
MOLECULAR AND CELLULAR BIOLOGY, Sept. 1988, p. 3748-3754 Vol. 8, No. 9
0270-7306/88/093748-07$02.00/0
Copyright C 1988, American Society for Microbiology

Structures of Spontaneous Deletions in Caenorhabditis elegans
ROCK A. PULAK AND PHILIP ANDERSON*

Department of Genetics, University of Wisconsin, 445 Henry Mall, Madison, Wisconsin 53706

Received 16 March 1988/Accepted 26 May 1988

We have investigated the structural features of spontaneous deletions in Caenorhabditis ekgans. We cloned
and sequenced the junctions of 16 spontaneous deletions affecting the unc-54 myosin heavy-chain gene and
compared their sequences with those of the wild type. We analyzed these sequences in an attempt to identify
structural features of the gene that are consistently involved in the spontaneous deletion process. Most deletions
(15 of 16) removed a single contiguous region of DNA, with no nucleotides inserted or rearranged at the deletion
junctions; one deletion was more complex. unc-54 deletions were small, averaging 600 base pairs in length, and
were randomly distributed throughout the gene. Unlike deletions that occur in Escherichia coli, spontaneous
unc-54 deletions did not contain statistically significant direct or inverted repeats at or near their termini.
Except for their small average size, we have not identified any distinguishing features of their sequence or
structure. We discuss these results with regard to the mechanisms for spontaneous deletion in eucaryotic and
procaryotic cells.

Our understanding of the mechanisms of spontaneous
deletion is based primarily on the properties of deletions in
Escherichia coli. The termini of most spontaneous deletions
in E. coli are located within sequences of the wild-type gene
that constitute short direct repeats, usually about 5 to 10
base pairs long (1, 14, 54). Material between the direct
repeats is deleted, and the resulting junction contains a
single copy of what originally was repeated. The association
of direct sequence repeats with deletion termini in procary-
otes is very striking, and it suggests that during the deletion
process intermediate structures form in which one strand of
a repeat base pairs with its complement at the second repeat
(e.g., "slipped mispairing" [17]). Repair or replication of
such structures might then eliminate all sequences between
the repeats.
Two lines of evidence indicate that base pairing between

direct repeats is important for deletion formation in E. coli:
(i) mutations that reduce homology between repeats lower
the frequency of the corresponding deletions (1); and (ii)
many deletions occur at reduced frequencies in recA mu-
tants compared with recA+ strains (1). These results suggest
that homologous pairing, promoted by recA+ function, is
necessary for generating many deletions. Not all deletions
are recA+ dependent (15, 16, 27, 41, 57), however, and the
termini of recA-independent deletions are also located within
direct repeats (1). Thus, recA+ function facilitates but is not
essential for the deletion process.

Inverted repeats or "quasi-palindromes" (19) are associ-
ated with the endpoints of some E. coli deletions. Base
pairing between inverted repeats or between both direct and
inverted repeats simultaneously may align and stabilize
structures that are intermediates in the deletion process.
Deletions probably occur when such structures are repaired
or used as a template for DNA replication. The frequency of
a deletion increases as the length of its terminal inverted
repeat increases (15), suggesting that stability of a base-
paired intermediate influences its fate.

Spontaneous deletions in eucaryotes have not been stud-
ied as systematically as those in E. coli. The termini of
deletions affecting a variety of different eucaryotic genes and
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organisms have been determined. Although superficially
similar to those that occur in E. coli, their sequence features
are much less striking. Nalbantoglu et al. (43, 44) showed
that the termini of seven spontaneous deletions affecting a
mammalian aprt gene are located within direct repeats of 2 to
5 base pairs. Deletions responsible for certain P-thalas-
semias, o-thalassemias, and hereditary persistence of fetal
hemoglobin occasionally but inconsistently exhibit such
repeats (21, 28, 33, 45, 60). Excision of simian virus 40 from
the chromosome of its host is formally a deletion process,
and the crossover points of several such excisions are
located within direct repeats of 2 to 3 base pairs (9); in this
case, the repeats may be related to sites of cleavage by DNA
topoisomerase I (8). Certain deletion termini in humans and
yeasts are associated with transposon-like Alu or delta
sequences (21, 23, 31, 32, 42, 45, 51), but the role of these
elements in the deletion process is unclear.
We have investigated the properties of spontaneous dele-

tions in the nematode Caenorhabditis elegans. Spontaneous
mutations affecting the unc-54 myosin heavy-chain gene are
easily selected (47), and many of these mutations are small
deletions (12, 13). We cloned 16 independent deletion alleles
of unc-54 and determined the DNA sequences at the junction
of each mutation. By comparing these sequences with those
of the wild-type gene (29), we have deduced the breakpoints
of each deletion. We report here the DNA sequences of
these deletions and an analysis of their structural features.
We discuss these results with regard to the mechanisms for
formation of spontaneous deletions in C. elegans.

MATERIALS AND METHODS
General procedures. The conditions for growth, mainte-

nance, and genetic manipulation of C. elegans are described
by Brenner (7). Nematode cultures from which we prepared
DNA were grown in petri dishes containing NGM medium
(7) solidified with 1% agarose rather than agar. Isolation of
spontaneous unc-54 mutants and identification of deletion
alleles were as described by Eide and Anderson (12, 13). We
have renamed two unc-54 mutations that were previously
described. unc-54(r102) and unc-54(r244) each contain two
separate deletions that affect unc-54 (12; see below). We
renamed these alleles unc-54(r856r857) and unc-54 (r858
r859), respectively. The altered nomenclature more accu-
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rately indicates that they are double mutants and allows us to
discuss independently each of the deletions.

Cloning and sequencing of deletions. Nematode cultures
were harvested as described by Sulston and Brenner (59).
DNA was extracted essentially as described by Marmur (34)
after disruption of the animals with proteinase K. Most
deletions were cloned by digesting mutant DNAs with Sall
and ligating the products to bacteriophage lambda EMBL3
DNA (18) that had been digested with both Sall and BamHI.
The complete unc-54 gene is contained within a SalI restric-
tion fragment of approximately 18.5 kilobase pairs. Ligated
DNAs were packaged into virions (22), and phage carrying
the unc-54 region were identified by plaque hybridization (5)
with an unc-54-specific hybridization probe. A bacterio-
phage lambda clone of unc-54(r102) was described previ-
ously (12).
We analyzed the restriction maps of each lambda clone

and identified a small restriction fragment that contained the
deletion junction. These fragments were purified after elec-
trophoresis on polyacrylamide gels, and they were sub-
cloned into the DNA sequencing vector M13mplO or
M13mpll (37). We sequenced each clone by the method of
Sanger et al. (53).

RESULTS

Origins of spontaneous unc-54 deletions. Eide and Ander-
son (12, 13) described the isolation and molecular analysis of
114 spontaneous unc-54 mutants, which occur in C. elegans
variety Bristol at a frequency of approximately 3 X 10-7.
Deletions were identified among these mutations because
they exhibited abnormalities on total genomic Southern
blots. Such methods identify most or all deletions affecting
50 or more base pairs of DNA. The genetic methods that
were used to isolate unc-54 deletions required that they be
viable when homozygous, thus limiting the maximal size of
recoverable deletions. We know, however, that at least 17
kilobases of DNA spanning the unc-54 region are nonessen-
tial (see below). Thus, we were able to detect in our screen
most or all unc-54 deletions whose lengths were between 50
base pairs and 17 kilobases. Approximately 15% of sponta-
neous unc-54 mutations isolated in C. elegans variety Bristol
are deletions of this type (12).
DNA sequences at deletion termini. We cloned the unc-54

gene from 14 independent deletion mutants into bacterio-
phage lambda vectors. We determined a restriction map for
each clone, identified a small restriction fragment that con-
tained each deletion junction, subcloned these junction
fragments into bacteriophage M13 vectors, and determined
their DNA sequences. We then compared these sequences
to those of the wild-type unc-54 gene (29) and deduced the
endpoints of each deletion.
Our analysis (24) (see below) indicated that two mutants,

previously designated as unc-54(r,102) and unc-54(r244), each
contained two separate deletions. We renamed these mu-
tants unc-54(r856r857) and unc-54(r858r859), respectively.
The altered nomenclature more accurately indicates that
they are double mutants and allows us to discuss indepen-
dently each of the deletions. We sequenced both deletions
for each of these double mutants. Inspection of their se-
quences predicts that any of these four deletions would
eliminate unc-54 gene function. The occurrence of two
separate deletions in each of two mutant strains indicates
that a minority of spontaneous deletions arise from con-
certed events, in which multiple breakages and rejoinings
occur in unison.

The sizes and locations within unc-54 of spontaneous
deletions are diagrammed in Fig. 1. The DNA sequences at
their termini are shown in Fig. 2 and summarized in Table 1.
Deletions ranged in size from 38 to 2,631 base pairs. Most
deletions (14 of 16) were simple, indicating that (i) a single
contiguous region ofDNA was deleted, (ii) nucleotides were
not inserted or rearranged at the deletion junctions, and (iii)
when short repeats were present at deletion termini the
breakpoints occurred at equivalent positions within the
repeats. Thus, except for the presence of short repeats at the
termini of certain deletions (see below), the points of break-
age and rejoining for these 14 deletions were unambiguous.
Two of 16 deletions were more complex. (i) The termini of

deletion unc-54(r260) were both located within the sequence
5'-AAGC-3', and the deletion junction exhibited the se-
quence 5'-AAAGC-3'. We interpret this to indicate that the
deletion termini of r260 occurred within a 4-base-pair direct
repeat, but that the points of breakage within these repeats
were not at equivalent positions. Rather, the breakages
occurred at nonequivalent positions within or near the two A
residues, such that the resulting junction contained three A
residues instead of two. An alternative interpretation for
r260 is that its termini were located within a 1-base-pair
direct repeat (wild-type nucleotides 7183 and 7254), and the
resulting deletion was simple. (ii) The deletion junction of
unc-54(r857) contained 18 additional nucleotides that were
not found in the wild-type gene near either deletion end-
point. Fifteen of these inserted nucleotides constituted a
small, displaced duplication; they were identical to a 15-
nucleotide region of the wild-type gene that was about 600
base pairs away from the r857 deletion junction (nucleotides
5158 through 5172). This distant region was not affected by
r857. Three additional A residues were inserted adjacent to
the displaced duplication; two were inserted on the 5' side,
and one was inserted on the 3' side. Thus, at least three
events occurred during formation of the r857 junction: the
deletion, the displaced duplication, and the insertion of
additional A residues. We cannot establish the sequence of
these events, and we have excluded r857 from our analysis
of sequence repeats at deletion endpoints. The complex
structure of r857 is similar to those observed infrequently but
consistently at other sites of deletion or nonhomologous
recombination in eucaryotic cells (3, 20, 28, 33, 45, 56, 61).

Spontaneous deletions are small. The average size of our 16
deletions was 600 + 183 base pairs (mean + standard error of
the mean). The genetic methods used to isolate deletions
required that they be viable when homozygous. This limited
the maximal size of detectable deletions. The following
observations, however, indicate that at least 17 kilobases of
DNA in the unc-54 region are nonessential. (i) The deletion
unc-54(r259) removes unc-54 plus at least 9 kilobases of
DNA beyond the unc-54 5' end (12). unc-54(r259) is viable
when homozygous. (ii) The DNA sequences of approxi-
mately one kilobase beyond the unc-54 3' end are known
(29). Other than unc-54, no protein-coding sequences are
present in this region. (iii) The unc-54 gene itself is 7.4
kilobases long, and it is nonessential. We conclude that at
least 17 kilobases of DNA covering the unc-54 region can be
deleted, and the resulting mutant would be viable when
homozygous. This number is an underestimate, and the true
nonessential region could be much larger. If deletion end-
points were completely random within this 17-kilobase re-
gion, we calculate that the average size of deletions that
include all or part of unc-54 would be 5.5 kilobases. This
figure is 7 standard deviations larger than the observed
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FIG. 1. Spontaneous deletions affecting unc-54. The organization of unc-54-coding regions is shown at the top. Filled boxes are exons; the
5'- and 3'-untranslated regions are stippled. The DNA sequence coordinates (in base pairs) established by Karn et al. (29) are shown below
the gene. The size and position of each deletion are individually diagrammed as open boxes.

average size. We conclude that the small size of spontaneous
deletions is statistically significant.
DNA sequence repeats at deletion termini are not statisti-

cally significant. Direct DNA sequence repeats at the termini
of unc-54 deletions are summarized in Table 1. Direct
repeats ranged in size from 0 to 4 base pairs. A 0-base-pair
repeat describes a deletion for which there is no ambiguity
concerning which phosphodiester bonds were broken and
rejoined to form the deletion junction. A repeat of 1 base pair
or larger causes ambiguity concerning where the breakages
and reunions occurred. For example, with a 1-base-pair
repeat the DNA strand breakages could occur either on the
5' side or on the 3' side of the repeated nucleotide. Since
nucleotides are not inserted at the junction, both breakages
must occur on the same side of the repeat. Similar ambigu-
ities apply to deletions having 2-, 3-, or 4-base-pair repeats at
their termini.
We tested whether the DNA sequence repeats at deletion

termini were statistically significant. Since the complete
DNA sequence of unc-54 is known (29), we calculated the
probability that two randomly chosen breakpoints would
occur within a direct repeat. If the observed numbers and
sizes of direct repeats are not statistically different from
those predicted for random endpoints, we must conclude
that DNA sequence repeats are not significant for the
deletion process.
A formula that describes predicted repeat sizes for two

randomly chosen points in DNA is Pk = (k + l)k)(l - A)2,
where: Pk is the probability that any two randomly chosen
points will fall within a direct repeat of length k, k is the
length of the repeat, and fk is the sum of the squares of the
frequencies of oligonucleotides that have length k. For
example, f1 equals the sum of the squares of the four
mononucleotide frequencies, f2 equals the sum of the
squares of the 16 dinucleotide frequencies, f3 equals the sum
of the squares of the 64 trinucleotide frequencies, etc.
We have used this equation together with the known

frequencies of unc-54 mononucleotides, dinucleotides, trinu-
cleotides, etc., to calculate the sizes of repeats that would be
expected among 15 deletions having random endpoints.
Calculated and observed distributions of sequence repeats
are shown in Table 2. We used the chi-square test to
compare the expected and observed distributions (Table 2).
The probability that the expected and observed distributions
are equivalent equals 0.28. We conclude by this test that the
direct sequence repeats present at the endpoints of our
deletions are not statistically significant.

Inverted repeats at the termini of spontaneous unc-54
deletions range from zero to two base pairs long. Similar
calculations indicate that they are also not statistically
significant.
Are direct and inverted repeats of the size typical for

procaryotic deletions present within unc-54? We searched
the wild-type unc-54 DNA sequence for all pairs of direct or
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VT Left:
unc-54(r260):

UT Right:

UT Left:
unc-54(rlOO):

UT Right:

WT Left:
unc-54(r257):

WT Right:

UT Left:
unc-54(rlll):

UT Right:

WT Left:
unc-54(r369):

WT Right:

UT Left:
unc-54(r95):

UT Right:

WT Left:
unc-54(rll5):

UT Right:

UT Left:
unc-54(rl 76):

UT Right:

WT Left:
unc-54(r264):

WT Right:

UT Left:
unc-54(r856):

WT Right:

UT Left:
unc-54(r859):

WT Right:

UT Left:
unc-54(r228):

UT Right:

UT Left:
unc-54(r293):

UT Right:

UT Left:
unc-54(r325):

UT Right:

WT Left:
unc-54(r858):

WT Right:

7167-TTCTTCAACGCCGAGAXGcgccactettcttc-7200
TTCTAic iG AGC AAGCCGAGTATGAA

7238-cgccgagagagcccgc iAACLAGCGGiGTATGAA-7271

7402-CAGTCTATTCAATG A tctttcaggccgacc-7434
CAGTCTATTCA^T AlICACTCTCAGCACGTT

7518-ctccgtcaagaaca A ACTCTCAGCACGTT-7550

3768-CTCGCTTCCAAGCTT G atcaacatcttggc-3800
CTCGCTTCCAAGCTT~GTjCGGATCTTTCATGAC

4055-aaagaagaagggaa CGGATCTTTCATGAC-4087

7489-TTGCTGATGCCACCAlGl tcgcagaggagctc-7520
TTGCTGATGCCACCAGlGGAAAGAAGGTAATA

7618-ctgctgctcttaagi Gl GAAAGAAGGTAATA-7649

6352-CGAGCTCCAAGAGGj TCttgatgccgccaact-6382
CGAGCTACAAGC TCGGCTATATTAATAG

8983-tgcattattgtgtt GGCTATATTAATAG-9020

3900-TTGAACTGGCTCGAc agaacaaggaccccc-3930
GGAGGGAGGTGGCGG

4021-ccgccgctaaggcc GGAGGGAGGTGGCGG-4051

3560-TTGAACAGGAAGAA7j_cgcccgtgagggtat-3590
TTGAACAGGAAGAA4 XAGGAGGCCAAGTCCG

4317-gccatccttgccgc cI &6GAGGCCAAGTCCG-4347

3134-CTCACATGCACATGGR Gaacatgaagttcaa-3164
CTCACATGCAATGG TGAGCCAGATGGTA

3172-ccacgtgaagagcaa GCTGAGCCAGATGGTA-3202

7937-AACCTGACATTCCA7 . tcttattaatttca-7967
AACCTGACATTCCAId C CCCACCCCCTATTT

8208-ctctttctccctgtg C TCCCACCCCCTATTT-8238

235-GATCAACAATTTTAG Gttgatattagagct-265
GATCAACAATTTTA(4GfrTAGAAGTAACAGGG

2192-tgattcattgcacaaI GrTAGAAGTAACAGGG-2222

6562-GAGCTCAACGCGAC t cgcaacacctccac-6592
GCGACCdI AGGCCGACCTCGAT

**..............
7409-ttcaatgtgaatct tfCAGGCCGACCTCGAT-7439

7572 -GAGCAACAGCTCAAGgagatccaagtccgt- 7601

GAGCAACAGCTCAAGTCTGTGTACACTTCT
8401 -aaatctacacaatgtTCTGTGTACACTTCT- 8430

8202 -TACATGCTCTTTCTCcctgtgctcccaccc-8231
TACATGCTCTTTCTCAGAAAAAACCGCACA

8458- tttttgaaacatcatAGAAMAACCGCACA- 8487

4354-ACAAGAAGAAGTGCGccgaggctatcatgt-4383
ACAAGAAGAAGTGCGAAGACTCAACTCTCC

4824 -aacttggaatccaccAAGACTCAACTCTCC- 4853

5831 -TCGTGACGCTGAGGAccttgctgctcaact -5860

TCGTGACGCTGAGGAGCGACCT

6556 -ttgatggagctcaacGCGACCTTCGCAACA- 6585

WT Left: 5748-GACGCTGTCGCTGAGctcaccgaccaactcg-5778
unc-54(r857): GACGCTGTCGCTGAGAAAAATCAACCGCAAGCAAAGAAACCTCTGGAAA

WT Right: 5851-ctgctcaacttgaccAAGAAACCTCTGGAAA-5881

FIG. 2. DNA sequences of 16 spontaneous unc-54 deletions. The DNA sequences of 16 spontaneous deletions are aligned with the
sequences of the wild-type gene at each endpoint. Coordinates are those of Kam et al. (29). Direct repeats, when present at the crossover
points, are boxed. Left and right refer to the end of each deletion as drawn in Fig. 1.
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TABLE 1. Endpoints of spontaneous deletions affecting unc-54a

Deletion
endpoints Size of Direct repeat

Allele deletion
5' end 3' end (bases) Length Sequence(bases)

unc-54(r260) 7183 7253 71 4 AAGC
unc-54(rl00) 7417 7532 116 3 GAA
unc-54(r257) 3783 4069 287 3 GTC
unc-54(rl ll) 7504 7632 129 2 GA
unc-54(r369) 6365 8995 2,631 2 TC
unc-54(r95) 3918 4035 118 1 A
unc-54(rJ i5) 3575 4331 757 1 A
unc-54(rl 76) 3149 3186 38 1 G
unc-54(r264) 7952 8222 271 1 C
unc-54(r856) 250 2206 1,957 1 G
unc-54(r859) 6577 7423 847 1 T
unc-54(r228) 7587 8415 829 0
unc-54(r293) 8217 8472 256 0
unc-54(r325) 4369 4838 470 0
unc-54(r858) 5846 6570 725 0
unc-54(r857)b 5763 5865 103

a The nucleotide positions are those for the wild-type unc-54 gene (29). For
each deletion, the 5' and 3' endpoints indicate the first and last deleted bases,
respectively. When direct repeats are located at deletion endpoints, the first
and last deleted bases are uncertain. In these cases, the nucleotide positions
indicate the nucleotides of each repeat that are closest to the 5' end of unc-54.

b r857 is a complex deletion, and we have not considered its repeat length
(see text).

inverted repeats that were eight nucleotides or longer, a size
typical for deletions in E. coli. We are confident that most or
all deletions greater than 50 base pairs in length and having
at least one endpoint within a protein-coding region of the
gene would be detected as an unc-54 mutant. There were
1,388 pairs of direct repeats and 685 pairs of inverted repeats
within unc-54 that satisfied these criteria. Repeats as long as
15 nucleotides were present. Thus, a very large number of
direct and inverted repeats was present within unc-54, yet
none of the repeats was associated with deletion endpoints.

Positions of deletions within unc-54 are random. If "hot-
spots" or regions especially prone to deletion were present
in unc-54, then the distribution of deletion breakpoints
would be nonrandom. We analyzed the distribution of dele-
tion breakpoints within unc-54 and found them to be ran-
dom. We divided the unc-54 gene into eight conceptual
intervals of equal size, and we used the chi-square test to
compare the number of endpoints within each interval with
that expected for a uniform distribution. We considered the
5' and 3' endpoints separately, because the small size of
deletions would necessarily cause total endpoints to cluster
as pairs. Considering 5' termini, x2 equals 6.7 (P = 0.46);
considering 3' termini, x2 equals 4.5 (P = 0.72). We conclude
that the observed distribution of endpoints within the gene is
random.

DISCUSSION

Spontaneous deletions in C. elegans are unlike those that
occur in E. coli. Direct or inverted sequence repeats are a
striking feature of deletion termini in E. coli, but the direct
sequence repeats at the termini of C. elegans deletions are
not statistically significant (Table 2). The mechanism(s) of
spontaneous deletion, therefore, must be different. What
roles do sequence repeats play in the deletion process of E.
coli? The immense variety of sequence repeats at E. coli
deletion termini argues that the primary sequence of a repeat
is itself not important. Rather, one repeat must base pair

TABLE 2. Chi-square test of the significance of direct sequence
repeats at the termini of spontaneous unc-54 deletionsa

Size of direct No. of deletions
repeat (bases) Expected Observed

0 8.9 4
1 4.5 6
2 1.9 2
3 0.8 2
4 0.3 1

a The expected numbers of direct repeats were calculated by assuming
random endpoints within unc-54. The observed numbers of direct repeats are
taken from Table 1. The expected and observed distributions are not signifi-
cantly different (X2 = 2.53; P = 0.28). Fifteen deletions were tested.

with another at some step in the process. Direct base pairing
between the termini of prospective deletions probably stabi-
lizes structures that are intermediates to deletion formation.
Such slipped mispairing (17) or pairing of quasi-palindromes
(19) might generate transient single-stranded loops or stem-
loops in DNA, which when replicated or repaired lead to
deletion of sequences between the repeats (1, 17, 19).
The wild-type unc-54 gene contains over 2,000 pairs of

direct or inverted repeats that are 8 nucleotides or longer and
which, if used for deletion, would generate a detectable
mutation. None of these repeats is located at the endpoints
of our deletions. Similarly, we are unable to find any
compelling examples of quasi-palindromes associated with
unc-54 deletion endpoints. We conclude that base pairing of
regions near deletion termini is not essential for deletion
formation in C. elegans.

Perhaps structures or sites other than terminal repeats are
necessary for C. elegans deletion mutagenesis. Because of
their occasional association with deletion termini, a variety
of sequences or structures other than direct repeats have
been suggested to play a role in the deletion process. We
examined the unc-54 gene and our deletions for such se-
quences; we found none of the following features. (i) Se-
quences that are complementary to the junction of a deletion
might serve to align its termini (19), but we did not find
significant examples of such alignment sequences for any of
the deletions. (ii) DNA topoisomerases may be involved in
the formation of both procaryotic and eucaryotic deletions
(8, 24-26, 35, 38), but the consensus recognition sequences
for Drosophila topoisomerase 11 (52), and Tetrahymena, rat,
and wheat germ topoisomerase I (4, 6) are not enriched near
the termini of unc-54 deletions. (iii) Regions of dyad sym-
metry are located near the termini of spontaneous deletions
in cultured mammalian cells (43), but such structures are not
enriched near the termini of unc-54 deletions. (iv) Certain tri-
and tetranucleotides recur at deletion termini in cultured
mammalian cells (43), but the representation of di-, tri-, and
tetranucleotides at unc-54 deletion termini is random. (v)
Alternating purine-pyrimidine simple sequence repeats have
been associated with the endpoints of certain deletions and
gene conversions (33, 40, 55, 58), but such repeats are not
consistently located at or near the termini of unc-54 dele-
tions. (vi) The termini of two mutagen-induced deletions of
C. elegans are located within identical nonamer-pentamer
sequences (11), but there was no significant association of
these sequences with our deletions. We conclude that,
except for their small average size, spontaneous deletions in
unc-54 have random endpoints. The endpoints are random
both with respect to their position within the gene and with
respect to the DNA sequences at or near their termini.

Spontaneous unc-54 deletions probably result from intra-
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molecular rearrangements. If deletion formation had in-
volved two DNA molecules (either homologous chromo-
somes or sister chromatids), and if the breakages and
rejoinings were reciprocal, then deletions and tandem direct
duplications would be equally frequent products. We are
confident that most tandem duplications similar in size and
position to our spontaneous deletions (600-base-pair average
size, both endpoints within unc-54 coding sequences) would
have been detected by our genetic methods. We identified
two tandem duplications among 114 spontaneous mutants
(12), but their sizes and positions were very unlike those of
the deletions. Our failure to identify short, tandem duplica-
tions indicates that intermolecular rearrangements are not
involved in deletion formation or that such crossovers are
nonreciprocal.
How, then, are C. elegans deletions formed? The deletion

junctions that we describe are very similar to ligation junc-
tions described by Roth and Wilson (50). Mammalian cells
are very proficient at ligating free ends of DNA (10, 30, 39,
48, 49, 62). Such activities may function to repair potentially
lethal double-strand breaks (46) and may be responsible for
the inherent "stickiness" or "healing" of broken chromo-
somes (36). Roth and Wilson (50) described three distinct
pathways for ligation of free DNA ends in mammalian cells.
Two of these pathways, template-directed and post-repair
ligation, are mediated by very short but significant homolo-
gies between protruding single-strand termini. Homologies
that align such ligations are often only 1 or 2 base pairs in
length. The third pathway, single-strand ligation, is homol-
ogy independent. The overall efficiencies of these three
pathways are about equal, and the nature of the termini to be
ligated determines which pathway is most often utilized.
Perhaps most ligations of C. elegans termini occur via the
single-strand ligation (homology-independent) pathway, or
perhaps the sequences of additional C. elegans deletions will
demonstrate that the very short repeats are significant.
Either way, we speculate that spontaneous deletions in C.
elegans result from random double-strand breaks, followed
by ligation of those breaks via the pathways described by
Roth and Wilson (50). The small average size of C. elegans
deletions would indicate that sequences are more likely to be
joined if they occur in close proximity. Our failure to isolate
tandem direct duplications at frequencies similar to those of
deletions would indicate that sequences to be joined usually
reside on the same DNA molecule.
Could the mechanism outlined above be related to that in

E. coli? Events that initiate deletion formation in E. coli and
the intermediates whose structures are stabilized by base
pairing are unknown. Most models for E. coli deletion
formation involve mispaired structures that serve as prim-
ers, templates, or substrates for DNA replication and/or
repair (1, 14, 16, 19, 54). We believe that repair of double-
strand breaks according to the model outlined above could
equally well account for the association of direct repeats
with E. coli deletion termini. Double-strand breaks are
probably natural occurrences in all cells, and only those
breaks that get successfully repaired yield viable chromo-
somes. If an E. coli system for repair of double-strand breaks
were dominated by the homology-dependent pathways of
ligation (template-directed and post-repair ligation), and if
those pathways required greater terminal homologies in E.
coli than in mammalian cells, then, as observed, direct
sequence repeats would be a regular feature of E. coli
deletion junctions.
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