The EMBO Journal vol.11 no.1 pp.287 - 290, 1992

Targeted alterations of the Caenorhabditis elegans
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Excision of a Tcl transposon of Caenorhabditis elegans
is thought to leave a DNA double strand break. We report
here that sequence polymorphisms in a transgenic DNA
template are copied into the corresponding chromosomal
gene upon excision of Tcl from the chromosome. This
shows that the double strand DNA break resulting from
Tcl excision is repaired with the extrachromosomal DNA
as template and that sequences flanking the break can
be replaced by sequences from the transgene. Transgene
instructed break repair provides a method for the
targeted introduction of precise alterations into the
Caenorhabditis elegans genome.
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Introduction

Detailed analysis of the Caenorhabditis elegans genome will
aid in the understanding of the genetic control of
development. The physical map of the nematode genome
is approaching completion (Coulson et al., 1986) and current
efforts are aimed at the determination of the sequence of the
genome (Roberts, 1990). However, strategies are lacking
for the precise directed alteration of the sequence. Gene
interruption by homologous recombination with transgenic
DNA has not been reported until now. We recently found
evidence that excision of the Tc1 transposon probably leaves
a double strand break that is repaired from a homologous
template and suggested that this could be exploited in a
strategy for directed alteration of the nematode genome
(Plasterk, 1991).

The evidence for double strand break (DSB) repair
following Tc1 excision is the following: the frequency of
loss of Tc1 elements (from the unc-22 gene) depends on the
presence of a wild type sequence on the homologous
chromosome: heterozygous Tcl mutations revert at high
frequency, and by precise loss of the element, whereas
homozygous Tcl mutants revert 100X less frequently and
always with a ‘footprint’ (i.e. in an imprecise fashion)
(Plasterk, 1991; Mori et al., 1990; Kiff et al., 1988;
Moerman and Waterston, 1988). Similar observations have
been made for the P element of the fruit fly Drosophila
melanogaster (Engels et al., 1990) and have led to the
suggestion that transposon excision was followed by repair
of the remaining chromosome break in a homologue-
dependent fashion. In homozygotes the transposon is usually
copied back into the excision site and therefore loss of the
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transposon is not seen; only rare cases of interrupted repair
lead to (imprecise) loss of the element.

By providing a marked transgenic template we wanted to
investigate whether these marked sequences can be
introduced into the chromosome. This experiment would
serve two purposes: (i) to prove the DSB repair model for
Tcl and (ii) to demonstrate that specific alterations can thus
be shuttled into the nematode genome.

Results

Generation of a transgenic strain containing a marked
template for DSB repair

We generated a nematode that has a Tcl insertion at a known
position of a chromosomal gene (unc-22) and contains
transgenic DNA that corresponds to the region of the Tcl
insertion but contains some (silent) polymorphisms (at —2,
+26, +29, +167 and +191 bp from the position of the
Tcl in the chromosome, see Figure 1). The homology
between the template and the chromosome extends in both
directions 1500 bp from this position. Transgenic DNA in
Caenorhabditis elegans is present in extrachromosomal
tandem arrays; in our experiment the copy number of the
transgenes is at least 50 per genome (Figure 2). The animal
is mutant for Unc-22, since the transgene contains only a
3 kb region out of the 50 kb of the unc-22 gene (Benian
et al., 1989).

Selection and analysis of animals with targeted
alterations

The reversion frequency for Unc-22 was determined: 11
revertants were found among 450 500 progeny of a
transgenic line (2Xx1075). This is similar to the reversion
frequency previously reported for homozygous unc-22
(st192::Tcl) mutants and ~ 500X lower than the frequency
in heterozygotes (Mori et al., 1990; Plasterk, 1991). This
shows that the transgene is not used as a template for repair
synthesis as easily as the homologous chromosome, perhaps
due to the absence of meiotic pairing between transgene and
endogenous gene. Apparently this effect is not
counterbalanced by the high copy number of the transgenic
template. Revertants were allowed to propagate by self-
fertilization and progeny were picked that had lost the
transgene as witnessed by loss of the Rol phenotype. These
were allowed to grow for 2—6 generations, and single
animals were picked and allowed to propagate further. Their
DNA was isolated and analysed by Southern blotting
(Figure 2), showing that all transgenic DNA was absent from
this line. The region surrounding the reversion site was
analysed by direct sequencing of PCR products: as shown
in Figure 3 two classes of revertants were found: 32% of
the revertants contained ‘footprints’ as have been described
before (Kiff et al., 1988; Plasterk, 1991); these do not show
the polymorphisms that are present in the transgene. Since
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Fig. 1. Polymorphism marked transgenic DNA. Shown (not to scale) is the configuration of the unc-22 gene: the complete gene is in the
chromosome and is interrupted by Tcl, the transgene contains (apart from the rol-6P marker, not shown here) several copies of a 3 kb fragment of
the gene that is marked by some polymorphisms (shown by small tags). These polymorphisms are here numbered with respect to the Tcl insertion
site st192 (see Moerman and Waterston, 1989, and the unc-22 sequence kindly supplied by Dr Guy Benian, Emory University, Atlanta): —2 T to A,
+26 Ato T, +29 T to A, +167 A to T (which removes the SaulllA site GATC), +191 T to A (which creates an Ndel site from CTTATG).

the reversion frequency of the transgenic line was found to
be in the same order as that of the non-transgenic isogenic
strain, one would expect that a considerable number of
revertants would be of the footprint type found in the non-
transgenic strain; this is what we found. These revertants
presumably result from incomplete repair that has used the
sister chromatid or the homologous chromosome as template.
The other 68% of revertants show precise loss of the
transposon: 56% contain polymorphisms derived from the
transgene. This demonstrates that the transgene has been used
as a template for double strand gap repair that follows Tcl
excision and is definite proof for double strand break repair
following Tcl excision.

These 68% revertants without footprints fall into three
classes. (i) Three revertants were precise, but had not picked
up any of the polymorphism. These are here interpreted as
resulting from transgene instructed repair with very short
repair tracks, but we cannot rule out the possibility that they
result from either direct ligation of excision products, or
interrupted repair that uses the allelic gene as template. (ii)
One revertant was precise and had picked up only the —2
polymorphism. (iii) 13 revertants were precise and had all
the polymorphisms of the transgene. This means that 13 out
of 17 (or, if the precise revertants are not included, 13 out
of 14) revertants that used the transgene as template have
repair tracks that extend > 191 bp at one side of the break.
In conclusion, 76% of the transgene-directed repair tracks
extend at least 191 bp to one end of the excision site. Since
the polymorphisms tested here were mostly on one side of
the Tcl insertion site, we do not know whether the track
at the other side is similar, but we consider that likely. Recent
quantitative analysis of repair track length in Drosophila
showed an average length of ~ 1400 bp, and an 80% score
for the presence of a polymorphism 200 bp from the break
site (Gloor et al., 1991). Our work does not allow a
quantitative description of the length distribution of repair
tracks, but the numbers we find could be in agreement with
a similar distribution of the length of the repair track in
C.elegans. In none of those 15 revertants were any other
changes of unc-22 sequence observed in the ~300
nucleotides analysed, suggesting that the repair replication
is fairly accurate.
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Fig. 2. Southern blot of DNA of transgenic animal and of revertants.
Lanes 1—4, revertants; lane 5, transgenic line. Lanes 6 and 7 are
shorter exposures of lanes 4 and 5. As shown in lanes 5 and 7 the
transgene is at a higher copy number than the endogenous gene (e.g.
lanes 4 and 6). The figure shows that the revertants have lost the Tcl
insertion at the position st/92 (e.g. lane 3 shows a heterozygous
animal where one allele is reverted and the other is mutant). It can
also be concluded from this blot that after segregation of the Rol
phenotype no transgenic DNA is present in the DNA from revertants.
DNA was digested with HindIIl and the blot was probed with a PCR
fragment that covers the Tcl insertion site (primers AB1594 and
AB1595, on genomic C.elegans DNA). The expected size of the
transgenic fragment is 1820 bp, the genomic sequence after reversion
is 2280 bp, and the corresponding fragment before reversion is
2280+1612=3892 bp. Lanes 2 and 3 show animals that are
heterozygous for the reverted unc-22 allele, and therefore they show
the larger fragment as well. The estimated copy number of the
transgene is >50 (also based on shorter exposures, not shown here);
this has to be a lowest estimate, since any population of transgenic
animals contains WT segregants that have lost the transgene.

Discussion

Te1 excision and double strand break repair
We here provide conclusive evidence for the recently
proposed model for DSB repair following Tcl excision.



Targeted alteration of C.elegans genome

a st192::Tel
-2 +26 +29 +167 +191
3 + + + + +
h (o] + + + +
13 o o o o o
8 footprint of variable size
b wt: caattttgggatagtcgttgaacgt
stil92:caattttgggat A @ A G T G-eecencannaan G CACTGT atgtcgtt

revertants with footprints

reva

reveé

rev4o0:

revlé:

rev5

:caattttgggat A € A

:caattttgggat A C A

caattttgggat A € A

caattttg

:caattttgggat A € A& tgtcgttga

T G 7T atgtcgtt

Teq7

TeT

T

atgtcgtt
atgtcgtt

atgtcgtt

T &P atgtcgtt

Fig. 3. Sequence of revertants of a transgenic unc-22 (s1192::Tcl) mutant. a. A + indicates the wild type sequence, an O indicates a polymorphism
(also see Figure 1). No other sequence alterations were observed in these revertants. The sequence around the site of st192::Tcl was determined for

25 revertants: eight showed a ‘footprint’, i.e. imprecise restoration of the sequence. Five footprints are shown in b: three of these have a 6 bp
insertion (3 bp from each end of the Tcl element), one of them has a small deletion and one has a repetition of nine nucleotides flanking the
insertion site. These types of footprints have been described before (Moerman and Waterston, 1989; Plasterk 1991); none of these revertants had

picked up any of the polymorphisms of the transgene.

Probably the first step after Tc1 excision is degradation of
the ends of the broken DNA (at least a few hundred base
pairs), followed by a search for a homologous template and
extension of the 3’ ends of the break (compare Szostak et al.,
1983; Schiestl et al., 1988; Rudin et al., 1989). The role
of Tcl in this process is probably only the generation of a
double strand break; the subsequent repair process is part
of the cellular strategy for dealing with broken chromosomes
in a template directed manner to avoid errors. Usually the
repair template will be the sister chromatid or the
homologous chromosome, containing a transposon at the
position of the excision site, and in that case the only way
such repair will lead to loss of the element is when it is
incomplete. Such incomplete repair will result in a
transposon footprint, and therefore the length and sequence
of transposon footprints is not a result of transposase action,
but of properties of the repair system, and also of the
constraints of the selection for revertants. If we had chosen
for our analysis a Tcl allele at a position in a gene where
the presence of footprints was incompatible with restoration
of gene function, we would have expected all revertants to
be derived from transgene instructed repair. The allele
studied here seems to be very tolerant for footprints (Kiff
et al., 1988); as a consequence the fraction of revertants that
have not used the transgene as template (32 %) is probably
higher in this case than it will be for most other Tc1 alleles.

In the fruit fly Drosophila, breaks resulting from the
excision of the P transposon are repaired by double strand
break repair (Engels e al., 1990) and internally deleted
versions of the element are attributed to interrupted DSB
repair. It may be useful to check whether the transposon
footprints in plants, which are currently thought to result
from imprecise excision of the element (Schwartz-Sommer
et al., 1985; Haring et al. 1991), also result from interrupted
gap repair. A recent discovery of significant homology
between transposons in flies and plants (Calvi et al., 1991)
makes it all the more likely that similar mechanisms account
for the footprints left by transposons in plants and animals.

Targeted alteration of the Caenorhabditis elegans
genome

The introduction of specific alterations into the C.elegans
genome by Tcl excision induced gap repair could be a
powerful technique for the analysis of the C. elegans genome.
A similar approach has recently been found to work for
specific alteration of the Drosophila genome, where a single
ectopically integrated gene can be used as repair template
(Gloor, etal. 1991). In C.elegans, gene targeting by
homologous recombination has not yet been described, and
transposon induced DSB repair is thus far the only strategy
for the precise targeted alteration of the genome. We have
shown sequence replacement to happen at a frequency of
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~1075, and strains have been described in which the
frequency of Tcl excision, and thus probably of repair, is
at least 10X higher (Collins ez al., 1987). This is sufficient
for most purposes. We have shown that a mutation 200 bp
away from the position of the Tcl insertion is copied into
the chromosome in 76% of the cases where the transgene
was used as template, which suggests that the repair track
can be quite a bit longer than 200 bp, so that it will probably
be possible to introduce mutations that are further removed.
Many C.elegans genes have been cloned by Tcl tagging,
and therefore Tc1 alleles of these genes are available. New
Tcl insertions may be obtained by a PCR based detection
strategy (Ballinger et al., 1990; Kaiser and Goodwin, 1990;
O’Hare, 1990), that has recently been effectively applied
to Tcl (A.Rushforth and P.Anderson, personal
communication). Once a Tcl insertion mutant has been
obtained, the strategy is as follows (also see Figure 1): the
animal is made transgenic for an altered version of the gene,
and Tcl excision provides frequent DNA breaks at a defined
chromosomal position, resulting in transgene instructed
repair. Detection of this can be by a PCR/sib-detection
protocol (similar to protocols that have successfully been
used to detect Tcl insertions), or in some cases by genetic
selection. In this paper we describe the introduction of single
base polymorphisms; in principle, double strand break repair
is expected to copy any sequence that is flanked by a
sufficient stretch of homology to the ends of the broken
DNA, thus it should also be possible to use Tcl initiated
break repair to create gene fusions, insertions and
replacements in situ.

Materials and methods

Generation of marked repair template

To obtain a suitable template for gap repair we amplified the region
surrounding Tcl insertion s1/92 in unc-22 by PCR: three adjacent regions
were first amplified separately and then fused in two steps by PCR. The
primers contained alterations in a few positions that correspond to third base
positions in the unc-22 reading frame and care was taken that in all cases
these alterations left the coding capacity intact and did not result in triplets
that are rare in C.elegans. All are T to A or A to T transversions. Primers
were as follows:

AB1939, 5'-TAATCTCGAGTCGATTTCATTGGAGCTCCC;
AB1938, 5'- TTTTCTCGAGTTTCAACGGCTTCTGGTTCT;
AB1937, 5'-CTGAGCCAGTCACCTGCAGACCATATGTCG;
AB1936, 5'-GTCTGCAGGTGACTGGCTCAGAACCGTTAC;
AB1935, 5'-CGTTGAACGTTTTGAGAAGAGAGGAGGCG;

AB1934, 5'-CTCTTCTCAAAACGTTCAACGACATAACCC.

Genomic C.elegans DNA was used as template, and the initial three PCRs
were with primers AB1939 + AB1934, AB1938 + AB1937 and AB1936
+ AB1935. The products of the latter two reactions were then gel purified
and mixed and a PCR was done: in the first three cycles the annealing time
was 3’ and the temperature 37°C; no primers were added. This allowed
priming of the two fragments on each other (primers AB1936 and AB1937
are largely complementary); subsequently the outer primers (AB1935 and
AB1938) were added, and PCR was continued for 25 cycles with an
annealing temperature of 55°C. The product was again gel purified and
fused to the third fragment in a similar PCR, now using AB1939 and AB1938
as outer primers. The final product was gel purified, digested with Xhol
(sites for this enzyme had been included in the primers AB1938 and AB1939)
and cloned into the Sall site of the Bluescript M13(+) plasmid. Sequence
analysis of the resulting plasmid (pRP411) revealed one extra base pair
substitution, in the area of overlap of the two primers AB1936 and AB1934
(A to T transversion 26 nucleotides to the right of the insertion site s1/92).
Subsequent experiments showed that this alteration has no effect on Unc-22
phenotype, and the polymorphism was included in the further analysis
(polymorphism *+26°).
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Genetic experiments and DNA sequence analysis

Strain NL203 [vab-9(el744) 1I, mut-6(st702) unc-22(st192::Tcl1)IV] was
made transgenic using a 1:3 mixture of plasmids PRF4 [containing rol-6°
(Kramer er al., 1990)] and pRP411 (described above). Rol progeny was
picked and cloned, and two lines were selected that had a high fraction
transgenic progeny (~50%). These were grown and Unc-22* revertants
were picked. These were often Rol; in these cases WT segregants were
picked from the next generation, from the progeny of these animals individual
animals were brought in culture, and after a few generations a clonal culture
was again started. DNA was isolated (Sulston and Hodgkin, 1988). The
first series of DNA preparations was checked by Southern blot analysis
to confirm the absence of transgenic DNA (see Figure 2). To determine
the sequence around the reversion site, a PCR was done using primers
AB1594 (5'-AGAGAATGCAGTCGGACTTTC) and ABI1595
(5'-CTTGCAAGTTGGCTTGGATGGTTCACCTTC). The product was
analysed for the polymorphisms as follows: asymmetric PCR was done with
excess primer AB1595 and the product was sequenced using primer AB1594.
Apart from the polymorphisms no other changes were ever observed,
showing the accuracy of the break repair synthesis; in most cases the
sequencing gel could be read until the area of polymorphisms +167 and
+191. In a few cases we took advantage of the fact that polymorphism
+167 removes a SaulllA site and +191 creates an Ndel site, and did
restriction analysis of double stranded PCR products to investigate their
presence.
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