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With the completion of the Genome Sequencing Project, it is now possible to rapidly and accurately determine
the frequency and position of a particular repeat sequence in the Caenorhabditis elegans genome. Several repeat
sequences with a variety of characteristics have been examined and with few exceptions they show a
near-random distribution throughout the genome. We characterized several genes near the left end of
Chromosome Il in the C. elegans genome, and found a 24-bp minisatellite repeat sequence present in the introns
of two unrelated genes. This prompted a search of the databank for other occurrences of this sequence.
Multiple copy arrays of this repeat are all located on the same autosome and fall in two clusters: one near the
left end, and one in the central region separated by [10 Mb. There are >200 copies of this repeat on the
chromosome. This euchromatic repeat sequence seems unrelated to gene expression, is absent from homologous
sites in a related species, is unstable in Escherichia coli, and is polymorphic between different wild isolates of C.
elegans. Most CeRep25B units in the array match the consensus sequence very well, suggesting that either this
repeat originated quite recently or its sequence is functionally constrained. Although chromosome-specific
repeat sequences have been reported previously in many organisms, such sequences are usually structural and
heterochromatic (e.g., centromeric a-satellite) or on the mammalian sex chromosomes. This report describes the

first confirmed instance from a whole genome

chromosome-specific minisatellite repeat.

Repetitive elements in eukaryotic genomes have
been known for decades (Szybalski 1968) and have
been a matter of interest for most of that time
(Singer 1982), but apart from classes such as trans-
posable elements or «-satellites at centromeres, no
function has been ascribed to them yet. Our knowl-
edge has come largely from three sources: whole
genome hybridization [e.g., Cyt curves (Britten et al.
1974; Wilson and Thomas 1974) and probing
Southern Blots with total genomic DNA], differen-
tial buoyant density [e.g., satellite DNAs (Szybalski
1968)], and fortuitous identification while charac-
terizing genomic DNA clones isolated for other pur-
poses (Healy et al. 1988). Repetitive elements have
been found in all metazoans examined, yet the se-
quences are not conserved. Up to 30% of the human
genome is repetitive, and repetitive DNA is distrib-
uted throughout at least 80% of the genome
(Schmid and Deininger 1975). There are several
main types of repetitive sequences (for review, see
Charlesworth et al. 1994). Satellite sequences are
relatively short repeats (5-200 bp) typically ar-
ranged in megabase-sized clusters [e.g., a-satellite
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sequencing project of an autosomal euchromatic

(Wevrick and Willard 1989; Oakey and Tyler-Smith
1990)] in constitutive heterochromatin. Transpos-
able elements and human Alu sequences are ex-
amples of LINEs and SINEs. Also found euchromati-
cally are tens of thousands of short microsatellite
loci ((2-4 bp), as well as minisatellites ((1L0-20 bp
per repeat), that can be variable in array size. Very
little is known about the function of the shorter
repetitive sequences, although in Drosophila it is
thought that some of these repeats may help regu-
late global chromatin structure and gene expression
(Csink and Henikoff 1998).

Caenorhabditis elegans is not the first eukaryote
to have its genome sequence available, but the yeast
Saccharomyces cerevisiae is a poor paradigm for the
study of evolution and organization of repeated se-
quences [with certain exceptions (Anderson and
Nilsson-Tillgren 1997; Grunstein 1998; Kim et al.
1998)], due primarily to its active homologous re-
combination system and to its atypical organization
of centromere and replication origin sequences. It is
now possible to determine the frequency and posi-
tion of copies of a particular repeat sequence in the
C. elegans genome rapidly and accurately because of
the near completion of the Genome Sequencing
Project. Several repeat sequences with a variety of
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characteristics have been examined in this species
(Emmons et al. 1980; Felsenstein and Emmons
1988; La Volpe et al. 1988; Naclerio et al. 1992), and
with few exceptions they show a near-random dis-
tribution throughout the genome. Although some
repeats are concentrated in particular parts of the
genome, such as near telomeres [e.g., RcS5 and
CeRep3 (Cangiano and La Volpe 1993)] or outside
the “gene clusters” at the center of the genetic map
of each chromosome [e.g., CeRep3 (Felsenstein and
Emmons 1988; Barnes et al. 1995)], this represents
an enrichment in a region, not an absolute restric-
tion.

There have been reports of chromosome-
specific repeats in some systems (Das et al. 1987,
Stallings et al. 1992; Kogi et al. 1997), but their char-
acterization has been relatively minimal. Low num-
bers of repeats, or repeats in an array size too small
to be detected by in situ hybridization, may still be
found elsewhere in the genome. Chromosome-
specific sequences include centromeric a-satellites
that are either structural and heterochromatic (Haaf
and Willard 1992) or on the mammalian sex chro-
mosomes where Y-specific sequences can be con-
served between species (Guttenbach et al. 1992). C.
elegans has a genome organization that is typical of
larger eukaryotes in many ways, with respect to the
distribution of repeat sequences. However, the C.
elegans genome is unique in that it lacks classical
heterochromatin. The diffuse centromeres of C. el-
egans means that the centromeric heterochromatin
(specifically satellite sequences) found in other spe-
cies is lacking (Sulston and Brenner 1974; Emmons
et al. 1980). It is not clear what sequences act in cis
to provide the roles that centromeres play in other
species.

We have characterized several genes in a small
area of the C. elegans genome, at the left end of
Chromosome 11l (Pilgrim 1993) and have com-
mented previously on a novel repeat sequence pre-
sent in the intron of the sex-determining gene fem-2
(Pilgrim et al. 1995). Recently, when the same re-
peat was found recently in two different introns of a
nearby unrelated gene, unc-45, which is required for
normal muscle function (L. Venolia, W. Ao, S. Kim,
C. Kim, and D. Pilgrim, in prep.), it prompted a
search of the C. elegans genomic DNA sequence for
other occurrences of this sequence. The repeat in
question is a 24-bp minisatellite that is found at
several different locations in the C. elegans genome.
With the exception of a single match, multicopy
arrays of this repeat are specific to Chromosome Ill,
where they fall into two clusters: one near the left
end, and one in the central region. Hence, this is the
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first instance of an autosomal euchromatic chromo-
some-specific minisatellite array.

RESULTS

The repeats present in the introns of C. elegans fem-2
have been noted previously (Fig. 1; Pilgrim et al.
1995) and their the palindromic nature was ob-
served. It was only when the same repeats were also
found in two introns of unc-45—a nearby but unre-
lated gene whose sequence was also characterized in
the laboratory (L. Venolia, W. Ao, S. Kim, C. Kim,
and D. Pilgrim, in prep.)—that it was decided to
determine their overall genomic distribution. Be-
cause both genes mapped to the same region of the
genome (Pilgrim 1993), it was not clear whether
these repeats were very rare and occurred coinciden-
tally or were widespread but unrecognized else-
where in the genome. Repeat sequences from these
introns (array sizes of 9, 21, and 27 repeats of 24 bp)
were used to produce a consensus sequence (Fig.
1A). As with the individual repeats, the consensus
sequence is a perfect palindrome, with no loop. This
repeat is a derivative of CeRep25, which has since
been described by the C. elegans Genome Sequenc-
ing Project (Wilson et al. 1994). CeRep25 is a 31-bp
sequence, whereas the sequence described here fits
best to a 24-bp consensus, with two degeneracies
(see below). Hence, the 24-bp sequence will be re-
ferred to as CeRep25B.

Since they are intronic, these repeats are tran-
scribed but are spliced out of the final mRNA. It is
extremely unlikely that these sequences can have
any role in gene expression from these loci. First,
the genes in which these repeats are found are ex-
pressed in different tissues, and the genes have dif-
ferent mutant phenotypes (Pilgrim et al. 1995; L.
Venolia, W. Ao, S. Kim, C. Kim, and D. Pilgrim, in
prep.). Second, cDNA sequences that lack these re-
peats are sufficient to rescue the mutant phenotypes
when driven by their normal promoters (Pilgrim et
al. 1995; L. Venolia, W. Ao, S. Kim, C. Kim, and D.
Pilgrim, in prep.). Finally, the Caenorhabditis brigg-
sae homologs of both of these genes (which lack
these repeats) have been isolated and can rescue
most if not all the phenotypes of the C. elegans mu-
tants (Fig. 1; Pilgrim et al. 1995; Hansen and Pilgrim
1998; L. Venolia, W. Ao, S. Kim, C. Kim, and D.
Pilgrim, in prep.). This repeat element is almost
completely responsible for the difference in intron
sizes between the two homologs of each gene (Fig.
1B). These repeat sequences are unstable in Esch-
erichia coli, and a plasmid with a precise deletion of
five (of nine) of the repeat units was fortuitously
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A

Ce-fem-2 intron 2

ACC ACA thaattattaaatgtgcaaautctgctlctaatttngcagaccaagcatgggcctgctaaatattcagcaggcctatcc
T T E

tagaatttttaaaaaatcttcaaaaactcaacacttctgttcatcaatacaacttattttcagAA GCC AAA AAG
A K
Cb-fem-2 (intron 3)

ACT GCA thatgcttgtatcatccagataaccacggggatccttggaacatggaatctaatgtttcgtttccacagAA GCC AAG AAG
T E

A X K
Ce-unc-45 (intron 3)
AAT GAT Aagtgcgt tag: agaccgatgaaaattaaaagaaasaataattttttetggecactttccagttatatttcaaagtttt
N D K

tatgaccaaatttcagtgaaaaatgcaaaagttgcaaattttgqgtctgctanatstccagcagncccaacctcccgaaactgatttttaaa
gctaaaaattattagaattttcagacgtttctctccgaaatatagcatgccaatagaaaaattgacaaaaatcaaggttttctcatcgaaaatagc
aaaataacttttaaaaatctacagaaactcacaatttttgtttaaaatgccaacatttataaattttctaaatatttagttttaaatttgtaattt
tctcacttttttctgtgaaaaaatatgcaaaatgaaactgaaaaatccactaaaacatgtttaaaaatttatcttgaagaaaaacgtaggaaattt
caaatttgcagctaaaaaatcagcgaaaaaatttttttttcaaaatttgaggaggttgggtntgcCaaatatttugcagacccaaggaaaaa
tatttagcagaccaaagataggtatgctaaacacctugcagaccaaagataggtatgctaaatatttagcagaccaaagaagggca
tgctaaatatttagcagncccaaggtgqgtntgctaaatntttagcagncccaaggaaaaututttagcngaccaaagataggtat
qctaua:attcaqcugaccaaagatggatntgccaantatttngcagaccaaagatggytltqctaaatnutcagcagaccaaag
atgqgtatgctaantaatcaqcagacccaaagaaunatatttagcagnccaaagttgggtacgccauataattagcugaccaaagt
tgggtatgctaaatatttagcagaccaaagttgggtatgctaaatatttagcagaccaaagatgggtatgetaaataattageag
accaaagttgggtatgctaaatatttagecagacccaaggaaaaatatttagcagaccaaagatgggtatgctaaatatttagcaga
cccaaggaauaatacctagcagaccaaagataggtacyctuuacltttagcugacccaaggaanaatatttagcagaccaaagatag
gtntgctanatatttagcaqaccaaagatggabatqctaaatatttagcagaccaaagatgggtatgctasatnattagcagac
ccaaagaaaaatatttngcngaccaaagataggta:gctaaatatttngcagaccaaagatggatatgctnaatatttagcagac
caaagatgggtatgctaaataattagcagaccaaagttgggtatgectaaatatttagcagacccaaagaaaaatatttagcagace
aaagataggtatgctaaatntttagcagaccaaagatgggtutgccuaatattcagcugaccaaagttgggcatgccaaatactta
gcngacccaagattttctcacaattccacttttaagcacttaaaaattcaataatttcactcaaatttctatttttcagas GAA TTG
G I

Cb~unc-45 (intron 2)

CAA GAC AAgtgagtgttcaaaaaatggaaagttattgtaaaasaggttttcagh GGC ATC
N D K G I
Ce-unc=45 (intron 8)

TCT TTC CCT Ggtaggttttggaagaaatagtcgaaaattt tttecgggaazaatataagatttgatt
s F P G

atttttagatg

attttccggtaatctacgtgaaaaattgagtgattgtcagttcatQQQCCtgctaaatatttagcatacacatttttggtccgctaatta

ttcagcatacccaaatttggtctgctaaatatttagcatacccaacattqgtccgctaattgtttagcataccaaaatgtggtctg
ctaaaaatattcagcatacccaactttagtctgctaaatatttagcatacccaaatttggtctgctaaaaatatttagcataccg
aactttggcctqctaattatccagcatacccaactttggtctgctaattatttagcctaccgaactttggtctgctaattattta

gcgtacccaactttggtctgctaattatttagcatacccaaatttggcctgccaaaaatacttagcataccgaactttggtctgct
aaatacctagcatacccatttttggtctgctaaatatttagcac!ccaaagctttggbctgctaattatttagcatacctaacttg
ggtctgctatutatttagcatacccacacttgggtctgctatatatttagcatacccaactttggtctgctunttacttagcata
cccaacttCQgtctqctaaatatttagcatncccacttttggc:tgctaaatattbagcacacccaactttggtctgctaattatt
tagcacacctaacttgggtctgctatatatthagcatacccaacttgggcctgctatatatttngcatacccaactttQQCctgcc
aattacttagcatacccaactttggtctgctaaa:utttagcutncccatttttggtctgctaaatnttcaaatatggcctgctaa
attattttcaaatttttccaatttttagaaaaataattcaaaaatacggcaattttcattcctacgtgaaatgaagtcgaaattatcgttttaac

aaaataaaaattggaaaaaatagtcttaaaatgaacattttcagatttttgatacattttagcttgaaagaaaaggattttaaaatataaatacaa
tattcaaatttccagGA CAA CGA
Q R

Cb-unc-45 (exon >

TCA TTC CCA G*GA CAG CGA

s F P G Q R

Consensgus from fem-2 and unc-45 repeats
GGT (c/a) TGCTAAATATTTAGCA (g/t}ACC

B

1 kbp

marks the intron position in Ce-unc-45

xS C. briggsae

v
)

1 unc-45

Y E—— e,

egan.

::::\ hCT h \ C. elegans
200 bp [—] =~ ]——;7 l——v——l fem-2
C. briggsae

Figure 1 Arrangement of the CeRep25B repeat sequences within the
fem-2 and unc-45 genes. (A) Sequences of CeRep25B-containing intron se-
quences for C. elegans (Ce) fem-2 and unc-45, and the corresponding intron
sequences from the related nematode Caenorhabditis briggsae (Cb). Intron
sequences are in lowercase, exon sequences in uppercase letters. Translation
is shown in single-letter code under the flanking exon sequences. CeRep25B
sequences (both full repeats and half elements) are shown in bold. In the C.
elegans fem-2 intron sequence, the portion deleted in a recovered E. coli
clone is underlined dotted, and the endpoints of the deletions lie within the
doubly underlined portion. In the C. briggsae unc-45 sequence, no intron is
found in the corresponding position to Ce-unc-45 intron 8, which is marked
on the DNA sequence with an asterisk (*). (B) Schematic outline of the C.
elegans and C. briggsae homologs. Arrows indicate the position (but not the
number) of the CeRep25B sequences. CeRep25B sequences account for
most of the difference in size of the introns.
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isolated. The bases at which the
deletion occurred cannot be deter-
mined precisely because the re-
peat but fall within the underlined
sequences shown in Figure 1A.

In previous work (Pilgrim
1993) a naturally occurring RFLP
was found in a wild isolate
(RC301) of C. elegans when a
Southern blot was probed with the
cosmid W10B10. This is the cos-
mid that was subsequently shown
to contain the unc-45 gene (L.
Venolia, W. Ao, S. Kim, C. Kim,
and D. Pilgrim, in prep.). With the
sequence of the cosmid now avail-
able, the pattern of restriction en-
zyme cut sites can be predicted to
see if the polymorphism (eP97) is
due to a change in the CeRep25B
microsatellite array. The eP97
polymorphism was detected fol-
lowing digestion with Clal, which
produced a 4.5-kb band in the ca-
nonical wild-type stain (N2), and a
4.95-kb band in RC301. Analysis
of the unc-45 genomic sequence
predicts fragment sizes consistent
with those seen on the Southern
blot. In particular, the CeRep25B
elements in unc-45 intron 3 are
predicted to lie within a 4531-bp
Clal fragment. Because the sizes of
the flanking Clal fragments are
not changed (at least at the reso-
lution of a Southern blot; Fig. 2A),
the hybridization results are con-
sistent with an increase in size of
this fragment of 400 bp in the
RC301 strain. PCR was used to
confirm that this polymorphism is
found in the same intron as the
repeat. Two fragments were ampli-
fied: one from exon 3 to exon 5
(1.7 kb), which will contain the
CeRep25B element, and an over-
lapping one from exon 4 to 5 (235
bp) which will not. These primers
were used to amplify from ge-
nomic DNA of N2 and RC301 (Fig.
2). No difference was seen in the
fragment corresponding to the in-
tron that lacks the repeat. How-
ever, RC301 showed an increase in
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RW7000 (DP17)
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CeRepdd CeRep44 CeRepdd

Figure 2 CeRep25B is responsible for the eP97 RFLP.
(A) Southern blot of genomic DNA from N2 and
RC301 strains probed with cosmid W10B10. The eP97
polymorphism is indicated with an arrow. (B) PCR am-
plification of genomic DNA from a variety of C. elegans
isolates. Genomic DNA, which was used as the tem-
plate, is indicated. (See Methods for strain and PCR
details.) The three panels are aligned such that relative
fragment size is not maintained. Arrows indicate posi-
tions of wild-type and RC301 PCR fragments for unc-45
intron 3.

the larger PCR fragment, consistent with the 400-bp
size increase seen on the Southern blot (Fig. 2B).
This size increase must lie in intron 3 or in the flank-
ing exonic sequences. Because RC301 does not have
an unc-45 phenotype, the simplest explanation is
that the increase is in the intron, where CeRep25B is
found. The change in size would require at least 13
CeRep25B units to be added. Thus, neither the pres-
ence of the array in an intron nor a 50% increase in
its size has a detectable effect on unc-45 gene expres-
sion.

Polymorphisms were also detected between dif-
ferent isolates of the Bergerac strain RW7000 (Pil-
grim 1993). In particular, the eP64 polymorphism
near fem-2 was found to differ in RW7000 isolates
from different laboratories (Williams et al. 1992; Pil-
grim 1993). With the same PCR primers, a collec-
tion of RW7000 isolates was examined, but no dif-
ferences in CeRep25B length in unc-45 were de-
tected (Fig. 2). PCR was also used to examine the
intron in the fem-2 gene that contains CeRep25B;
however, no differences in the size of the PCR frag-
ment were observed in any of the wild isolates, in-
cluding RC301 (Fig. 2B).

The consensus sequence from Figure 1A was
used to search GenBank, as well as for a direct search
of the C. elegans genomic DNA sequence, for other
occurrences of the repeat. Sequences in which fewer
than 22/24 bases matched the consensus were ig-
nored. No match outside C. elegans was found.
Apart from a single copy of CeRep25B on cosmid
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CO7E3 (two mismatches to 24-bp consensus) on
Chromosome Il, 13 different C. elegans cosmids in
two large clusters on Chromosome Il were de-
tected. One cluster lies at the left end of Chromo-
some Il (including fem-2 and unc-45), and the other
in a region in the center of the genetic map (Fig.
3A). The two regions are estimated to span a total of
750 kb, 5% of the total length of the chromosome
(Fig. 3B). In these two clusters, there are 32 tandem
arrays of the repeat (Fig. 4). Within each of the 32
arrays, a manual search of the flanking sequences
for degenerate copies of the full palindromic (24 bp)
or half repeat (12 bp) identified 231 recognizable
full 24-bp repeats, a further four with insertions or
deletions of 1 to 3 bp, and thirty-one 12-bp half
elements. Although unc-45 is unusually rich in
CeRep25B elements (over one-quarter of all
CeRep25B elements are in unc-45 or its regulatory
sequences), the remaining elements are relatively
evenly spread over the cosmids in these two regions
(Fig. 4) and are usually found in several different
genes on the same cosmid (Fig. 4A).

Although initially biased by the sequences in
the fem-2 and unc-45 introns that were used to
search the database in the first instance, the entire
set of 235 CeRep25B elements from the 32 different
arrays can be used to refine the overall consensus
sequence. Because the repeat is palindromic, this is
most accurately represented as a consensus for the
12-bp half element (Table 1). As expected, in 10 of
the 12 positions, a particular base is found in 95%-
99% of all elements. Position 11/14 shows a strong
preference for A, whereas position 4/21 is C two-
thirds of the time. With the variability of position
4/21, we would expect to see three major CeRep25B
variants (Table 2); A4G21 (AG) and its complement
C4T21 (CT), A4T21 (AT), and C4G21 (CG). On the
basis of abundance, we should see [40% of the
CeRep25B elements as the AG or CT variant, half as
CG, and 10% as AT. Instead, AG and CT variants
predominate (Table 2), and there is only one occur-
rence of an AT variant, where >20 are expected if
those two bases vary independently. Given the pal-
indromic nature of CeRep25B, one might expect
that perfect palindromes would predominate (e.g.,
C at position 4 paired in the same repeat with G at
position 21). This is not the case. Of the CeRep25B
repeats, less than half have complementary bases at
these positions (Table 2), and of those, all but one
are CG.

There is surprisingly little degeneracy apparent
in the CeRep25B repeats that are in these 32 arrays.
Of the 24 bp repeats, 38% are identical to two of the
three major variants; 45% of the repeats have only
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A

LGl 5 map units
fem-2 stP127
unc-45 daf-7 dpy-1 unc-93 arl-2 tra-1 unc-25
Region | Region Il
Region I
wioca - K02F3
— — R— ——
Wo4nil ————— _ - —
WOEELL —_
R — ———— _—

T19C3 -—_—

Region IT

eP9% eP93 eP6d ePo1 daf-7
eP95 fem-2 eP92 eP98

KO2H1 —_—

R10OE12 —_—
———

nec-1 squv-3 arl-2

stP127

Figure 3 Location of CeRep25B sequences on the physical map. (A) Genetic map of Chromosome lll, showing the
positions of the cosmids containing CeRep25B sequences and selected genetic markers. (B) Physical map of the two
regions of Chromosome IIl. The short horizontal lines are individual cosmids (only CeRep25B containing cosmids are
named). The two short vertical lines represent regions of the physical map that are only contained in YAC clones.
The shaded bar represents the genetic map, with known genetic loci given below.

one mismatch from this consensus (with a T at po-
sition 11, representing 43% of these changes). Thus,
>80% of the CeRep25B elements are within 1 bp of
matching the consensus and almost 95% within
2-bp changes.

The number of CeRep25B repeat units per array
varied from 1 to 41, but more than half the arrays
(19/32) contain four or fewer repeats. There is no
apparent enrichment for odd or even numbers of
repeats within an array. Each array is different not
only in the number of the repeat units, but also in
the sequence variants present in the array and in the
pattern in which they appear, which may suggest
models for how these arrays arise and are main-
tained. A particular sequence variant was always
more likely to be found next to a repeat of the same
variant, although most of the arrays (especially
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those over four repeats in length) were composed of
more than one variant. In several instances, it was
clear that several adjacent repeats were behaving as
a single unit. For example, in unc-45, one finds a
pattern of three tandem copies of a unit consisting
of a 3’-half element, G2 (Table 2), followed by four
24-bp AG repeats and three copies of a unit consist-
ing of an AG repeat followed by a G2 half repeat.
This suggests that an earlier ancestor of this array
had a G2 half repeat beside an AG repeat, but these
two elements can behave independently during am-
plification or deletion.

The CeRep25B repeats and solo elements within
an array are rarely immediately adjacent but, in-
stead, are separated by spacer sequences of from 1 to
30 bp. Because the original CeRep25 element is 31
bp, it prompted an unbiased reexamination of the
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Figure 4 Positions of CeRep25B sequences on the cosmids. (A) Cosmids for
which gene positions are known or have been predicted (Wilson et al. 1994).
The positions and numbers of CeRep25B repeats are shown (<), but are not
to scale. The solid boxes on the line (above or below) are predicted exons.
Boxes above the line represent genes transcribed to the right, and boxes below
the line represent genes transcribed to the left. Gene identities, when known,
are shown. Otherwise, genes are referred to as follows: KO2F3.2 represents the
second predicted gene from cosmid KO2F3. Only the relevant portions of the
cosmids are included, and the extent of cosmid overlap is not necessarily to
scale. (B) As above, for cosmids in which gene predictions were not available.

ability to fit a longer consensus. Again, a pattern
emerges, as the vast majority of the spacer se-
quences examined are 7 bp in length (Table 3). If the
7-bp sequences are aligned and assumed to be them-
selves palindromic (again, there is no absolute ori-
entation), a loose consensus [(C/A)AA(C/G)TT(G/
T)] is apparent (Table 4). Therefore, a more precise
consensus for the CeRep25 element can be devel-
oped [i.e., TT(G/T)CeRep25B(C/A)AA, in which the

there are only one or two of
these elements in the region,
and they are also dispersed over
the other chromosomes. Clearly,
the chromosome-specific
CeRep25B repeats can coexist in
the same region with more typi-
cal longer repeated elements
that are more widespread in the
genome.

There are a number of mod-
els demonstrating how minisatellite repeats may
have arisen. For smaller simple repeats, it seems
clear that polymorphisms between populations can
arise because of polymerase slippage during DNA
replication (Streisinger et al. 1966; Schlotterer and
Tautz 1992). For minisatellites, a model involving
unequal exchange between sequences on sister
chromatids is the most compelling, as arrays that
seem to show the greatest variability in repeat copy

Table 1. Determination of a Consensus Sequence for CeRep25B
Position in array
1/24 2/23 3/22 4/21 5/20 6/19 7/18 8/17 9/16 10/15 11/14  12/13
G 95 96 0 1 0.5 98 0.5 0.5 15 0.5 0.5 0.5
A 25 25 1 30 0.5 1 1 1 97.5 98 83 0.5
T 2 0.5 97.5 1 99 0.5 15 98.5 0.5 1 16 96
C 0.5 1 15 68 0 0.5 97 0.5 1 0.5 0.5 3
G G T C/a T G C T A A A/t T

Numbers refer to percentage of bases at each position. CeRep25B is represented here as half a palindrome, such that bases 1 and 24,
which are normally complementary, are given the same weight. This consensus does not include 12-bp half elements.
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Table 2. CeRep25B Sequence Variants

The pattern of CeRep25B vari-
ants suggests some constraints on

Abundance its ability to evolve. Except rarely,
(%) 12-bp half elements are not found

A. CeRep25B 24-bp elements

AG? GGTATGCTAAATATTTAGCAGACC

CT® + GGTCTGCTAAATATTTAGCATACC

AT GGTATGCTAAATATTTAGCATACC

CG GGTCTGCTAAATATTTAGCAGACC
B. 12-bp half elements

Cc1P CGTCTGCTAAATNNN

G2b  + NNNATTTAGCAGACC

Al¢ GGTATGCTAAATNNN

T2° + NNNATTTAGCATACC

adjacent to one another in these ar-
rays and are most often found on
the edges of the arrays. Thus, these

612 -

<1 elements can amplify as part of a

39 set but apparently not on their
own. Whether this is due to their
size or their lack of ability to form a
hairpin is not clear. The 24-bp pal-

88 indrome does seem to retain the
ability to amplify autonomously, as

12 several of the arrays consist of only

bComplements of one another, counted as CI.
“Complements of one another, counted as Al.

aThese are complements of one another and are counted as AG for this purpose.

one variant. However, three or four
adjacent repeats have been treated
as a single unit in several of the ar-

number are those in which the sequence variability
between the repeats is lowest (Stephan and Cho
1994); however, there is as yet no direct evidence for
this. The arrangement of CeRep25B sequence vari-
ants and half elements is not consistent with a
model in which they can only be added or deleted
one at a time. In scanning other wild isolates of C.
elegans, a single CeRep25B polymorphism was de-
tected, which most likely resulted from an increase
of 50% in the size of the array. Smaller increases in
other strains should have been detected, if some sort
of incremental addition process was working.
Clearly, some sort of model equivalent to the un-
equal exchange must be involved, as the repeat vari-
ants are not found completely randomly. Also, in
this instance and others, alterations in copy num-
ber, as well as the pattern of the repeats within an
array show that more than one repeat unit at a time
is involved (Charlesworth et al. 1994).

Table 3. Size Distribution of Spacer
Sequences between CeRep25B Elements

Percent of
total spacers

No. of bases between
CeRep25B repeats

>7 2.5
7 85.0

8 1.7

9 3.0
10-15 8.5
>15 1.3
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rays, as described. Single-base-pair
deviations from the consensus are
common, but more drastic alter-
ations in the standard 24-bp repeat are rare, except
on the boundaries of the arrays. This is consistent
with alternating cycles of mutation and amplifica-
tion or deletion, as first suggested by Southern
(1970).

It is intriguing that the most common
CeRep25B variants are not complete palindromes.
Although there is evidence to suggest that cruci-
forms are either not found, or are rarely formed in
vivo (Courey and Wang 1983; Gellert et al. 1983;
Leach 1994), the palindromic nature of CeRep25B
must have some role in its ability to propagate. An-
other paradigm for palindromic sequences is the
ability to bind protein dimers, but as these repeats
are chromosome specific and seem to play no major
role in gene expression (even after a large increase in
the size of the array, as in RC301), this mechanism
for conservation of their sequences seems unlikely.

There are insufficient data at this time to sug-
gest any functional role for CeRep25B, a problem
that is not unique to this minisatellite (Hancock
1996). Clearly many of these repeats are transcribed;
on cosmids that have gene identified or predicted,
75% of the arrays (and a much higher percentage of
single repeat units) are located in the introns. It is
also not clear whether some of the others are within
the primary transcript, as the transcription initia-
tion site for most C. elegans genes is difficult to dis-
cover, because of trans-splicing (Bektesh and Hirsh
1988).

Most CeRep25B units are found in the telomeric
contig, in a region that is known to have higher
gene density than elsewhere on that arm of the



Table 4. Consensus Sequence for the 7-bp
Spacer Sequences between CeRep25B
Elements

Position in spacer

Base 177 2/6 3/5 4

A 34.6 86.2 74.9 12.8
Cc 57.8 1.8 7.8 36.7
T 5.8 11.6 151 12.8
G 0.8 0.2 1.0 36.7

Consensus (C/g)AA(c/g)TT(G/c)

Numbers refer to percentage of bases at each position. The
7-bp spacer is represented here as half a palindrome, such
that bases 1 and 7, which are normally complementary, are
given the same weight. This consensus does not include spac-
ers other than 7 bp.

chromosome (Barnes et al. 1995). This telomeric
clustering is a property shared with other C. elegans
repeat sequences and is seen in other systems (Royle
et al. 1988). On the basis of observations of the ge-
netic behaviour of translocations, the left end of
Chromosome Il has been proposed to have arole in
homolog recognition and pairing (Rosenbluth and
Baillie 1981; Wicky and Rose 1996). Because chro-
mosome-specific satellite sequences have been asso-
ciated with centromere function (Murphy and
Karpen 1998), it is intriguing that CeRep25B is a
chromosome-specific sequence enriched in the part
of the chromosome known to have a meiotic pair-
ing role.

METHODS
Strains

Most strains were obtained from the stock collection of the
MRC Laboratory of Molecular Biology (Cambridge, UK) or
from the Caenorhabditis Genetics Center (University of Min-
nesota). N2 is the canonical wild-type strain and is the stan-
dard for most genetic manipulations. The Bergerac strain (BO)
was initially found to differ from N2 in the number and dis-
tribution of Tcl transposable elements (for review, see
Hodgkin and Doniach 1997). The most common BO strain in
use is RW7000; however, the RW7000 strain was found to
vary in its complement of polymorphisms, depending on its
source (Pilgrim 1993; Hodgkin and Doniach 1997). RW7000
variants DP13, DP14, and DP17 were obtained at various
times. DP13 is the version of RW7000 in use at the MRC
laboratories in 1990. DP14 was from a Cambridge UK stock of
RW7000 frozen in liquid nitrogen in 1984. DP17 was a gift
from Greg Beitel (Massachusetts Institute of Technology,
Cambridge, MA) in 1992. A genomic characterization of wild
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and laboratory C. elegans isolates, including some of the
strains used in this work, has been described (Hodgkin and
Doniach 1997). Strains were maintained as described (Wood
1988).

PCR

DNA was prepared as described in (Pilgrim 1993). For PCR
analysis, standard reaction conditions were used (Pilgrim et
al. 1995), and PCR reactions were carried out in a Robocyler
(Stratagene Inc.) as follows: one cycle (94°C for 3 min, 62°C
for 1 min, 72°C for 2 min, 15 sec), followed by 32 cycles (94°C
for 1 min, 62°C for 1 min, 72°C for 2 min, 15 sec). For the
amplification of the unc-45 intron, which contains the
CeRep25B repeat, Tag polymerase was supplemented with Y10
the activity of Pfu polymerase. To amplify the fem-2 repeat-
containing intron, the primers 5'-CAAAGATCTTGTCCCAC-
CGAAGCCGGTAGTGG-3’ and 5'-TGGAGAATCTTGTC-
GATCGCCG-3’ were used. For the amplification of exons 3-5
of unc-45, the primers 5'-TGGAAATGTTGGGCCAGC-3' and
5'-GACTAGTGTCCTTCGCCTCACC-3' were used. For the
amplification of exons 4-5 of unc-45 (no CeRep25B present),
primers 5'-GAAGTTCTTCAGCGTCTCG-3' and 5'-
CTCCTGTTGCTCCGGATTC-3" were used.

Similarity Searches

The initial search for CeRep25B elements was performed us-
ing BLAST (Altschul et al. 1990). BLASTN version 1.4.8 was
used to search GenBank release 108.0, and BLASTN version
2.0a13MP was used to search the C. elegans genomic sequence
database (at http://www.Sanger.ac.uk/Projects/C_elegans/
blast_server.shtml) most recently on October 8, 1998. Once
cosmids with 22/24 matches to the consensus were identified,
the cosmid sequence in the region was searched manually for
degenerate elements, or matches to the 12-bp half element.
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