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chromosome-linked hemizygous marker (data not shown),
also consistent with a location at vit-2.
Homologous Integration Leads to a Switch of Plasmid and

Chromosomal Promoters, Resulting in a Depression of Endog-
enous vit Activity. A single crossover within the region of
homology between the plasmid and the chromosome would
lead to integration of the plasmid and switching of the
endogenous and introduced promoters (Fig. 1A). Since the
endogenous promoter and the truncated plasmid promoter
differ in their activities (19), the homologous integrant strains
should produce less vit-2 gene product and more vit-2/6 gene
product compared to a strain in which the vit-2/6 plasmid had
integrated randomly. We measured the protein products
produced by both strains and analyzed RNA levels by RNase
protection in BL300 and by in situ hybridization in BL422.
Since the same RNA and protein species (synthesized from
different promoters) were being compared in each case, we
assumed that the stability of the products from the two
promoters would not vary.

Fig. 2 shows total worm protein displayed on an SDS gel.
The yolk proteins (ypl7Oa, ypl70b, yp115, and yp88) and the.
product of the transgene (fp155) are the predominant pro-
teins. In lanes 1 and 4, containing protein from wild-type (N2)
and the single-copy nonbomologous-integrant strain
(BL203), one of the most abundant proteins is ypl70b, the
vit-2 gene product. In contrast, the lanes with BL300 and
BL422 exhibit abnormally low levels of ypl70b compared
with the other yolk proteins. Furthermore, these strains show
high levels offp155, similar to the level in BL203, a strain with
an unmodified 247-bp promoter controlling the fusion gene
product. This result is consistent with fp155 production by
the vit-2 promoter and ypl70b production by truncated
less-active promoters.
RNase protection analysis was used to measure RNA

levels in the pJ174-containing strain BL300. An RNA probe
complementary to vit-2, vit-2/6, and vit-6 RNAs (Fig. 3A)
was hybridized to total RNA to assess the relative levels of
the different RNAs. The 405-nt RNA probe was made from
a genomic DNA clone and spanned an intron in vit-6, giving
protected fragments of 62 nt for vit-2, 116 and 190 nt for
vit-2/6, and 39 and 190 nt for vit-6. The unique bands of 116
and 62 nt were analyzed to compare the levels of vit-2/6 and
vit-2 mRNAs. The level of the 39-nt vit-6 gene product was
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FIG. 2. Electrophoretic analysis ofyolk proteins. Hermaphrodite
proteins were separated by electrophoresis on a 5% acrylamide/
0.13% N,N'-methylene bisacrylamide mini gel and stained with
Coomassie blue. Strains: N2, a nontransformed control; BL300,
produced by integration of pJ174; BL422, by integration of pJ142;
BL203, contains one copy of pJ247 non-homologously integrated.
Proteins indicated are the vit-5 gene product, ypl70a; the vit-2 gene
product, ypl70b; the vit-2/6 gene product, fp155; and the vit-6 gene
products, ypllS and yp88. Approximately equal amounts of total
protein were loaded in each lane, although none of the vitellogenins
accumulates to as high a level in N2 as in the transgenic strains. In
the absence of the fusion protein, the yolk proteins are more
efficiently packaged into oocytes, which are then laid on the plate as
embryos.

vit-2 vit-6
j2@A 5'

Hc intron
I I

HC

pBS 360 *- -

H

riboprobe

mRNA *0 * @00

Bands protected:

vit-2

vit-2/6

vit-6

B

62

116 190

39 190

N- 11- Zrs Z

CONSTRUCT £1-

os o~oCL) 0-
o o Co

STRAIN \ coCE
co m m

C\j
z

190 -.

116 _-

62 -_

39 -_o

1 2 3 4

FIG. 3. RNase protection analysis of RNA from BL300. (A)
Probe and protected fragments. A 354-bp HincII fragment from
vit-2/6 spanning the site of fusion was subcloned into the HinclI site
of pBlueScribe to produce pBS360. pBS360 was digested with
HindlIl to produce a 405-nt RNA probe complementary to vit-2/6
mRNA. This probe hybridized to three species of mRNA, which
after digestion with RNase Ti and RNase A gave the following
protected diagnostic fragments: vit-2 mRNA, 62 nt; vit-2/6 mRNA,
116 and 190 nt; vit-6 mRNA, 39 and 190 nt. The two protected
fragments from vit-2/6 and vit-6 were due to the presence ofan intron
in the genomic subclone that has been spliced out of the mRNAs.
Since the 190-nt piece was produced by two species ofmRNA, it was
not used for estimates of promoter activity. Hc, HincII; H, HindIIl.
(B) RNase-protected fragments from the indicated strains were
separated by electrophoresis on a 5% polyacrylamide/7 M urea
denaturing gel. Strains shown are as follows: Lanes: 1, BL203
(pJ247); 2, BL300 (pJ174-homologous integrant); 3, BL330
(pJ247ANN with an 18-bp promoter deletion from positions -66 to
-48); 4, N2 (wild-type control).

not affected by the transgenic experiments and was used to
roughly estimate total RNA levels for each lane. Fig. 3B
shows an analysis of BL300, N2, and two strains in which
plasmids were integrated at random locations. The first two
lanes of Fig. 3B have roughly equivalent levels of the 39-nt
vit-6 gene product. Therefore, from Fig. 3B, we can infer that
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BL300 has elevated levels of vit-2/6 RNA (116 nt) and
depressed levels of vit-2 RNA (62 nt) compared to BL203 (a
strain containing an unmodified 247-bp vit-2 promoter), as
expected if a promoter switch had occurred in the creation of
strain BL300. The third lane contains a strain with a partially
debilitated promoter, randomly integrated, that demon-
strates a reduced level of the 116-nt vit-2/6 fragment asso-
ciated with lowered promoter function. Note that the ratio of
vit-2 to vit-6 product in this lane is similar to the N2 control
but very different from BL300. In the fourth lane, the
wild-type control (containing less total RNA than the other
lanes) displays only the fragments associated with the en-
dogenous vit-2 and vit-6 mRNAs. Previous results suggested
that the 247-bp promoter in BL203 is somewhat less active
than the endogenous chromosomal vit-2 promoter and that
the 174-bp promoter function is further reduced (19). The
results shown in Fig. 3B are consistent with these observa-
tions since the level of the 116-nt vit-2/6 product is lower
when under control of a 247-bp promoter (BL203) than when
under control of the endogenous vit-2 promoter (BL300). In
addition, the 62-nt vit-2 product produced by the 174-bp
promoter (BL300) is less abundant than the wild-type vit-2
product in all of the other strains shown.
We previously reported in situ hybridization with a probe

(called PL) complementary to the internal polylinker of the
vit-2/6 RNA. In transgenic strains with vit-2/6 driven by the
247-bp promoter, the RNA was present in all intestinal cells
(31). However, with promoter modifications resulting in
slight reductions in expression, RNA was localized only in
the middle and posterior regions of the intestine, while more
severe mutations resulted in labeling only of the midintestine
(31). If the proposed promoter switch had occurred in strain
BL422, which has the 142-bp promoter, we would predict an
uneven distribution of the vit-2 product, rather than the
fusion gene product. We detected expression of the fusion
gene with the PL probe and the vit-2 gene with the VU probe,
specific for its 3' untranslated region. The PL probe was
uniformly distributed in each of 14 BL422 worms scored
(e.g., Fig. 4A and B), whereas the VU probe showed patterns
of distribution characteristic of mutated promoters (31), as
predicted by the promoter-switch hypothesis. Of 78 BL422
intestinal samples tested with the VU probe, the anterior cells
failed to bind probe in 57% (Fig. 4 C and D), the RNA signal
was confined to the midintestinal cells in 38% (Fig. 4 E and
F), and 5% lacked signal entirely. This experiment provides
additional support for the conclusion that the promoters are
indeed switched.

DISCUSSION
Homologous Integration in C. elegans. Several lines of

evidence support the conclusion that, in two strains, BL300
and BL422, the injected plasmid integrated within the vit-2
gene by means of a single reciprocal crossover between a
circular plasmid and the homologous region of the X chro-
mosome. (i) Genomic Southern blot analysis demonstrated
that the endogenous vit-2 bands were lost, and novel bands
predicted by the hypothesis were present. (ii) In BL300, both
the suppressor and the vit-2/6 transgene mapped to the
appropriate location on the X chromosome. (iii) The vit-2/6
fusion gene is under control of the vit-2 promoter, while vit-2
is controlled by the mutant promoter in these strains. The
protein product of vit-2 accumulated to abnormally low
levels, whereas the fusion protein was made in abundance, as
would be expected from the promoter-exchange hypothesis.
Similarly, the RNA product of the fusion gene was expressed
abundantly, as judged both by RNase protection and in situ
hybridization, whereas RNA expression from vit-2 was se-
verely depressed. Thus, we believe these results convinc-

FIG. 4. In situ hybridization to BL422 intestines. 4',6-Diamidino-
2-phenylindole-stained epifluorescence images (A, C, and E) are
paired with simultaneous dark-field and epifluorescence images of
hybridized RNA (B, D, and F). (B) The polylinker-specific probe
(PL) that detects the vit-2/6 gene product. (D and F) The VU probe
specific to the vit-2 3' untranslated region. Large arrows point to sets
offour nuclei at the anterior ends ofthe intestines. Small arrowheads
indicate remnants of the pharynx where it is still attached to the
intestines. (x70.)

ingly demonstrate that these two transformant strains were
formed by homologous integration of the plasmid into vit-2.

Prospects for Directed Gene Inactivation by Homologous
Integration. In several organisms including Escherichia coli,
yeast, and mouse, homologous integration has proven to be
the most practical method for inactivation of cloned genes
whose mutant phenotypes are otherwise unknown. In C.
elegans, although numerous cases of transformation have
been reported, until now none has been reported to occur by
homologous recombination between the introduced DNA
and the chromosome. It should be noted that most transfor-
mation schemes currently in use produce large extrachromo-
somal arrays of injected DNA that do not recombine with the
chromosomes (36). The procedure we used (16) has two
important differences from the most commonly used one: (i)
injections were in regions of the gonad that are active in
meiosis, and (ii) an amber suppressor gene, sup-7, was
present on the injected plasmid. Because high levels of the
tRNA product of sup-7 are toxic, high-copy transformants
containing sup-7 are selected against. Only integrated low-
copy-number transformants are viable. Previous studies of
sup-7-containing integrated transformants reported on a total
of only about 30 strains (16-18). Thus, it is not surprising that
no homologous integrants were obtained. In our study, 2 of
63 integration events, or 3%, have been shown to have
occurred by homologous recombination. This represents a
reasonable frequency of such spontaneous events and sug-
gests that injection of plasmids containing mutant DNA and
sup-7 into meiotic nuclei should be considered as a method of
gene inactivation in C. elegans. Furthermore, the frequency
of homologous events might be increased by generating free
ends in the plasmid DNA or by x-irradiation of injected
animals, two methods that have been shown to increase
recombination frequencies in other systems (37).
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Comparison with Homologous Integration in Other Orga-
nisms. If our results are representative of the homologous
integration frequency in C. elegans, then this organism can
sustain an unusually high percentage of homologous events
that is significantly greater than the frequency observed in
mammalian cells (38, 39). The integrants selected in C.
elegans also differ from those selected in most tissue culture
analyses in that they involved recombination between a
circular plasmid and a chromosome. Such exchange events
might be more frequent in our analyses due to the method by
which DNA was introduced. Supercoiled plasmid DNA was

injected into the meiotic region of the gonad (16). Thus the
DNA was present in recombinationally competent cells that
were creating and resolving chiasmata. Homologous recom-
bination events in tissue culture cells, however, reflect the
biology of mitotically dividing cells. Thomas et al. (39)
recovered targeting events involving either gene conversion
or double crossovers, but not single reciprocal exchanges,
and hypothesized that this might reflect the predominant
recombination machinery present in mammalian cells. They
also never observed homologous recombination with super-
coiled DNA, perhaps because the absence of free DNA ends
would not be expected to signal recombination-repair func-
tions. Interestingly, recent experiments by Mello et al. (36)
indicate that coinjecting large amounts of single-stranded
oligonucleotide with supercoiled plasmid into the syncytial
region of cytoplasm in the C. elegans gonad nonspecifically
stimulates integration of plasmid arrays, perhaps by provid-
ing single-stranded DNA ends that stimulate recombination-
repair processes. However, none of those integrants was

homologous.
Location of Homologous Events. The vit-2/6 plasmid has

sequence identity to two loci on different chromosomes, vit-2
on the X chromosome and vit-6 on chromosome IV (21). In
both cases, recombination occurred between the plasmid and
vit-2, not vit-6. To examine the possibility that vit-6 homol-
ogous integrants had been produced but were not recognized,
since these would not result in an effective promoter switch,
we examined genomic Southern blot data for the remaining 61
strains, but no evidence for vit-6 integration was obtained
(data not shown). Of course with only two events, it is
possible that the fact that both homologous integration events
occurred within vit-2 was just due to chance. However,
because the vit-2/6 fusion gene shares nearly 4 kb of identity
with the X chromosome, but only 1.4 kb of identity with
chromosome IV, integration within vit-2 is more probable,
since target size is a critical variable in determining the
frequency of homologous events (40). Additionally, recom-
bination with the X chromosome might be regulated differ-
ently from recombination on other chromosomes (41). Thus,
it is possible that homologous recombinants involving the X
chromosome may be recovered more readily than those
involving autosomal targets.

Finally, it is worth mentioning that the large reduction in
ypl70b that we observed is tolerated without any obvious
reduction in embryonic viability. Perhaps yolk does not

perform a vital function when the worm is growing in a

nutritionally rich environment. Alternatively, the partial loss
of ypl70b may be compensated for by the presence of the
other yolk proteins.
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