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Drosophila larvae are rapidly killed by food containing the
antibiotic G418. The bacterial gene for neomycin resistance
introduced in the genome by P-mediated transformation
renders larvae resistant to G418 and able to grow to fertile
adults. The neo gene transcribed from the herpes thymidine
kinase promoter gives low levels of resistance but high levels
can be obtaired using the 4sp70 heat-shock promoter. We
have constructed a vector for P-mediated transformation
which uses this finding to allow dominant selection of
transformed progeny. Features of this vector also facilitate
cloning and allow the rapid recovery of the inserted
transposon from transformed flies. We have also constructed
a cosmid vector for P-mediated transformation that incor-
porates the hsp70-neo gene.
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Introduction

The ability of P elements to transpose into sites in the genome
of Drosophila has made them valuable as a means of rein-
troducing cloned sequences into the organism (Rubin and
Spradling, 1982; Spradling and Rubin, 1982). P element
DNA, injected into the early embryo integrates into the
genome of germ line cells of the injected individual, (GO0).
Transformed flies are obtained from these germ cells in the
following generation (G1) with a frequency that varies, in our
hands, between 5 and 20%. That is, 5—20% of the survivor
GO flies give rise to at least one transformed fly in their pro-
geny.

P elements can act as carriers of DNA sequences to be
introduced in the Drosophila genome. The detection of trans-
formed individuals is possible if the DNA introduced con-
tains a gene producing an easily visible phenotype. In the case
of many genes of interest, this visible selection is not available
and large numbers of flies need to be individually tested by
genetic or biochemical means. To solve this problem, Rubin
and Spradling constructed a P-vector containing the rosy
gene which serves as a visible marker when the injected flies
carry a rosy~ mutation (Rubin and Spradling, 1983). The
adh gene has also been used as a marker to select transform-
ants (Goldberg er al., 1983). In this case also, mutant flies
need to be used and the selection can only be imposed on the
adult G1 flies.

In the present work we show that the bacterial neomycin
resistance gene (neo) can be used to render Drosophila larvae
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resistant to the antibiotic G418. We describe P element vec-
tors which carry the neo gene and include several features to
facilitate their use. The neo gene is driven by the Asp70 heat-
shock promoter which has been shown to function in a varie-
ty of organisms from Xenopus to man, while G418 is toxic to
yeast, fungi, algae, plant and animal cells (Jimenez and
Davis, 1980; Colbere-Garapin er al., 1981; Southern and
Berg, 1982). We suppose therefore that the hsp70-neo gene
would provide a good selective marker for a wide variety of
organisms.

P elements introduced by microinjection have been shown
to function in Drosophila hawaiensis (Brennan et al., 1984), a
species that does not normally contain them. This suggests
the possibility that they may also function in the germ line of
other insects, or even less related animals such as nematodes
or vertebrates. The availability of a dominant selection makes
this an easily testable possibility.

Results and Discussion
Sensitivity to G418

The aminoglycoside G418 is an antibiotic related to genta-
mycin, neomycin and kanamycin (Davies and Jimenez,
1980). In contrast to these, G418 seems to be universally tox-
ic: prokaryotic as well as eukaryotic cells are rapidly killed by
its ability to block protein synthesis.

To test the sensitivity of Drosophila to G418, equal
numbers of Canton S flies were allowed to lay eggs on stan-
dard Drosophila food supplemented with various concentra-
tions of the drug. The results, summarized in Table I show
that G418 kills larvae. At low concentrations some larvae sur-
vive to give adult flies. The survivors require nearly twice the
normal developmental time and remain small, with reduced
pigmentation but undiminished fertility.

In contrast, adult flies are relatively insensitive and begin to
be affected only after 6 — 10 days of subsistence on food con-
taining 1 mg/ml G418. This relative resistance allows parents
to lay eggs unaffected for several days.

Transformation to G418 resistance

G418 is inactivated by the phosphotransferase encoded by the
gene for neomycin resistance, neo, from the bacterial
transposon TnS (Davies and Smith, 1978). In an initial con-
struction, we isolated from plasmid pAG50 (Colbere-Garapin
et al., 1979) a fragment containing the neo gene lacking the

Table I. Survival of larvae on G418

G418 (ug/ml) S0 100 200 500 1000
survival (imagines) 10—30% S5—10% 0.1—1% 0% 0%
larval growth ++++ ++4++ 4+ + -

Standard Drosophila food was melted in a microwave oven, cooled to
40°C and supplemented with G418 at different concentrations. Survival at
25°C is expressed in terms of eclosing imagines while average larval growth
is indicated qualitatively.
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bacterial promoter but driven by the herpes thymidine kinase
(tk) promoter. We inserted this fragment into a
P-transformation vector and injected this construction into
Drosophila embryos. The progeny of the injected individuals
was tested for ability to survive on G418. In contrast to
unicellular organisms or cell cultures, antibiotic resistance of
a whole metazoan organism may be more difficult to achieve
since insufficiency in one essential tissue, for example the ner-
vous system, might still be lethal. To ensure survival we
would need the expression of the neo gene in all the cells of
the developing larvae or at least in the gut cells that process
the ingested food.

Using the tk promoter we obtained individuals resistant to
0.5 mg/ml G418 but the neo gene is apparently poorly ex-
pressed. The surviving larvae take several days more than
control larvae to reach pupal stages and are frequently small
and weak. Even at relatively low concentrations of G418
(0.5 mg/ml), transformed larvae have a high incidence of
mortality and may fail to survive altogether when hetero-
zygous for certain genetic markers or balancer chromosomes.
We conclude that the tk promoter is not sufficiently active in
Drosophila or at least not in all cells of the larva.

To increase the level of expression and, in particular to
guarantee expression in all tissues, we replaced the thymidine
kinase promoter with the Drosophila hsp70 heat-shock pro-
moter. We used a 456-bp Xba-Xmn fragment from the Asp70
gene, containing the promoter and 206 nucleotides of un-
translated leader sequence (Ingolia et al., 1980) which we had
previously shown to be heat inducible and expressed in all em-
bryonic cells upon induction (Steller and Pirrotta, 1984).

To select transformed progeny, flies were allowed to lay
eggs on food containing 1 mg/ml G418. The flies were then
removed and the eggs were given a brief heat shock (30 min,
37°C) shortly before hatching and every third day until they
climbed the walls to pupariate.

With this regimen we find that 10—-20% of the injected
adults give transformed progeny. The transformed larvae sur-
vive and pupariate as fast as control larvae. They appear
healthy, have a low incidence of mortality even in combina-
tion with balancer chromosomes and, in general, give rise to
normally fertile adults. Uninjected larvae subjected to the
same heat-shock regimen die on 1 mg/ml G418 during the
first instar stage.

At this concentration of G418, non-transformed larvae die
very early, allowing the screening of large numbers of em-
bryos without crowding. However, even large numbers of
resistant larvae do not consume or inactivate the G418 in the
food, as tested by its ability to kill bacteria or untransformed
larvae.

Heat shock-induced resistance

Resistant lines were established by crossing transformed flies
individually with flies carrying various balancer chromo-
somes and again selecting G418-resistant offspring. Genomic
Southern blot hybridization of five independent lines showed
that each contained a single As-neo transposon integrated at a
different chromosomal site. Northern blot hybridization of
one of these lines showed that the transcription of the neo
gene was undetectable at 25°C but was massively induced by
treatment at 37°C for 1 h (Figure 1).

We tested several transformed lines carrying the hs-neo
transposon in different chromosomal sites for survival of lar-
vae on 1 mg/ml G418 with or without heat shock, compared
with survival on normal food. In most cases, heat shock
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Fig. 1. Heat shock-induced transcription of the neo gene. Flies carrying a
precursor of the pUChsneo transposon, containing a 1.6-kb neo fragment
were homogenised without or immediately after heat shock for 1 h at
37°C. The total RNA was extracted as described by Steller and Pirrotta
(1984) and one fly equivalent of RNA was electrophoresed in a
formaldehyde-agarose gel, blotted onto a nitrocellulose filter and hybridised
with a probe including only the neo gene. Lane 1: not heat shocked, lane
2: heat shocked. The size of the heat shock-induced RNA species is ~2.4
kb, consistent with termination near the 3’ P terminal repeat [200 bp
hsp70 leader + 1600 bp neo + 400 bp P’3 and P'3 end + poly(A)*
tail]. The lower band seen in both lanes co-migrates with the rRNA and is
probably artifactual.

Table II. Survival of transformed lines on G418

line survivors (% flies)

+hs +hs —hs

- G418 +G418 +G418
F1 100% 70-90% 70-90%
F2 100% 50-70% 50-70%
Mi 100% 50-70% 40-60%
M6 100% 20-30% 1-5%

Approximately equal numbers of flies from four different transformed
lines were allowed to lay eggs for 2 days on normal food and on food con-
taining 1 mg/ml G418. The developing embryos were then given a heat-
shock treatment for 1 h at 37°C every other day until pupariation. The
yield of adult flies is given as percentage of the yield without selection.

results in survival of up to 9% of the progeny but, depen-
ding on the site of integration, equally good survival is ob-
tained even without heat shock. We know from other ex-
periments using the heat-shock promoter that, while induc-
tion can result in a several hundred fold increase in transcrip-
tion, the basal level of the promoter is significant (Steller and
Pirrotta, in preparation). Table II summarises the results ob-
tained with four transformed lines which represent the range
of G418 resistance observed.

In some of the transformants, the As-neo transposon was
apparently inserted in chromosomal sites less favourable to
expression. In these cases, neo RNA was barely detectable
even after heat induction and the larvae required heat-shock
treatment for good survival on G418. Since the heat-shock
regimen causes no detectable developmental abnormalities,
we recommend its use to avoid possible loss of these
borderline cases.

The pUChsneo transformation vector

We have incorporated the hs-neo construction in a transfor-
mation vector called pUChsneo. Figure 2 describes its restric-
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Fig. 2. The pUChsneo vector. The composition is indicated below the map showing restriction sites in the transposon. The P sequences on the left come
from the 5’ end of the p6.1 P element. They are joined to the Nar site of plasmid pUC8. The other Nar end of pUCS is attached to a 456-bp Xba-Xmn
fragment containing the hsp70 heat-shock promoter. The neo gene is in a Bg/ll-Sma fragment which lacks the bacterial promoter but includes the entire
coding region of the phosphotransferase. The P sequences on the right come from the 3’ end of the p6.1 P element. The two ends of the P element are
connected by ~500 bp of DNA derived from the white locus and present in the p6.1 clone. The polylinker contains unique EcoRI, Sma, Bam, Hindll and
Sal cloning sites. The Hindlll and Pst sites cannot be used for cloning since they cut elsewhere in the transposon.
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TTGCAAGCAG CAGATTACGC GCAGAAAAAA AGGATCTCAA GAAGATCCTT TGATCTTTTC TACGGGGTCT GACGCTCAGT CTCACGTTAG CGCTTTT CTGGATTCAT CGACTGTGGC CGGCTGGGTG TGGCGGACCG CTATCAGGAC ATAGCGTTGG CTACCCGTGA TATTGCTGAA
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GTCTGACAGT TACCAATGCT TAATCAGTGA TATC TCAGCGATCT GTCTATTTCG TTCATCCATA GTTGCCTGAC TCCCCGTCGT GTAGATAACT — TCTGAGCGGG ACTCTGGGGT TCGAAATGAC CGACCAAGCG ACGCCCAACC TGCCATCACG AGATTTCGAT TCCACCGCCG CCTTCTATGA AAGGTTGGGC
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ACGATACGGG AGGGCTTACC ATCTGGCCCC AGTGCTGCAR TGATACCGCG AGACCCACGC TCACCGGCTC CAGATTTATC AGCAATAAAC CAGCCAGCCG  TTCGGAATCG TTTTCCGGGA CGCCGGCTGG ATGATCCTCC AGCGCGGGGA TCTCATGCTS GAGTTCTICG CCCACCCOGA rccc}rc%mc GTATAACCAT
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GAAGGGCCGA GCGCAGAAGT GGTCCTGCAA CTTTATCCGC CTCCATCCAG TCTATTAATT GTTGCCGGGA AGCTAGAGTA AGTAGTTCGC CAGTTAATAG — CTGTACAAAA AAGGATTTCC TTTGCCCAGT CGTACGACTT TGTACAGATG GTTATCAGAT GTGGACATAA AAAGAGGATG TTTGGATGTG GTCATAGACC
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TTTGCGCAAC GTTGTTGCCA TTGCTACAGG CATCGTGGTG TCACGCTCGT CGTTTGGTAT GGCTTCATTC AGCTCCGGTT CCCAACGATC AAGGCGAGTT — TAATGGACAG TGATGGAGTT GATGACGCCG ACAAGCTTTG CGTACTCGCT CAAATTATTA AAAATAAAAC TTTAAAAATA ATTTCGTCTA ATTAATATTA
2310 2320 2330 2340 2350 2360 2370 2380 2390 2400 4910 4920 4930 4940 4950 4960 4970 4980 4990
ACATGATCCC CCATGTTGTG CAAAAAAGCG GTTAGCTCCT TCGGTCCTCC GATCGTTGTC AGAAGTAAGT TGGCCGCAGT GTTATCACTC ATGGTTATGG  TGAGTTAATT CAAACCCCAC GGACATGCTA AGGGTTAATC AACAATCATA TCGCTGTCTC ACTCAGACTC AATACGACAC TCAGAATACT ATTCCTTTCA
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 5010 5020 5030 5040 5050 5060 5070
CAGCACTGCA TAATTCTCTT ACTGTCATGC CATCCGTAAG ATGCTTTTCT GTGACTGGTG AGTACTCAAC CAAGTCATTC TGAGAATAGT GTATGCGGCG — CTCGCACTTA TTGCAAGCAT ACGTTAAGTG GATGTCTCTT GCCGACGGGA CCACCTTATG TTATTTCATC ATG
2510 2520 2530 2540 2550 2560 2570 2580 2590 2600 P3
ACCGAGTTGC TCTTGCCCGG CGTCAATACG GGATAATACC GCGCCACATA GCAGAACTTT AAAAGTGCTC ATCATTGGAA AACGTTCTTC GGGGCGAAAA

Fig. 3. Sequence of the pUChsneo transposon. The sequence starts from the 5’ end of the P element and does not include the 500 nucleotides joining the
two P ends. The double arrowheads indicate beginnings and ends of each constituent block and the terminal repeats of the P element are underlined. The P
element sequences were deduced from O’Hare and Rubin (1983), the Asp70 sequence from Ingolia er al. (1980), the neo sequence from Beck er al. (1982)
and the pUC8 sequence from Vieira and Messing (1982).
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tion map and its constitution while Figure 3 gives the
predicted nucleotide sequence of the transposon deduced
from its components. Note that the neo gene in this construc-
tion renders bacteria carrying pUChsneo resistant to
10 ug/ml kanamycin. This is not due to transcription starting
from the hsp70 promoter, which is inactive in bacteria, but
presumably to read-through from a plasmid promoter.

In contrast to the Carnegie vectors (Rubin and Spradling,
1983), pUChsneo includes the plasmid replicon and ampicil-
lin resistance gene within the P terminal repeats. As a conse-
quence of this design, these sequences also become integrated
in the genome of a transformed fly, allowing the recovery of
the inserted DNA by the ‘plasmid rescue’ method (Perucho er
al., 1980). Genomic DNA of the transformed fly is digested
with an enzyme that does not cut in the transposon, diluted
and ligated under conditions that allow circularisation of the
fragments. The ligation mixture is then used to transform
Escherichia coli hosts. This technique, described in more
detail by Steller and Pirrotta (in preparation), is useful to
isolate the sequences flanking the insertion site, to analyse the
inserted transposon for rearrangements, mutations etc.

The plasmid replicon, which consists of the pUCS8 vector
(Vieira and Messing, 1982) in its entirety, includes also the
lacZ fragment and polylinker cloning sites which facilitate the
identification of insertions on plates containing X-gal
(5-bromo-4 chloro-3-indolyl-3-galactopyranoside). Because
of the presence of HindllI sites in the P sequences, and of Pst
sites in the As-neo sequence, these two enzymes cannot be us-
ed for cloning although their sites are present in the poly-
linker.

The G418 selection is well suited for mass screening. By
eliminating untransformed individuals at a very early stage, it
allows the transformed ones to survive in uncrowded condi-
tions. Because G418 is a powerful antibiotic, it also protects
the food from contamination with mold or bacterial growths.
Most importantly, it does not require the use of mutant
strains for the selection of transformants. As a result, it could
be applied to other Drosophila species for which little or no
genetics may be available, to other insects and, in principle, to
any other organism in which P-mediated transposition can be
made to occur.

A cosmid transposition vector carrying hs-neo

P-mediated transposition allows the testing of a cloned DNA
fragment for its biological activity. If large genomic regions
could be tested by this method, chromosomal walks in search
of a gene of interest could be undertaken even in the absence
of any detailed molecular information or any means to iden-
tify the gene other than its biological function. We have con-
structed a cosmid vector whose cloning site is flanked by the P
terminal sequences. Genomic cosmid clones constructed with
this vector can be used directly for P mediated transforma-
tion.

As a starting point we took cos4, a cosmid vector previous-
ly used by Pirrotta ef al. (1983). Cos4 contains three \cos sites
for historical reasons, although only two are essential to its
design. To this vector, by a series of steps detailed in
Materials and methods, we added the 3’ P end from
Carnegie-1 and the 5’ P end from p6.1 (Rubin and Spradling,
1983). This yielded cos-P, a cosmid vector with a unique
BamHI site for cloning fragments generated by partial Sau3A
digestion, bracketed by the P ends. As reported elsewhere
(Haenlin et al., in preparation), we have used a cosmid clone
isolated in this vector to introduce a 43-kb DNA fragment
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Fig. 4. The cosPneo cosmid vector. The \ cos sites are indicated by small
black boxes. The dotted region represents sequences from the whife locus
flanking the insertion site of the P element in clone p6.1. The P sequences
are shown boxed in and bla indicates the 3-lactamase gene. The hsp70
promoter is directed away from the polylinker site and transcribes the neo
gene. The Hindlll, Pst and Sal sites cannot be used for cloning but the
Xba, Bam, Sma, Sst and EcoRl sites are unique.

containing the K10 female sterility locus into the\genome of
homozygous K10 flies, thus restoring fertility.

We then introduced the Asp70-neo gene into cos-P to ob-
tain cosPneo. A map of cosPneo indicating the constituent
elements is shown in Figure 4. Note that the Hindlll, Pst and
Sal sites in the polylinker cannot be used for cloning because
they are not unique. However the Xbal, BamHI, Smal, Sst
and EcoRlI sites are unique. To avoid possible interference
with the expression of cloned genes, the Asp70 promoter is
directed away from these cloning sites. Like pUChsneo,
cosPneo also renders bacteria resistant to kanamycin,
presumably due to transcription read through from the
plasmid region.

Embryos injected with cosPneo yield progeny transformed
to G418 resistance. Although we have not yet attempted
transformation with cosmid clones obtained with this vector,
we conclude that cosPneo is fully active both as a transposon
and as a selectable marker.

Materials and methods

The G418 used in these experiments was from a preproduction batch of the
Plough-Schering Co. and kindly supplied to us by A. Falaschi and G. Della
Valle. It can be obtained commercially from Gibco. Standard Drosophila
food was supplemented with G418 by melting it in a microwave oven, cooling
to 40°C and adding G418 at a final concentration of 50— 1000 ug/ml. The
G418 in the food remains active for at least 2 weeks when stored at 5°C.

Microinjection procedures were slightly modified from those described by
Steller and Pirrotta (1984). The principal difference was that the DNA solu-
tion was injected in the posterior quarter of the embryo. Plasmid transposon
DNA was co-precipitated with helper plasmid and resuspended in injection
buffer (5 mM KCl, 0.1 mM sodium phosphate, pH 6.8) at a final concentra-
tion of 500 ug/ml of transposon and 100 ug/ml helper DNA. As helper we us-
ed pr25wc (kindly supplied by G. Rubin) or phsw, a construction containing
the P coding region transcribed by the Asp70 heat-shock promoter (Steller and
Pirrotta, in preparation). Both helpers lack an intact P terminal repeat and are
unable to integrate.




Construction of vectors

The construction of the pUChsneo plasmid went through a number of inter-
mediates used for other purposes. The essential steps in the construction are
briefly summarised as follows. The 5’ P end comes from clone p6.1, up to the
Xmn site at position 538 in the P sequence (O’Hare and Rubin, 1983). The 3’
P end comes from the same clone, starting from the Xho site. The sequences
flanking the P element in p6.1 come from the white locus. They were joined
together by ligating the two Sal sites present in p6.1 and then partially deleted
by treatment with Ba/31. This eliminated the Sa/l site and the EcoRYV site and
reduced the white sequences to ~ 500 bp.

The entire pUC8 sequence (Vieira and Messing, 1982), starting from the
Narl site was attached to the Xmn site of the 5’ P end. The hsp70-neo gene
was constructed from a 456-bp Xba-Xmn fragment containing the Asp70 pro-
moter and 206 bp of the transcribed leader (Ingolia et al., 1980), ligated
through a Bam linker to a Bg/ll-Bam fragment containing the coding region
but not the promoter of the neo gene from the bacterial Tn5 transposon
(Jorgensen et al., 1979). The neo gene was subsequently reduced by excising
the Sma-Bam fragment at its 3’ end which does not contain neo coding se-
quences.

To construct the cosmid vector, the Xho-Sal fragment containing the 3’ P
end from p6.1 was cloned in the Sa/ site of pUC8 and then excised with Bam
+ Sal. This cosmid vector was assembled by a three-way ligation between this
fragment, a 4.7-kb Pvul-Sal fragment from cos4 containing the cos sites, the
plasmid replicon and part of the 3-lactamase gene and a 1.5-kb Pvul-Bam
fragment from Carnegie-1 (Rubin and Spradling, 1983) containing the rest of
the 3-lactamase gene, the 5 P end and part of the polylinker. The resulting
plasmid was converted to cosP by partial Pvull digestion and mild Ba/31
treatment to remove the Pvull site in the 5’ P fragment.

To generate cosPneo, we used the hsp70-neo gene which had been introduc-
ed into Carnegie-4 (Rubin and Spradling, 1983) as follows. An EcoRI-Sma
fragment containing the hsp70-neo gene was ligated to the EcoRI site of
Carnegie-4. The ligation was interrupted to fill in the remaining EcoRI ends
with DNA polymerase and then resumed to join the filled in EcoRl site to the
Sma end of hsp70-neo. The resulting clone, Cadhsneo provided a Hindlll
fragment containing part of the 5’ P end, the hsp70-neo gene and the
polylinker for ligation to cosP cut with HindlIl. The resulting plasmid, with
the fragment inserted in the correct orientation to regenerate a S’ P end, is
cosPneo.
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