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Summary. The structure of three members of a
repetitive DNA family from the genome of the
nematode Caenorhabditis elegans has been studied.
The three repetitive elements have a similar unitary
structure consisting of two 451-bp sequences in in-
verted orientation separated by 491 bp, 1.5 kb, and
2.5 kb, respectively. The 491-bp sequence separat-
ing the inverted 451-bp sequences of the shortest
element is found adjacent to one of the repeats in
the other two elements as well. The combination of
the three sequences we define as the basic repetitive
unit. Comparison of the nucleotide sequences of the
three elements has allowed the identification of the
one most closely resembling the primordial repeti-
tive element. Additionally, a process of co-evolution
is evident that results in the introduction of identical
sequence changes into both copies of the inverted
sequence within a single unit. Possible mechanisms
are discussed for the homogenization of these se-
quences. A direct test of one possible homogeni-
zation mechanism, namely homologous recombi-
nation between the inverted sequences accompanied
by gene conversion, shows that recombination be-
tween the inverted repeats does not occur at high
frequency.

Key words: Repetitive DNA family — Caeno-
rhabditis elegans — Nucleotide sequence — Homol-
ogous recombination

Offprint requests to: K.M. Felsenstein

! Current address: Department of Biochemistry, Columbia Uni-
versity College of Physicians & Surgeons, New York, New York
10032, USA

Introduction

A significant proportion of the DNA of eukaryotic
genomes consists of families of short, interspersed
repeated sequences a few hundred nucleotides in
length (Britten and Kohn 1968; for reviews see Da-
vidson and Britten 1973; Lewin 1974; Jelinek and
Schmid 1982; Weiner et al. 1986). In many organ-
isms, a significant proportion of the short-period
interspersed repeats occurs as inverted repeats with
an arrangement and spacing similar to that of the
total repeats (Davidson et al. 1973; Graham et al.
1974; Wilson and Thomas 1974; Cech and Hearst
1975; Deininger and Schmid 1976; Perlman et al.
1976; Jelinek 1977, 1978). In some cases, the in-
verted repeats are a subset of the total complement
of short-period interspersed repeats, arising by for-
tuitous juxtaposition of two independent elements
(Jelinek 1978). In other cases, the inverted repeat
itself is the repetitive unit. Examples of this are the
transposable inverted repeat units of the Drosophila
foldback FB elements and the sea urchin TU ele-
ments (Potter et al. 1980; Liebermann et al. 1983).

Despite considerable effort, no function for the
majority of the repetitive sequences in eukaryotic
genomes has yet been established, and it is possible
that most play no essential role in the cellular func-
tions of the genome (Doolittle and Sapienza 1980;
Orgel and Crick 1980). Attention therefore focuses
on the origin of these sequences as products of the
biochemical pathways that maintain and alter the
structure and composition of the genome. Britten
and Kohn (1968) proposed that families of repeats
are produced in proliferative and dispersive events



from a primordial element, and that subsequently
the members of the family diverge from one another
by mutational drift. Homogenization mechanisms,
such as gene conversion and unequal crossing-over,
have been suggested to moderate this process. These
mechanisms presumably can spread mutations that
arise in one family member to other family mem-
bers, resulting in co-evolution of the entire family
or a portion thereof (Brown et al. 1972; Brown and
Sugimoto 1973; Kedes 1980; Long and Dawid 1980;
Dover 1982; Weiner and Denison 1983). Alterna-
tively, the apparent co-evolution of a repetitive fam-
ily may be explained by the recent expansion of the
family from a single member (Weiner et al. 1986).

We have analyzed the structure of interspersed
repetitive elements in the genome of the free-living
soil nematode Caenorhabditis elegans and inter-
preted our findings in terms of the model of Britten
and Kohn (1968). The genome of C. elegans, though
small (8 X 107 bp; Sulston and Brenner 1974), is
organized in the typical short-period interspersion
pattern: repeated elements with a modal length of
300 bp are interspersed at intervals of a few Kilo-
bases throughout the genome (Emmons et al. 1979,
1980). Inverted repeats with the same length dis-
tribution are randomly arranged, with an average
frequency of one in every 33 kb (Emmons et al.
1980). The repeated elements are organized into a
large number of families (estimated to be between
100 and 1000), with each family comprising only
from 10 to 100 members (Emmonsetal. 1979, 1980).
This is in marked contrast to larger genomes, where
the number of members of single repetitive families
is usually much greater and may range up to 100,000
or more (Houck et al. 1979; Anderson et al. 1981).
The small size of C. elegans repetitive families makes
their structure particularly amenable to analysis.

In earlier cloning studies where the constancy of
genomic sequences was studied in C. elegans, it was
shown that most randomly cloned restriction frag-
ments carry a member of a small repetitive family
(Emmons et al. 1979). We report here a detailed
analysis of the structure of three cloned members
of one of these families. Comparison of the struc-
tures of the three elements provides evidence for
the structure of the primordial repeat unit, and dem-
onstrates facets of the divergence and homogeni-
zation processes.

Materials and Methods

Nematodes. Caenorhabditis elegans strain Bristol (designated N2)
was obtained from D. Hirsh and is regarded as the wild-type
laboratory strain. The Bergerac strains and C. briggsae were from
the Caenorhabditis Genetics Center. Other C. elegans strains
were supplied to us by W. Sharrock from the collection of R.
Russell. Caenorhabditis remanei was obtained from E. Hedge-
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cock, and Panagrellus redivivus was supplied by D. Hirsh. Nema-
todes were grown on agar plates as described by Brenner (1974),
or in liquid media as described by Sulston and Brenner (1974),
at 16°C for Bergerac or 20°C for the remaining strains.

Nucleic Acids. Whole genomic DNA from populations of
worms was isolated by the proteinase K-SDS lysis procedure
(Emmons et al. 1979). DNA libraries of Bristol DNA fragments
were prepared in the vector A1059 using 15-20-kb restriction
fragments obtained by partial digestion with the restriction en-
donuclease BamHI, following Karn et al. (1980) and Maniatis et
al. (1982). A cosmid library in the vector pTLS5 (Lund et al. 1982),
consisting of 40-45-kb restriction fragments from the Bristol
genome generated by partial digestion with Sau3A, was supplied
by S. Roberts. Hybridization probes were labeled by nick-trans-
lation (Rigby et al. 1977). Southern hybridizations and isolation
of plasmid bacteriophage DNA followed standard methods
(Maniatis et al. 1982). Plasmid and bacteriophage screening was
carried out according to Hanahan and Meselson (1980) and Ben-
ton and Davis (1977), respectively.

DNA Sequence Analysis. The sequence of end-labeled DNA
restriction fragments was determined according to the base-spe-
cific chemical degradation protocol of Maxam and Gilbert (1980).
Cleavage products were displayed on either 6, 8, or 20% poly-
acrylamide-8 M urea gels and exposed to x-ray film (Kodak
XARS, Eastman Kodak Co.) with an intensifying screen (Light-
ning Plus, Du Pont Co.) at —70°C. Isolated DNA fragments or
mixtures of fragments were either labeled at their 3’ ends using
the Klenow fragment of Escherichia coli DNA polymerase I
(Boehringer/Mannheim Biochemical) with the appropriate
[a-*?P]dNTP (Amersham Corp.) following the protocol of Drouin
(1980), or were labeled at their 5' ends with [y-**P]JATP (Amer-
sham Corp.) using T4 polynucleotide kinase (Bochringer/Mann-
heim Biochemical) as described by Maxam and Gilbert (1980).
Ends of labeled fragments were separated by secondary cleavage
with an appropriate restriction endonuclease or by strand sepa-
ration (Maxam and Gilbert 1980). Labeled fragments were pu-
rified from agarose or polyacrylamide gels by electroelution into
dialysis bags according to McDonnell et al. (1977) and Smith
(1980). Concentration and purification were achieved using the
Elutip-d Column System (Schleicher and Schuell, Inc.).

Electron Microscopy. DNA was mounted for observation in
the electron microscope by the techniques described by Davis et
al. (1971) and Ferguson and Davis (1978). Observation of in-
verted repeats was performed according to the procedures of
Emmon et al. (1980). DNA molecules were observed using a
JEOL JEM-100S electron microscope.

Isolation of Repeats by S1 Digestion. Inverted repeats were
isolated for use as nick-translated probes by treatment of hairpin
structures with a single-strand-specific nuclease, as follows. Ten
to 250 pg of linearized DNA of a plasmid or phage carrying an
inverted repeat was denatured by heating at 100°C for 10 min in
TE buffer (10 mM Tris, pH 7.4, 0.1 mM EDTA). The heated
sample was cooled quickly on ice and then allowed to reanneal
at room temperature for 15 min. The reannealed sample was
diluted into S1 reaction buffer (30 mM NaOAc, pH 4.6, 50 mM
NaCl, 1 mM ZnS0,, and 5% glycerol}, and 100 to 5000 units of
St exonuclease (Boehringer/Mannheim Biochemical) was added,
followed by incubation at 37°C for 30 min. The reaction was
stopped with gel loading buffer (Maniatis 1982), and the sample
was fractionated by electrophoresis on a 6% acrylamide gel. The
gel was stained with ethidium bromide and a band at approxi-
mately 450 bp was observed. The band was eluted, labeled by
nick-translation, and used as a hybridization probe as described
in the text.
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Fig. 1. Location and structure of repetitive elements on three genomic clones. a The restriction maps of the three genomic clones
were established by means of complete digestion with the enzymes indicated. Symbols used for restriction endonuclease recognition
sites are: Aval (A), BamHI (B); Bgll (B); BgllI (Bi); Clal (C); EcoRI (E); EcoRV (EY); Hincll (Hi); Hindlll (H); Hpal/Hincll (Hi*);
KpnlI (K); PstI (P); Sall (S); and Xhol (X). The bracketed areas below the maps indicate those regions of DNA that were shown to
cross-hybridize with the two other genomic clones. The arrows on each map show the position of the 450-bp inverted repeat sequences
described in the text. The hatched box designates the conserved internal sequence. The DNA sequences of the regions covered by
dashed lines are presented in Fig. 3. b Electron micrographs showing the presence of 450-bp inverted repeats on the genomic clones.
At least 20 separate DNA molecules with identical structure were measured for each length determination. Length standards used are
@X174 at 5.3 kb for single strands and pBR313 at 9.07 kb for double strands. The upper bar indicates the measurement scale for
double-stranded DNA (500 bp) and the lower bar indicates the measurement scale for single-stranded DNA (500 bases)

inverted repeat of about 450 bp separated by about
500 bp. Because of the evidence that some inverted
repeats are transposable elements (Potter et al. 1980;
Liebermann et al. 1983), and because eukaryotic
inverted repeats generally had not been extensively
In our earlier survey of the properties of genomic  characterized, we decided to analyze the inverted
DNA of C. elegans, we found that most cloned re- repeat of pCe2 further.

striction fragments carry a representative of a small Plasmid pCe2 contains a 10-kb genomic BamHI
repetitive family (Emmons et al. 1979). Here we fragment cloned in the vector pBR313 (Bolivar et
describe the properties of one of these families. Re-  al. 1977a). The 10-kb fragment cross-hybridizes with
peats were observed by using cloned fragments as  about 10 other genomic restriction fragments be-

Results

Isolation and Structure of the CeRepl
Repetitive Family

probes in genomic Southern hybridization experi- sides itself. We found that the repetitive sequence
ments. The experiments reported here were initiated  responsible for this cross-hybridization is the in-
by screening the same set of cloned genomic frag- verted repeat identified in the electron microscope.
ments for inverted repeats in the electron micro- We call the cross-hybridizing family of sequences

scope. Inverted repeats are present in C. elegans  the CeRepl repetitive family. The repetitive ele-
DNA with an average spacing of 33 kb, as was shown ment on pCe2 is termed CeRepl.1.

in previous electron microscopic studies of whole Additional members of the CeRepl family were
genomic DNA (Emmons et al. 1980). One cloned  isolated by screening clone banks with pCe2. Ele-
fragment, in plasmid pCe2, was found to have an ment CeRepl.2 is cloned in the recombinant phage



ACel002, which contains an 11.6-kb genomic seg-
ment cloned in the vector A1059 (Karn et al. 1980).
Element CeRepl.3 is cloned in recombinant plas-
mid pKF104, containing a 15.4-kb genomic seg-
ment subcloned from a cosmid clone into the vector
pBR322 (Bolivar et al. 1977Db). Restriction maps of
the insert in pCe2 and in the two additional cloned
genomic segments are shown in Fig, 1a.The location
of the repeated sequence on each clone was deter-
mined by hybridizing the clones to each other. Cross-
hybridizing restriction fragments are designated by
brackets below the restriction maps.

Examination in the electron microscope showed
that each clone contained an inverted repeat with a
separating loop region (Fig. 1b). The inverted repeat
was 450 bp long, and the loop region was 500 bp
for CeRepl.1, 2.5 kb for CeRepl.2, and 1.8 kb for
CeRepl.3. To determine the position of the inverted
repeats relative to the cross-hybridizing regions, each
clone was digested with one or more restriction en-
zymes and again examined in the electron micro-
scope. By measuring the distances of the stem and
loop structures from the ends of the restriction frag-
ments, the positions of the inverted repeats could
be located on the restriction maps. These positions
are indicated by arrows in Fig. la.

In order to show that the inverted repeat was the
same as the cross-hybridizing repeat, the inverted
repeat of pCe2 was isolated from flanking DNA, as
described under Materials and Methods, and was
used as a probe in a genomic Southern blot. The
hybridization pattern given by the isolated inverted
repeat was the same as that given by the entire pCe2
alone, showing that the inverted repeat is the cross-
hybridizing repeat (Fig. 2; compare lanes 1, 2, 3,
and 7). Sequences flanking the inverted repeat were
also isolated and used as hybridization probes. They
only hybridize to the genomic equivalent of the pCe2
insert, and therefore consist entirely of unique DNA
(data not shown). A similar analysis was carried out
with the inverted repeats of the other two clones,
and the same result was obtained (data not shown).

Evidence that the cloned fragments correspond
to unrearranged genomic restriction fragments is also
presented in Fig. 2 (lanes 3-10). Fragments bearing
all or part of a CeRepl family repeat in each clone
correspond in size to a genomic fragment also bear-
ing a repeat. It can be seen from this experiment
that there is a small number of additional family
members in the genome that we have not studied.
We have no information regarding their structure,
except to note that the greater intensity of the 1.0-
kb EcoRI fragment in Fig. 2 (lane 7) suggests there
may be several additional members of the CeRepl.1
type. The members of the CeRepl family are inter-
spersed widely in the genomic DNA, as deduced
from the abundance of cross-hybridizing clones in
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Fig.2. The CeRepl repetitive family is defined by the inverted
repeat. Genomic DNA digested with either BamHI or EcoRI
was hybridized to the inverted repeat of pCe2 [isolated as de-
scribed under Materials and Methods (lanes 1 and 2)], or to pCe2
(lane 3) or ACel002 (lane 7). The isolated inverted repeat of
ACel1002 gave patterns identical to those shown in lanes 1 and
2, Lanes 4-6 and 8-10 show that fragments cloned correspond
to genomic fragments. Probes for these lanes were: lane 4, \Ce1002;
lane S, pCe2; lane 6, ACe1002; lane 8, ACel002; lane 9, pCe2;
lane 10, ACe1002.

both phage and cosmid clone banks and from the
fact that none of the clones we studied contains two
members.

DNA Sequence of the Repetitive Elements

The DNA sequence of the three cloned repeats is
presented in Fig. 3a. The sequenced region of each
clone is indicated in Fig. la. The sequence reveals
the nature of the inverted repeat as well as the pres-
ence of a conserved 491-bp sequence in the loop
region. The inverted repeat is precisely defined by
comparing the two sides of the CeRepl.I element.
In this instance the two inverted copies of the se-
quence are identical (Fig. 3b), and the homology of
451 nucleotides ends abruptly on both sides at a run
of thymidine residues (boxed in Fig. 3a). The in-
verted sequences are separated by 491 nucleotides,
with which they share no homology.

In the CeRepl.2 and CeRepl.3 elements the in-
verted sequences are imperfect and differ from the
sequence found in CeRepl. 1. In these elements, the
intervening material has no homology to other re-
gions of the repetitive elements, except at the right-
hand boundary, where a diverged copy of the 491-
nucleotide separating sequence of CeRepl.1 is found.

The inverted repeat sequence and the conserved
separating sequence were analyzed for significant
internal direct and inverted repeats (Dykes et al.
19735), open reading frames, and transcriptional sig-
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5 --aaam:gtgc@c TICWGATTT TAKTCCATTATAACAA AA TG C TGITTCTCAGETGOCSAAMATTTTA TIC  (GAGGOGG
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attrttgcttagtagt TITAAG TT TAKTOUGTIATAACAT Ak TG CATCGAAGTACC  CAAAATCITIC TIC  QGAGGOSG

TAoqrmmAaccccArmnmrAmooc COCTTTIORTACGS CAA  GTAGGAC

T CA’ITATGATA &m GC(X‘A’IGGATAAG;(X}ACGCI‘IT QGCT GGGACAAMTATATFA(‘AMITI’K‘ACAGA&CAAATCATGATCCHCAC

AAICCAWCA(EPCITI'HGCAA nmommmcrmrmcmmmrmrrrrmmmmcnwc ACGAATI‘QAACI‘AC
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mmrmrmccn*m GAAACITCCI'IT GAA TC GATGCACAQGAC 'I'ICITACKL'IGQ"ATGA TATGAAACATI'

AAAAA’ITAAA’IG GAAATM A'RXIACA(I;AC AIGITAmm GA TA’ICAAACA ’IT

'IGCAACI‘GA(I}TI‘A(XZAAATXC CX.‘.CA’IY.‘,ATITI'I‘CI'I’ AOGIAATITAA’I(X;MTI‘MCI'I'I’IGH’IG CAGI'[TIATI'ITNCA’ITI’IWAC[GAATAM

TICAACICA(EAT mAAA’ITC GOGATGATITI'ICI‘I‘ MAATICAAMMTIMCMACAGITFFATHTI’GCCHTKEGMTGMT AA

g
mmcrmm@ A mmmcmu\ cnwmcmsccn CA GTICTICTTTTTOOGGAMGAAMACGCTCATTTTOG TIAATAA

T[‘MAI'ITI‘(X;A’KX; Tfm MmIT TI: AGAAMTICICAAATI‘ATQ?HATH‘AGCM&HGCITI’ACICIGGAA

TI'RI‘ATI‘AMAA(III:TITIGIATIGMTMI‘ WWAMMGAATMTMATAMAMMCTA TIYX‘AA
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TTAMATTTTOGOCACCTGAGARACAS CATTITG Tmmmm'rmmagmm--s'

TTAAAATTTTOGCIGGTACTTC CAG CCI'I'I'IC TIATA'I'ICGA’ITAAAMI‘AAattaagcatcatttgg

Fig. 3. a DNA sequence of the
CeRepl repeats: A, CeRepl.1; B,
CeRepl.2; C, CeRepl.3. The se-
quences of the three repeats are
aligned to give maximum matching
without attempting to discriminate
between good runs of homology and
random correspondence. DNA
flanking the repetitive DNA is in
lowercase letters. The runs of four
Ts bounding the inverted repeats of
CeRepl.1 are boxed. The arrows
mark the ends and orientation of
the inverted repeats. Double dots
show correspondence of CeRepl.2
or CeRepl.3 with CeRepl.1. Gaps
are introduced in the sequence to
improve the alignment. The reason
for comparing the sequences to
CeRepl.1 is explained in the text.
The CeRepl.1 element is shown in
its entirety, while the CeRepl.2 and
CeRepl.3 sequences both have a
large internal gap of nonhomolo-
gous, unsequenced DNA, as indicat
ed in the figure
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nals, such as “CAAT” boxes, “Goldberg-Hogness™
boxes, and the prototypic cap site (Proudfoot and
Brownlee 1976; Benoist et al. 1980; Corden et al.
1980; Efstratiadis et al. 1980). The only finding is
that these sequences contain a large number of short
stretches of adenine and thymidine residues, which
is considered typical of noncoding regions of eu-
karyotic genomes. The G+C content of the repeat
sequences (34%) is similar to the genome as a whole
(35%; Sulston and Brenner 1974).

The CeRepl.2 and CeRepl.3 Elements Have
Diverged from a Sequence Similar or
Identical to that of CeRepl.1

As in other systems, when the nucleotide sequences
of the elements are compared, we see single base
substitutions, deletions, and insertions of single bas-
es as well as nucleotide blocks. Table 1A lists the
frequency of the mutational events in a comparison
of the elements. CeRepl.2 and CeRepl.3 are more
highly diverged from each other than they are from
CeRepl.1. When the sequences of the three repet-
itive elements are analyzed in more detail, a pattern
emerges suggesting that the CeRepl.l element is
more closely related to the primordial element for
this family than are the CeRepl.2 and CeRepl.3
elements. The three sequences can be aligned in such
a way that at almost every position at least two are
the same, and one of these two is nearly always

Fig. 3. b Sequences of the inverted
repeats. The left (L) and right (R)
inverted repeat of each element are
aligned and compared to the left in-
verted repeat of CeRepl.1. Right re-
peats are inverted relative to Fig.
3a. Dots indicate a nucleotide iden-
tical to CeRepl.1 (L), and gaps are
introduced to improve the align-
ment. The left and right inverted re-
peats of CeRepl.1 are identical.
Flanking DNA is in lowercase let-
ters, and flanking direct repeats of
four Ts are boxed

CeRepl.1. Comparing the sequences of the inverted
regions and the 491-bp conserved interior sequence,
there are only 15 positions where CeRepl.2 and
CeRepl.3 are the same as each other and different
from CeRepl.1. At over 200 other positions where
any difference occurs, either CeRepl.2 or CeRepl.3
1s the same as CeRepl. 1, while the other is different.
(These figures are only approximate, as they depend
on the precise alignment employed, which is not
uniquely defined at some points.) This pattern can
only be explained if CeRepl.2 and CeRepl.3 are
diverging by the independent introduction of mu-
tations from a sequence similar or identical to that
of CeRepl.1.

Identical Mutations Can Appear in
Both Copies of the 450-bp Inverted Sequences
of a Single Element

The 450-bp inverted sequences were compared to
each other in all possible combinations in Table 1B.
In all cases it is seen that the 450-bp sequences
within a single element are more homologous to
each other than to the 450-bp sequences in the other
elements. The divergence between neighboring 450-
bp sequences ranges from 0% for the CeRepl.1
element to about 7% for the CeRepl.2 and 1.3
elements, whereas the divergence between inverted
repeats of different elements is 9-19.5%. Of the total
of approximately 50 mutational changes (in com-
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Table 1.
sequences

Comparison of the CeRepl.1, 1.2, and 1.3 repetitive

A. Comparison of the entire repeats

Sequences compared Differences Frequency?
CeRepl.1, CeRepl.2 193 0.14
CeRepl.1, CeRepl.3 141 0.10
CeRepl.2, CeRepl.3 281 0.20

B. Comparison of the 450-bp inverted sequences
Uncorrected diver-

Sequences compared gence® (%)

1.1 (R), 1.1 (L) 0

1.2(L), 1.1 (L) >12.5
1.2 (R), 1.1 (L) >12.7
1.3 (L), 1.1 (L) >9.0
1.3 (R), 1.1 (L) >9.1
1.2 (L), 1.2 (R) 7.0
1.3 (L), 1.2 (R) >17.0
1.3 (R), 1.2 (R) >19.5
1.3 (L), 1.2 (L) >16.0
1.3(R), 1.2 (L) >18.0
1.3 (L), 1.3 (R) 7.0

» Number of differences divided by the total number of nucleo-
tides (1393)

* Uncorrected percent divergence is calculated by the total num-
ber of substitutions divided by the total number of nucleotides
and multiplied by 100. Those divergences with a “greater than”
sign preceding them are only approximate, since large deletions,
insertions, and substitutions of long runs of nucleotides are
defined as single events for simplicity

parison to the CeRepl.l sequence) that appear in
the four copies of the inverted sequence in the
CeRepl.2 and CeRepl.3 elements, 12 changes (in
the case of CeRepl.2) and 11 changes (in the case
of CeRepl.3) are present in both of the inverted
copies within a single element. This is true for single
base substitutions and changes affecting blocks of
nucleotides (which are counted here as single events).
In only four instances are identical changes found
in homologous positions of different elements, and
these are confined to single base changes. Identical
changes in the inverted copies of the 450-bp se-
quence could imply that a homogenization mech-
anism is operating to maintain the homogeneity of
these sequences, transferring mutations introduced
into one copy of the sequence to its inverted copy.

Homologous recombination between the invert-
ed repeats of an element, if accompanied by gene
conversion events, could represent such a homog-
enizing mechanism. Homologous recombination
would reverse the orientation of the internal se-
quence between the inverted sequences. In order to
determine whether such recombination was occur-
ring, we analyzed the orientation of the internal se-
quences of CeRepl.1, CeRepl.2, and CeRepl.3 in
several C. elegans strains. The strains are derived

from independent soil isolates collected at widely
separated geographical locations over a period of
more than 20 years, and are sufficiently diverged to
display great heterogeneity in arrangement of a
known transposable element, Tcl (Emmons et al.
1983; Liao et al. 1983). The orientation of each
element was determined using an off-center restric-
tion endonuclease site within the internal sequence
as a marker. The results for CeRep!.1 utilizing the
Aval site in the internal region are shown in Fig. 4.
Digestion of C. elegans genomic DNA with both
Aval and PstI produces a fragment of 2.4 kb ex-
tending from the Aval site within the sequence to a
PstI site lying in flanking DNA. Inversion of the
internal sequence would increase the size of this
fragment to 2.7 kb. Using a probe specific for the
unique flanking sequence, the size of this fragment
was determined in 11 independent wild isolates of
C. elegans. In all cases, the 2.4-kb fragment was
seen, and hence there is no evidence for the occur-
rence of an inversion event since these strains were
separated. Similar results indicating constancy in
orientation were also obtained for the CeRepl.2 and
CeRepl.3 sequences (data not shown). Recombi-
nation between the inverted sequences evidently does
not occur frequently. If gene conversion events have
taken place since these strains separated, such events
must have occurred without reciprocal exchange.
Alternatively, these strains may not be sufficiently
diverged to exhibit evidence for these mechanisms.

CeRepl Repeats Are Not Found in Related
Species and Are Not Highly Polymorphic
within C. elegans

Two lines of evidence suggest that the CeRepl fam-
ily lacks an essential functional role within the cell.
The first is that this family of repeats appears to
have arisen recently within Caenorhabditis. Figure
5 shows that the CeRepl family is not present in
two other species of the genus, C. briggsae and C.
remanei, nor in the more distantly related nematode
P. redivivus.

The second line of evidence is that the CeRepl
sequence is not appreciably represented in cellular
RNA. No homologous material was detected in
Northern hybridization experiments employing
whole cell RNA, or in a cDNA clone bank of polyA*
(provided by B. Meyers; data not shown).

One class of dispensable repetitive sequences in
eukaryotic genomes consists of transposable ele-
ments. Among the known transposable elements in
other organisms are several with an inverted repeat
structure (Potter et al. 1980; Liebermann et al. 1983;
Zuker et al. 1984). Accordingly, we asked whether
the CeRepl family is polymorphic within C. ele-
gans. The arrangement of CeRepl elements in var-



237

N2 80 Fr Do Sh N62 GaS Go? Gol2 Pal Pacl

2313kb N

9.42

6.56

4.37

2.7
[1-34

2.32 - eup - - - .- o . i (_2_2

202 -

0.56 Fig. 4. The CeRep!.] unitisina
fixed orientation in various C. elegans
strains. Genomic DNA from various
geographically and temporally isolated
C. elegans strains was digested with the

- (2.7kb) restriction enzymes Aval and Pst/ and
r (24kb) - 1 electrophoresed on a 0.7% agarose gel.
‘L : Following transfer of the gel to nitrocel-
lulose, the filter was hybridized with
" Pstl Bolll Aval | :
8°| z L T e t the 2-kb BgllI fragment shown on the
C T e— ] map. In all cases a.2.4-kb.fragmcm was
> . detected. The relative positions of a
500 2.4-kb and a 2.7-kb fragment are indi-
Base -Pairs cated by the arrows

ious strains is shown in Fig. 5. It does not show the
degree of variability that would be expected if
CeRepl elements were actively transposing at high
frequency. Additionally, the insertion of such se-
quences usually results in the duplication of the se-
quence at the target site, resulting in a direct repeat
(4-11 bp) at the ends of the inserted sequence (Far-
abaugh and Fink 1980; Gafner and Philippsen 1980;
Levis et al. 1982). In only the CeRepl.1 unit does
such a sequence exist, with four thymidine residues
found at the 5’ and 3’ ends of the sequence. The
CeRepl.2 unit shows two adenine residues at its
ends, and the CeRepl.3 unit shows no duplication.
The significance of the sequence in the CeRepl.1
unit is not known and the other data do not support
the hypothesis that the element is transposable.

Discussion

Origin of the CeRepl Repetitive Family

Although short inverted repeats are present
throughout the DNA of many eukaryotic organisms,
the structure of this class of repetitive sequences has
not been extensively studied. In mammalian ge-
nomes, many of the short inverted repeats consist
of Alu sequences, which have been well character-
ized (Jelinek and Schmid 1982). Alu sequences are

present as both isolated repeats and in inverted re-
peat pairs. Because of the similarity in the length
distribution of interspersed and inverted repeats in
the C. elegans genome (Emmons et al. 1980), we
speculated that, as with Alu repeats, these two classes
of sequences would overlap. The results reported
here indicate that this may not be the case. It will
be of interest to determine whether the remaining
members of the CeRepl family are all inverted re-
peats with similar structures.

We argue that the CeRepl family lacks an essen-
tial function in C. elegans, primarily because this
family is not present in the very similar species C.
briggsae and C. remanei. This conclusion is sup-
ported by the observation that two of the family
members are diverging from the primordial repeat
by the accumulation of mutations. The presence of
these repeats in the genome must therefore be ex-
plained in terms of the mechanism that has repeat-
edly introduced them.

In some respects the structure of CeRepl repeats
resembles the structure of known eukaryotic trans-
posable elements, DIRS-1 elements of Dictyoste-
lium (Zuker et al. 1984) and TU elements of sea
urchins (Liebermann et al. 1983) are flanked by in-
verted repeats of several hundred nucleotides. FB
elements of Drosophila have an overall inverted re-
peat structure (Potter et al. 1980). Both TU and FB
elements have variable sequences between the in-
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Fig.5. The CeRep! family 1s confined to C. elegans but is not highly polymorphic within this species. Genomic DNA from various
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(kb).

verted repeats; both differ from CeRepl elements,
however, in being made up in part from multiple
direct repeats of a short sequence. DIRS-1 elements
differ from CeRepl repeats in having a constant
central region (Cappello et al. 1985). The runs of Ts
flanking the CeRepl. ] repeat are reminiscent of tar-
get site duplications. However, these are found at
the inside boundaries of the inverted repeats as well
as flanking the entire element. Thus, CeRepl ele-
ments might resemble composite transposons in
bacteria and Drosophila, which consist of variable
DNA flanked by active transposons (Kleckner 1981;
Paro et al. 1983). However, the inverted repeats
themselves have no other resemblance to transpos-
able elements, such as short inverted terminal re-
peats and internal open reading frames. Neverthe-
less it remains possible that CeRepl repeats are

derived from or related to an active transposon, and
are inserted into the genome by a transpositional
mechanism. Alternatively, they may be created by
the action of cellular mechanisms involved with al-
teration or maintenance of the genomic DNA, for
example, the process of gene conversion (see below).

Divergence and Co-evolution within
the CeRepl Repetitive Family

There are two significant findings in the analysis of
the CeRepl repetitive units. The first is that the
CeRepl.1 repetitive unit is similar to the primordial
repeat from which the CeRepl.2 and CeRepl.3 units
have independently diverged. The second finding is
that the inverted 450-bp sequence within a partic-
ular unit tends to be maintained. This latter finding



suggests that horizontal or concerted evolution of
the sequences is occurring.

Horizontal or concerted evolution of inverted re-
peats, such as found here for CeRepl repeats, has
been observed in the case of Drosophila heat-shock
genes (Brown and Ish-Horowicz 1981) and C. ele-
gans heat-shock genes (Russnak and Candido 1985).
In the case of the CeRepl repeats, the rate of gene
conversion must be lower than the rate of sponta-
neous mutation, because the inverted repeats of
CeRepl.2 and CeRepl.3 are not identical. We at-
tempted to gain additional evidence for an inter-
action between the inverted repeats of CeRepl se-
quences by determining whether reciprocal
recombination occurs between them. As the strains
we have compared are all quite similar at the DNA
level (Fig. 5), it is probable that they are not suffi-
ciently diverged to exhibit changes due to either
spontaneous mutation or gene conversion. This
could explain the lack of evidence for reciprocal
recombination.

Alternatively, gene conversion may take place
without reciprocal recombination, as has been di-
rectly demonstrated in yeast (Klein 1984). On the-
oretical grounds, it is expected that reciprocal re-
combination between short homologous regions does
not occur in eukaryotes, since such recombination
would lead to a scrambling of the genome due to
the prevalence of interspersed repeated sequences.
It may be that the process of gene conversion is in
part responsible for the creation, structure, and
maintenance of the CeRepl family. The conserva-
tion of the 491-bp separating sequence might be
explained if it is a cis-acting element involved in
catalyzing such a reaction.
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