomes of eukaryotes are littered with transposon-
derived sequences. As much as 45% of the human genome is
composed of various types of mobile DNA elements or their
remnants [1], and in plants such as maize, more than 60% of
the genome consists of such repetitive sequences [2]. The
ability of transposons to take over large chunks of genomes
has given them the reputation of being selfish elements only
interested in their own propagation. The fact that movement
of these sequences into genes can inactivate genes and cause
disease [3] is further evidence that they are up to no good.
But can sequences that make up such a large fraction of
genomes be all bad?

It is quite possible that mobile DNAs have positive influ-
ences on genomes that outweigh their deleterious effects [4].
Transposons do provide novel sequences that can be
exploited by their host cells. Several examples are known of
transposon functions that have been ‘domesticated’; that is,
a once-foreign sequence has been co-opted to carry out a
host process (reviewed in [5]). For example, what was once
probably some element’s transposase, the enzyme that
mediates the movement into and out of DNA, is now the
mammalian Ragi/2 recombinase. This domestication event
spurred the innovation of immunoglobulin gene rearrange-
ment and the advent of the vertebrate adaptive immune
system. The Rag1/2 proteins recognize recombination signal
sequences (RSS), probably also derived from the transposon,
that border hundreds of variable exons. Excision of the
intervening sequences between selected exons leads to the
assembly of a unique immunoglobulin gene from a non-
expressible precursor locus [6]. This recombinase can be
made to perform the reverse reaction and insert RSS-bound
DNA into a target sequence, thereby acting as a transposase

and supporting its likely transposon origin [7,8]. In a paper
published recently in Science, Laura Landweber and
colleagues (Nowacki et al. [9]) investigate another instance
of the domestication of a transposon to carry out functional
DNA rearrangements, and demonstrate the role of trans-
posases in the extensive genome remodeling that produces
the somatic genome in the ciliate Oxytricha trifallax.

Such benefits of transposable elements are realized over
evolutionary time scales, so host organisms still need to
manage their presence during an individual life span to keep
any deleterious effects at minimum. Most cells do this by
packaging regions of chromosomes with a high density of
these elements into silent heterochromatin. By keeping these
mobile elements in a transcriptionally silent state, they move
relatively infrequently and have limited opportunities to
cause deleterious mutations.

Ciliate genome remodeling

Ciliated protozoa such as O. trifallax appear to have worked
out a unique solution to keep transposable elements in
check: they eliminate them altogether from their trans-
criptionally active somatic nuclei. This solution is enabled by
this organism’s unique nuclear dimorphism (Figure 1a).
Oxytricha contains both germline and somatic copies of its
genome housed in separate nuclei called micro- and macro-
nuclei, respectively, which have vastly different chromosome
structures. The diploid micronucleus contains chromosomes
of fairly typical size for a eukaryote, whereas the polyploid
macronucleus contains aptly named ‘nanochromosomes’,
whose average size is about 2 kbp (Figure 1a). Most of the
more than 20,000 different macronuclear chromosomes

Genome Biology 2009, 10:224



http://genomebiology.com/2009/10/6/224 Genome Biology 2009,  Volume 10, Issue 6, Article 224 Chalker 224.2

Germline chromosome segment ()

-——l-—- -—-"—-

- C4A4C4A4 GATAGaTa
GaT4aG4Ta C4A4CsA4

Transposase

Kinase/Zinc finger
Somatic ! [

\
nanochromosome \ )
\ 1

C4A4CaAs G4T4GaT4GaTaG4aT4
G4aTaG4TaG4aT4GaT4 C4A4CaA4
Figure |

Oxytricha trifallax maintains functionally distinct genomes. (a) The ciliate O. trifallax. (b) The germline micronuclei (red circles) have chromosomes with
large blocks of intergenic sequences (red lines) and coding sequences interrupted by |ESs (red bars). During differentiation of the macronucleus (green
circle), these intergenic sequences and IESs are removed from the large micronuclear chromosomes and the whole genome is fragmented into gene-size

nanochromosomes. The ends of the nanochromosomes are stabilized by de novo addition of short telomeric sequences composed of G,T, repeats.
(c) A germline chromosome segment harboring a TBE element (blue box) in an intergenic region that will be eliminated during macronuclear
differentiation. An enlargement of the TBE structure reveals the 20 bp of telomeric sequence flanking the element. Triangles represent 78-bp inverted
repeats and the large blue boxes represent the three ORFs, including the transposase, that are under purifying selection [12].

contain a single gene flanked by short telomere sequences
that together represent only 5% of the original germline
sequence complexity [10].

The approximately 95% of the germline-limited DNA that is
eliminated during the generation of the nanochromosomes
is excised as either large intergenic sequence blocks or as
short (tens to hundreds of base pairs in length) intragenic
DNA segments called internal eliminated sequences (IESs).
The transposons are largely eliminated along with the blocks
of intergenic sequence, but some copies are eliminated from
intragenic locations as well [11]. The short IESs number in
the tens of thousands and have been postulated to be the
remnants of transposable elements, but have diverged to the
point that they are no longer recognizable as transposon-
derived sequences. It has been something of a mystery how
so many diverse sequences (transposons and IESs that share
little or no similarity) can be coordinately excised from the
developing somatic genome.

The recent work by Nowaki et al. [9] is an important step
towards understanding this mystery. Their study demon-
strates that a transposase encoded only in the germline
genome plays a critical role in the genome-wide remodeling
that produces the Oxytricha somatic genome. When the
researchers used RNA interference (RNAi) to knock down
the expression of the transposase encoded by the abundant
germline telomere-bearing elements (TBEs), a type of DNA
transposon, during macronuclear development, they found
that a large fraction of the TBE elements failed to be
eliminated from the genome as they should. Thus, the TBE
transposase not only functions to move TBEs to new sites in
the germline genome, but also eliminates these sequences
from the somatic genome.

There are an estimated 2,000 copies of TBEs in the
Oxytricha germline (Figure 1b). Their name derives from
short stretches of telomeric repeat sequence (G,T,) that
flank the inverted repeat ends of the integrated elements.
Three divergent families of TBEs have been identified by
comparing the predicted amino acid sequences of multiple
transposase clones, and Landweber and colleagues had to
knock down the transposase expression of all three to see a
significant retention of TBEs in the somatic nucleus. This
suggests that the transposases from all three types can
mobilize any of the others. Some years ago it was found that
the transposase, as well as the other two open reading
frames (ORFs) of these elements, appears to be under
purifying selection to preserve function [12]. That
observation long spurred speculation that the transposase
might play a role in the programmed genome
rearrangements of the host. The new finding of Nowacki et
al. [9] finally gives experimental support to that idea.

A particularly revealing result of this study is that the RNAi
knock down of the transposase did not just interfere with the
elimination of TBEs, but also reduced the efficiency of
excision of the short IESs [9]. This was not easily predictable,
as most IESs share little sequence similarity with TBEs. It is
easy to envisage how a ‘cut and paste’ transposon such as a
TBE could eliminate itself from the genome. These
transposons move by the transposase recognizing terminal
sequences of the transposon, and mediating both excision
from the DNA and insertion in a new target site. The
elimination process would be the same as transposition
except that no new target locus is attacked - cut but not paste.
The short IESs do not have TBE-like terminal sequences, and
so it is unlikely that the transposase can recognize these DNA
segments purely by identifying a conserved sequence.
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Fortunately, a major clue to the mystery of how the many
thousands of short (some as small as 14 bp), non-conserved
IESs are initially identified was provided by a previous study
from Landweber and colleagues in which they discovered
noncoding transcripts that function as RNA guides for
genome remodeling [13]. These RNA guides appear to be
copies of the nanochromosomes (which lack all TESs)
transcribed from the parental macronucleus during nuclear
development. These noncoding RNAs are transported from
the parental macronucleus into the undifferentiated somatic
nucleus that contains the intact germline genome. In that
work [13], the authors even introduced aberrantly re-
arranged RNA copies and produced rearranged chromo-
somes that modeled the mutant molecule. The implication of
this result is that the noncoding RNAs not only identify the
DNA that should be retained in the new macronucleus, but
actually serve as a type of template that programs the new
somatic genome.

Identification of the RNA guides was remarkable, but it still
provided only a few clues as to how homologous RNAs might
direct chromosomal rearrangements. Characterization of
DNA molecules templated by introduced RNAs revealed that
mismatches between the RNAs and the chromosome could
be retained after rearrangement, a finding that argues that
some RNA-directed DNA repair must have occurred. Such a
mechanism would probably require that the DNA
undergoing rearrangement must be nicked or cleaved to
initiate repair. The TBE transposase is now the clear
candidate to direct this repair-mediated DNA rearrange-
ment. It is still not obvious how the RNA guides might
recruit this transposase, so like any good mystery there are
surely more twists in the plot to come before the ultimate
solution is revealed.

The programmed DNA rearrangements of ciliates are these
cells’ means of protecting their genomes from the action of
transposons; that is, transposons cannot spread if they are
not expressed, although there must be windows during
development when they are expressed and can expand in the
germline. Whereas the RNA guides used in Oxytricha seem
at first glance like a unique innovation, the mechanism used
in distantly related ciliates such as Paramecium and
Tetrahymena to carry out genome remodeling has striking
parallels with the PIWI-interacting RNA (piRNA) pathway
used to silence transposons in the metazoan germline [14].
Both these ciliates use small RNAs and a RNAi-related
mechanism to guide their DNA rearrangements [15-17]. Like
Oxytricha, these ciliates compare the parental rearranged
genome with the undifferentiated genome in the developing
macronucleus to help select which sequences should be
eliminated [18,19]. The comparison of parental and develop-
ing genomes is probably mediated by the interaction of
germline-produced small RNAs and noncoding transcripts
from the macronucleus [20-22]. The comparison of genomes
using RNA is not likely to be a ciliate-specific phenomenon,
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as recent studies have shown that the piRNAs can monitor
compatibility between male and female genomes in
Drosophila [23,24].

Domestication or mutualism?

It is quite intriguing that Oxytricha seems to have tamed the
TBE transposon, using it to completely remodel its genome.
This is not the first example of cells domesticating a
transposon protein to keep mobile DNAs in check. The
fission yeast Schizosaccharomyces pombe uses Cenp-b-like
proteins, which are related to proteins from pogo-like
elements, to silence its RNA transposons [25]. Do other ciliates,
such as Paramecium and Tetrahymena, harbor abundant
transposons in their germline that could provide the
machinery to carry out developmental genome rearrange-
ments? No obvious candidate elements have yet been found.
A recent study of transcriptome profiling in Tetrahymena
identified a transposase-like protein encoded in the macro-
nuclear genome that is expressed exclusively during the time
that TIESs are excised [26]. If this proves to be the Tetra-
hymena IES excisase, this example looks more like a
classical transposon domestication such as Ragi/2 or Cenp-b.

The taming of the TBE elements is hardly a typical example of
transposon domestication. Instead, Oxytricha and its TBEs
seem to have reached a mutual understanding. As Nowacki et
al. [9] indicate, they can persist in the germline genome as
long as they clean themselves out of the somatic nucleus.
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