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ABSTRACT

In Caenorhabditis elegans, transgenic lines are typically created by injecting DNA into the hermaphrodite
germline to form multicopy extrachromosomal DNA arrays. This technique is a reliable means of expressing
transgenes in C. elegans, but its use has limitations. Because extrachromosomal arrays are semistable, only
a fraction of the animals in a transgenic extrachromosomal array line are transformed. In addition, because
extrachromosomal arrays can contain hundreds of copies of the transforming DNA, transgenes may
be overexpressed, misexpressed, or silenced. We have developed an alternative method for C. elegans
transformation, using microparticle bombardment, that produces single- and low-copy chromosomal inser-
tions. Using this method, we find that it is possible to create integrated transgenic lines that reproducibly
express GFP reporter constructs without the variations in expression level and pattern frequently exhibited
by extrachromosomal array lines. In addition, we find that low-copy integrated lines can also be used to
express transgenes in the C. elegans germline, where conventional extrachromosomal arrays typically fail

to express due to germline silencing.

HE development of techniques that allow exoge-

nous DNA to be introduced into an organism has
transformed many diverse areas of experimental biol-
ogy. Transgenic DNA constructs have been used to res-
cue mutant genes, express reporter genes, and test the
relationship of gene structure and function in vivo. In
many cases, transgenic DNA is maintained within an
organism extrachromosomally in the form of a plasmid
or a multicopy array. Alternatively, transgenic DNA can
be integrated into the organism’s genomic DNA either
by random insertion or homologous recombination.

In Caenorhabditis elegans, transgene DNA injected into
the syncytial cytoplasm of the hermaphrodite germline
undergoes intermolecular ligation and recombination
to form multicopy extrachromosomal arrays. Associa-
tion of an extrachromosomal array with a germline
nucleus results in formation of a transgenic embryo.
Transmission of extrachromosomal arrays from one
generation to the next is dependent on array size and
can range from 10 to 90% (MELLo and FIRE 1995); it
has been estimated that these extrachromosomal arrays
contain at least 80-300 copies of the injected plasmids
(StincHCOMB et al. 1985; FIRE and WATERSTON 1989;
MELLO et al. 1991; MACMORRIS el al. 1994).

Although extrachromosomal arrays created by germ-
line injection have been used successfully to study pat-
terns of gene expression and to identify genes by pheno-
typic rescue, they have disadvantages that limit their
usefulness. Due to the high number of copies of the
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transgene in an extrachromosomal array, total trans-
gene expression can be elevated relative to that of the
corresponding endogenous gene (FIRE and WATER-
STON 1989); in addition, expression pattern can vary
from animal to animal due to mosaic loss of the extra-
chromosomal array (STINCHCOMB ¢t al. 1985). Further
complicating matters, the presence of tandemly re-
peated sequences in an array can trigger gene-silencing
mechanisms (OKKEMA et al. 1993; MACMORRIS et al.
1994; KELLY et al. 1997; HSIEH et al. 1999). Transgene
silencing is a particular problem in the C. elegans germ-
line, where high-copy-number extrachromosomal arrays
are rapidly silenced after a few generations (KELLY et
al. 1997; KeLLy and FiIre 1998; SEYpOUX and STROME
1999), limiting the ability of researchers to study germ-
line development and function.

One way to avoid problems associated with high-copy
extrachromosomal arrays would be to create transgenic
lines by direct insertion of transgenes into chromo-
somes. Unfortunately, the ease with which extrachromo-
somal arrays are formed and maintained in C. elegans
has made it difficult to identify less frequent events such
as chromosomal insertion of transforming DNA. One
solution to this problem has been to inhibit array forma-
tion by including a “poison sequence.” For example,
transgenes containing the C. elegans suppressor tRNA
gene sup-7 are unable to form high-copy extrachromo-
somal arrays after injection of transgene DNA into either
germline cytoplasm or oocyte nuclei because the sup-7
gene is toxic when present in high copy number (FIrRE
1986; MELLO et al. 1991). Injection of sup-7containing
plasmids directly into oocyte nuclei, however, can be
used to create low-copy integrated lines with 1-10 copies
of the transforming construct inserted into a chromo-
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some (FIrE 1986; SPIETH et al. 1988; FIRE and WATERSTON
1989). Low-copy integrated lines have also been ob-
tained by germline injection of high concentrations of
oligonucleotides along with the transforming plasmid
(MELLO et al. 1991). For both of these methods, however,
the low frequency of integrated lines obtained, relative
to the number of germline injections, has prevented
their general use. In a different approach, <y-rradia-
tion has been used to integrate extrachromosomal
arrays into C. elegans chromosomes (MELLO and FIRE
1995), but the high-copy-number DNA in these inte-
grated arrays can still produce elevated levels of trans-
gene expression and gene silencing (KRAUSE et al. 1994;
Hsien et al. 1999).

The difficulty of making low-copy-number integrated
lines in C. elegans, coupled with the mosaicism and si-
lencing observed in extrachromosomal array lines, has
restricted the analysis of gene function in C. elegans.
Experiments first carried out by A. RUSHFORTH and P.
ANDERSON (personal communication), and more re-
cently by WiLMm et al. (1999) and JACKSTADT et al. (1999),
have shown that microparticle bombardment can be
used to create extrachromosomal arrays in C. elegans.
In this article, we describe the use of microparticle bom-
bardment to create low-copy integrative transformants
in C. elegans. We find that integrated lines created using
this approach typically contain only a few copies of the
transforming DNA and can be used to express trans-
genes in both the C. elegans germline and soma.

MATERIALS AND METHODS

Strains: We used the following strains: LGI, dpy-5(e61), dpy-
14(e188); LGIL, dpy-10 (e128); LGIIL, unc-119(ed3), dpy-18(e364),
dpy-1(el), dpy-17(el64); LGIV, dpy-4(el166), dpy-13(el184); LGV,
dpy-11(e224), sma-1(ru3); LGX, dpy-6(el4). AZ188 [unc-119(ed3)III;
azEx1(pDP#MMO016b; pAZ75)] contains an extrachromo-
somal array created by germline coinjection of pDP#MMO016b
and pAZ75 [pAZ75 contains 11 kb of sma-1 genomic DNA
cloned into BS(SK+)]. pOK100.03 contains a multimerized
myo-2 C subelement enhancer oligo fused to a myo-2 minimal
promoter and green fluorescent protein (GFP; THATCHER el
al. 1999). OKO0023(cukx16) contains an extrachromosomal
array of pOK100.03 and pRF4 rol-6(sul006); OK0039 (culs2)IV
contains an integrated array created by +y-irradiation of
OKO0023; both strains were kindly provided by P. Okkema and
A.Fernandez. DP132(edls6)IV carries an integrated array of the
UNC-119::GFP fusion pDP#MMUGF12. SS599 [bnEx2 (pJH4.52
pie-1::GFP::H2B, pRF4 rol-6(sul006); N2 genomic); S. STROME,
J. Powers, M. DuNN, K. REESE, G. SEYDOUX and W. SAXTON,
personal communication] carries a complex array containing
the pJH4.52 plasmid [a GFP:H2B(F54E11.4) fusion that is
expressed in the adult germline under control of pie-1 pro-
moter and 3’ untranslated region sequences; G. SEYDOUX,
personal communication]. Strains produced in this study are
listed in Table 1. The transformation plasmid pAZ110, used
to create integrated lines that express a GFP transgene under
control of the sma-1 promoter, was constructed using pPD95.79
(A. FIrE, S. Xu, J. AHUNN and G. SEYDOUX, personal communi-
cation). unc-119(ed3) mutants used for bombardment were
grown at 20° on 100 mm Opti-gro plates [nemotode growth

TABLE 1

Integrated transformants generated using
microparticle bombardment

Strain Transforming plasmid Genotype*
AZ60 PAZ81 rulsl 1V
AZ61 PAZ81 ruls2/+"
AZ62 PAZ81 ruls3 IV
AZ63 pAZ81 ruls4

AZ64 PAZ381 ruls5/+"
AZ65 PAZ81 ruls6/+"
AZ66 PAZ81 ruls7/+"
A768 PAZ81 ruls9

AZ69 PAZ81 ruls10/+" 111
AZ71 PAZ81 rulsi2
AZ173 pDP#MMO016b ruls59
AZ199 pDP#MMO016b ruls25 V
AZ200 pDP#MMO016b ruls26 111
AZ204 pDP#MMO016b ruls28
AZ205 pDP#MMO016b ruls27 1
AZ.206 pDP#MMO016b ruls29
AZ210 PAZ132 ruls30
AZ211 PAZ132 ruls31
AZ212 pAZ132 ruls32 111
AZ213 PAZ132 ruls33/+"V
A7214 PAZ132 ruls34/+" 1
AZ215 PAZ132 ruls35
AZ216 PAZ132 ruls36
AZ7217 PAZ119 ruls37 11T
AZ218 PAZ119 ruls38 1T
AZ219 PAZ110 ruls39
AZ220 PAZ110 ruls26

“ All integrative transformants produced for this study are
in an unc-119(ed3) background.

"These lines are propagated as obligate heterozygotes; ani-
mals homozygous for the transgene insertions in these lines
are either inviable or sterile.

media (NGM plates; LEwis and FLEMING 1995) supplemented
with cholesterol, peptone, and Nystatin] seeded with OP50
Escherichia coli.

Bombardment methods: Microparticle bombardment of C.
elegans unc-119(ed3) hermaphrodites was carried out using a
BioRad Biolistic PDS-1000/HE with 1/4" gap distance, 9 mm
macrocarrier to screen distance, 28 inches of Hg vacuum,
and 1350 p.s.i. rupture disc. These settings were based on a
protocol for microparticle bombardment of Chlamydomonas
(L. METS, personal communication); alternative settings were
not extensively tested.

For each bombardment, 1 pl of 1-2-pg/pl plasmid DNA
was coupled to 0.6 mg of 1.0-wm microcarrier gold beads, as
described in the PDS-1000/HE user’s manual, and bombarded
onto a monolayer of ~10,000 unc-119(ed3) L4 and adult her-
maphrodites (a 75-pl pellet) placed on a 20-mm diameter
lawn of OP50 on 60-mm NGM plates. Worms were allowed to
recover for 0.5 to 2 hr after bombardment and were then
transferred onto two 100-mm seeded Opti-gro plates and
grown at 24°. Because unc-119 mutants cannot form dauers,
they die in the absence of food (MaDURO and P1LGrIM 1995),
making it easy to identify the non-Unc rescued transformants
7-14 days after bombardment. From each plate containing
animals rescued for the wunc-119 mutation, individual trans-
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formed animals were cloned and their F; progeny scored for
presence of unc-119 mutants. Homozygous stable lines were
identified by the complete absence of unc-119mutant progeny
over several generations. Heterozygous lines were identified
based on the presence of three distinct classes of progeny:
heterozygous transformed animals, homozygous untrans-
formed animals, and a third class of sterile or inviable animals.
To ensure that each line was the result of an independent
transformation event, we retained only one transformed line
from each Opti-gro plate.

Mapping integrative transformants: Chromosomal location
of integrated DNA in pDP#MMO016b and pAZ81 transformed
lines was determined using single worm PCR (WILLIAMS et al.
1992) to assay linkage between integrated Bluescript vector
sequences and marker mutations on each chromosome. PCR
primers 5'GGCCCCAGTGCTGCAATGATAC3' and b5'AA
CACTGCGGCCAACTTACTTCTGAS3' were used to assay the
presence of Bluescript sequences. For lines transformed with
PAZ132 and pAZ119, chromosomal location of the integrated
DNA was determined by linkage of GFP expression to marker
mutations.

To map autosomal insertions, transformed hermaphrodites
were crossed with marker/+ males; F, progeny were allowed
to self-fertilize, and individual F, progeny homozygous for
the marker mutation were scored for presence of Bluescript
sequences or GFP expression. If unlinked, 75% of the marker
mutation homozygotes should be positive for Bluescript or
GFP expression in homozygous transformed lines; 67% of the
marker mutation homozygotes should be positive for Blue-
script or GFP expression in obligate heterozygous transformed
lines. If the transforming DNA is linked to a marker mutation,
the frequency of Bluescript- or GFP-positive animals will vary
according to the map distance between the integrated DNA
and the marker mutation. In this study, we considered a map
distance of <25 cM between the marker mutation and the
transforming DNA as evidence of linkage.

To test for presence of transforming DNA inserted into the
X chromosome, hermaphrodites from homozygous transformed
lines were crossed to wild-type males and the resulting F, males
were crossed with dpy-6 hermaphrodites. If the integrated DNA
is unlinked to the X chromosome, 50% of the F; hermaphro-
dite progeny from this cross should be Bluescript or GFP
positive. If the integrated DNA is linked to the X chromosome,
all of the F, hermaphrodite progeny should be Bluescript or
GFP positive.

For two transgenic lines in which we initially mapped the
integrated DNA to LGIII, we used the unc¢-119(ed3) mutation
present in the background of the bombarded hermaphrodites
as a second marker to confirm linkage to LGIII. We crossed
transformed hermaphrodites to wild-type males, allowed the
F, cross-progeny hermaphrodites to self, and cloned out non-
Unc F, animals. If the integrated unc-119 rescuing DNA is
linked to LGIII, these F, animals will segregate 1/4 Unc prog-
eny only when a recombination event has occurred between
the unc-119(ed3) allele at the endogenous locus and the inte-
gration site of the transgenic unc-119 rescuing DNA. Using
this strategy, we found that for the heterozygous line AZ69,
19 out of 207 F, progeny were recombinant, corresponding
to a distance of 10 ¢cM between the unc-119 locus and the
integrated DNA. For the homozygous line AZ200, 20 out of
284 F, progeny were recombinant, corresponding to a distance
of 7 ¢cM between the unc-119 locus and the integrated DNA.
Since the original unc-119 mutation could be re-isolated from
these strains, these data also confirmed that unc¢-119rescuing
activity in these transformants was not the result of gene con-
version or reversion of the unc-119(ed3) mutation.

Southern blotting: Southern blots of HindIIl or Xbal di-
gested genomic DNA were carried out by standard techniques

using the DIG/CPSD system (Boehringer Mannheim, Indi-
anapolis) and hybridized to probes containing either the Blue-
script vector sequence (Stratagene, La Jolla, CA) or the 5.7-
kb fragment of unc-119 genomic DNA from pDP#MMO016b.

Examination of GFP expression patterns: GFP expression
in transformed animals was examined using a Zeiss Axioplan
microscope equipped with a 100X Plan-APOCHROMAT lens.
In the case of extrachromosomal array lines, only animals
positive for the cotransformation marker were scored for GFP
expression. Presence or absence of variation in the level of
GFP expression from animal to animal within a transformed
line was determined by comparing GFP expression levels of
individual animals within groups of 5-15 animals. Presence
or absence of mosaicism in GFP expression patterns was deter-
mined by comparing GFP expression patterns of individual
animals to the expected pattern of expression for each GFP
expression construct.

RESULTS

Integrative transformation in C. elegans using micro-
particle bombardment: Microparticle bombardment, a
technique in which DNA-coated beads are accelerated
to high speeds, allowing them to penetrate cells of the
target organism, has been used for transformation of
plants, animals, and microorganisms (KLEIN et al. 1987,
1988; CHRISTOU el al. 1988; KINDLE ¢t al. 1989; ARMALEO
et al. 1990; ZELENIN et al. 1991; CassiDY-HANLEY et al.
1997). We reasoned that microparticle bombardment
would have several advantages over germline injection
for the creation and detection of chromosomal inser-
tions in C. elegans. First, since each bead can deliver
only a small amount of DNA to the C. elegans germline,
the probability of creating large extrachromosomal
arrays would be decreased. Second, we observed gold
beads in both germline and oocyte nuclei of bombarded
animals (data notshown), indicating that bombardment
can introduce transgenic DNA directly into the nucleus,
which may be essential for integrative transformation
(FIRe 1986). Finally, since a large number of animals
are bombarded simultaneously (~10*'/bombardment),
even rare events such as chromosomal integration could
be expected to occur at a detectable frequency.

To identify transformants, we used a selection based
on rescue of the unc-119(ed3) mutant phenotype. unc-
119 animals are unable to form dauers (MADURO and
PrLGriM 1995), an alternative larval stage that normally
allows C. elegans to survive for months without food
(CassapA and RUSSELL 1975). As a result, unc-119 mu-
tants transformed with plasmids containing unc-119res-
cuing DNA (Figure 1) survive and reproduce while the
untransformed animals starve and die. Although posi-
tive transformants from microparticle bombardment oc-
cur at a relatively low frequency in the total population
of bombarded animals (~0.5 X 107%), this unc-119%
based selection permits the surviving non-Unc trans-
formed animals to be easily identified.

Previous work had shown that it was possible to gener-
ate low-copy integrated lines by injecting plasmids con-
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F1GURE 1.—Transforming plasmids. pDP#MMO016b contains
a 5.7-kb HindIll-Xbal fragment cloned into BS(SK—) that res-
cues the phenotype of unc-119(ed3) mutants (MADURO and
PrLGrim 1995); this fragment was included in all plasmids used
for transformation. pAZ81 is a derivative of pDP#MMO016b that
also contains the sup-7 suppressor tRNA gene (FIRE 1986).
PAZ119, derived from pOK100.03 (THATCHER et al. 1999),
contains a multimerized myo-2 C subelement enhancer oligo
fused to a myo-2 minimal promoter and GFP. pAZ110 contains
a SMA-1::GFP protein fusion that is expressed in the embry-
onic epidermis under the control of the sma-I promoter.
PAZ132 contains a GFP:H2B protein fusion derived from
pJH4.52, which is expressed in the germline under control of
the pie-1 promoter and localizes to chromosomes (G. SEY-
DOUX, personal communication). Solid line, plasmid vector:
PAZ119 and pAZ132, BS(SK+); pDP#MMO016b and pAZ81,
BS(SK—); pAZ110, pCRII-TOPO. Open box, unc-119rescuing
fragment. Box with diagonals, promoter. Solid box, GFP con-
struct. Restriction enzyme sites that would be cut during diges-
tion of genomic DNA for Southern blotting experiments de-
scribed in this article are indicated. H, HindIIl; X, Xbal.

taining the sup-7 suppressor tRNA gene into oocyte nu-
clei (FIRE 1986; SPIETH ef al. 1988). In these studies, the
primary role of sup-7was as a cotransformation marker;
however, it apparently also acted as a “poison sequence”
to suppress formation of extrachromosomal array lines.
Due to the difficulty of making transformed lines using
this technique, however, this approach is rarely used at
present. We reasoned that microparticle bombardment,
coupled with the unc-119 selection strategy, might pro-
vide an easier method for generating sup-7containing
integrated lines. We bombarded wunc¢-119 hermaphro-
dites with pAZ81, a plasmid containing both the unc

119 rescuing fragment and the sup-7 suppressor tRNA
gene (Figure 1; MATERIALS AND METHODS).

From 36 bombardments with pAZ81, we obtained 10
independent transformed lines (Table 2). Five of these
transformed lines segregated only non-Unc animals,
suggesting that they were homozygous for a pAZ81 in-
tegrant. Each of the other 5 lines produced three types
of progeny: transformed fertile animals, nontrans-
formed Uncs, and a mixture of sterile animals, inviable
larvae, and dead embryos. This segregation pattern sug-
gested that these were heterozygous lines in which ani-
mals carrying one copy of a sup-7-containing insertion
were able to reproduce, but that in animals homozygous
for the insertion, the increased level of sup-7 activity was
toxic or lethal. Alternatively, these obligate heterozy-
gous lines may be the result of an insertion into an
essential gene or a DNA rearrangement associated with
the insertion event (see below). These bombardments
did not produce any transformed lines with the charac-
teristic behavior of extrachromosomal arrays, indicating
that presence of sup-7in the transforming plasmid pro-
vides a strong selection against the creation and/or
maintenance of extrachromosomal arrays, similar to
that observed for germline injections of sup-7con-
taining plasmids (FIRE 1986; SPIETH el al. 1988; MELLO
et al. 1991).

Surprisingly, we found that inclusion of the sup-7sup-
pressor tRNA was not essential for creation of stable
lines using microparticle bombardment. From 17 bom-
bardments of unc-119mutants with the unc-119rescuing
plasmid pDP#MMO16b, we isolated 6 independent lines
that produced only non-Unc progeny (Table 2). The
complete absence of untransformed animals in these
transformed lines suggested that these stable lines were
homozygous for a chromosomal insertion of the trans-
forming plasmid. An additional 13 independent trans-
formed lines isolated from this set of bombardments
segregated both Unc and non-Unc progeny. Although,
on the basis of their segregation patterns, these lines
appeared to contain extrachromosomal arrays, it is pos-
sible that some of these lines contained chromosomal
insertions of the transforming DNA, but that animals
homozygous for the insertion were unable to reproduce.

TABLE 2

Frequency of integrative transformants using microparticle bombardment

Independent Integrated Frequency per
Plasmid Bombardments transformants lines bombardment
pDP#MMO016b 17 19 6 0.35
pAZ81 36 10 10 0.28
PAZ110 15 7 2 0.13
PAZ119 22 9 2 0.09
PAZ132 20 13 7 0.35
Total 110 58 27 0.25
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Additional experiments have shown that micropar-
ticle bombardment can be used to produce stable trans-
genic lines in a consistent and reproducible manner.
From a total of 110 bombardments using five different
plasmids containing unc-119 rescuing DNA (Figure 1),
we obtained 27 stable homozygous or obligate heterozy-
gous lines, which corresponds to a frequency of ~0.25
integrants per bombardment (Table 2). These results
demonstrate that microparticle bombardment coupled
with unc-119 selection is a simple, efficient means of
producing stable transformed lines.

Mapping sites of chromosomal integration: To con-
firm that the stable lines created by microparticle bom-
bardment were the result of insertion of transgenic DNA
into a chromosome, we mapped the location of the
transforming DNA relative to known marker mutations
(MATERIALS AND METHODS). For 11 stable lines, created
using four different transforming plasmids, we found
that each line mapped to a single linkage group (Table
3). In each case, the initial linkage group assignment
was subsequently confirmed by recombination with a
second marker mutation in the same linkage group.
These results unambiguously demonstrate that the sta-
bility of these lines is due to integration of transgenic
DNA into the C. elegans genome.

In the process of mapping these lines, we observed
that integration can affect recombination in the region
surrounding the site of integration. For two lines contain-
ing GFP-expressing DNA insertions, AZ213 (ruls33/+)V
and AZ212(ruls32)I1I, we found that there was an unex-
pectedly low frequency of recombination between the
integrated transforming DNA and genetic marker muta-
tions on the same chromosome (Table 3). In the prog-
eny of ruls33/dpy-11 and ruls33/sma-1 hermaphrodites,
0 out of 36 animals homozygous for dpy-11 (map posi-
tion 0.0) were recombinant for ruls33; 0 out of 73 ani-
mals homozygous for sma-I (map position +3.5) were
recombinant for ruls33. In the progeny of (ruls32)/dpy-
17 and (ruls32)/dpy-18 hermaphrodites, only 1 out of
65 animals homozgyous for dpy-17 (map position —2.2)
and 0 out of 62 animals homozygous for dpy-18 (map
position +8.6) were recombinant for ruls32. We calcu-
lated a lowest expected recombination frequency, based
on the genetic map distance between each pair of ge-
netic markers (dpy-11 and sma-1, 3.5 map units; dpy-17
and dpy-18, 10.8 map units), and used a chi-square test
to determine if the recombination rates we observed
were within normal statistical variance. For both AZ213(-
ruls33/+)Vand AZ212 (ruls32)IIl we observed a statisti-
cally significant reduction in the recombination fre-
quencies (P < 0.01).

It is likely that the decrease in recombination ob-
served between AZ212 and AZ213 integrated DNAs and
marker mutations are the result of DNA rearrangements
associated with integration of the transforming DNA.
Regions of decreased recombination have been ob-
served for a variety of DNA rearrangements including

TABLE 3

Mapping stable transformants to single linkage groups
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translocations, inversions, and deficiencies (ROSEN-
BLUTH and BaiLLie 1981; McKiM el al. 1988; ROSEN-
BLUTH el al. 1990; ZETRA and Rose 1992). Of the 27
stable lines obtained in this study, 7 are obligate hetero-
zygous lines. These heterozygous lines may have resulted
from direct insertion of DNA into essential genes or, in
the case of lines transformed with pAZ81, from the
presence of too many copies of the sup-7 suppressor
tRNA gene (FIRe 1986). Alternatively, these obligate
heterozygous lines may contain DNA rearrangements
associated with the integrated DNA that result in homo-
zygous transformed animals that are sterile or inviable.

Integrative transformants typically contain a small
number of copies of the transforming DNA: We exam-
ined copy number of the transforming DNA in 22 inte-
grated lines produced using microparticle bombard-
ment. Genomic DNA from each line was digested with
HindIIl and hybridized to a Bluescript-specific probe
on Southern blots (MATERIALS AND METHODS; Figure 2).
Digests of either pDP#MMO016b or pAZ81 with HindIIl
produce a single 8.7-kb band containing Bluescript se-
quence, while HindIII digests of pAZ119 and pAZ132
produce 5.3-kb and 4.6-kb Bluescript-positive bands, re-
spectively (Figure 1). Digestion of transforming DNA
can also produce novel-sized bands as a result of plasmid
concatemerization and rearrangement or plasmid
breakpoints created during insertion into a chromo-
some.

Southern blots of genomic DNA from lines created
by microparticle bombardment using the transforming
plasmids pDP#MMO16b, pAZ81, pAZ119, or pAZ132
showed that these integrated lines typically contain only
a small number of copies of the transforming DNA.
The pDP#MMO16b transformed lines AZ200 and AZ205
contained two and three low-intensity DNA bands, re-
spectively, indicating the presence of only a few copies of
the plasmid (Figure 2A, lanes 1 and 3); similar patterns
containing two or three DNA bands were also found in
AZ173, AZ204, and AZ206 (data not shown). Analysis
of the 10 lines created by bombardment with the pAZ81
sup-7containing plasmid indicated that they also con-
tain only a small number of copies of the transforming
DNA (Figure 2B, lanes 1-3 and data not shown). Similar
results were observed for lines created by transformation
with pAZI119 or pAZ132 (Figure 2C, lanes 1 and 2;
Figure 2D, lanes 1-4). These data clearly demonstrate
that these stable lines do not carry extrachromosomal
arrays, which would contain one to two orders of magni-
tude more copies of the transforming DNA (STINCH-
coMmB et al. 1985; FIRE and WATERSTON 1989; MELLO ef
al. 1991; MAcMORRIS et al. 1994). Out of 22 stable lines
examined, we observed a high number of copies of the
transforming plasmid in only 1 line, AZ199 (Figure 2A,
lane 2). Since the transforming DNA in this line mapped
to LGV (Table 3), we know that it is integrated into
the chromosome. It is possible that the unusually high
plasmid copy number in AZ199 is the result of a two-
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FIGURE 2.—Plasmid copy number in transformed lines.
Genomic and plasmid DNAs were digested with HindIII
and hybridized to a probe containing the full sequence of
Bluescript (MATERIALS AND METHODS). (A) Homozygous
stable lines created by microparticle bombardment with
pDP#MMO16b (lanes 1-3); AZ188, a transformed line carrying
an extrachromosomal array created by germline coinjection
of pDP#MMO016b and pAZ75 (lane 4); pDP#MMO016b (lane
5). (B) Homozygous lines AZ60 and AZ62 (lanes 1 and 3)
and a heterozygous line AZ69 (lane 2) created by microparticle
bombardment with pAZ81; AZ188 (lane 4); pAZ81 (lane 5).
(C) AZ217 and AZ218 (lanes 1 and 2), created by microparticle
bombardment, contain only a few copies of the pAZ119 myo-2
promoter::GFP expression construct. The extrachromosomal
array line OK0023 (lane 3) and the integrated array line
OKO0039 (lane 4), which contain the same myo-2 pro-
moter::GFP construct, have a much higher number of copies
of the transforming DNA. (D) Lines created by microparticle
bombardment of the pie-1 GFP::H2B fusion plasmid pAZ132.
Lines AZ210 and AZ211 (lanes 1 and 2), which are silenced
in the germline, have a more complex digest pattern and
contain more copies of the transforming plasmid pAZ132 than
lines in which germline expression is maintained (AZ212 and
AZ213, lanes 3 and 4).

step process in which an extrachromosomal array was
formed and then integrated into the chromosome.

In at least two cases, we have obtained transformed
lines that contained only a single copy of the transforma-
tion plasmid. Southern blots of HindIll-digested DNA
from AZ60 and AZ69, which were transformed with the
sup-7-containing plasmid pAZ81, each contained a sin-
gle band distinct in size from the 8.7-kb band observed
when pAZ81 is digested with HindIIl (Figure 1; Figure
2B, lanes 1 and 2). These data are consistent with the
insertion of a single copy of pAZ81: if multiple copies of
pAZ81 were presentin this line, there would be multiple
HindIII sites in the transgenic DNA (Figure 1), which
would create a more complex digest pattern. We con-
firmed this result using Southern blots of Xba I-digested
AZ60 and AZ69 DNA. Hybridizing these blots with either
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Bluescript- or unc-119-specific probes also produced
only a single band for each line (data not shown).

In contrast to the small number of copies of trans-
forming DNA in integrated lines produced by micropar-
ticle bombardment, we found a much higher level of the
transforming DNA in extrachromosomal and integrated
arrays produced using germline injection. Southern blot
analysis of AZ188, which contains an extrachromosomal
array containing the unc-119gene, and of DP132, which
contains an integrated array of an UNC-119::GFP pro-
tein fusion (MATERIALS AND METHODS), show that these
lines both contain many copies of the transforming DNA
(Figure 2A, lane 4 and data not shown). Similarly, we
found that OK0023, which carries an extrachromosomal
array containing the pOK100.03 myo-2 promoter::GFP
expression construct, and OK0039, which contains an
integrated array derived from OK0023, both contain a
high number of copies of the transforming DNA (Figure
2C, lanes 3 and 4).

Stable transgene expression using low-copy integrated
lines: In extrachromosomal array lines created by germ-
line injection, the expression pattern of GFP and LacZ
reporter constructs can vary from animal to animal due
to mosaic loss of the extrachromosomal array and silenc-
ing of transgene expression (STINCHCOMB et al. 1985;
OKKEMA ¢t al. 1993; KRAUSE et al. 1994; KELLY et al. 1997;
HsieH et al. 1999). To determine whether stable lines
created using microparticle bombardment would have
a more consistent pattern of transgene expression, we
bombarded wunc-119 animals with pDP#MMOI16b plas-
mid derivatives containing either sma-1 or myo-2 pro-
moter constructs fused to GFP (Figure 1; MATERIALS
AND METHODS). In both cases, we were able to isolate
stable homozygous lines (Table 2) and found that ani-
mals from these lines consistently expressed GFP in the
expected patterns (Figure 3A and data not shown).

We compared the GFP expression of these stable inte-
grated lines to transformed lines produced by germline
injection of the same GFP expression constructs. We
found that the level of GFP expression in transformed
animals carrying an extrachromosomal array containing
the myo-2 promoter::GFP expression construct varied
from animal to animal and that 42% of the transformed
animals had mosaic patterns of GFP expression. In con-
trast, the integrated array OK0039, and the low-copy
integrated lines AZ217 and AZ218, which contain the
same myo-2 promoter:GFP construct, did not exhibit
variation in the level or pattern of GFP expression. Simi-
lar results were also obtained in a comparison of extra-
chromosomal arrays and stable integrated lines con-
taining the sma-1 promoter::GFP fusion (data not shown).

Although the integrated array lines we have examined
exhibit a consistent GFP expression pattern, the level
of GFP expression does not appear to accurately reflect
the number of transgene copies present in the array.
Southern blots of the integrated array line OK0039
showed that this line contained a >10-fold increase in

Ficure 3.—Expression of GFP reporter fusions in stable
lines created by bombardment. (A) GFP expression in pharynx
of an AZ218 L1 larva. AZ218 is a stable line created by bom-
bardment with the myo-2 promoter::GFP plasmid pAZ119 (Fig-
ure 1; MATERIALS AND METHODS); uniform expression of GFP
throughout the pharynx was observed for all animals exam-
ined for >20 generations. (B) Germline expression of GFP::
H2B fusion protein in an AZ212 adult hermaphrodite. AZ212
is a stable line created by bombardment with pAZ132 (Figure
1; MATERIALS AND METHODS); consistent germline expression
of GFP was observed in all animals examined for >20 genera-
tions. Bar, 10 wm.

the copies of the transforming DNA relative to the inte-
grated bombardment lines AZ217 and AZ218 (Figure
2C, compare lanes 1 and 2 with lane 4). In contrast,
the level of GFP expression in OK0039 animals was only
~2-fold higher than that of AZ218 and 4-fold higher
than that of AZ217. Some of the decreased level of GFP
expression per transgene copy may be due to partial
or rearranged transgenes unable to express GFP. In
addition, however, it is likely that the reduced GFP ex-
pression per transgene copy in integrated arrays is the
result of gene silencing and/or limits on protein synthe-
sis in the cells where it is expressed (MACMORRIS et al.
1994).

Germline expression of transgenes using low-copy
integrated lines: The most dramatic example of gene
silencing in C. elegans is seen in the germline, where
transgenes in conventional extrachromosomal arrays
are not expressed (KeELLY ef al. 1997; KELLY and FIRE
1998; SEypoux and STROME 1999). Germline silencing
may be the result of heterochromatic packaging of the
repetitive sequences in extrachromosomal arrays. This
hypothesis is supported by the requirement for func-
tional mes-2 and mes-6 genes, which encode proteins
related to the polycomb group of transcriptional repres-
sors, to maintain germline silencing of extrachromo-
somal array transgene expression (KeLLy and FIRE 1998;
SEypOUX and STROME 1999).

If germline silencing results from the presence of
tandemly repeated copies of transgenes in extrachromo-
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somal arrays, we hypothesized that low-copy integrated
lines would not be silenced. To test this hypothesis, we
bombarded unc-119 animals with pAZ132, a construct
containing the unc-119 gene and a GFP:H2B fusion
driven by the pie-1 promoter, which directs expression
in the adult germline (Figure 1). From 20 bombard-
ments, we obtained five lines that expressed GFP in the
germline (Tables 1 and 2). In one line, AZ212, all of
the animals expressed GFP (Figure 3B). Two other lines,
AZ213 and AZ214, segregated Uncs, GFP-expressing res-
cued animals, and dead embyos/inviable larvae in a
ratio of 1:2:1; these appear to be obligate heterozygous
lines. In all three of these lines, we have observed robust
GFP expression for >20 generations. In contrast, ani-
mals from the other two homozygous lines, AZ210 and
AZ211, were unhealthy and lost both GFP expression
and unc-119 rescuing activity over several generations.
Two additional pAZ132 lines were rescued for unc-
119, but failed to express the transgene, possibly due
either to germline silencing or disruption of the pie-
1::GFP::H2B transgene.

Using Southern blots, we found that the silenced lines
AZ210 and AZ211 contained more copies of the PAZ132
transforming plasmid, as determined by complexity of
the digest pattern, than AZ212 and AZ213, which contin-
ued to express GFP over many generations (Figure 2D,
compare lanes 1 and 2 with lanes 3 and 4). This result
indicates that the decrease in GFP expression observed
for AZ210 and AZ211 is unlikely to be due to a loss of
copies of the integrated transgene. We propose instead
thatin AZ210 and AZ211 the presence of a higher num-
ber of copies of the transgene results in silencing of the
inserted transgenic DNA, while the lower number of
transgene copies in AZ212 and AZ213 does not activate
germline silencing.

Germline silencing can be alleviated by creating com-
plex arrays that intersperse genomic and transgene
DNA (KELLY ¢t al. 1997). Although both complex arrays
and low-copy integrated lines can be used for germline
expression, a comparison of the two types of trans-
formed lines suggests that low-copy integrated lines cre-
ated by microparticle bombardment have several advan-
tages for germline expression of transgenes. In the case
of the plasmid pJH4.52, which contains a GFP:H2B
gene fusion expressed under control of the pie-1 pro-
moter (MATERIALS AND METHODS), it has been difficult
to obtain complex array lines that express the GFP trans-
gene in the germline; lines that do express in the germ-
line often lose expression in <b generations(G. SEY-
DOUX, personal communication). In contrast, three out
of the five GFP::H2B-expressing lines that we obtained
using microparticle bombardment have consistently ex-
pressed the GFP:H2B transgene in the germline for
>20 generations.

When we compared the complex array line SS599,
which has expressed the pie-I GFP::H2B gene fusion
over many generations (S. STROME, personal communi-

cation), with the low-copy integrated line AZ212, which
expresses the same pie-1 GFP::H2B gene fusion, we ob-
served several striking differences. Maintenance of the
SS599 complex array line required growth at 25° and
selection of GFP-positive animals in each generation.
In this line, 26% of the animals expressed the Rol phe-
notype associated with the rol-6(sul006) cotransforma-
tion marker present in this array. A majority of the
animals with a strong roller phenotype expressed the
GFP::H2B transgene, although the expression pattern
varied in some animals, suggesting that silencing and/
or mosaic loss of the transgene was taking place. In
contrast, AZ212 could be maintained at all temperatures
between 15° and 25°, and 100% of the animals expressed
GFP in a consistent pattern. The ease with which inte-
grated lines can be obtained using microparticle bom-
bardment and the stability of germline expression in
these lines indicates that this technique is an improve-
ment over currently available methods for germline ex-
pression of transgenes in C. elegans.

DISCUSSION

This study has demonstrated that microparticle bom-
bardment is a simple and efficient technique for gener-
ating stable transgenic lines in C. elegans. We have found
that a substantial proportion of the transgenic lines
generated by microparticle bombardment contain a low
number of copies of the transforming DNA integrated
into a chromosome, resulting in stable transmission of
the transgenic DNA over many generations. A critical
factor in the success of this microparticle bombardment
transformation strategy is the use of a selectable cotrans-
formation marker to identify rare transformed animals
within the population of bombarded animals and their
descendants. For the experiments described in this arti-
cle, we bombarded unc-119 mutants with plasmids con-
taining an unc-119 rescuing fragment and were able to
identify transformed animals based on their ability to
survive starvation and on their non-Unc phenotype.

In some cases, the unc-119 gene may be an unsuitable
cotransformation marker due to interactions between
the unc-119mutant phenotype and the transgenic DNA.
In these instances it should be possible to use other
selectable markers, such as temperature-sensitive mu-
tants that are sterile or dead at the restrictive tempera-
ture. In preliminary experiments, we have found that
the dpy-20 gene can also be used to identify stable trans-
formed lines created by microparticle bombardment (S.
Kniss and J. AusTIN, unpublished results), confirming
that it is not essential to use unc-119 as the cotransfor-
mation marker.

The process by which chromosomal integration oc-
curs in C. elegans has yet to be elucidated. Previous work
had shown that creation of integrated lines containing
the sup-7suppressor tRNA occurred only when the trans-
forming DNA was injected directly into oocyte nuclei
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(Fire 1986). Similarly, the ability to introduce trans-
forming DNA directly into oocyte and germline nuclei
by microparticle bombardment may be critical for suc-
cessful integration of transgenic DNA. We originally
predicted that inclusion of sup-7 in the transformation
plasmid would be essential for selection of low-copy
integrants. We found, however, that we were able to
obtain integrants using transforming DNA that did not
contain sup-7, indicating this selection was not neces-
sary. Itis also clear that using unc-119as a cotransforma-
tion marker does not create a selection for low-copy
transformation, because we have also been able to use
it as a cotransformation marker in extrachromosomal
arrays created both by germline injection and by micro-
particle bombardment. These results suggest that intro-
duction of DNA into C. elegans by microparticle bom-
bardment inherently favors the creation of low-copy
chromosomal insertions.

The presence of nonrecombining DNA in some of
our lines, likely due to rearrangements associated with
the site of integration (ROSENBLUTH and BAILLIE 1981;
McKim et al. 1988; ROSENBLUTH et al. 1990; ZETKA and
Rosk 1992), suggests that integration occurs during the
process of repairing double strand breaks. It is not clear
whether or not microparticle bombardment plays a di-
rect role in this process, creating double strand breaks
or producing cell damage that induces DNA repair activ-
ity. In our experiments, the location of integration sites
for each of our transforming plasmids appears to occur
at random; we identified integration events on four
different chromosomes (I, III, IV, and V) and in some
cases have identified integration sites at different loca-
tions on the same chromosome. It should be noted,
however, that 5 of the 11 identified integration sites
map to LGIII, which is also the location of the cotrans-
formation marker gene unc-119. Additional experi-
ments will be required to determine if there are favored
sites for chromosomal integration and, if so, whether
sequences in the transforming plasmid play a role in
determining the site of integration for the trans-
forming DNA.

Using microparticle bombardment, we generated
lines that express GFP transgenes in reproducibly consis-
tent patterns in somatic tissues. In extrachromosomal
array lines, expression patterns can vary from animal to
animal due to mosaic loss of the array (STINCHCOMB et
al. 1985). In addition, it has been observed that lines
containing extrachromosomal arrays with the same
transgenic DNA can vary widely in their level of gene
expression relative to gene copy number (MACMORRIS
et al. 1994). These variations in the level of gene expres-
sion are likely the result of context-dependent gene
silencing, in which expression of tandemly repeated
sequences is repressed (KELLY et al. 1997). Mutations
in the tam-1 gene result in hyper-silencing of both extra-
chromosomal and integrated arrays, while endogenous
loci and complex arrays, which intersperse genomic and

transgene DNA, are able to express (HSIEH ef al. 1999).
This correlation between transgene copy number and
silencing indicates that gene silencing is regulated in a
copy-number-dependent manner. We have found that
in our low-copy integrated lines that express GFP trans-
genes, the level and pattern of GFP expression does not
vary from animal to animal. We propose that in these
lines, the number of transgene copies is insufficient to
activate context-dependent gene silencing in the soma.
As a consequence, the level of transgene expression in
these lines should more accurately reflect gene copy
number. Use of low-copy integrated lines should permit
expression of transgenes that are toxic when overex-
pressed as well as a more accurate analysis of protein
function in cases where overexpression may alter the
localization or regulation of the protein gene product.

We have found that low-copy integrated lines can be
used to express transgenes in the C. elegans germline as
well as in somatic tissues. Of five lines created using
microparticle bombardment that initially expressed a
pie-1-GFP expression construct in the adult germline,
three lines have continued to express the GFP transgene
for >20 generations. In the other two lines, we have
observed silencing of both unc-119rescuing activity and
transgene expression. Interestingly, the two silenced
lines have only a slightly higher number of copies of
the transgene than the lines that have continued to
express the pie-I-GFP expression construct. This correla-
tion between transgene copy number and germline ex-
pression suggests not only that the germline has a very
low threshold for multicopy sequences but also that it
is able to discriminate relatively small differences in
transgene copy number. This sensitivity of the germline
to copy number, due to germline-specific gene silencing
mechanisms (SEYpoUX and STROME 1999), helps to ex-
plain why it has been difficult to generate lines that can
consistently express transgenes in the germline. The
ability to generate stable lines with consistent germline
expression by microparticle bombardment represents
an improvement over current methods and should in-
crease the ability of researchers to investigate the regula-
tion of germline development and function.

The ability to create low-copy integrated lines will
dramatically increase the approaches available for analy-
sis of gene expression and function in C. elegans. Low-
copy integrated lines should express at levels close to
that of the corresponding endogenous genes, allowing
expression patterns and protein function to be deter-
mined more precisely. Previous work has shown that
integration of transforming DNA via homologous re-
combination can occur in C. elegans (BROVERMAN et al.
1993). Although integration by homologous recombina-
tion has been only rarely observed in C. elegans, a reliable
method for chromosomal integration of DNA may be
an important first step toward making homologous re-
combination a usable tool in this organism. Similarly,
the ability to create integrated lines should make it
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possible to use enhancer traps to identify gene expres-
sion patterns, a powerful approach for gene analysis
that has previously been hampered by the inability to
integrate reporter constructs into the C. elegans genome.
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