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The transposable element Tcl is responsible for most spontaneous mutations that occur in Caenorhabditis
elegans variety Bergerac. We investigated the genetic and molecular properties of Tcl transposition and
excision. We show that Tcl insertion into the unc-54 myosin heavy-chain gene was strongly site specific. The
DNA sequences of independent Tcl insertion sites were similar to each other, and we present a consensus
sequence for Tcl insertion that describes these similarities. We show that Tc1 excision was usually imprecise.
Tcl excision was imprecise in both germ line and somatic cells. Imprecise excision generated novel unc-54
alleles that had amino acid substitutions, amino acid insertions, and, in certain cases, probably altered mRNA
splicing. The DNA sequences remaining after Tc1 somatic excision were the same as those remaining after germ
line excision, but the frequency of somatic excision was at least 1,000-fold higher than that of germ line excision.
The genetic properties of Tcl excision, combined with the DNA sequences of the resulting unc-54 alleles,
demonstrated that excision was dependent on Tc1 transposition functions in both germ line and somatic cells.
Somatic excision was not regulated in the same strain-specific manner as germ-line excision was. In a genetic
background where Tcl transposition and excision in the germ line was not detectable, Tc1 excision in the soma

still occurred at high frequency.

Transposable elements are responsible for a variety of
genetic phenomena in many organisms (for a review, see
reference 62). They are a major source of spontaneous
mutations because of their ability to cause insertions, dele-
tions, and other DNA rearrangements. In addition to elim-
inating gene function, insertion of a transposable element
within or near a gene can alter the level, tissue specificity, or
developmental timing of gene expression (24, 41, 52). Exci-
sion of transposable elements can also dramatically affect
gene activity. Excision is imprecise for most transposons,
and this results in sequence alterations remaining at the sites
of excision (2, 5, 9, 12, 53, 58, 61, 67, 69). Imprecise excision
of transposable elements can lead to proteins that have
altered molecular weights (63), enzymatic activities (14, 69),
and developmental patterns of gene expression (10, 40). The
insertion and excision of transposable elements, therefore,
might be a significant source of genetic variability in nature
(for a review, see reference 63).

The genetic activity of transposable elements is often
tightly controlled. The frequencies of transposition and
excision can be regulated in a strain- and tissue-specific
manner. For example, transposition and excision of certain
maize transposons depend on the presence of other elements
within the genome (for a review, see reference 25). Drosoph-
ila P factors transpose and excise only in the germ line (20)
and only after certain interstrain crosses (4; for a review, see
reference 21). Eucaryotic transposons usually encode pro-
teins required for their own transposition and excision. Such
activities are generally referred to as transposases, although
their roles in the transposition process are unknown. The
regulation of transposase activity is central to the regulation
of transposable element activity. For example, the strain and
tissue specificities of P factor transposition and excision are
due to regulation of transposase activity (22, 36).
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Transposition of the element Tcl, contained in the nema-
tode Caenorhabditis elegans, is regulated in a strain- and
tissue-specific manner. Multiple copies of Tcl are present in
the genomes of all wild isolates of C. elegans (19, 37), yet
Tcl transposes at a detectable frequency in only certain
strains (15, 16, 43, 45). In the C. elegans wild-type variety
Bergerac, transposition of Tcl is responsible for most spon-
taneous mutations. In other wild-type varieties (e.g., Bristol
and DH424), transposition of Tcl is rare or not detectable.

Excision of Tcl is also regulated in a strain- and tissue-
specific manner. Tcl-induced mutations often revert toward
a wild-type phenotype after excision of the element (15, 43).
Reversion of such mutations in the germ line occurs only in
strains that are active for Tcl transposition (43, 45). Thus,
germ line excision of Tcl appears to be transposase depen-
dent. The frequency of Tcl excision in the soma is much
higher than that in the germ line and can be detected by both
genetic (15) and biochemical (18) techniques.

We reported previously the isolation and genetic proper-
ties of Tcl insertions affecting the C. elegans unc-54 gene
(15), which encodes one of two myosin heavy-chain iso-
zymes expressed in body wall muscle cells (23, 39). In this
paper, we consider in more detail the genetic and molecular
properties of Tc1 transposition and excision. We determined
the DNA sequences at the insertion sites of 11 independent
unc-54::Tcl mutations. We sequenced 20 unc-54 alleles
generated either by germ line or by somatic excision of Tcl.
We investigated the genetic properties of unc-54::Tcl muta-
tions in both germ line and somatic cells and interpret these
genetic properties in light of the DNA sequences of Tcl
insertions and excisions. Finally, we investigated the regu-
lation of Tcl transposition and excision in different tissues
and for different genetic backgrounds.

MATERIALS AND METHODS

Genetic procedures. The conditions for growth of C. ele-
gans and methods for its genetic manipulation have been
described previously (6). unc-54::Tcl mutants are descen-
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TABLE 1. Frequencies of germ line and somatic reversion
of unc-54::Tcl mutants

Frequency of unc-54* revertants

Strain® Genotype -
Germ line® Somatic

TR452 unc-54(323::Tcl) 3 x 1073 7 x 1073
TR454 unc-54(r328::Tcl) 1x1073 6 x 1073
TR670 unc-54(r362::Tcl) 4 x 1073 3 x 1072
TR672 unc-54(r366::Tcl) 1x10°° 3 %1073
TR669 unc-54(r387::Tcl) 9 x 107 1x10°2
TR668 unc-54(r388::Tcl) 6 x 107° 2x1073
TR667 unc-54(r390::Tcl) 2 x 1073 7 x 1073
TR451 unc-54(r322::Tcl) <6 x 1077 9 x 1074
TR666 unc-54(r361::Tcl) <6 x 1077 6 x 1074
TR671 unc-54(r327::Icl) <6 x 1077 <2 x107*
TR656 unc-54(r360::Tcl) <6 x 1077 <2 x107*

< Strains having insertions at an identical position in unc-54 are grouped
together.

b Germ line reversion frequencies were estimated by Poisson analysis of the
distribution of revertants among independent cultures (see Materials and
Methods).

dants of strain EM1002 (18), our canonical C. elegans
variety Bergerac stock. unc-54::Tcl mutants are selected as
partial revertants of the strain unc-105(n490) II (15, 50). We
removed the unc-105 mutation from the primary isolate of
each insertion by crossing each strain with wild-type Berge-
rac males; the unc-54 insertions were then segregated from
unc-105. For three insertions (387, r388, and r390), unc-105
was removed by first crossing the primary isolates with
wild-type Bristol males. The resulting unc-54 single mutants
were then crossed six times with Bergerac males. In this
way, we isolated each unc-54 mutation in Bergerac genetic
backgrounds that are essentially isogenic.

Germ line reversion frequencies were estimated by Pois-
son analysis of the distribution of wild-type revertants
among 20 to 40 independent cultures. The proportion of
cultures that did not contain revertants (P,) was used to
calculate each frequency. (P, = e~ “"; a = reversion fre-
quency; n = number of animals per culture.) This method
corrects for revertants that occur early during growth of a
culture and for multiple revertants that occur within a single
culture. When no revertants were obtained in any culture,
we concluded that the frequencies were less than the recip-
rocal of the total number of worms screened (Tables 1 and
2). Because of sampling error, however, such estimates are
only approximate (the confidence intervals are about 63%).
The upper limits for the 95% confidence intervals are ap-
proximately threefold higher than the frequencies shown in
Tables 1 and 2. Data for frequency calculations are as
follows: n = 40,000 for all cultures; P,(TR451) = 40/40;
Py(TR452) = 6/20; P,(TR454) = 13/20; Py(TR623) = 3/13;
Py(TR656) = 40/40; P(TR657) = 37/40; P,(TR666) = 40/40;
P,(TR667) = 8/20; P,(TR668) = 16/20; P;(TR669) = 14/20;
Py(TR670) = 4/20; P(TR671) = 40/40; P(TR672) = 12/20;
Py(TR759) = 50/50; and Py(TR1299)= 46/47.

Somatic revertants have a characteristic phenotype (15),
and their frequency was estimated by counting the number
of egg-laying, partial revertants among total gravid hermaph-
rodites. The somatic reversion frequencies shown in Tables
1 and 2 are based on 6 to 19 independent events. Somatic
revertants were not observed for strains TR671 and TR656.
We concluded that their frequencies were less than the
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reciprocal of the total number of worms screened (Table 1).
As discussed above, these estimates are approximate. )
To substitute the unc-54(r323::Tcl) mutation in the DH424
genetic background, we crossed the Bergerac strain TR452
[genotype unc-54(r323::Tcl)] with wild-type DH424 males.
Cross-progeny hermaphrodites were picked, and homozy-
gous unc-54 mutants were isolated in the next generation,
yielding strain TR623. This procedure was repeated a second
and third time, yielding strains TR657 and TR759, respec-
tively. We continued the backcrossing series for a total of 10
crosses with DH424. The Bristol mutation lev-11(x12) was
introduced after backcross 5, and a lev-11 unc-54 recombi-
nant was identified. (lev-11 is approximately 1 map unit left
of unc-54 on LGI.) A crossover that separated lev-11 from
unc-54 was identified after backcross 6, and the resulting
unc-54 single mutant was crossed four additional times with
DHA424, yielding strain TR1299. This procedure isolated the
Bergerac unc-54(r323::Tcl) region from the remainder of
chromosome I by two recombination events. unc-54 and
terminal regions of LGI in TR1299 are derived from Berge-
rac, but the remainder of the genome is DH424.
Biochemical methods. Our methods for growing nema-
todes, extracting DNA, and cloning unc-54::Tcl alleles into
lambda vectors have been described previously (16, 65).
Germ line revertant alleles were cloned in a similar manner,
except that Sall complete digestion products were ligated to
Sall-digested EMBL3 lambda DNA (27). For cloning so-
matic excision alleles, we prepared nematode DNA from
cultures that were enriched for somatic DNA and empty
sites. Somatic excision alleles were cloned by ligating Xbal-
Sall double-digestion products to Xbal-digested lambda
2149 DNA (32). We obtained somatic excision clones TR#25
through TR#28 from a culture of strain TR451 [genotype
unc-54(r322::Tcl)] that had been grown to starvation and
incubated for 14 days without food. Starvation prevents
reproduction, and somatic excisions accumulate in the pop-
ulation (17). We obtained somatic excision clones TR#29
through TR#33 from a culture of strain TR814 [genotype
lin-27(b151) unc-54(r323::Tcl)]. The mutation lin-27(b151)
causes sterility and greatly reduced numbers of germ cells (J.
Kimble, personal communication). A culture of strain TR814
was grown to starvation at 20°C, refed, and shifted to 25°C
for 4 days. We then harvested the animals and extracted
their DNA. Southern blots indicated that as much as 40% of
the unc-54 gene copies in TR814 can be empty sites. We
visually screened TR451 and TR814 cultures before harvest-
ing to ensure the absence of phenotypic revertants. Somatic
excision clones were isolated raridomly from the somatic

TABLE 2. Effects of genetic background on germ line and
somatic reversion of unc-54(r323::Tcl)

Frequency of unc-54*

No. of

Strain® Genotype backcrosses revertants

) with DH424 Germ jine Somatic
TR452 unc-54(r323::Tcl) 0 3x107° 7x1073
TR623  unc-54(r323::Tcl) 1 4x107° 6x1073
TR6ST  unc-54(r323::Tcl) 2 2x10° 7x107°
TR759  unc-54(r323-Tcl) 3 <5x 1077 3x1073
TR1299 unc-54(r323::Tcl) 10 $x1077 2x1073

“ Strains were derived by repeatedly crossing the Bergerac mutation
unc-54(r323::Tcl) with wild-type variety DH424 (see Materials and Methods).
After each backcross, an increasing fraction of the genome is DH424 material.
The frequencies of germ line reversion were estimated by Poisson analysis of
the distribution of revertants among independent cultures (see Materials and
Methods).
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323 A
r328, r362 ' 1 kb
r366, r387
r388, r390
322
327 360 r361
5 3
unc-54
B.
unc-54* 1806-GTCCTCCATAACTTGCGT-1823
r327 GTCCTCCATA<CAGTGCTGG. . .Tcl...CCAGCACTG>TAACTTGCGT

unc-54% 1840-TGCTCATCTACGTAAGTT-1857
r323, r328,
r362, r366, TGCTCATCTA<CAGTGCTGG...Tcl...CCAGCACTG>TACGTAAGTT
r387, r388,
r390
unc-54* 3705-CCACTCGGTATTATCTCC-3722
r360 CCACTCGGTA<CAGTGCTGG. . . Tcl. . . CCAGCACTG>TATTATCTCC
unc-54* 7084 -TGAAGAGATACCAAGAGC-7101
r322 TGAAGAGATA<CAGTGCTGG. . . Tcl. . . CCAGCACTG>TACCAAGAGC
r361 TGAAGAGATA<CACTCCTGG. . . Tel. . . CCAGCACTG>TACCAAGAGC

FIG. 1. Tcl insertion sites in unc-54. (A) Tcl insertion sites in unc-54 shown relative to the protein-coding regions of the gene. The limits
of unc-54 shown here are the AUG translational initiation codon and the AAUAAA polyadenylation signal (33). mmm, Exons; , introns;
B, untranslated 3’ region. (B) DNA sequences of Tcl insertional junctions shown below the corresponding wild-type DNA sequences.
Sequences corresponding to the Tcl element are indicated (< . . . Tcl . . . >). The TA dinucleotides that flank each insertion are underlined.
The nucleotide positions in unc-54 are described by Karn et al. (33).

DNA of >10° animals. Therefore, they almost certainly
represented independent excision events.

M13 cloning procedure. We subcloned Tcl insertional
junction fragments into the sequencing vector M13mp19 (42)
and sequenced them by the method of Sanger et al. (60). For
most insertions, appropriate restriction fragments containing
each Tcl insert and flanking unc-54 DNA were gel purified
(70) from lambda clones, digested with Ball, ligated to
appropriately digested M13mp19 DNA, and transfected into
Escherichia coli JM101. Two clones were retained for each
insertion allele. Each clone extends from a Tcl Ball site,
located 9 base pairs from each terminus of Tcl, to a
restriction site in adjacent unc-54 DNA; one clone covers the
insertional junction nearest the 5’ end of unc-54, and the
other clone covers the insertional junction nearest the 3’ end
of unc-54. For insertions r322 and r361, an analogous method
was used, except that subclones extended from a Tcl
EcoRV site, located 17 base pairs from each terminus of Tcl,
to a restriction site in adjacent unc-54 DNA. Germ line and
somatic excision alleles were subcloned in a similar manner.

Derivation of an insertion site consensus sequence. The
DNA sequences surrounding the points of insertion are

known for 24 Tcl elements (54, 56, 57; 1. Mori, G. M.
Benian, D. G. Moerman, and R. H. Waterston, Proc. Natl.
Acad. Sci. USA, in press) (Fig. 1). These insertions are
located at 16 different sites on various chromosomes. We
considered each site only once and compared the two DNA
strands of each site to all other sites. We considered 16
nucleotides for each strand and aligned them at the TA
dinucleotide into which Tcl inserts. We wrote a computer
program that compares all possible DNA consensus se-
quences with all possible combinations of 16 DNA strands.
For each consensus sequence and each combination of
strands, we totaled the number of nucleotides that match the
consensus. We accepted as significant any base or combina-
tion of bases in the consensus sequence whose probability of
occurrence was less than 5%. We used the binomial expan-
sion and the base composition of all 32 DNA strands to
evaluate the probability of occurrence. For example, the G
residue at position —35 is significant (P = 0.006) because 8 of
the 16 strands shown in Fig. 2 contain a G at this position and
G residues constitute only 19.7% of total bases. The combi-
nation of DNA strands and the consensus sequence that
yielded the largest number of significant matching bases (114
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A. Insertion Site 5'-Sequence-3’ Reference
unc-54(r323::Tcl) GCT CATCTACGTA AGT this paper
unc-54(r322::Tcl) GAA GAGATACCAA GAG "
unc-54(r327::Tcl) CGC AAGTTATGGA GGA "
unc-54(r360::Tcl) GAG ATAATACCGA GTG "
unc-22(st136::Tcl) AAG GATGTACATT GAA  Mori et al., in press
unc-22(stl137::Tcl) CTT GATGTACCAG GAA "
unc-22(stl39::Tcl) ACC AATGTACCAT CTT "
unc-22(st140::Tcl) CCA GTGGTAGCTT CTC "
unc-22(stl41::Tecl) AAC GACATATCCC AAA "
unc-22(st185::Tcl) CGG CATCTATGTC GCC "
1in-12(el979::Tcl) GCA TGTATATGTA AAC "
unc-15(r408: :Tcl) GAT GAGATATGTG TGT "
pCe(Be)T1 GCA CATATATTTG AAA (57)
pCe2001 ACA TATTTATGTA CTT (58)
stP1 AGA GATATAGGTT T-- (46)
Tcl(Hin) TCA GTCATAACTA ACG (55)

B. Position Relative To Insertion Site

-8 -7 -6 -5 -4 -3 -2 -1 +1 42 +3 +4 +5 +6 +7 +8
G 6 3 3 8 1 4 4 0 0 2 2 2 3 6 3 3
Number of
Occurrences 5 57 312 1 8 0 161 1 3 7 S5 6 5
Among 16
DNA Sorands T 1 1 3 2 3 9 216 0 7 110 4 2 4 4
c 4 7 3 3 0 2 2 00 6 21 2 3 2 3
Consensus: cAaSAral

FIG. 2. Consensus sequence for insertion of Tcl. (A) DNA sequences of 16 Tcl insertion sites. For each site, the strand shown is the one
that maximizes the score of the derived consensus sequence (see Materials and Methods). (B) Site matrix that describes the DNA strands
shown in panel A. The consensus sequence was derived by accepting as significant any base or combination of bases whose probability of
occurrence is less than 5% (see Materials and Methods). Underlined values indicate significant bases.

out of 144 total possible matches) are shown in Fig. 2. This
process has the effect of choosing for each insertion site the
DNA strand that maximizes the score of the derived
consensus.

RESULTS

Strong site-specificity of Tcl insertion. We determined the
insertion sites of 11 Tcl-induced wunc-54 mutations. We
cloned Tcl-induced unc-54 alleles and determined the DNA
sequences at both termini of each insert. By comparing the
sequences of the wild-type unc-54 gene (33) with those of the
insertional junctions, we identified the site of each insertion.
Our genetic methods ensure that each insertion represents
an independent mutational event (15).

Fig. 1A shows the sites of Tcl insertion within unc-54, and
Fig. 1B shows the DNA sequences of each insertional
junction fragment. Tcl displays a striking target site prefer-
ence. Of 11 Tcl insertions, 7 are located at a single site
within the gene; this site represents a ‘‘hotspot’’ for insertion
of Tcl in unc-54. Two insertions, unc-54(r322::Tcl) and
unc-54(r361::Tcl), are both located at a second site (site 2)
within the gene. The remaining alleles, unc-54(r327::Tcl)
and unc-54(r360::Tcl), represent insertions at sites 3 and 4.
Each insertion is located within an unc-54 exon.

Each of the 11 Tcl insertions is flanked by TA dinucleo-
tides; only one copy of the TA dinucleotide is found at the
corresponding site in the wild-type sequence. These TA
dinucleotides might represent a 2-base-pair target site dupli-
cation that is formed during insertion. Duplications of the
target site are characteristic of transposable genetic elements

(7, 28). However, since TA is itself an inverted repeat, these
nucleotides might be part of Tcl. In this case, no target site
duplication is formed upon insertion (see discussion of this
point in reference 55). All Tcl insertions sequenced to date
(a total of 24) are flanked by TA dinucleotides (54, 56, 57;
Mori et al., in press) (Fig. 1).

We observed one DNA sequence polymorphism within
the inverted repeats of Tcl. Tcl elements have 54-base-pair
inverted repeat termini, and we sequenced the outermost 9
or 19 nucleotides of each repeat (see Materials and Meth-
ods). With one exception, the regions of Tcl that we
sequenced were identical to each other and to those of the
canonical Tcl element pCe(Be)T1 (56). In the exceptional
case, one inverted repeat of the unc-54(r361::Tcl) insertion
contained 2-base-pair differences compared with all other
sequenced termini, including the other terminal inverted
repeat of r361.

Consensus sequence for Tcl insertion. We compared the
nucleotides surrounding the unc-54::Tcl insertion sites to
those in other loci. The DNA sequences of 12 additional Tcl
insertion sites are available for comparison (54, 56, 57; Mori
et al., in press). Mori et al. have described (in press) a
consensus sequence for Tcl insertion that is based on 11 of
these sites. We compared the 16 sites and derived a consen-
sus sequence that best describes the similarities among sites.
Our methods for deriving the consensus are described more
fully in Materials and Methods, and our results are shown in
Fig. 2. The consensus sequence 5'-GASATATST-3' best
describes the similarities among all 16 insertion sites. This
consensus sequence is similar to that derived by Mori et al.
(in press). The DNA sequence similarities of independent
insertion sites suggest that the specificity of Tcl insertion is
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due, at least in part, to a preference for certain primary DNA
sequences (see Discussion).

Frequencies of germ line and somatic reversion. Many
Tcl-induced mutations are unstable; they revert to a wild-
type phenotype in both germ line and somatic cells. We
determined the frequencies of germ line and somatic rever-
sion for each of our 11 unc-54::Tcl alleles; our results are
shown in Table 1. Since genetic background can significantly
affect reversion (43, 45; see below), we measured reversion
frequencies in Bergerac genetic backgrounds that are essen-
tially isogenic (see Materials and Methods).

Germ line revertants of unc-54::Tcl mutants are detected
as wild-type (non-Unc) animals that occur spontaneously in
cultures of the paralyzed mutants. These revertants breed
true, and their unc-54* gene is a stably inherited genetic
trait. We observed germ line revertants for 8 of our 11
unc-54::Tcl mutants. Each of the seven hotspot insertions
exhibited similar frequencies of reversion (Table 1); the
average for the seven insertions was 1.8 X 10~> per gamete.
We obtained revertants for one other insertion, unc-
54(r322::Tcl). The frequency of r322 reversion, however,
was quite low (less than 6 X 10~7 per gamete; Table 1), and
we were unable to accurately measure its reversion fre-
quency. We have not observed revertants for the remaining
three insertions; their reversion frequencies are each less
than 6 X 10~7 per gamete.

Somatic revertants of unc-54::Tcl mutants are detected as
egg-laying-proficient, partially motile animals. unc-54 mu-
tants are egg-laying defective (Egl), because the sex muscles
(a set of 16 cells required for egg laying) express unc-54
myosin heavy chains. Reversion of unc-54::Tcl mutations in
ancestors or certain descendants of the postembryonic me-
soblast restores egg-laying ability because the sex muscles
are revertant. Such animals are partially motile because all
or part of the postembryonic muscle cells are revertant as
well. The reversion event in these animals is confined to the
soma; their germ lines are exclusively mutant (15). Thus, we
can determine the frequencies of somatic reversion in the
mesoblast cell lineage by measuring the frequencies of
non-Egl, non-Unc, non-wild-type revertants.

We observed somatic revertants for 9 of our 11 unc-
54::Tcl mutants. Each of the seven hotspot insertions ex-
hibited similar frequencies of somatic reversion (Table 1);
the average for the seven insertions was nearly 1% per
animal. Both r322 and r361, which are insertions at site 2
(Fig. 1), reverted at a frequency of approximately 0.08% per
animal. We have not observed somatic revertants for the
remaining insertions; their frequencies were less than 0.02%
per animal.

The very high frequency of somatic reversion for inser-
tions at the hotspot reflects the very high frequency of Tcl
somatic excision (18). It is not possible to compare directly
the frequency of germ line reversion with the frequency of
somatic reversion. The frequencies of germ line reversion
represent revertants per gamete among a population of
gametes. The frequencies of somatic reversion represent
revertants per animal among a population of animals. Indi-
vidual animals, however, contain many somatic cells, and
reversion in any one of a number of cells would be detected
as a somatic revertant. We estimated that at most there are
20 cells during development in which we would detect
somatic reversion. This estimate is based on the known
lineages of the muscle cells in which we detect somatic
reversion (66). Somatic excision occurs in most, if not all,
somatic cells (17). Assuming that Tc1 excision in the approx-
imately 20 cells in which we can detect reversion is repre-
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sentative of its behavior in all somatic cells, we calculated
that the frequency of somatic reversion in Bergerac, when
expressed as revertants per cell, is approximately 1,000-fold
higher than the frequency of germ line reversion. This
estimate is consistent with the accumulated level of empty
sites observed in Bergerac genomic DNA (18). Empty sites
are products of somatic excision; they are the chromosomal
sequences that remain after Tcl excision in somatic cells.

The sites of Tcl insertion correlated strongly with the
frequencies of germ line and somatic reversion. Insertions at
the hotspot reverted at high frequencies in both tissues.
Alleles r322 and r361, which are insertions at site 2, reverted
in the soma at lower, but detectable frequencies and in the
germ line at or below our level of detection. Alleles r327 and
r369, which are located at sites 3 and 4, failed to revert at
detectable frequencies in either tissue.

These data indicate that both the germ line and somatic
reversion properties of unc-54::Tcl mutants are determined
by the site of insertion and not by the nature of the inserted
element. This could be due to direct effects of the insertion
sites on the frequency or nature of excision or to constraints
imposed by our genetic methods. Since revertants were
selected phenotypically, only excisions that restored gene
function were detected. The differences between sites, then,
reflect the ability of the unc-54 myosin heavy-chain protein
to tolerate the products of imprecise excision. Results pre-
sented below demonstrate that the latter explanation is
correct.

DNA sequences of germ line revertants. Germ line rever-
tants of unc-54::Tcl mutants result from excision of the
element (15). To determine what types of germ line excision
are responsible for reversion, we sequenced the excision
sites of 11 independent unc-54* revertants. We sequenced
five wild-type revertants derived from the hotspot insertions
r323 and r328, two partial revertants derived from the
hotspot insertion r323, and four wild-type revertants derived
from the non-hotspot insertion r322. The wild-type rever-
tants are phenotypically indistinguishable from EM1002, our
canonical C. elegans variety Bergerac wild-type strain. The
partial revertants are more motile than the parental Tcl
insertion mutant but are slower than the wild type. The DNA
sequences of these 11 revertants are presented in Fig. 3.

Each of these 11 revertants resulted from imprecise exci-
sion of Tcl. The absence of precise excisions in this set
indicates that such events are rare. Each revertant resulted
from simple deletion of Tcl sequences and, occasionally,
adjacent target site DNA. All breakpoints occurred no
farther than 3 base pairs from the termini of Tcl.

The wild-type revertants wunc-54(r847) through unc-
54(r850) contain 3- or 6-base-pair insertions relative to the
wild-type gene (Fig. 3A). Since a multiple of 3 base pairs was
inserted, the translational reading frame of unc-54 mRNA
was maintained. These alleles encode proteins that contain
insertions of one (Asn) or two (Met-Tyr) amino acids at the
excision site.

The wild-type revertants wunc-54(r851) through wunc-
54(r855) contain identical 4-base-pair insertions (TATGTA
versus TA for the wild-type gene [Fig. 3B]). The transla-
tional reading frame of unc-54 mRNA is not maintained in
these revertants. Why are they phenotypically wild type?
The site of insertion-excision in these alleles is very close to
a 5’ splice site in unc-54 mRNA. We propose that these
alleles are phenotypically wild type because mRNA splicing
is altered, such that the 4-nucleotide insertion is removed
from the mRNA (see Discussion). The partial revertant allele
r837 also contains a 4-base-pair insertion relative to the
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A.
unc-54* 5¢-AGATACCA-3'

unc-54(r322::Tcl) AGATA<CAG...Tcl...CTG>TACCA
WT revertants

unc-54(r847) AGATACA---ACCA

unc-54(r848) AGATACATGTACCA
unc-54(r849) AGATACATGTACCA
unc-54(r850) AGATACATGTACCA

Somatic

excision clones
TR#25 AGATA--TGTACCA
TR#26 AGATA--TGTACCA
TR#27 AGATA- -TGTACCA
TR#28 AGATACA--TACCA
B.

unc-54* 57 -ATCTACGT-3'

unc-54(r323::Tcl)

and unc-54(r328: :Tel) ATCTA<CAG...Tcl...CTG>TACGT
WT revertants
unc-54(r851)
unc-54(r852)
unc-54(r853)
unc-54(r854)
unc-54(r855)

ATCTA- - TGTACGT
ATCTA- - TGTACGT
ATCTA- - TGTACGT
ATCTA- - TGTACGT
ATCTA- -TGTACGT

Partial revertants

unc-54(r837) ATCTI--CTGTACGT

unc-54(r661) AT------ GTACGT
Somatic
excision clones
TR#29 ATCTA- - -GTACGT

TR#30 ATCTACA--TACGT
TR#31 ATCTA- -TGTACGT
TR#32 ATCTA- -TGTACGT
TR#33 ATCTA------ CGT

FIG. 3. DNA sequences resulting from Tcl excision. The DNA
sequences of germ line revertants and somatic excision clones are
shown relative to the sequence of the wild-type gene and the Tcl
insertion mutation from which they were derived. Nucleotides of the
Tcl element are set apart in brackets (< ... Tcl...>). The TA
dinucleotides that flank each insertion are underlined. (A) Germ line
revertants and somatic excision clones derived from wunc-
54(r322::Tcl); (B) germ line revertants and somatic excision clones
derived from unc-54(r323::Tcl) or unc-54(r328::Tcl). Both r323 and
r328 are Tcl insertions at the hotspot but are inserted in opposite
orientations.

wild-type gene (TCTGTA versus TA). Again, we believe
that altered mRNA splicing corrects the translational reading
frame of this revertant. The partial revertant 766/ contains a
single base substitution relative to the wild-type gene, but
this revertant may have altered mRNA splicing as well (see
Discussion).

When considering the nature of Tcl excision, it is impor-
tant to consider the relative frequencies with which these
different revertants occur. Insertions at the hotspot reverted
to wild type in the germ line at frequencies that were at least
30-fold higher than those of insertions at any other site
(Table 1). We estimate that partial revertants of hotspot
insertions occur at frequencies that are 100-fold lower than
those of wild-type revertants. (Two partial revertants were
isolated in an experiment in which 403 wild-type revertants
were obtained.) We sequenced five wild-type revertants of
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hotspot insertions; all of them contained identical imprecise
excisions. Therefore, this sequence was by far the most
frequent germ line excision that we have detected. Germ line
excisions were selected as revertants, however, and exci-
sions that did not restore function were not isolated.

DNA sequences of Tcl somatic excisions. Tcl excision in
somatic cells is sufficiently frequent that empty sites can be
detected in total genomic DN A with Southern hybridizations
(18). In strains that contain very few germ cells, empty-site
fragments accumulated to as much as 40% of total unc-54
DNA (data not shown; see Materials and Methods). To
determine the nature of somatic excision and to compare it
to germ line excision, we sequenced nine independent clones
of empty-site unc-54 fragments. We sequenced five clones
derived from hotspot insertion r323 and four clones derived
from non-hotspot insertion r322. Since empty sites were
cloned at random and since their isolation was not based on
functional reversion, their sequences likely represent the
most frequent somatic excisions. The DNA sequences re-
maining after somatic excision are shown in Fig. 3.

Eight of the nine empty sites resulted from imprecise
excision; only one clone resulted from precise excision, in
which the wild-type sequence was restored. A 4-base-pair
insertion (TATGTA versus the wild-type sequence TA) was
the most frequent somatic excision for both the hotspot and
r322 insertion sites. This sequence, when generated at the
hotspot, restored wild-type unc-54 gene function (see
above). This sequence, when generated at the r322 site,
would not restore wild-type unc-54 gene function, because of
a frameshift in the translational reading frame. These obser-
vations explain why hotspot insertions revert in germ line
and somatic cells at such high frequencies relative to those at
all other sites. The hotspot is fortuitously tolerant of the
preferred type of Tcl imprecise excision.

The second most frequent somatic excision (TACATA
versus the wild-type TA) was a closely related event. In this
case, the TA dinucleotides plus 2 base pairs at the opposite
end of Tcl remained after excision. This event is symmetri-
cal to the excisions described above, and a single mechanism
may be responsible for both products. For example, impre-
cise excision might involve single-strand breaks staggered by
2 base pairs at the ends of Tcl. Ligation and mismatch repair
of the resulting DNA termini could generate both of these
empty sites.

Tcl-induced mutations revert to wild type in the germ line
only in strains that are active for Tcl transposition (43, 45;
see below). Germ line excision, therefore, is transposase
dependent. The most frequent excision that we observed in
the soma had the same DNA sequence as the most frequent
excision that we observed in the germ line (Fig. 3). We
conclude, therefore, that somatic excision is also transpo-
sase dependent.

Effects of genetic background on germ line and somatic
reversion. Our ability to detect both germ line and somatic
reversion of unc-54 hotspot insertions allowed us to deter-
mine the effects of genetic background on each of these
events. C. elegans wild-type variety DH424 contains a copy
number of Tcl similar to that of Bergerac, but these ele-
ments are quiescent for germ line transposition (15). We
crossed the hotspot insertion unc-54(r323::Tcl) repeatedly
with wild-type DH424 males. r323 homozygotes were iso-
lated after 1, 2, 3, and 10 backcrosses (see Materials and
Methods), and we measured the frequencies of germ line and
somatic reversion at each stage. Our results are shown in
Table 2. Reversion of unc-54(r323::Tcl) in the germ line of
DH424 was barely detectable, about 100-fold lower than the
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frequency of reversion in Bergerac. Reversion of unc-
54(r323::Tcl) in the soma of DH424, however, was only
slightly less than that of Bergerac. We conclude that activity
of Tcl in the soma can be regulated independently of the
germ line.

DISCUSSION

Tcl is responsible for most spontaneous mutations that
occur in C. elegans variety Bergerac. We have examined the
insertion and excision of Tcl in the unc-54 myosin heavy-
chain gene. We have shown that (i) Tcl insertion is strongly
site specific, (i) Tcl excision is usually imprecise, (iii) the
DNA sequences remaining after Tcl excision are essentially
the same in germ line and somatic cells, (iv) the frequency of
somatic excision in C. elegans variety Bergerac is approxi-
mately 1,000-fold higher than the frequency of germ line
excision, and (v) somatic excision is not regulated in the
same strain-specific manner as germ line excision is.

The site specificity of Tcl insertion is not surprising. Most
transposable elements, including both procaryotic and
eucaryotic elements, exhibit a preference for particular
target sequences (3, 13, 26, 29-31, 47, 71; Mori et al., in
press). Perhaps the most extreme example of this is the
bacterial transposon Tn7, which inserts at a single site on the
E. coli chromosome (38). Can the consensus sequence that
describes similarities between different Tcl insertion sites
(Fig. 2) explain adequately the site specificity of Tcl inser-
tion? We think not. If the consensus sequence alone were
responsible for site specificity, then the unc-54 insertional
hotspot should match the consensus most closely. This was
not the case. The hotspot matches at seven of nine consen-
sus positions, but unc-54 contains seven other sites that
match at eight of nine positions. Thus, the consensus se-
quence alone does not identify the hotspot as being particu-
larly favorable.

Insertion of Tc1 is also strongly gene specific. We estimate
that Tcl insertion into the Bergerac unc-22 gene is about
100-fold more frequent than insertion into the Bergerac
unc-54 gene (11, 15). Does the unc-22 gene contain 100-fold
more insertion site consensus sequences? Although this is
possible, it is unlikely. By extrapolating from a partial DNA
sequence of the unc-22 gene, Mori et al. (in press) estimate
that unc-22 contains sevenfold more occurrences of a Tcl
insertion site consensus sequence than does the unc-54 gene.
(The consensus sequence described by Mori et al. [in press]
is closely related to that shown in Fig. 2.) Tcl clearly prefers
certain DNA sequences, but factors in addition to primary
DNA sequence must influence Tcl target site specificity.

Tcl excises imprecisely in both germ line and somatic
cells. Of 20 independent excisions that we sequenced, only 1
was precise. Imprecise excision is a common feature of
eucaryotic transposable elements. Such events have been
described for yeast cells (53), D. melanogaster (2, 9, 61, 69),
maize (63, 67), mice (12), and Antirrhinum majus (5, 10).
Germ line and somatic excisions are closely related events.
The most frequent germ line excision has a characteristic
sequence (TATGTA versus TA for the wild-type site). The
most frequent somatic excision has this same DNA se-
quence. Since germ line excision is transposase dependent
(43, 45; Table 2), we conclude that somatic excision is also
transposase dependent.

The excision of most eucaryotic transposable elements
and perhaps some procaryotic elements is transposase de-
pendent. The mechanism of excision in such cases is prob-
ably related to the mechanism of transposition. For example,
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excision of Tnl0 in E. coli (1, 46), Ac in maize (for a review,
see reference 25), and T-DNA in Agrobacterium tumefa-
ciens (34, 64) appears to be either an intermediate in or a
consequence of the transposition process. The relationship
of Tcl excision to transposition is unknown; perhaps exci-
sion is a required intermediate in transposition. Extrachro-
mosomal linear and circular copies of Tcl have been previ-
ously described (55, 59). These molecules are presumably
generated by excision, but they could be transposition
intermediates as well. The extrachromosomal circular mol-
ecules are especially interesting. Retroviral proviruses may
integrate via a circular intermediate (49), and examples of
site-specific recombination involving circular molecules are
numerous (for example, see reference 8). It is intriguing that
the inferred DNA sequence at the point of Tcl circulariza-
tion (CTGTACAGT (circularization point underlined] [59])
has the potential to base pair with the Tcl insertion site
consensus sequence at five of nine positions; the five posi-
tions are contiguous and span the point of insertion. Perhaps
such base pairing is partially responsible for insertion site
specificity.

The location of a Tcl insert relative to the protein-coding
region of unc-54 strongly influences the apparent frequency
of reversion. Excision of Tcl is imprecise, and individual
sites are able to tolerate different types of imprecise exci-
sion. For example, the r322 insertion is located within an
exon, and only excisions that maintained the translational
reading frame and did not disrupt myosin function were
detected. r322, therefore, reverted to wild type at a much
lower frequency than did insertions at the hotspot, which
was tolerant of a wider variety of imprecise excisions. We
detected neither germ line nor somatic revertants for inser-
tions r327 and r360. We have detected somatic excision on
Southern blots, however, for both of these alleles (15). Since
we detected excision biochemically but not genetically, we
conclude that these two insertion sites do not tolerate the
sequence alterations remaining after excision.

Several revertants of hotspot insertions contain 4-base-
pair inserts relative to the normal gene. Why are these alleles
functional? We believe that altered mRNA splicing compen-
sates for the 4-base-pair insert. The Tcl insertional hotspot
is located 1 base pair away from the 5’ splice site of unc-54
intron 3 (33). We propose that insert-containing revertants
have a new 5’ splice site that is displaced 4 bases upstream
of the normal splice site. We compared the DNA sequences
of hotspot revertants with those of the eucaryotic 5’ splice
site consensus (Fig. 4). C. elegans 5' splice sites are closely
related to those of all eucaryotes (48; unpublished nematode
information compiled by T. Blumenthal). Wild-type rever-
tants r851 through r855 contain a region, displaced from the
normal splice site by 4 bases, that aligns favorably with the
consensus 5’ splice signal (Fig. 4B). Splicing at the upstream
site would remove the 4-base insertion from the mRNA; the
resulting protein would have a wild-type amino acid se-
quence. A similar situation applies to the partial revertant
r837 (Fig. 4C). In this case, however, the resulting protein
would contain a single amino acid substitution (Tyr-114 —
Ser-114); we believe that the r837 phenotypic defect is due to
this amino acid substitution. r837 and r851 through r855
contain normal or near-normal amounts of unc-54 protein
(A. Bejsovec and P. Anderson, unpublished results), indi-
cating that if splicing occurs at the displaced 5’ site, it is
efficient. Splicing at the upstream site might be favored,
either because of its location directly 5’ to the normal splice
site (35) or because the splicing machinery has sequence or
structural bias that we do not recognize (51).
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A. normal 5’ splice site
|
Wild type: 5'-AUCUAC GUAAGU-3'
IleTyr
B.
5¢ Splice Consensus: Aaceudacu
11 new splice site (?)

unc-54(r851-r855): 5' -AUCUAUGUACGUAAGU-3"’

normal splice site

5’ Splice Consensus: 3AGGU$AGU
C.
5’ Splice Consensus: éAGGUA GU

new splice site (?)
5'-AUCUCUGUACGUAAGU-3'

unc-54(r837):
normal splice site

5’ Splice Consensus: éAGGUéAGU
D.
5’ Splice Consensus: éAGGUA GU

TN
5' - CAUGUACGUAAGU- 3’

(ERRNN
Aaceuiacy

new splice site (?)
unc-54(r66l):

normal splice site
5’ Splice Consensus:

FIG. 4. Model for altered mRNA splicing in revertants of hotspot insertions. (A) mRNA and amino acid sequences of wild-type unc-54
in the vicinity of the insertional hotspot. The site of Tcl insertion is underlined. (B) mRNA sequences of wild-type revertants unc-54(r851)
through unc-54(r855) compared with the eucaryotic 5’ splice site consensus sequence (48). Positions of identity are indicated by vertical lines.
r851 through r855 contain a 4-nucleotide insert compared to the wild-type gene. These revertants have two potential 5’ splice sites. Use of
the upstream splice site results in mRNA that encoded a fully wild-type protein. Use of the normal splice site results in mRNA that contained
a translational frameshift. (C) mRNA sequence of the partial revertant unc-54(r837) compared with the eucaryotic 5’ splice site consensus
sequence. r837 contains a 4-nucleotide insert relative to the wild-type gene and has two potential 5’ splice sites. Use of the upstream splice
site results in mRNA that encodes a protein having a tyrosine — serine amino acid substitution. Use of the normal splice site results in mRNA
that contains a translational frameshift. (D) mRNA sequence of unc-54(r661) compared with the eucaryotic 5’ splice site consensus sequence.
r661 contains two potential 5’ splice sites. Use of the upstream splice site results in mRNA that contains a translation frameshift. Use the

normal splice site results in mRNA that encodes a protein having an isoleucine — methionine acid substitution.

The partial revertant allele 7661 contains a single C-to-G
transversion relative to the wild type, resulting in replace-
ment of isoleucine 113 with methionine. The phenotypic
defect of r661 likely results, at least in part, from this amino
acid substitution. unc-54(r661) accumulates approximately
20% of the normal amount of unc-54 protein (A. Bejsovec
and P. Anderson, unpublished results). Thus, the mutant
protein may be subject to degradation. An alternative expla-
nation for the low level of unc-54 protein in r661 is possible.
The single base substitution in r661 created a potential new
5' splice site which, like the alleles discussed above, is
displaced 4 base pairs upstream of the normal site (Fig. 4D).
Use of the displaced splice site would delete four bases from
the mRNA, and the resulting translational frameshift would
lead to a nonfunctional product. By this model, the low level
of unc-54 protein is due to a low level of functional mRNA,
which is obtained by inefficient utilization of the normal 5’
splice site.

The amino acid substitutions of r661 and r837 are located
within the myosin globular head. Ile-113 and Tyr-114 are
located near the ATP-binding site. The amino acid substitu-
tions of r66/ and r837 may affect ATP binding or ATPase
activity. Moerman et al. (44) have described a class of unc-54
mutations that cause amino acid substitutions in this region.
Such alleles are dominant suppressors of the twitching
phenotype of unc-22 loss-of-function mutations. The alleles
r661 and r837 have behavioral phenotypes similar to those
described by Moerman et al. (44), and we have tested them
for suppression of unc-22 twitching. r661/, when heterozy-
gous to unc-54%, suppressed the twitching phenotype of
unc-22(s12). This result supports our conclusion that the
r661 protein has an altered amino acid sequence, and it
suggests that the r661 phenotypic defect is due at least in part
to that alteration. r837, when heterozygous to unc-54"*, did
not suppress the twitching of unc-22(s12).

Transposition and excision of Tcl in the germ line occur
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only in certain genetic backgrounds. For example, Tcl is
active in the germ line of C. elegans variety Bergerac (15, 43,
45) but does not transpose or excise in the germ line of C.
elegans variety DH424 (15; Table 2). The soma of strain
DH424, however, behaves unlike the germ line. Hotspot
insertion mutants reverted to wild type in the soma at high
frequency in the DH424 genetic background (Table 2). Since
somatic excision is transposase dependent (see above), we
conclude that activity of Tcl in the soma of variety DH424 is
regulated independently of the germ line. This confirms
previous work concerning somatic activity of Tcl in C.
elegans variety Bergerac (17, 18). Germ line activity of Tcl,
furthermore, can be mutated without affecting the soma.
Collins et al. (11) describe the isolation of mutants in which
the frequency of Tc1 transposition and excision in the germ
line, but not the soma, is dramatically increased.
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