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ABSTRACT

We have isolated spontaneous mutations affecting the unc-54 major myosin
heavy chain gene of Caenorhabditis elegans (variety Bristol). Spontaneous unc-
54 mutants occur in C. elegans populations at a frequency of approximately 3
X 1077. We have studied the gene structure of 65 independent unc-54 muta-
tions using filter-transfer hybridization techniques. Most unc-54 mutations (50
of 65) exhibit no abnormalities detected with these techniques; these mutations
are small lesions affecting less than 100 base pairs. Approximately 17% of the
mutations (11 of 65) are simple deletions, ranging in size from less than 100
base pairs to greater than 17 kilobases. One isolate contains two separate
deletions, each of which affects unc-54. Two mutants contain tandem genetic
duplications that include a portion of unc-54 and extend 8-10 kilobases beyond
the 5’ terminus of the mRNA. Conspicuously absent from our collection of
spontaneous unc-54 mutations are any resulting from insertion of transposable
genetic elements. Such mutants, if they occur, must arise at a frequency of less
than 5 X 107°.

TRANSPOSABLE genetic elements are responsible for a variety of genetic
phenomena in many organisms. An understanding of their biological sig-
nificance, however, is only beginning to emerge. Spontaneous mutations (those
that arise naturally in the absence of any known mutagenic treatment) are
perhaps the clearest examples of genetic events caused by transposons. Trans-
poson insertion is often the most frequent type of spontaneous mutation. Mu-
tants of this type were first described by McCLINTOCK (1949; reviewed by
FEDEROFF 1983) for maize and have since been described in bacteria, yeast
and Drosophila (reviewed by KLECKNER 1979; ROEDER and FINK 1983; RUBIN
1983). Retroviral proviruses are related to transposable elements (reviewed by
Varmus 1983) and cause similar mutations in mammalian cells (JENKINS et al.
1981; CopPeLAND, HUTCHINSON and JENKINS 1983; SCHNIEKE, HARBERS and
JAENISCH 1983; KUFF et al. 1983).

In this report we describe the structures of spontaneous mutations in the
nematode Caenorhabditis elegans. The C. elegans genome contains multiple cop-
ies of a dispersed repeated sequence, designated Tcl, that is almost certain to
be a transposable element (EMMONS et al. 1983; Liao, ROSENZWEIG and HIRSH
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1983; EMMONS and YESNER 1984). We would like to measure the contribution
of Tcl (and any other transposable elements) to spontaneous mutagenesis in
C. elegans. E. PARK and H. R. HORVITZ (personal communication) have recently
described genetic techniques that select directly for spontaneous mutations
affecting the unc-54 myosin heavy chain gene. unc-54 encodes one of two
myosin heavy chain isozymes expressed in body wall muscle cells (EPSTEIN,
WATERSTON and BRENNER 1974; MACKENZIE, SCHACHAT and EPSTEIN 1978).
We have used these techniques to isolate 65 independent unc¢-54 mutants, and
we present here an analysis of their gene structures.

MATERIALS AND METHODS

Genetic techniques: All C. elegans strains in this study were derived from the wild-type Bristol
(N2) stock. The conditions for culturing C. elegans have been described (BRENNER 1974; SULSTON
and BRENNER 1974). The strain unc-105(n490) was obtained from E. PARK. To measure sponta-
neous mutation frequencies and to isolate independent unc-54 mutants, cultures of unc-105(n490)
were grown from small inocula and screened periodically for spontaneous revertants having im-
proved motility. Cultures were screened until each of them contained 1.9 X 10° animals (one 10-
cm Petri dish), at which time they were discarded. Multiple revertants appearing in any single
culture were assumed to represent the same mutational event; only one isolate was retained. Only
revertant homozygotes can be detected in these experiments. Mutation frequencies were estimated
by Poisson analysis of the distribution of each revertant class among total independent cultures.
The proportion of total cultures not containing a given revertant class (Pp class) was used to
calculate the frequencies. Each estimate is based on 626 independent cultures; Po for unc-54, unc-
105 and unc-22 was measured to be 0.946 (=592 of 626), 0.932 (=584 of 626) and 0.888 (=556
of 626), respectively. These statistical methods estimate for each revertant class the mutation
frequency (mutations per animal) that accounts for the observed distribution of cultures that
contain and do not contain revertants. This method corrects for multiple mutations within a single
culture, is less sensitive to jackpots and is not affected by the differential growth rate of n490 and
its revertants. Of the 65 unc-54 mutants isolated in this study, 44 were obtained following growth
of unc-105(n490) at 20°. An additional 21 mutants were isolated among the F; progeny of unc-
105(n490) populations that had been subjected to a heat shock treatment (4-6 hr at 37°). Ap-
proximately 50% of the animals survived this treatment. We measure the frequency of unc-54
mutations following heat shock to be 4 X 1077 (570 independent cultures; 1 X 10° animals per
culture; Py = 0.936). This frequency is not significantly different from the frequency following
continual growth at 20°, and we consider these mutants simply to be additional spontaneous alleles.

Reversion analysis of the tandem duplication alleles unc-54(r104) and unc-54(r109) was per-
formed following removal of unc-105(n490) from our original isolates. This was done by back-
crossing the primary isolates with wild-type males; the unc-54 alleles were then segregated in the
absence of unc-105(n490). Cultures of unc-54(r104) or unc-54(r109) were periodically examined for
the appearance of spontaneous wild-type revertants.

DNA isolation and Southern hybridization: Nematode cultures were harvested as described by
SursTOoN and BRENNER (1974). DNA was extracted essentially as described by MARMUR (1961),
following disruption of the animals with Proteinase K. Restriction endonucleases were purchased
from New England Biolabs. Filter-transfer hybridizations were performed according to the method
of SOUTHERN (1975), with only minor modifications. DNAs were fractionated on 0.8% agarose
gels containing a mixture of high- and low-gelling temperature agaroses (2:1 Sigma types V:VII)
in 1 X TBE (MANIATIS, FRITSCH and SAMBROOK 1982). Radiolabeled probe DNAs for these
experiments were prepared by nick translation (RIGBY et al. 1977). Recombinant phages SG23/1
and SG25/3 (see Figure 1) represent 25 kb of genomic DNA that include the unc-54 gene and
extensive flanking sequences (MACLEOD, KARN and BRENNER 1981). Individual restriction frag-
ments were purified from digests of a wild-type une-54 clone according to the method of WEis-
LANDER (1979).

Cloning procedure: The unc-54 mutant allele r102 was cloned as follows: DNA isolated from
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TABLE 1

Spontaneous mutation frequencies for three C. elegans genes

Spontaneous

Gene mutation frequency
unc-54 3 x 1077
unc-22 6 x 1077
unc-105 4% 1077

The frequency of each mutant type was estimated by Poisson
analysis of the distribution of mutants among a large collection of
independent cultures (see MATERIALS AND METHODS).

7102 was partially digested with Mbol. The digestion products were size fractionated on NaCl
gradients (SLIGHTOM, BLECHL and SMITHIES 1980), and 12- to 20-kb fragments were collected.
These fragments were ligated to A1059 DNA that had been digested with BamHI, and the products
were packaged into virions as described by HOHN (1979). Hybrid phages carrying unc-54 sequences
were identified by plaque hybridization (BENTON and Davis 1977) using a gel-purified unc-54 wild-
type restriction fragment as probe. One phage, designated DE-9, was ultimately retained.

Analysis of DE-9: Heteroduplexes between DE-9 and the wild-type unc-54 clone SG25/3 were
formed by the method of Davis, SIMON and DAvIDSON (1971). Spreading and electron microscopy
followed INMAN and ScHNOs (1970). Polyacrylamide gel electrophoresis of restriction digests has
been described by MANIATIS, JEFFREY and KLEID (1975).

RESULTS

A selection for spontaneous unc-54 mutants: Spontaneous mutations are rare
events. Their identification requires an efficient method of selection. E. PARK
and H. R. HorvITZ (personal communication) have recently described genetic
techniques that select directly for mutations affecting several C. elegans genes,
including the unc-54 myosin heavy chain gene. This selection is based on
properties of the mutant strain unc-105(n490). The properties of wunc-
105(n490), together with an extensive genetic analysis of the unc-105 gene, will
be presented in detail by E. PARK and H. R. HORVITZ (unpublished data). We
summarize here several of their observations important for our work: unc-
105(n490) animals are extremely paralyzed. This appears to be due, at least in
part, to a contractile defect of body wall muscle cells that leads to sustained
contraction (“hypercontraction”) of these cells. Body wall muscle of wunc-
105(n490) is abnormal. When viewed with polarized light optics, birefringent
striations, although quite strong, are diffuse and irregular, having no apparent
periodicity. Occasional patches of increased birefringence are found in these
cells. Pharyngeal muscle seems unaffected, but pharyngeal pumping is often
irregular. unc-105(n490) animals are short, attaining less than one-half normal
body length. Revertants of unc-105(n490) (both full and partial revertants)
usually contain mutations in the unc-54, unc-22 or unc-105 genes that suppress
the paralysis caused by unc-105(n490). The intragenic revertants are null alleles
of unc-105. The selection for revertants is sufficiently strong that spontaneous
mutations affecting these genes can be detected.

We have used these genetic techniques to isolate a large collection of spon-
taneous unc-54, unc-22 and unc-105 mutants. Table 1 presents the spontaneous
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mutation frequency for each of these genes. unc-54 mutants were of special
interest to us, because unc-54 clones (MACLEOD, KARN and BRENNER 1981)
allow us to study the gene structure cf each of these mutants. We have isolated
65 independent unc-54 mutants. Each isolate has been tested and fails to com-
plement unc-54(e1092), a recessive null allele of unc-54 (MACLEOD et al. 1977).
Our methods of isolation ensure that each isolate represents an independent
mutational event (see MATERIALS AND METHODS).

The structure of spontaneous unc-54 mutations

“Point” mutations: The wild-type unc-54 gene extends more than 7.2 kb and
is interrupted by eight short introns (KARN, BRENNER and BARNETT 1983).
We have analyzed each spontaneous unc-54 mutation using filter-transfer hy-
bridization techniques (SOUTHERN 1975). The radiolabeled DNA probe for
these experiments includes all coding sequences plus 9 kb of material extending
from both the 5’ and 3’ end of unc-54. Total genomic DNAs were digested
with several different restriction enzymes. The enzymes chosen generate re-
striction fragments whose sizes allow us to detect all deletions or insertions
that affect >100 base pairs. Most spontaneous unc-54 mutations (50 of 65)
exhibit no detectable abnormalities in these experiments (data not shown).
These mutations, therefore, are point mutations or other lesions too small for
detection. One mutation (r274) exhibits a restriction map abnormality, but the
data are most consistent with 274 being a point mutation or other small lesion.
r274 eliminates a single BamHI restriction site (see Figure 1). Data with other
enzymes, however, indicate that 7274 is not a detectable deletion (e.g., BglII;
see Figure 1). The position of 7274 relative to the unc-54 restriction map is
diagrammed in Figure 2.

Deletions: Eleven mutations are simple deletions that range in size from less
than 100 base pairs to greater than 17 kb. Representative Southern blot ex-
periments for these 11 mutations are included in Figure 1. In each case, one
or more unc-54 restriction fragments are absent and a novel junction fragment
is present. Total genomic DNA was digested with several different restriction
enzymes, and the fragments affected by the deletion were determined. Figure
2 diagrams the position and size of each deletion on the unc-54 restriction
map.

One-mutant strain [unc-54(r102)] contains two separate deletions. One of
these, estimated to be 2 kb, extends across the 5’ end of unc-54; the other,
estimated to be 80 base pairs, is located within the Bg/Il 3.868-kb fragment.
A representative Southern blot experiment for r102 is included in Figure I,
and the map positions of the two deletions are shown in Figure 2.

The structure of 102 shown in Figure 2 has been confirmed by restriction
mapping and heteroduplex analysis of a bacteriophage lambda clone that con-
tains the r102 mutant allele of unc-54. The identification of this clone, desig-
nated DE-9, is described in MATERIALS AND METHODS. Figure 3A shows a
heteroduplex formed between DE-9 and SG25/3, a clone carrying a wild-type
copy of unc-54. Figure 3B diagrams the heteroduplex structure pictured in
Figure 3A. A single deletion/insertion loop is visible within the sequences
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FIGURE 1.—Southern blot analysis of spontaneous unc-54 mutations. Thirteen mutants exhib-
iting restriction map abnormalities are included in this survey. Total genomic DNAs were digested
with restriction endonucleases and separated on 0.8% agarose gels. Radiolabeled probe DNA was
a 1:1 mixture of phages SG25/3 and SG23/1. We have revised slightly the restriction map of
MacLeoD, KARN and BRENNER (1981) to more accurately reflect the sizes of certain unsequenced
restriction fragments. The transcribed portion of unc-54 is indicated above its restriction map.

shared by these phages. This loop corresponds in size and in position to the
larger (2 kb) deletion shown in Figure 2. The smaller deletion is not detected
with heteroduplex techniques. Its location and size is indicated by analysis of
the Hindlll digestion products of DE-9. Figure 4 shows that the HindIIl 294-
base pair fragment present in SG25/3 contains an internal deletion of 83 + 5
base pairs in DE-9. We have detected no other rearrangements in r102.

Tandem duplications: Two spontaneous unc-54 mutations contain tandem
chromosomal duplications that have one breakpoint within unc-54 and extend
several kilobases beyond the 5" end of the gene. This conclusion is based on
three lines of evidence:

1. Southern blot phenotype: Figure 5 presents total genomic Southern blots of
r104, r109 and control strains. When digested with restriction enzymes that
cut the unc-54 region frequently (e.g., BamHI and Bglll), mutants r104 and
r109 display a pattern of hybridization that includes all wild-type restriction
fragments plus one additional band. The novel bands (indicated by arrows in
Figure 5) are the fragments formed by juxtaposition of two tandemly repeated
units. When 7104 and r109 are cut with Sall, however, the 21-kb fragment
that includes unc-54 is substantially larger than normal. Both endpoints of the
tandem duplications are located within the large Sall fragment.
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FIGURE 2.—Deletions affecting unc-54. The size and position of each deletion are diagrammed.
A dotted line indicates the limits of precision for mapping data; each deletion resides somewhere
within the dotted region. The length of each deletion box reflects the amount of material deleted.
The unc-54 gene spans more than 7.2 kb. The organization of unc-54-coding sequences is indicated
above its restriction map. Boxed regions are exons; the untranslated 3’ trailer sequence is unfilled.
The position of neither the 5" nor the 3’ end of un¢-54 mRNA has been precisely defined. The
limits of unc-54 shown here are the AUG translational initiation codon (5”) and the AAUAAA
polyadenylation signal (3”). The precise termini are thought to be nearby (KARN, BRENNER and
BARNETT 1983). Mutations 7274, r260 and r244 were isolated following heat shock treatment of
unc-105(n490) (see MATERIALS AND METHODS). r274 eliminates a single BamHI restriction site. B =
BamHl; G = Bglll; H = HindIII.

2. Genetic instability: r104 and r109 revert spontaneously to unc-54* (wild
type) at a high frequency (between 107 and 107°% see Materials and Methods).
Revertant strains exhibit a fully wild-type Southern blot pattern (see Figure
5).

3. Junction fragment homologies: We have shown that the novel fragments just
described are caused by juxtaposition of sequences that are normally widely
separated on the unc-54 restriction map. Figure 6 shows an example of this
analysis. 104, r109 and control DNAs were digested with Bglll, separated by
electrophoresis and hybridized with six different probes from the unc-54 re-
gion. The r104 Bglll novel fragment, estimated to be slightly larger than 1.1
kb, hybridizes both to the HindIIl 870-base pair and to the BgiIl 2.9-kb
probes. It does not hybridize to other probes from the region. This demon-
strates that the r104 novel fragment contains sequence homology to both of
these probes and localizes the r104 duplication endpoints to these regions of
the restriction map. Similiarly, the 7109 Bglll novel fragment, estimated to be
2.0 kb, hybridizes both to the HindIII 706-base pair and to the Bglll 2.5-kb
probes. The results of several analyses of this type are summarized in Figure
7. Both 7104 and 7109 contain tandem duplications that include a portion of
unc-54 and extend several kilobases beyond the 5’ end of the gene. We esti-
mate that 7104 and r109 contain tandem duplications of 8 and 10 kb, respec-
tively.
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FIGURE 3.—Heteroduplex analysis ot unc-54(r102). The recombinant lambda phage DE-9 carries
the 7102 mutant allele of unc-54. The phage SG25/3 carries a similar region from the wild-type
gene. DE-9 and SG25/3 are each derivatives of 1059, but the inserts are in opposite orientation.
The region carried by each phage is diagrammed relative to the unc-54 restriction map. Dotted
lines indicate regions of uncertainty concerning the precise length of an insert. The transcribed
portion of unc-54 is indicated above its restriction map. A, A heteroduplex molecule formed
between single strands of DE-9 and SG25/3. B, A diagram of this molecule indicating double-
stranded (bold) and single-stranded (light) regions. An arrow indicates the single-stranded deletion
loop of r102.

DISCUSSION

Our failure to obtain insertions among a collection of 65 independent mu-
tants is remarkable. Spontaneous mutations in other organisms are frequently
caused by insertion. Approximately half of spontaneous gal mutations and 70%
of spontaneous rps mutations of E. coli are insertions of IS sequences (SAEDLER
and STARLINGER 1967; JASKUNAS, LINDAHL and NOMURA 1975). In yeast, 10%
of spontaneous his4 mutations and 2% of spontaneous [ys2 mutations are due
to insertion of the transposable element Ty! (cited in ROEDER and FINK 1983;
E1BEL and PHILIPPSEN 1984). In Drosophila melanogaster, approximately half of
the spontaneous mutations affecting white (w), Antennapedia (Ant) and rosy
(ry) and all spontaneous mutations affecting the bithorax complex are due to
insertion of transposable elements (ZACHAR and BINGHAM 1982; ScoTT et al.
1983; BENDER et al. 1983). We have screened 2 X 10" nematodes during the
course of these experiments. Insertions have not been detected and, therefore,
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FIGURE 4.—Restriction analysis of unc-54(r102). The HindIII digestion products of DE-9 and
SG25/3 were separated by electrophoresis on a 3.5% polyacrylamide gel. The region carried by
each phage is diagrammed relative to the unc-54 HindlII restriction map. Boxed regions of DE-9
indicate the material deleted by r102. Dotted lines indicate regions of uncertainty concerning the
precise length of an insert. 102 contains a small (approximately 80-base pair) deletion within the
Hindlll 294-base pair fragment. The deletion-containing fragment is indicated by an arrow.

must arise at a frequency of less than 5 X 107 Included in this analysis are
21 mutants that were isolated following heat shock treatment of nematode
populations (see MATERIALS AND METHODS).

All mutants described in this study were derived from the Bristol (N2) va-
riety of C. elegans. Bristol strains contain in their genome approximately 25
copies of a dispersed repeated sequence, designated Tcl, that is almost certain
to be a transposon (EMMONS et al. 1983; Liao, ROSENZWEIG and HIRSH 1983).
Why does Tcl not transpose? Perhaps all copies of Tcl in Bristol strains are
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FIGURE 5.—Southern blot analysis of the tandem duplication alleles r104 and r109. Total ge-
nomic DNAs were digested with restriction endonucleases and separated on 0.8% agarose gels.
Radiolabeled probe DNA was a 1:1 mixture of phages SG25/3 and SG23/1. The novel restriction
fragments formed by juxtaposition of two tandemly repeated units are indicated by an arrow. r104
Rev and r109 Rev are spontaneous wild-type revertants of r104 and r109, respectively. The
transcribed portion of unc-54 is indicated above its restriction map. Three Sall sites within this
region generate fragments of 21 and 1.7 kb.

defective for transposition. A situation similar to this has been described in
Drosophila. In many strains, defective P factors substantially outnumber intact
P factors (O’HARE and RUBIN 1983; reviewed by ENGELS 1983). We have
recently analyzed a collection of spontaneous unc-54 mutations isolated in the
genetic background of the Bergerac variety of C. elegans. Surprisingly, we find
that Tcl actively transposes in this strain, and most spontaneous unc-54 mu-
tations are due to Tcl insertion.

Two of the unc-54 mutations described here are noteworthy. They contain
tandem genetic duplications that partially include unc-54 (see Figure 7). These
mutants are unexpected because tandem duplications of the type diagrammed
in Figure 7 should not cause unc-54 defects (see, for example, ANDERSON and
RoTH 1977). Each of these mutants contains an intact copy of unc-54 as judged
by Southern blots. Why are these structures nonfunctional? Three explanations
seem plausible. First, our techniques for analysis of 7104 and r109 detect only
those lesions that affect more than 100 base pairs. Perhaps the unc-54 gene
copy that appears to be wild type by Southern blots actually contains an un-
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FIGURE 6.—Mapping duplication endpoints in 104 and r109. Total genomic DNAs were di-
gested with Bglll and separated on 0.8% agarose gels. Restriction fragment probes were radiola-
beled after being gel purified from the Bglll or HindlII digestion products of SG25/3. The novel
Jjunction fragments produced by r104 and 7109 are indicated by arrows. r104 Rev and r109 Rev
are spontaneous wild-type revertants of r104 and r109. The transcribed portion of unc-54 is
indicated above its restriction map.

detected mutation. If true, then the mutation must reside in the portion of
unc-54 that is duplicated, because both r104 and r109 revert to wild type by
loss of the duplication. Undetected mutations would have to be excised with
the duplication. A second explanation involves stable position effects (STUR-
TEVANT 1925). The arrangement of sequences surrounding 7104 and r109 are
abnormal; sequences are juxtaposed that are not normally contiguous. This
configuration might influence the expression of the nearby unc-54 gene. A
third explanation involves transcriptional interference between two closely
spaced promoters whose transcripts overlap. Examples of such interference
have been encountered in both bacterial and mammalian genes (HAUSLER and
SOMERVILLE 1979; ADHYA and GOTTESMAN 1982; HOROWITZ and PLATT 1982;
CuULLEN, LoMEDICO and Ju 1984). Perhaps, use of the “upstream” promoter of
r104 and r109 precludes use of the “downstream” promoter; only the down-
stream promoter could express unc-54.
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FIGURE 7.—unc-54 sequences that are tandemly duplicated in 7104 and r109. A, An abbreviated
restriction map of unc-54 is diagrammed; only restriction sites near the duplication endpoints are
shown. The transcribed portion of unc-54 is indicated above its restriction map. The regions
duplicated by r104 and 7109 are indicated. B, The structure of r104. An 8-kb region extending
across the 5’ end of unc-54 is duplicated in tandem. Regions of unc-54(r104) that are potentially
transcribed are indicated above its restriction map. C, The structure of r109. A 10-kb region
extending across the 5’ end of unc-54 is duplicated in tandem. Regions of unc-54(r109) that are
potentially transcribed are indicated above its restriction map. B = Bglll; H = HindlIL
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