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Abstract The nematode Caenorhabditis elegans has
been used to study genetics and development since the
mid-1970s. Over the years, the arsenal of techniques
employed in this field has grown steadily in parallel with
the number of researchers using this model. Since the
introduction of C. elegans transgenesis, nearly 20 years
ago, this system has been extensively used in areas such as
rescue experiments, gene expression studies, and protein
localization. The completion of the C. elegans genome
sequence paved the way for genome-wide studies requiring
higher throughput and improved scalability than provided
by traditional genetic markers. The development of anti-
biotic selection systems for nematode transgenesis
addresses these requirements and opens the possibility to
apply transgenesis to investigate biological functions in
other nematode species for which no genetic markers had
been developed to date.

Keywords Caenorhabditis elegans - Nematodes -
Antibiotics - Transgenesis - Genetics - Model organisms

Introduction

Since Sydney Brenner deliberately chose Caenorhabditis
elegans as a simple multicellular eukaryotic model
organism [1], the number of researchers using this model
has steadily grown. Over the past four decades, the worm
has become a powerful system with which to study a large
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spectrum of biological processes in many fields, such as
genetics, development, aging, neurobiology, immunology,
and evolution [2]. The success of C. elegans is due to
favorable characteristics with respect to laboratory study
(including small size, 3 day life cycle, self-fertilization,
several hundred progeny, ease of cultivation, and cryo-
preservation), a completely sequenced genome, and last but
not least, the ease of DNA transformation. Since its
development in the 1980s [3], DNA transformation of
C. elegans has proven to be an extremely powerful tool to
study gene function in the nematode, and it rapidly became
an invaluable technique of C. elegans research.

C. elegans transgenesis: what for?

Transgenesis of C. elegans has been widely used for
various purposes: to validate gene function by rescuing a
mutant phenotype using a wild-type copy of the DNA
[4-6], to study gene expression patterns without the need to
obtain specific antibodies [7-11], to interfere with biolog-
ical processes by overexpression or ectopic expression of
wild-type or mutant genes [9], to analyze the site of gene
action by mosaic analysis [12, 13], and also to screen for
regulatory promoter sequences using a promoter-trap
approach [14]. With the introduction of the green fluores-
cent protein (GFP) in 1994 [10], C. elegans transgenesis
gained in popularity and found new applications [15]. The
animal’s transparency and thin diameter (70 um) allow
the direct visualization of GFP and GFP variants in live
animals. As a result, some otherwise tedious studies became
easier to achieve, for example, the study of gene expression
patterns in living animals [16, 17], the localization of
proteins to specific cells and subcellular compartments
[18-20], and the study of spatial relationships of individual
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cells [21], an achievement only previously possible through
electron-micrograph reconstructions [22]. After the com-
pletion of the C. elegans genome sequence [23], large-scale
projects also benefited from reporter genes and the ease of
C. elegans transgenesis. The generation of hundreds of
reporter gene fusions also allowed the analysis of DNA
sequences and gene expression patterns at a genomic scale
[24-27]. In short, transgenesis is an indispensable tool for
almost every study of C. elegans biology.

C. elegans transgenesis: how?

Stable transformation of C. elegans was first achieved by
microinjection of the DNA of interest into the syncytial
gonad of the hermaphrodite [3, 28]. Exogenous DNA
(plasmid or PCR product) is directly introduced into the
cytoplasm of the germline. Then, as individual oocytes
separate from the syncytium, it is incorporated into fertil-
ized eggs. The exogenous DNA undergoes intermolecular
ligation leading to the formation of tandem repeats of about
80-300 plasmid copies, also referred to as multicopy
extrachromosomal arrays [3, 28]. These arrays are semi-
stable, thus displaying non-Mendelian segregation and
leading to mosaic animals. An array that is transmitted to
the F, generation is generally inherited by the following
generations with a characteristic transmission rate ranging
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from 10 to 90% [28] (Figs. 1, 2). It is also possible to inject
the DNA of interest with high concentrations of single-
stranded oligonucleotides containing 50 bases [28]. Oligo-
nucleotides seem to promote integration of the plasmid into
the genome in a random fashion, leading to stable integrated
lines. However, integrants are obtained at low frequency
ranging from 1 in 20 to 1 in 100 integrants per injected
parent, making the technique relatively inefficient. Another
variant consists of injecting the exogenous DNA directly
into oocyte nuclei [29]. This technique combined with the
use of poisonous DNA sequences that are lethal at high
copy number leads to the formation of low-copy extra-
chromosomal arrays or the random integration of a low-
copy number of the transgene into the genome. Although
strains obtained by this method are stable, injection into the
nuclei of oocytes is technically difficult and integrants are
obtained at a comparatively low frequency.

A second technique for C. elegans transgenesis, micro-
particle bombardment [30, 31], was popularized about
10 years ago and is a relatively easy method for the gener-
ation of integrated lines. With the use of commercially
available particle delivery systems, it is possible to bombard
more than 100,000 worms at a time with DNA-coated beads.
Transgenic animals are identified through unc-119(ed3)
rescue, a gene marker that allows for the partial selection of
transgenic animals in starvation conditions where mutants
are dying due to their inability to enter the Dauer stage
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Fig. 2 Hands-off maintenance
of an extrachromosomal

C. elegans line on antibiotic-
selective medium. An
extrachromosomal C. elegans
line carrying the NeoR
nematode cassette and a ,myo-
2::gfp reporter (worms carrying
pmyo-2::gfp express GFP in the
pharynx) amplified on a plate
without G-418 (left) and on a
plate supplemented with G-418
at the critical concentration
(selective plate) (right). After
several generations and in the
absence of a selective agent, the
extrachromosomal array is lost
and transgenic animals are rare
(left) while on selective plates
wild-type worms are eliminated
at the L1 stage and the
transgenic population is
enriched without manual
maintenance

Brightfield

GFP

(worms in this state of diapause and dormancy are able to
survive in starvation conditions) [32]. Transgenic worms
obtained this way also carry extrachromosomal arrays, but
random integration events are observed in around 1/4 to 1/8
of the transgenic lines thus obtained [26, 30]. These lines
carry a lower copy number of the transgene than lines
carrying extrachromosomal arrays.

C. elegans genetic markers

Three main issues arise during the establishment and
analysis of transgenic C. elegans: (1) the identification of
transformed animals in the F; generation, (2) the mainte-
nance of nonintegrated transgenic lines, and (3) obtaining
large numbers of transgenic animals to carry out further
experiments. The identification of transformed animals is
achieved by the use of transformation markers that are
co-injected with the DNA of interest. Co-injected DNAs
contribute to the extrachromosomal array in proportions
relative to their concentration in the injection mix [28]. In
the case of microparticle bombardment, the transgene and
transformation marker are generally carried by the same
plasmid [30]. Transformation markers belong to three
different categories. The first group includes the rescue of
nonlethal mutations by wild-type copies of the corre-
sponding gene, such as rescue of dpy-20(el282ts),
dpy-5(e907) (both Dumpy) [33, 34], pha-1(e2123ts)

G-418 resistant line
on a non-selective plate

G-418 resistant line
on a selective plate

NER

" soopm

(embryonic lethal at 25°C) [35], lin-15(n765ts) (multivulva
at 22.5°C or higher temperatures) [36], and unc-119(ed3)
(uncoordinated and unable to enter Dauer stage upon
starvation) [32]. Secondly, there are dominant phenotype
markers such as unc-22 antisense DNA, which leads to
lower mobility, twitching, and egg-laying defect [37], and
rol-6(sul006), a gain of function mutation that results in a
right-hand roller phenotype [28]. The final category con-
sists of fluorescent reporter constructs, such as sur-5::gfp
(expresses GFP in all cell nuclei) [13] or myo-2::gfp
(expresses GFP in the pharynx) [38]. All these genetic
markers have their own relative advantages and limitations.
Rescue of nonlethal mutations requires the use of specific
mutant strains that are often more difficult to inject than
wild-type animals. Dominant phenotype markers confer
phenotypes that may interfere with subsequent experiments
and may not be compatible with every mutant background.
Finally, most transformation markers do not provide a
selective advantage over the wild-type population, thus
requiring hands-on maintenance of nonintegrated trans-
genic lines. A few exceptions to the latter are pha-1 and
unc-119, which allow a partial positive selection of trans-
genic animals. However, the selective capacity of pha-1 is
limited to specific temperatures [35, 36], and unc-119 can
only provide a selective advantage in starving conditions
[30] (Table 1).

The limits of these selectable markers make most non-
integrated lines unsuitable for experiments where a large
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Table 1 Genetic markers for C. elegans transformation

Marker Recipient strain Selection Picking Final phenotype
Phenotypic rescue
unc-119* unc-119 -/- Upon starvation™ Yes Rescued*
pha-1 pha-1 -/- Selective temperature* No* Rescued*
dpy-5 dpy-5 -/- No Yes Rescued*
dpy-20 dpy-20 -/- No Yes Rescued*
lin-15 lin-15-/- Selective temperature* Yes Rescued*
Dominant phenotype
unc-22 unc-22 wt No Yes Mutant
rol-6™" rol-6 wt No Yes Mutant
Fluorescent markers
GFP*® GFP—* No Yes GFP +
Antibiotic resistance
NeoR* G-418 sensitive +G-418* No* Wt or mutant®*
PuroR* Puromycin sensitive +Puromycin* No* Wt or mutant®*

Asterisks indicate advantageous features
* Also amenable for Caenorhabditis briggsae transformation

° Equivalent markers exist for Pristionchus pacificus

¢ Antibiotic resistance markers do not rely on endogenous nematode genes, they can therefore be used on wild-type animals as well as any

mutants of interest without changing the initial phenotype

number of transgenic worms is needed, for example, for
protein purification [39]. Therefore, past researchers
wanting to perform biochemistry on transgenic animals had
to generate integrated transgenic lines.

Genomic integration of transgenes

The most popular technique to obtain integrated lines, apart
from microparticle bombardment as mentioned above, is
via mutagenesis-induced integration [40]. After exposure
of nonintegrated lines to X-rays or gamma-rays, extra-
chromosomal arrays can be incorporated into the genome
in a random fashion. However, as with all random inte-
gration events, there may be accompanying modifications
of the expression of the array by genomic enhancers, a
mutant phenotype may be caused by integration at a par-
ticular loci, and because other mutations can be introduced
by the mutagenesis procedure, all integrants have to be
backcrossed several times after integration, making the
technique tedious and time-consuming.

A new method for transgene integration was recently
developed that allows the insertion of a single copy of a
transgene into a defined site [41]. This method, called
MosI-mediated single-copy insertion (MosSCI), is based on
the use of the fruit fly transposon Mos/ and its mobilization
by a transposase (Fig. 3). Briefly, a C. elegans strain car-
rying a single insertion of Mosl is injected with a
transposase source, a repair template vector carrying the
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transgene, and transformation markers for the identification
of worms carrying the extrachromosomal array thus
formed. The repair template is composed of the gene of
interest and a co-insertion marker, both flanked by 1.5 kb of
genomic DNA corresponding to the right and left sequences
adjacent to the Mos] insertion locus. After expression of the
transposase, Mosl excision creates a double-strand break in
the genomic DNA that is repaired by gene conversion using
the repair template in the extrachromosomal array, leading
to the insertion of the gene of interest and the co-insertion
marker into the genome. Insertion events can then be dis-
tinguished from nonintegrated transgenes by identifying
animals expressing the co-insertion marker while lacking
the transformation markers contained solely in the extra-
chromosomal array. Because the technique has been
developed using unc-119(ed3) rescue as a co-insertion
marker, the strains carrying the desired Mos/ insertion have
to be previously crossed with wunc-119(ed3) [41]. This
method, therefore, is not suitable for cases where the
unc-119 (ed3) mutant background may interfere with the
study or if the desired Mos! insertion site is too close to
the unc-119 locus [42].

The creation of integrated lines, no matter the technique
of choice, represents a laborious process. Most of the dif-
ficulties inherent in the generation of integrated transgenes
in C. elegans can potentially be avoided if a transformation
marker could provide a direct selective advantage when
present in extrachromosomal arrays without requiring any
specific genetic background.
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Antibiotic markers

Antibiotics, combined with antibiotic resistance genes,
have been widely used as genetic selection systems in
transformation processes. Antibiotic selection was first
developed for bacteria in the 1970s and rapidly proved its
usefulness for molecular biologists [43]. Thanks to the
availability of broad-spectrum antibiotics, this stringent
selection system was expanded to simple eukaryotic model
organisms, and although most antibiotic resistance genes
are of bacterial origin, they were easily adapted to
eukaryotes by using 3’ and 5 untranslated regulatory
sequences [44]. Indeed, antibiotic selection systems have
been developed for yeast [45-48], mammalian and insect
cells [49-54], plant cells [55-57], fungus [58-61], amoeba
[62], and protozoans [63—66]. In 1985, Steller and Pirrotta
[67] used the broad-spectrum antibiotic G-418 and its
corresponding resistance gene to select transformed Dro-
sophila larvae and thus demonstrated that it was also
possible to expand antibiotic resistance to metazoans. The
resistance gene was expressed under a drosophilid
promoter, and the progeny of injected individuals were
selected at the larval stage in the presence of food
containing the antibiotic. At a concentration lethal for
wild-type larvae, transformed larvae were able to grow as
fast as untransformed individuals in the absence of the
drug. This system was shown to be a fairly efficient method
to avoid mass screening for transgenic individuals in
Drosophila and inspired its use for nondrosophilid insect
transformation. Attempts were made to use this system for
three different species of mosquitos [68—70], a Mediterra-
nean fruit fly, and a migratory locust [71] for which genetic
markers were not available at the time. In all of these
experiments, antibiotic selection highly reduced the size of
the population to screen, and transgenic individuals could
be found in the resistant pool. However, the presence of
numerous false positives (nontransgenic resistant individ-
uals) warranted verification of transformation events by
molecular biology methods. Since conditions for a strict
selection of transgenic insects could not be determined, the
method was not further developed. Yet, this work dem-
onstrated that antibiotic resistance markers provide a
versatile transformation system compatible with metazoan
transgenesis and allowing the elimination of most
nontransformed individuals.

Antibiotic markers for C. elegans

As with other metazoans, nematodes are sensitive to broad-
spectrum antibiotics, such as G-418, puromycin, and
phleomycin [72, 73]. G-418 and puromycin interfere with
the function of ribosomes and block protein synthesis in

eukaryotes and prokaryotes [51, 74], while phleomycin
inhibits DNA synthesis, again both in eukaryotes and pro-
karyotes [75]. G-418 has been shown to be toxic to
C. elegans in liquid and solid culture at concentrations
higher than 0.1 mg/ml [72, 73]. As had already been shown
in Drosophila [67], hatchlings are more sensitive to the drug
than young adults, probably due to a higher dependency
on their protein synthesis machinery for development.
Accordingly, Giordano-Santini and co-workers defined a
critical concentration of G-418 for solid culture (0.4 mg/ml),
at which L1 larvae are unable to develop and die after a few
days while young adults are unaffected and are able to lay
eggs. Puromycin is also toxic to C. elegans both in liquid and
solid culture, at concentrations similar to that of G-418 [73].
Finally, the sensitivity of C. elegans to phleomycin has so far
only been shown in liquid culture and is relatively low,
presumably because cells in intact worms are relatively
inaccessible to the drug [73]. This finding is supported by the
observation that the addition of mild detergents in liquid
culture enhances nematode sensitivity to all three tested
antibiotics [73].

Once sensitivity had been established, antibiotic resis-
tance genes were adapted for their expression in C. elegans
[72, 73]. Antibiotic resistance cassettes for nematodes are
composed of three elements: (1) a strong endogenous
promoter from a gene with an ubiquitous expression
pattern, to allow for continuous gene expression in all
tissues (this ensures the detoxification of every cell during
development, regardless of the drug intake pathway),
(2) the corresponding antibiotic resistance gene, and
(3) an endogenous 3’ untranslated region (UTR) to ensure
efficient processing of transcripts and mRNA stability.
Following this scheme, the puromycin N-acetyl-transferase
(PuroR) and the aminoglycoside phosphotransferase 3'(II)
(NeoR) genes, which detoxify puromycin and G-418
respectively, were put under the control of promoters for
C. elegans ribosomal protein genes, rpl-28 and rps-27, and
included well characterized endogenous 3" UTR. C. ele-
gans transformed with ,rpl-28::PuroR::3' UTR let-858 and
pIps-27::NeoR::3' UTR unc-54 are resistant to puromycin
and G-418, respectively [72, 73]. Indeed, C. elegans car-
rying extrachromosomal arrays containing these cassettes
as well as single copies of the genes are able to survive and
proliferate in the presence of lethal concentrations of
antibiotics. This procedure enables the use of antibiotic
resistance cassettes as selection markers for nematode
transgenesis [72, 73].

A stringent and convenient selection
When transforming C. elegans by microinjection, only a

part of the F; progeny carries the exogenous DNA. The
percentage of transgenic F; can vary depending on the
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skills of the researcher, but rarely exceeds 20 transgenic F,
per injected P, parent. Thus, when using nonselective
transformation markers, large populations have to be
screened under the dissecting microscope to look for
transgenic individuals. Since extrachromosomal arrays are
semi-stable, transgenic worms have to be manually selec-
ted under the microscope in order to maintain
nonintegrated lines (Fig. 1).

By contrast, selection after microinjection of transgenic
F, worms carrying antibiotic resistance cassettes can be
done on NGM plates supplemented with antibiotic at the
critical concentration (selective plates) (Fig. 1) [72]. In this
condition, injected P, parents are able to lay eggs, and
while wild-type L1 do not develop and die after a few days,
transgenic L1 are able to reach adulthood. After isolation
of adult F; onto new selective plates, it is possible to
identify at a glance plates in which transmission of the
array occurred, as only transgenic worms can give rise to
mixed-stage populations. Similarly, nonintegrated lines can
be easily maintained on selective plates without the need to
manually pick transgenic individuals [72, 73]. They can be
maintained endlessly by chunking from plate to plate when
food is depleted. In short, antibiotic markers allow a clear-
cut selection of transgenic F; and hands-off maintenance of
nonintegrated lines (Table 1).

Antibiotic selection can thus be used to rapidly obtain
large pure populations of transgenic worms as required for
biological assays [72, 73]. Nonintegrated transgenic pop-
ulations can be enriched in the presence of antibiotics in
solid and liquid culture. On selective plates, it is possible
to accumulate several generations until food depletion and
obtain almost pure populations with all developmental
stages from L2 to adults. Only arrested and dead wild-type
L1 accumulate on these plates. It has been shown that
enrichment of transgenic populations from L2 to adults
can reach >93% on average, independent of the trans-
mission rate [72]. Another method of enrichment is with
selection in liquid medium from a mixed population of
synchronized transgenic and wild-type L1. The selection
process consists of a 4 day incubation in liquid NGM or
M9 buffer supplemented with the corresponding antibi-
otic, in the presence or absence of food [73]. Because
worms can be incubated at high densities (up to 50 worms
per pl), large transgenic populations can be obtained in
cultures of a few milliliters in less than a week, without
the need for sophisticated equipment or tedious manipu-
lation. Enriched synchronized populations thus obtained
can be transferred to nonselective plates for further
experiments in cases where the presence of the antibiotic
might interfere with experimental procedures. Selection of
nonintegrated transgenic worms using antibiotic resistance
has been shown to be as efficient as using integrated lines
in the context of quantitative RT-PCR experiments
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measuring the expression levels of a heat-shock-inducible
transgene [73].

There is no indication that antibiotic resistance markers
have any detrimental effects on nematodes. No phenotypic
abnormality has been observed after G-418 or puromycin
selection over several generations, aside from a slight delay
in the development of resistant worms from L1 to adult-
hood on selective medium, as occurs with other mutant and
transgenic lines [72, 73]. G-418 and puromycin do not
seem to cause harm to worms that are properly protected by
the corresponding resistance gene. The only adverse
phenotypes observed so far are germline morphological
defects and lower fertility in some animals carrying a high
copy number of NeoR resistance cassette [72]. This
phenotype seems to be avoided by the use of small doses
of the resistance cassette in the injection mixture that is
sufficient to insure proper G-418 protection [72].

MosSCI-biotics: antibiotic resistance cassettes
as co-insertion markers for single-copy integration

While the use of antibiotic markers makes extrachromo-
somal array strains convenient and easy to manipulate,
there may be cases where integration of a low copy number
of the transgene may be desirable. Integration indeed pre-
vents mosaicism [3], overexpression due to high copy
number of the transgene [4], silencing in the germline [76],
and changes in the expression of the transgene over several
generations [30, 76, 77]. Each of these limitations can be
avoided using different methods, but single-copy insertion
of the gene of interest by MosSCI has been shown to
sidestep all of these limitations at once (Fig. 3) [41].

MosSCI has been developed using wunc-119 as
co-insertion marker (see above), and therefore recipient
strains carrying Mosl insertion also need to carry the unc-
119(ed3) allele. Two intergenic Mosl insertion sites have
been used to date, for which repair template vectors
carrying unc-119 were created [41]. In theory, every Mosl
intergenic insertion from NemaGENETAG, a library of
Mosl single copy insertion lines [42] could be used for
gene conversion and single-copy integration. However, the
use of unc-119 as a co-insertion marker necessitates the
introduction of unc-119(ed3) in the genetic background
beforehand.

Almost every step of the MosSCI protocol can be
facilitated by the use of antibiotic resistance systems
(Fig. 4) [72]. First, every Mosl recipient strain from
NemaGENETAG can be used without the need for crossing
into an unc-119 mutant background, making host strains
easier to amplify and to inject. Second, when using the
transposase source under the control of a heat-shock pro-
moter (heat shock protocol [41]), large populations of
nonintegrated adults can be easily obtained for heat-shock
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Fig. 3a—d Transgene integration by Mosl/ single-copy insertion
(MosSCI) mechanism. The main steps of MosSCI are represented.
On the right is a schematic view of the expression profile of the worm
at each step. a Extrachromosomal array formation: a C. elegans strain
carrying a single characterized insertion of Mosl is injected with a
transposase source, a repair template vector, and genetic markers for
the identification of worms carrying the extrachromosomal array. The
repair template is composed of the gene of interest and a co-insertion
marker, both flanked by 1.5 kb of genomic DNA corresponding to the
right (R) and left (L) sequences flanking the MosI insertion locus.

by hands-off enrichment on selective medium. Third,
screening for insertion events is done in populations that
are not crowded by nontransgenic animals, thus reducing
screen populations (when using unc-119, insertion events
can be isolated after selection under starvation condi-
tions—unc-119(ed3) individuals can not enter Dauer
stage—but the procedure implies longer culture times).
Finally, once an insertion event is isolated, worms obtained
by MosSCI-biotic do not carry the unc-119(ed3) allele.
Some further experiments may be simplified by this
feature, for example, genetic crosses. Worms carrying
unc-119 as a co-insertion marker can only be crossed with
other unc-119 mutant strains in order to allow phenotypic
selection. On the other hand, antibiotic-resistant lines are
convenient to cross with most strains, and selection is
easily accomplished using selective plates. The availability
of different antibiotic markers makes possible the use of
multiple-resistance selection (i.e., when crossing a puro-
mycin resistant insertion strain with a G-418 resistant
insertion strain, double-resistant progeny should be easily

gene of interest co-insertion marker

extrachromosomal array

Chromosomal DNA | [}

a4

b Expression of the transposase: Mos! excision by the transposase
creates a double-strand break in the genomic DNA. ¢ Gene conver-
sion: the double-strand break is repaired by gene conversion using
the repair template in the extrachromosomal array, leading to the
insertion of the gene of interest and the co-insertion marker into the
genome. d Loss of the extrachromosomal array: insertion events are
discriminated from nonintegrated transgenes by identifying animals
expressing the co-insertion marker but lacking the transformation
markers contained solely in the extrachromosomal array. Adapted
from [41]

Chromosomal DNA | [}

selected on G-418/puromycin plates). The combination of
MosSCI and antibiotic selection systems (MosSCI-biotic)
represents a convenient and effective single-copy insertion
system. Indeed, the benefits of antibiotic selection also
extend to single-copy transgene applications and should
contribute to the development of more flexible and efficient
techniques for nematode transgenesis.

More recently, another method has been developed that
takes advantage of the Mosl excision-repair process to
delete up to 25 kb of genomic DNA flanking the Mosl
insertion site [78]. The method is called MosI-mediated
deletion (MosDEL) and has been designed to create gene-
specific knockouts and simultaneous insertion of a positive
selection marker. Methods to obtain knockout worms by
MosDEL are very similar to those of MosSCI. Again,
unc-119 has been used as a marker for insertion and for
positive selection of knockout animals. Therefore, as with
MosSCl, a C. elegans strain carrying the MosI insertion at
the desired site has to be first crossed in the unc-119(ed3)
mutant background. But, while with MosSCI the

@ Springer



1924

R. Giordano-Santini, D. Dupuy
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Fig. 4a—d Comparison between MosSCI using unc-119 as co-inser-
tion marker (left) and MosSCI-biotic (right). The use of antibiotic
resistance genes as co-insertion markers facilitates almost every step
of MosSCI. a, b Every Mos]1 recipient strain from NemaGENETAG
can be used without the need to cross into an unc-119 mutant
background, making host strains easier to amplify and to inject.

integration site was chosen to be intergenic, in MosDEL
the transposon is by definition located near a gene locus
and either its insertion or the desired deletion may have
phenotypic effects susceptible to interaction with the
unc-119(ed3) background. Replacing unc-119 with an
antibiotic resistance cassette as a marker should therefore
dramatically enable MosDEL applications.

Application to other nematodes

The tremendous power of C. elegans as a genetic model
comes from the accumulated knowledge and tools assem-
bled by the research community over several decades. If
similar tools could be developed for a number of the great
variety of known nematode species it would provide an
extraordinary opportunity to study the evolution of bio-
logical processes. While the process of gene discovery in
free-living and parasitic nematodes has been greatly
accelerated by an increasing number of nematode genome
sequences, transgenesis techniques allowing functional
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¢ When using the transposase source under the control of a heat-shock
promoter, large populations of nonintegrated adults can be easily
obtained for heat-shock by hands-off enrichment on selective
medium. d When using an antibiotic resistance gene as co-insertion
marker, screening for insertion events is done in smaller populations
that are not crowded by nontransgenic worms

genetic studies have only been developed for a few nem-
atode species. One of the major obstacles for the
development of transgenesis techniques has been the lack
of suitable transformation markers in species other than
C. elegans and Caenorhabditis briggsae.

Developing genetic markers based on fluorescent
reporters [79, 80], mutant strains, or dominant alleles [80]
for new species usually implies extensive genetic analyses.
On the other hand, antibiotic resistance genes can be used
as transformation markers without the prerequisite for any
specific genetic background. It has been shown that several
nematode species including helminth parasites are sensitive
to broad-spectrum antibiotics [72, 81]. Antibiotic resis-
tance markers might therefore prove useful for researchers
wanting to develop projects on nematodes lacking the
C. elegans transgenesis toolbox. Indeed, G-418 and puro-
mycin resistance cassettes have been shown to work also in
C. briggsae [72, 73]. The use of NeoR and PuroR driven by
C. elegans regulatory sequences in C. briggsae likely
indicates that these cassettes might be used in any species
from the Caenorhabditis familiy. Moreover, C. elegans
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regulatory sequences of let-858, hsp-16, and unc-54 genes
have been shown to work in more distant species such as
Parastrongyloides trichosuri [82] and Heterorhabditis
bacteriophora [83], suggesting that antibiotic resistance
cassettes within C. elegans 5 and 3’ regulatory sequences
might also be expressed in other nematodes. For more
distantly related species where the activity of C. elegans
regulatory sequences is not preserved, the use of endoge-
nous regulatory sequences should enable the use of these
selection systems [79, 80]. With an increasing interest in
using nematodes as a model for evolutionary biology and
the need for reliable transgenesis techniques for parasitic
nematodes, the availability of such versatile markers will
be highly advantageous. The demonstration that it is pos-
sible to use antibiotic systems as genetic markers for
metazoan transgenesis might also open opportunities to
develop new avenues for genetic studies in previously
inaccessible small model organisms, maybe even outside of
nematodes. Indeed there is a growing interest in developing
transgenesis techniques for a variety of metazoan species
such as Ciona intestinalis, Plasmodium falciparum, and
silkworms [84—-88].

Conclusion

Antibiotic resistance markers provide a new approach to
nematode transgenesis forming a new category of trans-
formation markers that circumvent most of the limitations
previously displayed. They provide a strongly selectable
advantage in normal growth conditions at permissive
temperatures, they do not require specific mutant back-
grounds, and they do not have any detectable detrimental
effects on transgenic nematodes that are properly protected
by the resistance cassette. They allow clear-cut selection of
transgenic individuals from the F; generation, hands-off
maintenance of nonintegrated transgenic lines, and the
creation of large populations of transgenic individuals
without tedious manipulation or sophisticated equipment.
In a nutshell, extrachromosomal lines carrying antibiotic
selection markers present the advantages of integrated lines
but can be obtained more rapidly. Moreover, resistance
cassettes also work in the context of single-copy insertions,
making these markers compatible with transposon exci-
sion-repair methods.

To make full use of this new category of transformation
markers, antibiotic selection should be adapted to micro-
particle bombardment. This could greatly facilitate the
development of biolistic transformation in nematodes
lacking nonlethal mutation rescue markers such as
unc-119(ed3). So far, early attempts to use resistance cas-
settes as a selection system for microparticle bombardment
have failed because clear-cut selection cannot be obtained

in excessive crowding conditions [72]. Still, it is possible
that the development of adapted procedures could bring
together antibiotic selection and microparticle bombard-
ment in the future.

So far, only G-418 and puromycin and their corre-
sponding resistance genes have been used as selective
markers for nematode transgenesis. The sensitivity of wild-
type nematodes to other antibiotics, potentially in combi-
nation with mild detergents, should allow the development
of new antibiotic selection markers for nematodes. For
instance, a new C. elegans cassette is available, ,rpl-
28::ZeoR::3'UTR let-858, that could be used to confer
resistance to phleomycin in wild-type worms and should
provide all the advantages of antibiotic selection already
described (Semple and Lehner, personal communication).
Following the methodology defined for the development of
G-418 and puromycin selection systems, the resistance
markers toolkit should be easily expanded to other drugs
and other organisms [89].
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