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ABSTRACT A transposable element, designated Tcl, has been
characterized in Caenorhabditis elegans. Tcl is 1.7 kilobases long,
has an inverted terminal repeat of <100 base pairs, and is re-
peated as a highly conserved element. The copy number and ge-
nomic positions of Tcl are extremely variable among strains, im-
plying that Tcl is mobile. However, progeny of interstrain crosses
did not show hybrid dysgenic traits that might be due to Tecl trans-
position.

Transposable elements are discrete genetic units capable of in-
tegrating into many sites in the genome (for review, see refs.
1 and 2). Since their discovery (3), several eukaryotic trans-
posable elements have been described. The copia, P, and FB
elements in Drosophila and the Ty elements in yeast all have
terminal repeats and are members of dispersed repetitive fam-
ilies (4-7). Evidence for their transposition initially came from
analyses of their distributions in the genome by the Southern
blot technique (8), which showed that the copy numbers and
sites of these elements are hypervariable among different strains
of the same species and, to a lesser degree, among individuals
of the same strain (4, 9-11). Direct evidence for transposition
of Ty, copia, and P elements came from analyses of mutations
caused by their insertions into nonhomologous genomic sites
(6, 12). The P elements are exceptional for their remarkably
high frequency of transposition during interbreeding of certain
Drosophila strains (13). Transposition of P elements is the most
likely basis of P-M hybrid dysgenesis, in which progeny of hy-
brid crosses exhibit sterility, high rates of mutation, and chro-
mosomal aberrations (14).

In this paper, we report the characterization of a transpos-
able element in the nematode Caenorhabditis elegans and com-
pare it with other known eukaryotic transposable elements.
Previous studies in this laboratory have shown that the two strains
of C. elegans, Bristol and Bergerac, give occasional differences
in restriction endonuclease cleavage patterns on Southern blots
when probed with randomly selected cloned fragments (15).
One such DNA polymorphism was found to be a 1.7-kilobase-
pair (kb) difference adjacent to the actin gene cluster (16). Here,
we demonstrate that the observed polymorphism near the actin
genes is due to the presence of the transposable element “Tcl”
at that site in the Bergerac strain. Another polymorphism be-
tween the Bristol and Bergerac strains has been characterized
by Emmons et al. (17) and it also was found to be due to Tel.

MATERIALS AND METHODS

Nematodes. All C. elegans var. Bristol worms used in this
study are descendants of a single Bristol N2 hermaphrodite (18).
All laboratory stocks are derived from a culture of Bristol N2
frozen in 1972 in separate vials. Stocks stored frozen since 1972
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were obtained from this laboratory and the Medical Research
Council laboratories in Cambridge, England, and a stock stored
frozen since 1974 was obtained from the Caenorhabditis Ge-
netics Center. Laboratory stocks that were passaged regularly
for the past 3-8 years were obtained from D. Baillie, R. Edgar,
D. Riddle, and S. Ward. These cultures were generally prop-
agated for a few generations after being thawed, then allowed
to survive starvation conditions as dauer larvae for a few weeks.
Aliquots of the starved cultures were then transferred to fresh
medium, repeating the continuous cycle of growth and star-
vation.

Two laboratory strains of C. elegans var. Bergerac were used.
DNA analysis was done on the Bergerac LY strain from this
laboratory, obtained from J. Brun in 1977 and originally isolated
in France in 1949 (19). For the hybrid dysgenesis tests, we used
the Bergerac FR strain, which the Caenorhabditis Genetics
Center obtained independently from Brun in 1980. The Ber-
gerac FR strain has male fertility levels and brood sizes com-
parable with Bristol N2, while the Bergerac LY strain has low
male fertility and brood sizes. Bergerac stocks were propagated
from single hermaphrodites thawed in recent months and
maintained similarly to Bristol stocks.

Wild strains of C. elegans obtained from R. Russell included
CL2a, GA-1, PA-2, and PaC-1. EPC-4, also called DH424, is
a wild isolate that we collected. All wild strains were collected
independently from soil samples in or near Pasadena, CA, and
found to be fertile with the Bristol N2 strain.

DNA Analysis. Procedures for the isolation of C. elegans DNA
from first-stage (L1) larvae, restriction endonuclease digestion,
gel fractionation of DNA fragments, and hybridization to
Southern blots have been described (15). Electron microscopy
of renatured single-stranded molecules and heteroduplex mol-
ecules was by published procedures (20, 21). All spreads con-
tained linearized pBR325 DNA, which can form stem-loop
structures, as a size marker (22).

Phage and Plasmid Recombinants. Recombinant phage con-
taining C. elegans DNA were isolated from an EcoRI partial
digest library in A Charon 10 or a Sau3A partial digest library
in A 1059 (16, 23). EcoRI fragments were subcloned into pBR325
by published methods (15). Isolation of recombinant DNA car-
rying C. elegans sequences containing actin gene I, actin gene
IV, collagen gene col-1, and ribosomal DNA have been de-
scribed (16, 24, 25).

Hybrid Dysgenesis Tests. For each mating, three males from
a given stock were transferred to a plate with a single fourth-
stage (L4) larval hermaphrodite; matings giving 45-50% male
progeny were analyzed further. Five to 10 F; hermaphrodites
per mating were transferred individually as larvae to fresh plates
to propagate by self-fertilization. F; sterility was scored by
counting both the number of eggs laid and the number of prog-
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eny hatched. Crosses were carried out at 20°C because the Ber-
gerac FR, PA-2, and EPC-4 strains are not viable at or above
25°C. Stocks were maintained at 16°C.

RESULTS

Identification of a 1.7-kb Insert Near the Actin Gene Clus-
ter. The DNA polymorphism observed between the Bristol and
Bergerac strains when probed with actin genes was localized to
a2 3.5-kb EcoRI fragment in the Bristol strain and a 5.2-kb EcoRI
fragment in the Bergerac strain (Fig. 1A). Restriction maps of
the Bristol EcoRI fragment subcloned in pCe(Br)T1 and the
Bergerac EcoRI fragment subcloned in pCe(Be)T1 showed that
the DNA polymorphism results from an insert of 1.7 kb in the
Bergerac strain (Fig. 1B). This 1.7-kb insert is called Tcl.

Tecl Is a Member of a Dispersed Repetitive Family. The
Bergerac recombinant plasmid pCe(Be)T1, containing the EcoRI
fragment carrying the Tcl element, was hybridized to Bristol
and Bergerac DNAs digested with EcoRI (which does not cleave
within the element). The Bristol strain gives 25-30 restriction
fragments that hybridize to the probe (Fig. 24, lane a). Under
identical conditions, the Bergerac hybridization pattern ap-
peared as a black streak but, when one-eighth the standard
amount of Bergerac DNA was analyzed, a complex pattern of
discrete bands was superimposed on a streak (lane b). By com-
parison, when the hybridization probe was the Bristol recom-
binant plasmid pCe(Br)T1 containing the EcoRI fragment that
lacks the Tcl element, only unique genomic restriction frag-
ments hybridized (lanes ¢ and d). Thus, the sequences sur-
rounding Tel in the hybridization probe are present only once
in the Bristol and Bergerac genomes whereas multiple copies
of elements homologous to Tcl are present in the Bristol and
Bergerac genomes.

The Southern blot patterns include several hybridizing frag-
ments that have unique sizes that are smaller than 3.4 kb. Thus,
their repeat length cannot accommodate even two complete
elements. Most hybridizing bands have the same intensity; the
few of higher intensity probably represent equal-sized restric-
tion fragments or two Tcl copies on the same restriction frag-
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ment. Therefore, the Tcl elements are not organized in re-
petitive arrays.

The apparent difference in copy number of Tcl-homologous
sequences between the Bristol and Bergerac genomes can be
interpreted in two ways. Either these strains have a single class
of Tcl elements and the Bergerac strain contains at least 10 times
more copies of Tel than the Bristol strain or the Bristol DNA
has sequences with only partial homology to the Bergerac-de-
rived hybridization probe (explaining why similar hybridization
intensities were obtained when a given amount of Bristol DNA
was compared with one-eighth the amount of Bergerac DNA).
To test these alternatives, DNA from a recombinant phage car-
rying Tcl-homologous DNA from the Bristol strain was hy-
bridized to genomic digests of Bristol and Bergerac DNAs. As
shown in Fig. 2A (lanes e-g), these Southern blot profiles are
essentially identical to those obtained with the Bergerac Tecl
element as the probe. The only differences between patterns
obtained with the Bristol-derived Tcl probe and the Bergerac-
derived Tcl probe are due to hybridization by homology to sin-
gle-copy sequences surrounding Tcl in each of the probes, as
indicated by controls (lanes c, d, and h). We conclude that the
Bristol and Bergerac genomes have a single class of Tcl ele-
ments, that Bristol has 25-30 Tcl elements, and that Bergerac
has several hundred copies of Tcl.

Tcl-Homologous Sequences Occur as Intact 1.7-kb Ele-
ments. The Bristol and Bergerac genomes were digested with
several restriction endonucleases that do not cleave within the
copy of Tecl cloned in pCe(Be)T1. Southern analyses of those
genomic digests probed with pCe(Be)T1 showed hybridization
only to fragments at least 1.7 kb long. The results suggest that
1.7 kb is the size of the repeated DNA homologous to the probe
and, moreover, that each member of the Tcl family contains
the entire 1.7-kb sequence.

To assess the degree to which the sequence is conserved
among members of the Tcl family, the genomic DNAs were
digested with the restriction endonuclease Hae III. This en-
zyme cleaves the Tcl element cloned in pCe(Be)T1 into five
pieces; three are approximately 0.5 kb long and two are ap-
proximately 0.1 kb long. From sequence analyses, we know that
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Fic. 1. Comparison of restriction endonuclease cleavage maps from C. elegans strains with and without Tel inserted near actin gene III. A)
The upper map was derived from the Bristol strain and the lower map is the corresponding region from the Bergerac strain. Boxes indicate positions
of actin genes I, II, and III; actin gene IV is not in this region (16). Positions of EcoRI sites () and BamHI sites (7) are indicated. (B) Detailed maps
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of the Bristol 3.5-kb EcoRI fragment in pCe(Br)T1 and of the Bergerac 5.2-kb EcoRI fragment in pCe(Be)T1. The Tcl element is depicted as a thick
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Fic. 2. Hybridization of Tcl to Bristol and Bergerac DNAs. Ge-
nomic DNA digests were fractionated on a 0.7% agarose gel, trans-
- ferred to nitrocellulose paper, and hybridized to DNA labeled to >10°
cpm per ug with [a-32P]TTP. (A) Hybridization to EcoRI geomic di-
gests. The hybridization probe to lanes a and b was pCe(Be)T1, con-
taining the Bergerac-derived Tcl element and flanked by single-copy
sequences. The probe to lanes ¢ and d was pCe(Br)T1, which contains
the corresponding single-copy sequences from Bristol and thereby serves
as a control for hybridization not due to Tc1. The probe to lanes e~h was
DNA from a recombinant phage containing a Bristol-derived Tcl ele-
ment flanked by single-copy sequences. Lane h is a control identifying
hybridization bands due to single-copy sequences as well as Tcl and
phage sequences in the probe. Sources and amounts of EcoRI-digested
DNA in each lane were as follows: a, Bristol, 3 ug; b, Bergerac, 0.4 ug;
¢, Bristol, 3 ug; d, Bergerac, 3 ug; e, Bristol, 3 ug; f, Bergerac, 0.4 ug;
g, Bergerac, 3 ug; h, DNA from the recombinant phage containing a
Bristol Tecl element, 1 ng. Positions of HindIII-digested A DNA size
standards are indicated on the left. (B) Hybridization to Hae III ge-
nomic digests. The probe to lanes a—c was pCe(Be)T1, the probe to lanes
d and e was pCe(Br)T1, and the probe to lanes f~i was DNA from a re-
combinant phage containing a Bristol-derived Tcl element. Sources and
amounts of Hae IlI-digested DNA in each lane were as follows: a, Bris-
tol, 3 ug; b, Bergerac, 0.4 ug; c, Bergerac, 3 ug; d, Bristol, 3 ug; e, Ber-
gerac, 3 ug; f, Bristol, 3 ug; g, Bergerac, 0.4 ug; h, Bergerac, 3 ug; i,
DNA from the recombinant phage containing a partially digested Bris-
tol-derived Tcl element, 2 ng.

the cloned copy of Tcl contains Hae III restriction sites 9 base
pairs (bp) from its boundaries (unpublished data). If all mem-
bers of the Tcl family conserve the Hae III restriction sites,
then a Tel probe would- hybridize to the 0.5- and 0.1-kb re-
striction fragments of every genomic copy of Tcl. Because the
cloned copy of Tcl used as the hybridization probe also con-
tains flanking sequences, the probe will also hybridize to DNA
flanking the one genomic copy of Tcl that was cloned. Under
standard conditions, the probe would not hybridize to the Hae
III restriction fragments that include only the 9-bp termini of
the-element and the nonhomologous sequences flanking other
genomic copies of Tcl. The results (Fig. 2B) indicate that the
Hae 111 restriction sites are.indeed highly conserved. Southern
blots probed with pCe(Be)T1 show hybridization to wide bands
approximately 0.5 and 0.1 kb long (lanes a—c). In addition,
pCe(Be)T1 hybridized to bands that represent the single-copy
sequences surrounding Tcl in pCe(Be)T1, as shown by the pat-
terns obtained when pCe(Br)T1 is the probe (lanes d and €). In
an identical manner, a probe containing a Bristol-derived Tcl
element hybridized to the 0.5- and 0.1-kb internal Hae III re-
striction fragments of Tcl and to the single-copy sequences sur-
rounding Tcl in the Bristol recombinant phage DNA probe (lanes
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f-i). Only one other hybridizing fragment was apparent; how-
ever, variants of Tcl that yield Hae III restriction fragments
smaller than 0.5 kb long would not have been detected because
small fragments were not retained well on Southern blots. The
results indicate that one member of the Tcl family has a Hae
III restriction pattern that would generate a fragment more than
0.5 kb long. Thus, nearly all members of the Tcl family have
highly conserved DNA sequences.

Tel Has Inverted Terminal Repeats. A Kpn 1/Xho I re-
striction fragment from pCe(Be)T1, containing only one end of
Tel, hybridized to itself as well as to a DNA restriction frag-
ment from the other end of Tcl but not to any fragment from
the central region. By contrast, restriction fragments from the
central region of Tcl did not hybridize to any fragment of
pCe(Be)T1 except themselves. This result implies that Tecl is
terminally repetitious. To determine whether Tcl has an in-
verted or direct repeat, we examined single-stranded Tc1 DNA
by electron microscopy. The 5.2-kb EcoRI fragment from
pCe(Be)T1 was denatured and allowed to renature under con-
ditions favoring intramolecular interactions. Electron micro-
scopic analysis revealed stem-loop structures, indicating that
Tel has inverted terminal repeats (Fig. 3A). The single-stranded
loop is 1.6 = 0.1 kb long and the double-stranded stem is <0.1
kb long. Analyses of heteroduplexes between the 5.2-kb EcoRI
fragment from pCe(Be)T1 and the 3.5-kb EcoRI fragment from
pCe(Br)T1 confirm the interpretation that the stem-loop struc-
ture is confined to the Tcl element (Fig. 3B). Detailed re-
striction maps of the termini failed to indicate any direct repeat
(data not shown). Thus, we conclude that the terminal redun-
dancy is limited to an inverted repeat of <100 bp.

Tel Is a Mobile Element. The organization of Tcl in several
laboratory Bristol strains was compared by Southern blot hy-
bridizations. The extent to which the laboratory strains had been
passaged independently of each other ranged from two strains
that had been kept frozen for 10 years and propagated only a
few weeks to prepare DNA samples to one strain that had been
passaged regularly for 8 years (approximately 500 generations).
All Bristol N2 stocks had an identical genomic arrangement and
copy number of the Tcl element (Fig. 4).

Examination of hybridization patterns of five C. elegans strains
isolated from soil near Pasadena, CA, indicated that Tcl is mo-
bile in evolutionary time. The GA-1, PaC-1, CL2a, and PA-2
strains differed from Bristol in the positions of 0, 1, 5, or 6 hy-
bridizing bands, respectively, while maintaining practically the
same copy number of Tcl elements. The Southern blot profile
of the wild strain EPC-4 diverges dramatically from those of
Bristol and other wild Pasadena strains and resembles the pro-
file of the Bergerac strain (Fig. 5A). In sharp contrast to the
diversity among Bristol, Bergerac, PA-2, and EPC-4 when
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Fic. 3. Electron micrographs showing the stem-loop structure of
Tel. (A) EcoRI-digested pCe(Be)T1 was denatured and briefly rena-
tured. Size measurements for the stem and loop of the Bergerac 5.2-kb
EcoRI fragment and the pBR325 moiety represent mean + SEM for at
least 10 molecules of each DNA. (B) Heteroduplex molecule between
the 3.5-kb EcoRI fragment in pCe(Br)T1 and the 5.2-kb EcoRI fragment
in pCe(Be)T1. The lengths of the stem, loop, and arms are the same as
inA.
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Fic. 4. Tcl hybridization patterns to Bristol laboratory stocks. EcoRI
digests of 3 ug of genomic DNA were hybridized with pCe(Be)T1 as de-
scribed in Fig. 2. Sources of Bristol N2 stocks in each lane were as fol-
lows: a, Hirsh; b, Ward; ¢, Riddle; d, Caenorhabditis Genetics Center;
e, Medical Research Council laboratories; f, Hirsh; g, Edgar; h, Baillie,
S stock; i, Baillie, S stock.

probed with Tcl, their DNA organization appeared essentially
identical when other DNA fragments, such as collagen, actin,
or ribosomal DNA, were used as hybridization probes. For ex-
ample, the four strains show identical Southern blot profiles for
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Fic. 5. Comparison of restriction fragments in various C. elegans
strains homologous to Tcl or collagen DNA. (A) pCe(Be)T1 was hy-
bridized to DNA digested with EcoRI (lanes a—d) or BamHI (lanes e-
h) as described in Fig. 2. Sources and amounts of genomic DNA in each
lane were as follows: a and e, Bristol, 3 ug; b and f, PA-2, 3 ug; c and
g, Bergerac, 0.4 ug; d and h, EPC-4, 0.4 pg. Positions of DNA size mark-
ers (lane i) are indicated on the right. (B) A recombinant plasmid con-
taining the collagen gene col-1 was hybridized to 3 ug of EcoRI-digested
DNA from various sources: lane a, Bristol; lane b, PA-2; lane c, Ber-
gerac; lane d, EPC-4.
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the collagen multigene family, in which >30 hybridizing bands
are resolved (Fig. 5B).

Test for Hybrid Dysgenesis. In an attempt to induce Tcl to
integrate into new genomic sites at a high frequency, we con-
structed interstrain crosses between the Bristol, Bergerac FR,
PA-2, and EPC-4 strains. Using the hybrid dysgenesis system
described between P and M strains in Drosophila as a model
(14), we examined 30-60 F; hermaphrodites from each of the
12 interstrain crosses and from four intrastrain crosses for re-
duced fertility. We also examined more than 100,000 F; her-
maphrodites from each cross for visible mutations. We found
that F, fertility was not reduced below control levels in any of
the crosses, and we did not detect any obvious visible mutation
in any of the F; progeny scored.

DISCUSSION

These findings show the presence of a transposable element in
Caenorhabditis elegans. Although it shares many structural fea-
tures with other eukaryotic transposable elements, the char-
acteristics of Tcl define a unique class. Tcl is the smallest known
eukaryotic transposable element, only 1.7 kb long, and has short
inverted terminal repeats (<100 bp). All copies of Tcl appear
to be full length and have the same cleavage patterns with sev-
eral restriction endonucleases, unlike the variable-length cop-
ies of the P element and FB element families in Drosophila (6,
7). The high degree of conservation at restriction enzyme sites
reflects a highly conserved DNA sequence, consistent with the
notion that Tcl codes for products mediating its transposition.

In interstrain comparisons, the genomic arrangement of Tcl
has diverged much more rapidly than other multigene families.
The Bristol N2, CL2a, GA-1, PA-2, and PaC-1 strains contain
25-30 copies of Tcl per haploid genome and vary among them-
selves in a few positions, while the Bergerac and EPC-4 strains
contain several hundred copies of Tcl and also differ from one
another in at least a few genomic locations. It appears that most
of the Pasadena strains are closely related to the Bristol, En-
gland, isolate and that the EPC-4 strain from Pasadena is closely
related to the Bergerac strain from France. However, although
Bristol stocks were propagated in Pasadena laboratories a few
years ago, the Bergerac strain was not; so it is doubtful that EPC
is a recent lineage derived from a laboratory stock. Thus, it is
curious that distinct relationships appear among geographic iso-
lates. Perhaps mobility of the Tcl family occurred more re-
cently than strain separation such that an independent mech-
anism has allowed Tcl to occupy a broader range of sites in some
strains than others.

Analyses of Bristol stocks separated by up to 500 generations
(<8 years) gave no evidence for integration of Tcl into new ge-
nomic sites. Similarly, the copia element in Drosophila moves
at a very low frequency; a single case of a gain or loss of a copia
element within a stock was noted in 50 years of laboratory prop-
agation (11). By contrast, the yeast Tyl element showed dif-
ferences in Southern blot profiles between subcultures from a
single colony passaged independently for 1 month (4). Move-
ment of Ty elements apparently occurs more frequently by gene
conversion than by transposition (26). Therefore, the mobility
of Tcl, as assessed by Southern analyses, may be a conse-
quence of homology-dependent mechanisms as well as of true
transposition évents. Proof of transposition awaits character-
ization of specific mutations caused by Tcl insertions.

Using transposable elements as tools for mutagenesis and in
gene-isolation studies requires either mobility at a high enough
frequency to screen for mutants or a selection scheme for rare
transposition events. The latter strategy is used in bacterial sys-
tems because many prokaryotic transposons carry antibiotic-re-
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sistance genes. The only molecularly characterized systems in
which transposable elements move at a high frequency in vivo
are the P-M system in Drosophila, which causes hybrid dys-
genesis, and the Ac-Ds controlling element system in maize (6,
14, 27, 28). We analyzed the progeny of interstrain crosses in
C. elegans for hybrid dysgenesis but detected none. An alter-
native approach to introducing Tcl into new genomic sites is to
microinject exogenous Tel into C. elegans gonads, where the
DNA may be incorporated into maturing gametes. In light of
the success with introducing P elements into Drosophila em-
bryos (29), microinjection of high numbers of the Tcl sequence
might lead to integration of Tcl into new genomic sites.
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