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The chromosomes of ciliates are fragmented at reproducible sites during the development of the polyploid
somatic macronucleus, but the mechanisms involved appear to be quite diverse in different species. In
Paramecium aurelia, the process is imprecise and results in de novo telomere addition at locally heterogeneous
positions. To search for possible determinants of chromosome fragmentation, we have studied an �21-kb
fragmentation region from the germ line genome of P. primaurelia. The mapping and sequencing of alternative
macronuclear versions of the region show that two distinct multicopy elements, a minisatellite and a degen-
erate transposon copy, are eliminated by an imprecise mechanism leading either to chromosome fragmentation
and the formation of new telomeres or to the rejoining of flanking sequences. Heterogeneous internal deletions
occur between short direct repeats containing TA dinucleotides. The complex rearrangement patterns pro-
duced vary slightly among genetically identical cell lines, show non-Mendelian inheritance during sexual
reproduction, and can be experimentally modified by transformation of the maternal macronucleus with
homologous sequences. These results suggest that chromosome fragmentation in Paramecium is the conse-
quence of imprecise DNA elimination events that are distinct from the precise excision of single-copy internal
eliminated sequences and that target multicopy germ line sequences by homology-dependent epigenetic
mechanisms.

In ciliates, the development of the somatic macronucleus
involves extensive rearrangements of the germ line genome,
including the fragmentation of chromosomes into smaller,
acentric molecules healed by de novo telomere addition and
the precise excision of numerous internal eliminated sequences
(IESs). The rearrangement program can be repeated in each
sexual generation because these unicellular eukaryotes sepa-
rate germ line and somatic functions into two distinct kinds of
nuclei, both of which develop after sexual events from mitotic
copies of the zygotic nucleus. The diploid micronucleus is tran-
scriptionally silent during vegetative growth and serves only to
transmit the unrearranged germ line genome to sexual progeny
through the processes of meiosis and karyogamy. The highly
polyploid macronucleus (�800n in Paramecium aurelia spe-
cies) is responsible for all transcription during vegetative
growth but is lost during sexual events and replaced by the
newly developed zygotic macronucleus (for general reviews of
macronuclear development and associated genome rearrange-
ments, see references 12, 29, 36, 52, and 64).

Developmentally regulated chromosome fragmentation oc-
curs in all ciliates studied, but the processes show important
variations between species. The large number of breakage sites
(�40,000) in the haploid genomes of spirotrichs such as
Oxytricha, Stylonichia, or Euplotes results in very short macro-
nuclear “chromosomes” that usually contain a single gene (59),
while in oligohymenophorans a few hundreds of breakage
events give rise to longer macronuclear chromosomes, ranging

from �100 to 1,500 kb in Tetrahymena thermophila (11) and
from 50 to 800 kb in Paramecium primaurelia (5). Although
fragmentation patterns are highly reproducible on a large
scale, the addition of telomeric repeats usually does not occur
at a precise nucleotide position, thus generating microhetero-
geneity among the multiple copies of the genome present in
each developing macronucleus. Multiple telomere addition
sites have been found to be clustered within regions of �70 bp
in Oxytricha (2, 26, 62), �30 bp in Tetrahymena (18), and up to
1 to 2 kb in Paramecium (3, 20, 32). Such microheterogeneity
in principle could arise either from multiple cut sites or from
variable exonucleolytic trimming of the ends produced by a
single cut prior to telomere addition. Euplotes crassus is unique
in that it does not exhibit any microheterogeneity: telomeric
repeats are reproducibly added at the same nucleotide posi-
tions in all macronuclear copies (2).

A second level of heterogeneity can result from alternative
processing of the same germ line sequence. In Oxytricha, some
fragmentation sites are not cut in all macronuclear copies, thus
generating a fraction of macronuclear chromosomes contain-
ing several genes (6, 25, 26, 56, 62). Similarly, the ends of some
Paramecium macronuclear chromosomes can form at one of
several alternative telomere addition regions separated by 2 to
13 kb, each of which shows microheterogeneity in the exact
positions of telomeres (1, 4, 20, 55). The whole set of alterna-
tive versions is reproducibly generated in each developing ma-
cronucleus, indicating that, as in other ciliates (36), chromo-
some fragmentation and telomere addition occur after
substantial endoreplication of the diploid zygotic genome.

Little is known about the mechanisms involved in any spe-
cies, but cis-acting sequence determinants or reaction interme-
diates have been characterized in some. A 15-bp chromosome
breakage sequence (Cbs) has been shown to be necessary and
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ique Moléculaire, CNRS UMR 8541, Ecole Normale Supérieure, 46
Rue d’Ulm, 75005 Paris, France. Phone: 33 1 44 32 39 48. Fax: 33 1 44
32 39 41. E-mail: emeyer@wotan.ens.fr.

† Deceased.

1076



sufficient for both chromosome breakage and telomere addi-
tion in Tetrahymena (19, 65); in the process, the Cbs is elimi-
nated together with 4 to 34 bp of flanking DNA on both sides
(18). In E. crassus, a 10-bp consensus sequence directs a stag-
gered double-strand break at a precise distance and in a direc-
tional manner, but the Cbs itself is not necessarily eliminated
(2, 33, 34). No conserved sequence has been identified so far in
the vicinity of Paramecium chromosome fragmentation sites.
On the other hand, there is evidence that fragmentation pat-
terns are determined not only by the germ line sequence but
also by epigenetic mechanisms. Indeed, cell lines with identi-
cal, entirely homozygous micronuclear genomes can reproduc-
ibly generate different rearrangement patterns from the same
germ line sequence at each sexual generation. These variant
patterns show maternal (cytoplasmic) inheritance in breeding
analyses (17, 20, 42). Transformation experiments have further
revealed that the choice of a particular fragmentation pattern
during macronuclear development is governed by the maternal
macronucleus, still present in the cytoplasm at that time,
through trans-nuclear, homology-dependent effects that are
likely to be mediated by RNA molecules (44, 45, 46; O. Gar-
nier, V. Serrano, S. Duharcourt, and E. Meyer, submitted for
publication).

To search for possible determinants of chromosome frag-
mentation in P. primaurelia, we have studied a fragmentation
region for which both flanking macronuclear chromosomes are
known. As a result of alternative processing, only a fraction of
macronuclear copies are fragmented in this region. Previous
analyses suggested that an initial break is followed by variable
sequence elimination and then healed either by telomere ad-
dition, yielding two chromosomes of �250 and �230 kb, or by
religation, resulting in larger chromosomes of �480 kb (4). An
�21-kb segment of micronuclear DNA from this region, over-
lapping the ends of flanking macronuclear chromosomes, was
PCR amplified and entirely sequenced. The germ line se-
quence is very AT rich and does not appear to contain any
functional genes; the only recognizable features are a minisat-
ellite and a degenerate Tc1/mariner transposon, the first such
elements described for Paramecium. A detailed analysis of the
rearranged chromosomes showed that both elements are re-
moved from all macronuclear copies by imprecise deletions,
either independently or together in a single large deletion.
Each of these deletions is healed by telomere addition in some
copies and by religation in others, suggesting that chromosome
fragmentation is only a consequence of imprecise DNA elim-
ination. These deletions resemble those that can be experimen-
tally induced by homology-dependent effects at any locus and
may be determined by a similar epigenetic mechanism.

MATERIALS AND METHODS

Paramecium cell lines and cultivation. P. primaurelia wild-type strains 156 and
168 are well characterized, entirely homozygous laboratory stocks. Cells were
grown in a wheat grass powder (Pines International Co.) infusion medium bac-
terized the day before use with Klebsiella pneumoniae and supplemented with 0.8
mg of beta-sitosterol (E. Merck AG, Darmstadt, Germany)/liter at 18 or 27°C.
Basic methods of cell culturing have been described elsewhere (57). Autogamy
and conjugation were induced as previously described (42). The �PX and �PY
clones, which carry macronuclear deletions of the PX and PY sequences (see
below), were obtained as previously described (43).

Genomic DNA extraction. Cultures (400 ml) of exponentially growing cells
(1,000 cells/ml) were centrifuged. After being washed in 10 mM Tris-HCl (pH

7.0), the pellet was resuspended in a volume of the same buffer equal to the
volume of the cell pellet; the suspension was quickly added to 4 volumes of lysis
solution (0.44 M EDTA [pH 9.0], 1% sodium dodecyl sulfate [SDS], 0.5%
N-laurylsarcosine [Sigma], 1 mg of proteinase K [Merck]/ml) at 55°C. The lysate
was incubated at 55°C for at least 5 h, gently extracted once with phenol, and
dialyzed twice against TE (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]) containing
20% ethanol and once against TE. Micronuclear DNA was prepared as de-
scribed by Preer et al. (51) and further purified from contaminating low-molec-
ular-weight macronuclear DNA by agarose gel electrophoresis. This DNA was
used to amplify some of the Tennessee copies, but its average molecular weight
was not high enough to allow efficient long-range amplification of the micro-
nuclear fragmentation region, which was carried out by using total DNA samples
(see Results).

DNA restriction, electrophoresis, Southern blotting, and gel purification.
DNA restriction and electrophoresis were carried out according to standard
procedures (54). Pulsed-field electrophoresis was carried out with a home-made
contour-clamped homogeneous electric field apparatus (10) and 0.25� TBE (1�
TBE is 89 mM Tris, 89 mM borate, 2.5 mM EDTA) at 5 V/cm, with cooling to
12°C. Commutation times were 4 s for the best resolution of Asp718-digested
macronuclear versions and 50 s for the separation of native macronuclear chro-
mosomes; the migration time was �30 h. DNA was transferred from agarose gels
to Hybond N� membranes (Amersham Pharmacia Biotech, Little Chalfont,
United Kingdom) in 0.4 N NaOH after depurination in 0.25 N HCl. Hybridiza-
tion was carried out with 7% SDS–0.5 M sodium phosphate–1% bovine serum
albumin–1 mM EDTA (pH 7.2) at 61°C. Probes were 32P labeled by random
priming to a specific activity of 3 � 109 cpm/�g. Membranes were then washed
for 30 min with 0.2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)–0.5% SDS at 60°C prior to autoradiography or PhosphorImager expo-
sure. DNA fragments were purified from low-melting-temperature agarose gels
by treatment with agarase (Sigma) or by using a Qiaquick gel extraction kit
(Qiagen). PCR products were purified by using a Qiaquick PCR purification kit
(Qiagen) or Microcon centrifugal filter devices (Millipore).

Cloning of probes from the fragmentation region. Attempts to clone the
A5-A6 Asp718 fragment from the different chromosome 2 versions into yeast
artificial chromosomes yielded only one 65-kb insert out of 700 screened recom-
binant clones (4). The YAC insert was gel purified, and different fragments were
subcloned in plasmid pUC18 and used as probes on Southern blots. PX is a
1.6-kb HindIII fragment to the right of BamHI site B1, between positions 474
and 2068 of the germ line sequence; PY is a 1.3-kb BglII-SacI fragment to the left
of SacI, between positions 18694 and 20029. Attempts to clone the gel-purified
�13-kb B1-B2 BamHI fragment from version 2a into a lambda phage vector
yielded only a 6-kb fragment representing an existing but rare macronuclear
version from which one probe was derived to the left of BamHI site B2. A 6-kb
fragment containing the SacI site was cloned by screening of an EcoRI library
with PY. Similar difficulties were encountered in all cloning strategies and were
also observed in the cloning of telomeric PCR products, suggesting that insta-
bility is an intrinsic property of many sequences from this AT-rich (79%) region.

PCR amplification. Classical PCR amplifications were carried out either with
the Tfl (Promega) or the Dynazyme (Finnzymes) DNA polymerase according to
the manufacturer’s specifications. For long-range PCR amplifications, an Expand
long-template PCR system (Roche) was used. All reactions were performed with
a Techne Progene thermocycler. The primer used for telomeric PCRs was 5�-
[(C/A)AACCC]5-3�.

Nucleotide sequence accession numbers. The sequences determined in this
study have been deposited at GenBank under accession numbers AY325300 (for
the 20,816-bp segment containing the entire rearrangement region) and
AY326276 to AY326283 (for the Tennessee transposon).

RESULTS

Fragmented and nonfragmented chromosomes are derived
from the same germ line sequence. In a previous study, the G
surface antigen gene of P. primaurelia (strain 156) was found to
be located near the ends of two macronuclear chromosomes of
very different sizes (4). Based on restriction mapping (Fig. 1),
the smaller chromosome (chromosome 1, �250 kb) appeared
to be identical to the right part of the larger one (chromosome
2, �480 kb). A third chromosome (chromosome 3, �230 kb)
was found to correspond to the left part of chromosome 2. The
same study provided evidence for alternative processing both
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at the left end of chromosome 1, which has alternative telo-
mere addition regions, and in the corresponding region in the
middle of chromosome 2, which has variable internal deletions.
These results suggested that facultative breakage of a common
micronuclear precursor gives rise to all three macronuclear
chromosomes.

We first used a genetic test to confirm that chromosomes 1
and 3 are linked in the micronuclear genome. Allelic restric-
tion fragment length polymorphisms that distinguish homozy-
gous strains 156 and 168 were identified for a number of
sequences located along these chromosomes. The frequencies
of meiotic recombination between these sequences were esti-
mated by counting the number of recombinants among F2

clones obtained by autogamy of F1 156/168 heterozygotes (au-
togamy is a self-fertilization process resulting in entirely ho-
mozygous progeny). As shown in Fig. 1, only 1 F2 clone out of
20 showed meiotic recombination between sequence 5L, which
is located in chromosome 1, and sequence 7R, which is located
in chromosome 3. This result is clearly different from the 50%
of recombinants expected for unlinked loci. Since chromo-
somes 1 and 2 both contain the G surface antigen gene, which
behaves as a single Mendelian locus, we conclude that all three
macronuclear chromosomes are produced by alternative pro-
cessing of the same micronuclear chromosome.

Southern blot mapping of alternative rearrangements. The
Asp718 fragment from the middle of chromosome 2, between
sites A5 and A6, was previously shown to be heterogeneous in
size, appearing as a smeared band on Southern blots of pulsed-
field electrophoresis gels (4). The mapping was refined by
using DNA samples from the same caryonidal clone as in the
previous study, hereafter called the reference clone (a caryon-
idal clone is a vegetative clone arising from a single event of
macronuclear development). Under different pulsed-field con-
ditions (see Materials and Methods), the smear could be re-
solved into three main bands hybridizing with probes 5L and
6R (Fig. 2A). These fragments, of approximately 76, 70, and 63
kb, identified three main chromosome 2 versions, which were
designated 2a, 2b, and 2c, respectively. Better resolution was
also obtained for the terminal fragments (between the last
Asp718 site and the telomere) of fragmented chromosomes 1
and 3. Probe 5L previously identified three different telomeric
fragments from chromosome 1, but under the new conditions,
four fragments, of approximately 25, 17, 12.5, and 9.5 kb, were
revealed; these represented alternative versions 1a, 1b, 1c, and
1d, respectively. Probe 6R revealed two distinct telomeric frag-
ments from chromosome 3, of �60 kb (version 3a) and �53 kb
(version 3b); only the shorter version was previously charac-
terized.

FIG. 1. Restriction maps of macronuclear chromosomes 1, 2, and 3 (mac 1, mac 2, and mac 3, respectively). A1 to A9 are Asp718 sites. The
G surface antigen gene is shown as a white box near the right ends of chromosomes 1 and 2. Gray boxes at chromosome ends represent telomere
addition regions. Alternative processing at the left ends of chromosomes 2 and 3 results in multiple telomere addition regions distributed over �50
kb. Variable internal deletions were mapped in the middle of chromosome 2, in a region corresponding to the alternative telomere addition regions
at the left end of chromosome 1. The broken line at the top represents the unknown micronuclear (mic) sequence. Allelic restriction fragment
length polymorphisms were identified in sequences 7R, 5L, 2L, and 1L (black boxes). The numbers of F2 meiotic recombinants and the
macronuclear distances between these sequences are indicated.
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The breakpoints of chromosome 2 internal deletions, like
those of the addition of telomeres in chromosomes 1 and 3,
thus occur in a few preferential regions. Using Southern blots
of classical electrophoresis gels and several probes derived
from the central region (see Materials and Methods), both
kinds of alternative rearrangements were shown to occur
within a BamHI-SacI fragment (B1-S in Fig. 2B) which con-
tains almost all of the macronuclear heterogeneity. The B1-S
fragment was estimated to be approximately 17.5, 12, and 5 kb
long in versions 2a, 2b, and 2c, respectively (Fig. 2B). Only a
small fraction of macronuclear copies showed deletions ex-
tending further to the right and had lost the SacI site.

Germ line sequence of region of alternative rearrangements.
Because many sequences of the macronuclear variants ap-
peared to be unstable after cloning in different vectors (see
Materials and Methods), a PCR strategy was chosen to analyze
the germ line sequence. To selectively amplify micronuclear
DNA from total cellular DNA, in which the micronuclear/
macronuclear ploidy ratio is �1:200, we took advantage of
variant clones in which the sequences located on the left or
right sides of the variable region were deleted from all macro-

nuclear copies, so that primers located in these sequences
could amplify only micronuclear DNA. These macronuclear
deletion variants were obtained by an experimental procedure
which does not affect the micronuclear genome (42, 43; see
also the last section of Results). The PCR strategy also made
use of a micronucleus-specific primer derived from an IES
identified in the region (Fig. 3A). Indeed, six short DNA seg-
ments were found to be deleted from all macronuclear copies.
The unique sequence obtained from mass PCR products
showed that these deletions occur at the same positions in all
macronuclear molecules and are bounded by two TA dinucle-
otides, one of which is maintained after deletion (data not
shown); thus, they do not differ from previously characterized
Paramecium IESs. As shown in Fig. 3A, four micronucleus-
specific, long-range amplifications together covered 22.1 kb of
the micronuclear sequence. A 20,816-bp segment containing
the entire rearrangement region was sequenced directly from
mass PCR products (GenBank accession number AY325300).
PCR amplification of repeated sequences can lead to trans-
PCR artifacts, which could be of some concern here because of

FIG. 2. Alternative versions of chromosomes 2, 3, and 1. (A) Southern blot of a pulsed-field electrophoresis gel of Asp718-digested total DNA,
hybridized successively with probe 6R to reveal alternative versions of chromosomes 2 and 3 and with probe 5L to reveal alternative versions of
chromosomes 2 and 1. (B) Maps of main alternative versions of macronuclear chromosomes 2, 3, and 1 (mac 2, mac 3, and mac 1, respectively)
between Asp718 sites A5 and A6. Almost all of the alternative rearrangements occur between BamHI site B1 and SacI site S. The lengths of the
B1-S fragments of the different chromosome 2 versions and of the telomeric fragments of the different versions of chromosomes 3 and 1 are
represented by broken lines. Gray boxes show the positions of alternative telomere addition regions. Probes 5L and 6R are shown as black boxes.

VOL. 2, 2003 DEVELOPMENTAL CHROMOSOME FRAGMENTATION IN PARAMECIA 1079



the presence of minisatellite repeats (see below). However, the
sequences produced from mass PCR products were always
unique, suggesting that such artifacts did not occur. This sug-
gestion was later confirmed by other nested, micronucleus-
specific amplifications of total DNA, which always yielded
products having the expected sizes and restriction maps (data
not shown).

The �21-kb germ line sequence has a G�C content of only
21%, which is lower than the 28% average for the macro-

nuclear genome (L. Sperling, personal communication). Inter-
nal and database homology searches revealed only a few rec-
ognizable features (Fig. 3). One is a series of 11 direct repeats
of an AT-rich, �69-bp motif with various levels of sequence
conservation. This minisatellite is followed by a 224-bp se-
quence with a relatively high G�C content (36%), which in
turn is followed by a single 69-bp repeat in the reverse orien-
tation (Fig. 3B). The only protein coding sequences that could
be identified by BLASTX searches are a few degenerate gene

FIG. 3. Germ line sequence of the chromosome fragmentation region. (A) PCR amplification of micronuclear DNA. The positions of primers
are indicated by arrowheads. Primers o1 and o1a and primers o4 and o4a are located within the PY and PX sequences, repectively (gray boxes).
Micronuclear specificity was achieved by using DNA from �PY clones for the o1-o2 and o1a-o5 PCRs and DNA from �PX clones for the o3-o4
and o4a-o6 PCRs. In addition, primer o3 was derived from one of the six IESs, 26 to 468 bp long (black boxes), that were identified in the o1-o2
micronuclear product. (B) Features of the germ line sequence. The 20,816-bp sequenced portion (solid line) begins 1.7 kb after BamHI site B1
and ends 0.8 kb after SacI site S. White boxes indicate the positions of the minisatellite and GC-rich sequence, WD40-related sequence, and
truncated transposon. Thin vertical lines in the minisatellite represent individual repeats. The dot plot shows a self-comparison matrix of the
minisatellite and GC-rich sequence (DNA Strider stringency 15; window 23). The 616-bp sequence of the truncated Tennessee copy is compared
with the 3,043-bp consensus sequence derived from the alignment of eight different copies. ORFs are indicated by filled arrows, and terminal 31-bp
IRs are indicated by open arrowheads. The Southern blot at the bottom was hybridized successively with a 677-bp probe from the right end of the
Tennessee transposon (left panel) and, as a control, with a 1.6-kb EcoRI fragment from the G surface antigen gene (right panel). Lanes t5 and t1
contain 150 and 30 pg of a 3-kb complete Tennessee copy, respectively; these amounts correspond to five copies and one copy per haploid genome
in 1 �g of the �100-Mb macronuclear genome. Lanes m contain 1 �g of EcoRI-digested DNA from the reference clone. Only two faint bands were
revealed by the Tennessee probe in lane m (arrowheads), indicating that two copies of the transposon are partially maintained in the macronucleus,
at much less than one copy per haploid genome. Lanes g5 and g1 contain 80 and 16 pg of the 1.6-kb EcoRI fragment from the G surface antigen
gene, respectively; these amounts correspond to five copies and one copy per haploid genome. The 1.6-kb fragment revealed by the G surface
antigen gene probe in lane m (arrowhead) indicates that the G surface antigen gene is present at one copy per haploid genome in macronuclear
DNA; weaker bands arise from paralogous genes that cross-hybridize with the probe under the low-stringency conditions used.
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remnants, among which is an �700-bp sequence containing
several repeats with some similarity to the WD40 protein motif
(pfam00400). This finding stands in contrast to the high gene
density in the macronuclear genome (�68% coding, as deter-
mined by analyses of random genome survey sequences) (58)
but indicates that functional genes once may have been present
in the region. More interestingly, another weak BLASTX hit
revealed the presence of a short sequence with homology to
those of DDE transposases, a signature of the Tc1-IS630 su-
perfamily of transposons (14).

Characterization of Tennessee, a micronucleus-specific, mul-
ticopy transposon. To determine whether the transposase-re-
lated sequence indeed belongs to some transposable element,
we used different PCR strategies to search the genome for
homologous sequences. Inverse PCRs were performed with
restricted and circularized total DNAs and a pair of divergent
primers designed to match the conserved transposase motifs so
as to maximize the number of different transposon copies that
could be amplified. The sequencing of PCR products showed
that sequences highly similar to the transposase gene sequence
were present at different locations in the genome and allowed
us to identify a putative 31-bp inverted repeat (IR) present at
both ends of these elements, after which flanking sequences
completely differed from one copy to the other. Because the
chosen restriction enzymes had sites within the elements, none
of the inverse PCRs allowed us to amplify both ends of a single
product. However, when several primers that pointed inward
and corresponded to different parts of the IR consensus se-
quence were used alone for PCR amplification of total or
micronuclear DNA, additional copies of the same element
were obtained. A total of 38 sequences were found to represent
at least eight different copies (five full length and three partial),
which differed from each other by point mutations and inser-
tions or deletions (GenBank accession numbers AY326276 to
AY326283). For most of these copies, the same sequences
were obtained with different PCR strategies, ruling out PCR
artifacts other than point substitutions.

A multiple alignment of the eight copies allowed us to build
a 3,043-bp consensus sequence (see www.biologie.ens.fr/
�lemouel/lemouel1.doc) showing the characteristic features of
Tc1/mariner transposons (Fig. 3B). The end sequence of the
31-bp IR (5�-TACAGTCC. . .-3�) is similar to the consensus
sequence of Tc1/mariner IR ends (TACAGTKS. . .), where the
terminal 5�-TA-3� dinucleotides are the duplicated copies of a
TA integration site, and to the consensus sequence of Para-
mecium IES ends (TAYAGYNR. . .) (35). The element con-
tains two putative genes, open reading frame (ORF) 1 (ORF1)
and ORF2. The conceptual translation of ORF2 yields a 437-
amino-acid protein with significant similarity to DDE trans-
posases from prokaryotic and eukaryotic transposons, includ-
ing the TBE and Tec ciliate elements. The ORF2 product is
most similar to the putative transposase of Sardine, a larger
transposon recently discovered in the micronuclear genome of
P. tetraurelia (O. Garnier, A. Le Mouël, M. Prajer, S. Malinsky,
M. Bétermier, and E. Meyer, unpublished data). ORF1 was
tentatively identified by TBLASTX comparisons with the Sar-
dine transposon. It appears to contain two short introns and
could encode a 248-amino-acid protein with no homolog in the
databases. This analysis shows that the transposase sequence
initially found in the fragmentation region is a 616-bp trun-

cated copy of a Tc1/mariner transposon, which was named
Tennessee.

Like other ciliate transposons, Tennessee appears to be lim-
ited to the micronuclear genome of P. primaurelia, as Southern
blots showed that the element is almost completely eliminated
from the macronuclear genome (Fig. 3B). A comparison of the
sequences of the different copies with the consensus sequence
shows that most of them are probably not functional, as they
have accumulated mutations in the ORFs, including in-frame
stop codons and insertions or deletions. The transposase gene
of one copy (not the copy from the fragmentation region) is
interrupted by a 229-bp insertion that is absent from all other
copies. The insertion has a relatively high G�C content (41%)
and is flanked by direct repeats formed by the duplication of 19
bp of the transposase coding sequence. Surprisingly, this inser-
tion is significantly similar to the 224-bp GC-rich sequence
adjacent to the minisatellite in the fragmentation region (67%
identity, with three gaps). The occurrences of this element in
different genomic locations could represent mutated copies of
an unknown type of transposable element.

PCR mapping of chromosome 2 internal deletions. In the
germ line genome, the distance between BamHI site B1 and
the SacI site should be �22 kb if no large insertion occurs in
the �0.4 kb between B1 and the beginning of the amplified
micronuclear sequence. From the measured sizes of the B1-S
fragment in the different chromosome 2 versions (�17.5, �12,
and �5 kb; Fig. 2B), the total lengths of deleted germ line
sequences can be calculated to be approximately 4.5 kb for
version 2a, 10 kb for 2b, and 17 kb for 2c. To map these
deletions in the germ line sequence, we used a two-step PCR
procedure. Macronuclear versions 2a and 2b were first ampli-
fied by long-range PCR from total DNA of the reference clone
with primers o4 and o5, which lie outside the rearrangement
region and define a segment about 3 kb shorter than the B1-S
fragment (Fig. 4C). Figure 4A shows that abundant products of
�14 to 16 kb and �8 to 10 kb were produced, consistent with
the sizes expected for versions 2a (�14.5 kb) and 2b (�9 kb).
The widths of the bands observed indicate that each of these
versions is itself heterogeneous and consists of many slightly
different variants. o4-o5 products shorter than 3 kb should
correspond to 2c versions, but these were too short and too
dispersed for mass analysis and were not studied further. Mi-
nor discrete products of 3 to 8 kb are probably amplified from
macronuclear versions that are too rare and too dispersed to
be detected on Southern blots.

In a second step, the broad bands corresponding to versions
2a and 2b were gel purified and used as templates for a series
of overlapping nested PCRs spanning the entire region. As
controls, the same PCRs were performed in parallel with pu-
rified PCR products of the micronuclear sequence and with
total cell DNA. Figure 4B illustrates the principle of the
method with one example of a deletion observed in version 2a.
If no deletion occurs between the two primers used (primers a
and b), a single product of the same size is obtained with all
templates: the gel-purified 2a and micronuclear templates and
total DNA. The different amounts reflect the different concen-
trations of molecules containing this sequence in the three
template samples. If at least one primer is located within the
deletion (primers c and d), only the micronuclear sequence can
be amplified. The single, low-abundance product of micro-
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nuclear size that is amplified from total DNA is consistent with
the low micronuclear/macronuclear ploidy ratio (compare the
relative intensities of the micronuclear and total DNA prod-
ucts in the a-b and c-d amplifications). The product of micro-
nuclear size is also the main product amplified from the 2a
template; this result could have been due to contamination of
the gel-purified template with the closely migrating micro-
nuclear sequence (amplified from total DNA in the first-step
PCR with primers o4 and o5) and/or to rare 2a variants that do
not show this deletion. A less abundant, shorter product in-
deed suggests that one rare 2a variant contains both primers
with a smaller deletion between them. Finally, if the two prim-
ers used are located on either side of the major deletion (prim-
ers c and e), abundant shorter products are made from the 2a
template and total DNA. The abundance and size heteroge-
neity of PCR products obtained with primers c and e indicate
that most 2a molecules have an �1.6- to 2.8-kb deletion be-
tween primers c and e, with boundaries that vary in position
over �0.6 kb but cluster at a few preferential hot spots, as
revealed by prominent bands in the pattern.

The whole set of overlapping PCRs used is diagrammed in
Fig. 4C. A careful examination of the patterns produced al-
lowed us to determine the approximate positions of the major
large deletions occurring in versions 2a and 2b (Fig. 5). All of
them displayed heterogeneity in the exact positions of bound-
aries, similar to the example described above. The main dele-
tions were found to be discontinuous: two separate segments
are deleted in both version 2a and version 2b, together ac-
counting for most of the measured deletion lengths (the six
IESs identified account for 0.7 kb of the deletions in version
2a). An �1.0- to 1.7-kb deletion is common to versions 2a and
2b. It removes the minisatellite and GC-rich sequence together
with variable lengths of flanking sequences. The second dele-
tion in version 2a (the example described above) is �1.6 to
2.8-kb long and removes the truncated Tennessee copy and
adjacent sequences. In version 2b, the second deletion starts at
the same position on the left side of the transposon but extends
much further to the right, removing 8 to 9 kb of DNA.

Figure 5 also shows three examples of version 2c deletions
that were characterized from cloned molecules in a separate

FIG. 4. PCR mapping of internal deletions. (A) PCR amplification of alternative macronuclear versions. PCR products corresponding to
heterogeneous versions 2a and 2b were amplified from total DNA with primers o4 and o5 (see map in panel C) and analyzed on a 0.9% agarose
gel. Lane M, markers. The sizes indicated were more precisely measured on different types of gels after the purification of 2a and 2b products.
(B) Nested PCRs of o4-o5 products. The principle of the method is illustrated by three primer pairs (a-b, c-d, and c-e) overlapping a deletion
observed in version 2a (gray box). For each of the PCRs, the agarose gel shows the amplification products obtained from three different templates:
a purified PCR product representing the micronuclear sequence (mic), total cell DNA (tot), and a purified PCR product representing hetero-
geneous macronuclear version 2a. Lanes M, molecular size markers. (C) Map of the germ line sequence showing the positions of primers o4 and
o5 (filled arrowheads). These primers lie outside the rearrangement region, since no macronuclear heterogeneity was detected between B1 and
o4 on Southern blots (data not shown). Horizontal lines below the map represent the micronuclear amplification products for the entire set of
overlapping nested PCRs.
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experiment (data not shown). Note that these examples are not
representative of version 2c, as the molecules analyzed were
among the largest. Most version 2c deletions are larger and
must extend further to the right, since there is no evidence for
alternative rearrangements to the left of the mapped deletions.
The SacI site on the right is indeed deleted in a fraction of
version 2c deletions (4). Thus, version 2c deletions are approx-
imately coextensive with version 2b deletions, but the two seg-
ments that are deleted separately in version 2b molecules are
here bridged in a single large deletion which also removes the
�6-kb segment of DNA between them.

PCR mapping of regions of telomere additions. The lengths
of the alternative telomeric fragments of chromosomes 1 and 3
could be determined quite precisely by Southern blot mapping
of genomic DNA, but whether these fragments were colinear
with the germ line sequence up to the telomeric repeats was
not known. To characterize their structure and map the telo-

mere addition regions in the germ line sequence, chromosome
ends were first amplified from total cell DNA by long-range
PCR with one degenerate primer complementary to the G
strand of telomeric repeats (see Materials and Methods) and a
second primer specific for the region. Different PCRs were
used to selectively amplify one or more of the alternative
telomeres from each chromosome, which could be identified
by their known sizes; all but the 1d telomere were amplified.
These telomeric PCR products must be revealed with specific
probes on Southern blots, as the telomeric primer by itself is
able to amplify a large amount of DNA from many different
locations in the genome. The Southern blots were successively
hybridized with various oligonucleotide probes chosen from
the germ line sequence to scan the expected extent of the
telomeric fragments and beyond. With probes located up-
stream of the telomeres, each of the five amplified fragments
appeared as a heterogeneous cluster of bands varying in size by

FIG. 5. Maps of main alternative rearrangements. The major macronuclear versions are represented by labeled lines (2a, 2b, 2c, 1a, and so
forth) below the map of the germ line sequence (top line). Gray boxes in the macronuclear versions show the approximate positions of imprecise
internal deletions of the minisatellite and truncated Tennessee copy, as determined by mass PCR mapping. The right end of the large deletion in
version 2c is uncertain, as indicated by the disconnected gray boxes. Thick black lines below gray boxes indicate the exact extents of the deletions
in individual molecules sequenced from cloned PCR products; thin lines on both sides show the regions covered by the PCRs. The six invariant
IESs are shown as black boxes in the germ line sequence; gray boxes in the macronuclear versions indicate the positions of the corresponding
precise deletions of the IESs. Hatched regions at the ends of fragmented chromosomes 1 and 3 represent telomere addition regions. The graph
at the bottom shows the local density of TA dinucleotides along the germ line sequence (percentage of total dinucleotides computed in a 100-bp
window); the short vertical lines above the graph mark the positions of the boundaries of internal deletions for all sequenced molecules (excluding
the IESs).

VOL. 2, 2003 DEVELOPMENTAL CHROMOSOME FRAGMENTATION IN PARAMECIA 1083



�1 kb (data not shown), consistent with the usual microhet-
erogeneity of telomere addition sites. Oligonucleotide probes
located beyond the telomeres failed to hybridize, while those
located within the telomere addition regions hybridized only to
the longest molecules in the heterogeneous patterns, providing
direct information about the locations of these regions in the
germ line sequence.

Figure 5 shows the positions of the five telomere addition
regions analyzed. This analysis revealed the occurrence of in-
ternal deletions in the longest versions of chromosomes 1 and
3. Indeed, telomere addition regions 1a and 3a were found to
map further in the germ line sequence than was anticipated
from the known lengths of the telomeric fragments. Further-
more, some probes located at internal positions in the frag-
ments failed to hybridize to the telomeric PCR products, in-
dicating the positions of internal deletions. Remarkably, these
deletions were found to be the same as some of the chromo-
some 2 internal deletions. Telomeric fragment 3a appeared to
carry the same internal deletion of the minisatellite and GC-
rich sequence as versions 2a and 2b, and the internal deletion
in fragment 1a was the same as the second deletion in version
2a (Fig. 5). The position, extent, and heterogeneity of the
internal deletion in fragment 1a were further characterized by
the same set of overlapping nested PCRs as those used to
analyze the fragment 2a deletion. In particular, the c-e nested
amplification produced nearly identical heterogeneous pat-
terns with the 1a telomeric PCR product as a template and
with the 2a purified template, confirming that the same 1.6- to
2.8-kb imprecise deletion of the truncated Tennessee copy oc-
curs in versions 1a and 2a.

Several important conclusions can be drawn from the com-
plex pattern of alternative rearrangements presented in Fig. 5.
First, the minisatellite and truncated Tennessee copy are re-
moved from all macronuclear copies of the region, including
both religated versions (chromosome 2) and fragmented ver-
sions (chromosomes 1 and 3). Second, all of the telomere
addition regions that were mapped in the region colocalize
with the microheterogeneous boundaries of internal deletions,
and conversely, all internal deletion boundaries colocalize with
telomere addition regions. These data suggest that each of the
alternative DNA elimination events can lead either to the
ligation of flanking sequences or to the formation of telomeres.
Third, an unexpected consequence of alternative processing at
two distinct deletion regions is the formation of macronuclear
chromosomes with overlapping ends: chromosome 3a implies
rejoining at the minisatellite and telomerization at the Tennes-
see copy, while chromosome 1a implies telomerization at the
minisatellite and rejoining at the Tennessee copy.

Sequence analysis of internal deletion junctions and telo-
mere addition sites. Because of their heterogeneity, the junc-
tions of internal deletions can be studied only in cloned mol-
ecules. Although many sequences from the region appear to be
unstable in different cloning vectors (see Materials and Meth-
ods), some short PCR products could be cloned, and a number
of representative molecules were sequenced for each of the
main deletions. The sequences confirmed the microheteroge-
neity evidenced by PCR mapping; Fig. 5 shows the precise
extents of the deletions in each of the sequenced molecules.
One unexpected finding is that the large deletions of the mini-
satellite and truncated Tennessee copy that characterize each

chromosome 2 version are themselves discontinuous in about
one-third of the sequenced molecules, where they actually con-
sist of two or more closely spaced deletions. The distance
between adjacent deletions can be as short as 13 bp.

A comparison of the junction sequences with the germ line
sequence indicated that in all instances, the deletions occur
between two short direct repeats (1 to 8 bp), one of which is
maintained in the macronuclear sequence (Fig. 6; the se-
quences can also be obtained at www.biologie.ens.fr/
�lemouel/lemouel1.doc). The repeats differ in sequence from
one deletion event to the next but, strikingly, they all contain
almost exclusively thymines and adenines. Furthermore, with
one possible exception (which might be due to a PCR artifact),
all boundary repeats contain at least one 5�-TA-3� dinucle-
otide. The sequencing also confirmed that the boundaries of
internal deletions tend to cluster in short segments particularly
rich in TA dinucleotides. A plot of the local density of TA
dinucleotides, computed in a 100-bp window sliding along the
germ line sequence, indeed revealed that most deletion bound-
aries coincide with peaks in TA density (Fig. 5). There appear
to be few other constraints on the use of TA-containing direct
repeats as deletion boundaries: in many instances, the same
boundary on one side is used in conjunction with different
boundaries on the other side; furthermore, the same sequence
can be used both as a left boundary and as a right boundary.
For instance, the TA in the sequence ATCTAAAATACAAT
GAAT is the right boundary repeat of one deletion, while the
overlapping AATA (ATCTAAAATACAATGAAT) is the left
boundary repeat of another.

For some of the internal deletions, the left boundary was
located within the minisatellite, so that a few minisatellite
repeats were maintained in the macronuclear sequence. In two
instances, one of the macronuclear repeats differed in se-
quence from the corresponding repeat in the germ line se-
quence. These variant repeats are unlikely to be simply due to
PCR-induced substitutions, since one of them was also present
in telomeric PCR products from a different genomic region
(see below).

To determine the exact positions of telomere addition sites
in a sample of molecules from chromosomes 1 and 3, telomeric
PCR products also had to be cloned. However, these se-
quences appeared to be very unstable in plasmid vectors, and
only seven clones corresponding to the 3b telomere could be
obtained (data not shown). Their sequencing confirmed the
PCR mapping of the 3b telomere addition region; the longest
molecules contained some minisatellite repeats before the te-
lomeric repeats. Two clones contained a few variant repeats
that were absent from the germ line sequence. Such variant
repeats may have been incorporated by trans-PCR artifacts
involving a template switch to similar repeats present at the
ends of other macronuclear chromosomes. Indeed, one of the
primers used for telomeric PCRs had partial homology with
minisatellite repeats and yielded clones containing a different
set of variant repeats.

Caryonidal variability and experimental modifications of
rearrangement patterns. Up to this point, the mapping and
sequencing of macronuclear versions were carried out with
samples from the reference clone. To examine the caryonidal
variability of the complex rearrangement patterns, total DNAs
from four independent clones of entirely homozygous strain
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156 were digested with Asp718 and analyzed as described in the
legend to Fig. 2. A Southern blot of the pulsed-field electro-
phoresis gel is shown in Fig. 7. After hybridization with probe
6R, which reveals the different versions of chromosomes 2 and
3, or with probe 5L, which reveals the different versions of
chromosomes 1 and 2, these four clones (Fig. 7, lanes 1 and 3
to 5) yielded patterns similar to that of the previously studied
reference clone (lane 2). However, variations were observed in
the numbers, relative intensities, and exact sizes of the differ-
ent fragments. In particular, clone 1 showed reduced hetero-
geneity with probe 5L, which revealed a single major version
each for chromosomes 1 and 2. Furthermore, these major
versions are both slightly larger than their counterparts in the
reference clone, versions 1a and 2a. This observation further
supports the idea that alternative rearrangements are deter-
mined in a coordinated manner in fragmented and nonfrag-
mented versions. Interestingly, the variant pattern of clone 1
was reproduced in its sexual progeny, as shown by an analysis
of one postautogamy caryonidal clone (data not shown). Since

all clones have identical micronuclear genomes, such inheri-
tance of variant patterns must depend on epigenetic mecha-
nisms, as previously shown for maternally inherited alternative
rearrangements of other genomic regions (46).

To further test the coordinated regulation of DNA elimina-
tion events in fragmented and nonfragmented versions, we
took advantage of the fact that targeted deletions of any se-
quence can be experimentally induced in the developing ma-
cronucleus by transformation of the maternal macronucleus
with high copy numbers of that sequence prior to the induction
of autogamy. Targeting of a sequence located close to the end
of a macronuclear chromosome results in a terminal truncation
of this chromosome in the new macronucleus, while targeting
of an internal sequence leads to imprecise internal deletions
slightly larger than the targeted region (42, 43; Garnier et al.,
submitted). Here we chose to target sequences PX and PY,
which are internal sequences in chromosome 2 but which also
lie close to the ends of chromosomes 3 and 1, respectively (Fig.
7). Plasmids carrying the PX or PY sequences were microin-

FIG. 6. Direct repeats at boundaries of imprecise internal deletions. The top line shows the sequence of one example of a deletion junction;
the single repeat maintained in the macronuclear sequence is in bold type. Line 1 shows the germ line sequence around the direct repeats at the
right and left boundaries of this deletion; the deleted sequence is shown in lowercase letters. The entire set of sequenced deletions is represented
in the same way. Deletions 1 to 8 and 9 to 11 remove the minisatellite in versions 2a and 2b, respectively; deletions 12 to 16, 17 to 29, and 30 to
41 occur around the truncated Tennessee copy in versions 2a, 1a, and 2b, respectively.
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jected into the macronuclei of vegetative cells of strain 156.
Selected high-copy-number transformants (�40,000 copies per
macronucleus) were cultured and allowed to undergo autog-
amy, and total DNA was extracted from sexual progeny to
check the structure of the new macronuclear genome.

Figure 7 shows the patterns obtained for two caryonidal
clones derived from PX-transformed cells (�PX clones; lanes 6
and 7) and two caryonidal clones derived from PY-trans-
formed cells (�PY clones; lanes 8 and 9). As expected, hybrid-
ization of the Southern blot with probes PX and PY revealed
that these sequences are almost entirely deleted from the ma-
cronuclear genomes of �PX and �PY clones, respectively.
Hybridization with probe 6R showed that the 3a telomere had

a terminal truncation in �PX clones, while probe 5L indicated
that chromosome 1 telomeres were not affected. Although the
reduction in the size of the 3a telomeric fragment is barely
noticeable on the pulsed-field Southern blot in Fig. 7, the
terminal deletion was more precisely mapped on classical blots
with other enzymes and found to be �3 kb (data not shown).
Similarly, probe 6R revealed that the entire group of bands
from chromosome 2 versions was �3 to 4 kb shorter in the
�PX clones, consistent with the PX sequence being deleted as
part of an extended deletion of the minisatellite region. Tar-
geting of the PX sequence for deletion appeared to favor
fragmentation over religation; quantification of the copy num-
bers of chromosomes 1, 2, and 3 by pulsed-field electrophoresis

FIG. 7. Varibility and experimental modifications of rearrangement patterns. A Southern blot of a pulsed-field electrophoresis gel of Asp718-
digested total DNAs from different clones was hybridized successively with probes 6R, 5L, PX, and PY. Lanes 1 to 5, wild-type (WT) caryonidal
clones; lanes 6 and 7, �PX clones; lanes 8 and 9, �PY clones. The different fragments indicated on the sides of the blots are those of the reference
clone, which is in lane 2. The map shows the positions of the probes (black boxes) between Asp718 sites A5 and A6 in the main macronuclear
versions of the reference clone. Gray boxes represent the average extents of the heterogeneous internal deletions; hatched boxes represent
telomere addition regions.
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of native chromosomes showed that religated chromosome 2
versions represent only 26 to 29% of the total copy number in
�PX clones, as opposed to 50 to 58% in control clones (data
not shown).

In contrast to the PX sequence, which is never deleted in
wild-type clones, the PY sequence largely overlaps the 8- to
9-kb extended deletion of the Tennessee copy in version 2b
(Fig. 7). In �PY clones, the targeted PY deletion appeared to
extend over a large distance on the right in both chromosome
1 telomeric fragments and chromosome 2 internal fragments,
whereas chromosome 3 remained unaffected, as revealed by
probe 6R. The reduced signal intensity obtained with probe 5L
indicates that in many copies, the deletion extended into the
5L sequence. We conclude from this experiment that targeting
of the sequences located on either side of the variable rear-
rangement region increases the sizes of the deletions in a
coordinated manner in fragmented and rejoined versions.

DISCUSSION

Micronucleus-specific repeated sequences in a chromosome
fragmentation region. In an effort to understand how chromo-
some fragmentation is determined during macronuclear devel-
opment in Paramecium, we studied the micronuclear (germ
line) sequence of an �21-kb fragmentation region for which
flanking macronuclear chromosomes were known on both
sides. Two distinct sequence elements were found to be elim-
inated from all macronuclear copies in the region. One is an
AT-rich minisatellite flanked by a short GC-rich sequence; the
other is a mutated and truncated copy of Tennessee, a novel
transposable element of the Tc1/mariner family. The two ele-
ments share no common sequence, but they share the charac-
teristic of being multicopy in the germ line genome. In addition
to the local repetition of the minisatellite motif, the GC-rich
sequence itself appears to be multicopy, since a very similar
sequence was found, entirely by chance, within the transposase
gene of one Tennessee copy located elsewhere in the genome.
Consistent with the general paucity of repeated sequences in
the macronuclear genomes of ciliates, the vast majority, if not
all, of the copies of these elements are deleted during macro-
nuclear development.

How general is chromosome fragmentation as a conse-
quence of imprecise sequence elimination? The two germ line-
specific elements are eliminated in a variety of alternative
ways. The mapping and sequence analysis of the major internal
deletions in the macronucleus of one caryonidal clone revealed
that each of them has microheterogeneous boundaries, spread
over at least 0.5 kb. This clustered distribution of deletion
breakpoints is very similar to that of telomere addition sites in
fragmented versions. Furthermore, all of the telomere addition
regions that were mapped colocalized with heterogeneous
boundaries of internal deletions. This finding also appears to
be true for clones with slightly different rearrangement pat-
terns as well as for clones where deletions were experimentally
lengthened by specific targeting of the PX or PY sequences
located at the borders of the fragmentation region. Thus, the
same deletion events appear to be healed either by the rejoin-
ing of flanking sequences or by telomere addition. The data
suggest that rearrangements are initiated by the elimination of
specific germ line sequences and that chromosome fragmenta-

tion occurs only when flanking sequences fail to be rejoined for
at least one of the deletion events in the region. One unex-
pected consequence of such a mechanism operating on two
distinct elements is the formation of macronuclear chromo-
somes with overlapping ends, similar to those occurring in
Oxytricha (62).

Could all fragmentation events result from imprecise elim-
ination of repeated sequences? Facultative rejoining of flank-
ing sequences has not been reported for other fragmentation
regions, but many macronuclear chromosomes are known to
use alternative telomere addition regions in P. primaurelia and
P. tetraurelia. In most instances, the possibility cannot be ex-
cluded that some of the alternative forms are in fact rejoined
versions, as restriction fragments with heterogeneous internal
deletions have the same smeared appearance as telomeric frag-
ments on Southern blots. Strong evidence for facultative reli-
gation can be obtained only by physical mapping of entire
macronuclear chromosomes, as was done in the present study
by using jumping and linking libraries to clone probes from the
entire length of chromosome 2 (4). Although such studies are
lacking for other chromosomes, pulsed-field Southern blots of
native chromosomes have shown that a number of single-copy
genes are borne by several macronuclear chromosomes with
widely different sizes (50), suggesting that facultative fragmen-
tation may not be uncommon. Finally, we showed that increas-
ing the lengths of deletions in the region studied favors frag-
mentation over religation. Simple macronuclear telomeres
might thus be produced when the deletion of very large germ
line regions precludes the rejoining of flanking sequences.

Imprecise DNA elimination mechanism distinct from IES
excision. The heterogeneity of internal deletions occurring in
the fragmentation region stands in sharp contrast to the pre-
cise excision of IESs, another type of developmentally regu-
lated DNA elimination occurring in Paramecium and other
ciliates. Although some IESs have been shown to use alterna-
tive excision boundaries a few nucleotides apart (15, 38), a
higher level of junction microheterogeneity probably would be
lethal, since IESs very frequently are present within coding
sequences. Furthermore, IES excision is always followed by the
rejoining of flanking sequences; the frequent addition of telo-
meres to flanking sequences would be disastrous for the same
reason.

All precisely excised IESs that have been sequenced so far in
Paramecium are short (26 to 882 bp), single-copy DNA seg-
ments. However, full-length DNA transposons can be excised
precisely in Oxytricha (27, 61), and in Euplotes the same precise
mechanism appears to excise both short, single-copy IESs and
large transposons (31, 37). Some Tennessee copies in the Par-
amecium genome may well be excised precisely, but this event
would probably require the presence of both terminal IRs.
Indeed, the precise excision of Paramecium IESs can be abol-
ished by point mutations in an 8-bp degenerate consensus
sequence which is present at both ends in opposite orientations
(24, 41) and which is thought to have been conserved from the
presumed transposon ancestors of single-copy IESs (35). The
truncated Tennessee copy studied here lacks one terminal IR,
and the imprecise deletion boundaries lie outside the element,
within flanking sequences. Interestingly, the deletions of the
truncated Tennessee copy are similar in this respect to the
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heterogeneous deletions that are promoted by various frag-
ments of the Tlr transposable element in Tetrahymena (63).

These deletions nevertheless show one similarity with the
precise excision of IESs. They occur between two short direct
repeats, one of which is maintained at the deletion junction;
the repeats are 2 to 8 bp long and, with one possible exception,
always contain at least one 5�-TA-3� dinucleotide. This finding
is highly significant: in the 7 instances (out of 41) where repeats
are limited to two nucleotides, the repeat sequence is TA. IESs
are also invariably bounded by two TA dinucleotides, one of
which is maintained in the macronuclear sequence after pre-
cise excision. A point mutation in one of the TA dinucleotides
abolishes developmental excision (40, 53), and the TA dinucle-
otides were recently shown to be located in the middle of
4-base 5� overhangs produced by staggered double-strand
breaks at both IES ends during excision (23a). Thus, both types
of DNA elimination may use the same basic, TA-dependent
recombination machinery, with additional mechanisms ensur-
ing the precision of IES excision. It is unclear whether a con-
sensus sequence similar to that of IES ends is present internal
to the TA boundaries of imprecise deletions, because the pre-
cise TA dinucleotide used cannot be determined when there is
more than one in the direct repeats. TA boundaries, however,
are used in a much more flexible manner, since the same
repeats can be used as right boundaries in some molecules and
as left boundaries in others.

Multiple cut sites versus exonuclease action. A previous
model proposed that, after the introduction of a single double-
strand break in the fragmentation region, the DNA ends could
be degraded by an exonuclease to variable extents and then
either rejoined or healed by telomere addition (4). The finding
that most chromosome 2 molecules carry at least two distinct
deletions does not support such a model. Furthermore, each of
the two deletions in versions 2a and 2b itself can be discontin-
uous. For instance, although the same 8- to 9-kb region around
the Tennessee copy is reproducibly deleted in version 2b, the
deletion is sometimes achieved by two or more smaller dele-
tions, separated by as little as 80 bp of maintained DNA (13 bp
in minisatellite deletions). Thus, the 8- to 9-kb deletion itself is
not likely to be initiated by a single cut followed by exonuclease
action but could result from repeated rounds of smaller dele-
tions targeting this region. Each deletion event could be initi-
ated by two cuts at TA dinucleotides, which would have to be
kept in close spatial proximity to allow the religation of flank-
ing sequences. Alternatively, TA stretches could be exonucle-
ase pause sites or barriers; cuts then could be located else-
where, but they would still have to be multiple to account for
discontinuous deletions.

Could the same cuts be used for telomere addition? The
Paramecium telomerase is indeed able to add telomeres to the
end of any DNA molecule, without extensive resection (23).
However, the sequencing of a few telomeric molecules in this
study showed that telomeric repeats are not added at a fixed
position relative to the nearest TA dinucleotide in the germ
line sequence (data not shown). Thus, if both rearrangement
types were initiated by cuts at TA dinucleotides, some trim-
ming of the ends would have to precede telomere addition.
Alternatively, random cuts could be substrates for direct telo-
mere addition or for an exonuclease pausing in TA stretches to
allow rejoining. The rejoining or telomere addition alternative

may involve the nonhomologous end-joining repair pathway,
since one of its components, the Ku heterodimer, was also
proposed to recruit telomerase to DNA ends in yeasts (49) and
mammals (8).

Epigenetic programming of imprecise deletions. If such low-
specificity cleavage is involved, what determines the specificity
of the deletions observed? The variability of rearrangement
patterns and the inheritance of variant patterns in genetically
identical cell lines imply epigenetic mechanisms. Both minisat-
ellites and multicopy transposable elements are often pack-
aged as heterochromatin in eukaryotes, and many lines of
evidence support the idea that heterochromatin is specifically
deleted during the development of the ciliate macronucleus
(13, 16, 22, 28, 30, 39; reviewed in reference 48). For Tetrahy-
mena, it was recently shown that DNA elimination is targeted
by the methylation of histone H3 on lysine 9, a modification
that is absent from the mature macronucleus (60). The heter-
ogeneous lengths of the deletions occurring in the fragmenta-
tion region could reflect the variable spreading of such a het-
erochromatin mark nucleated in the two germ line-specific,
multicopy elements.

What then would determine the formation of heterochro-
matin over these sequences? The imprecise deletions studied
here are strikingly similar to the deletions that can be induced
experimentally at any locus by high-copy-number transforma-
tion of the maternal macronucleus. The latter also occur be-
tween short, TA-containing direct repeats, and their heteroge-
neous boundaries similarly cluster in TA-rich recombination
hot spots located outside the targeted sequence (43). We have
shown that such homology-dependent maternal effects can in-
crease the sizes of deletions in the fragmentation region.
Transformation of the macronucleus with transgenes at high
copy numbers was shown to result in the production of aber-
rant transcripts from both strands, even when these constructs
lacked transcription promoters (21). The formation of double-
stranded RNA could explain the silencing of homologous
genes observed during the vegetative growth of such transfor-
mants, as well as the deletions induced in their sexual progeny,
during the development of the new macronuclei. Direct deliv-
ery of double-stranded RNA prior to meiosis indeed results in
very similar deletions during macronuclear development (Gar-
nier et al., submitted). Thus, the spontaneous deletions of the
minisatellite region and truncated Tennessee copy also may be
programmed ultimately by homologous RNA molecules, which
could be transcribed from these or any other sufficiently similar
loci in the germ line genome.

A very similar model has been proposed to explain the
capacity of different, nonoverlapping fragments of the Tlr mul-
ticopy element of Tetrahymena to determine their own elimi-
nation during macronuclear development (63). In this organ-
ism, some germ line-specific sequences were indeed shown to
be transcribed on both strands before they were deleted (9),
and indirect evidence implicates short, 26- to 31-nucleotide
RNA molecules that accumulate during macronuclear devel-
opment in the programmed rearrangements of the genome
(47). More generally, there is increasing evidence from diverse
eukaryotes that RNA molecules can modify the chromatin
structure of homologous genomic sequences (reviewed in ref-
erence 7): developmentally regulated chromosome fragmenta-
tion in Paramecium may be one manifestation of a basic mech-
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anism which is conserved in eukaryotes and which appears to
be essential for the control of transposable elements.
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