
the heparin-antithrombin system is impor- 
tant in the balance between procoagulant 
and anticoagulant pathways on the vessel 
wall. The results of the present in vitro study 
suggest, however, that under certain condi- 
tions, the binding of antithrombin by hepa- 
rin could lead to a potentially opposing 
outcome. The participation of heparin in the 
inactivation of antithrombin by elastase rep- 
resents an unex~ected action for this antico- 
agulant. A similar occurrence on in vivo 
surface-bound heparin could lead to a local- 
ized reversal of the nonthrombogenic char- 
acter of the vascular endothelial fining. 
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Stable Integration and Expression of a Bacterial 
Gene in the Mosquito Anopheles gambiae 

Foreign DNA was successfully introduced into the germline of the Mican mosquito 
vector of malaria Anupbelesgambk. Stable integration of genes into the germlines of 
insects had been achieved previously only in Drosophila melatwgaster and related species 
and required the use of the P element transposon. In these experiments withAnopheles 
gamtriac, the plasmid pUChsneo was used, which contains the selectable marker neo 
gene flanked by P element inverted repeats. Mosquitoes injected with this plasmid 
were screened for resistance to the neomycin analog G-418. A single event of plasmid 
insertion was recovered. Integration appears to be stable and, thus far, resistance to G- 
418 has been expressed for eight generations. The transformation event appears to be 
independent of P. 

T HE WORLDWIDE RESURGENCE OF 

malaria is due in part to drug resist- 
ance in the malaria parasite and in- 

secticide resistance in the anopheline mos- 
quito vectors. The development of control 
schemes based on genetic modification of 
the capacity of vector populations to trans- 
mit malaria ( I )  may eventually provide alter- 
natives to traditional control methods. To 
achieve this goal, it will be necessary to 
develop methods for the physical introduc- 
tion of genes into mosquito lines. This will 
make it possible to evaluate the effects of 
potentially parasiticidal genes (for example, 
diphenoloxidase) on the development of the 
parasite in vivo. Foreign DNA has been 
integrated into the germline of Drosophila 
melanogarter and related Drosophila species 
(2) through the use of the P element, a 
germline-specific transposable element of D. 
melanguster (3). Similar transposons have 
not been found, nor has stable integration 
been achieved, in other insects. In this study, 
we developed a method for introducing 
DNA into the germline of the African ma- 
laria vector Anophelesgamltiae. 

To inject DNA into mosquito embryos, 
we initially followed the techniques de- 
scribed for iniection of DNA into D. melan- 
ogarer embryos (4). However, a number of 
modifications were necessary because of the 
unique properties of mosquito eggs. The 
most important difference was the inability 
to remove the chorion, necessitating a nee- 
dle that could penetrate the egg shell with- 
out killing the embryo. 

Mosquito oviposition was controlled to 
provide eggs of precise age for injection (5). 
-- --- - 
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Eggs were maintained at 21" to 22°C to 
slow development of pole cells, the embry- 
onic precursor of the germline. The pole 
cells of A. gambiae appear ultrastructurally 
similar to those of D. melanoptter (6) and 
form about 3 hours after oviposition at 
21°C. Between 1.5 and 3 hours after ovivo- 
sition, eggs floating on a drop of water were 
aligned and attached to double-stick cello- 
phane tape; the other surface of the tape was 
attached to a slide. The water was removed 
from around the eggs and the eggs were 
dehydrated for 1 to 1.5 minutes, depending 
on the age of the eggs, in a desiccator until 
they were slightly bowed inward. Slight 
dehydration was required so that the eggs 
would not leak during injection. Excessive 
dehydration decreased viability and was 
avoided. After desiccation, prehydrated 

Fig. 1. Comparison of A. ~ambim (A) and D. 
melam~arter (D) eggs. Arrowheads identify the 
posterior end of each egg. The end of the injec- 
tion needle (arrow) is shown. 

REPORTS 779 



halocarbon oil (Series 700, Halocarbon Prod- 
ucts Corporation, 82 Burlews Court, Hacken- 
sack, New Jersey) was placed over the eggs 
and the slide was placed in a humid chamber. 
Because of the rapid movement of water 
across anopheline egg membranes compared 
to Dmsophila egg membranes, the oil must be 
hydrated before use, and the oil-covered eggs 
must be kept in a humid chamber except 
during injection. The chorion of anopheline 
eggs rigidly maintains integrity of the embryo 
by limiting expansion during water uptake. 
Whereas the ~msupbila choAon is easily re- 
moved, removal of the mosquito chorion 
results in embryonic death. 

The glass microneedle used for injection 
of DNA into anopheline embryos must pen- 
etrate the chorion and vitelline membrane 
without killing the embryo. The design dif- 
fers from needles used t~ .~ene t ra t e  less rigid 
dechorionated Dmsophila eggs in that the 
narrow portion of the needle must be short 
(-100 pm) (Fig. l ) ,  and the tip must be 
narrow ( 5 3  pm) and have a sharp piercing 
tip or acrosome (7). The needle was held at a 
15" angle and penetrated the posterior pole 
of the egg just in front of the posterior tip 
(arrowhead in Fig. 1). 

Whereas DNA injection can be observed 
directly in Dmsophila eggs, the anopheline 
egg is opaque. Therefore, an automatic in- 
jection device (Eppendorf microinjector 
5242) that delivers a reproducible quantum 
of liquid was used. The DNA concentration 
was 250 to 500 ~ g l m l  of the plasmid 
pUChsneo (8) and 50 to 100 pglml of the 
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Table 1. Survival of injected eggs to larval stage and adulthood. 

n a r ~  Number of Adults Percentage of - --- 
(June Eggs Larvae 

9 6 Eggs Larvae 
1986) injected emerged to larvae 

Eggs 
to adults to adults 

16 433 
18 393 
20 173 
23 297 
24 354 
25 441 
30 188 

Total 2279 

plasmid pUChsn(A2-3)wc (9) in 5 mM 
KCl, 0.1 mM sodium phosphate, pH 6.8. 

After injection, water was added over the 
oil to facilitate rehydration. Within 30 min- 
utes after injection, the eggs were lifted off 
the tape and placed on moist filter paper, 
which extended up the edge of a petri dish. 
The eggs were rehydrated on the moist filter 
paper and transferred to an insectary at 27°C 
where the larvae emerged 2 days later to 
swim into the water at the bottom of the 
dish. 

As shown in Table 1, 24% of the injected 
eggs hatched whereas 58 to 78% of the non- 
injected eggs collected on the same davs 
hatched. A-high percentage of larvae sur- 
vived to adulthood. The overall results on 
survival compare favorably with those ob- 
tained with Drarophila (2). Because a large 
number of adult male mosquitoes must be 
placed with females for mating to occur, the 
percentage offertile male adults is unknown. 
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is map. The 
). The map 

litoes (lane 
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19. z. (a )  3outnem-olot laentlncatlon or LT, generation ( 
un.ivors bearing pUChsnco sequences. DNA was prey,.., 
rom individual adult male mosq~ s 1 to 7) by the 
iethod of Rcndcr rr nl. ( I  1 ). The I p s t ed  with Pst I. 
ubiected to clcctrophoresis o n  0.8 ~els, blotted onto 
itrocellulose, hybridized with nic I pUChsneo, and 

examined by autoradiograph?. Hynr~a~zat~ons were performed 
in 50% forrnamide, 5 x SSPE (0.75M NaCI, 50 rnM NaPO,, 5 
mM ELITA, pH 7.0) 5 x l>cnhardt7s solution, and 0.1% SDS at 
37°C. Filters \vcrc washed four times for 30 minutes each in 
nrc~varrncd 0.2X SSC and 0. 1°h SDS a t  65°C. DNA from five 
iosquitoes showed the same integration event. DSA from nvo 
~osqi~itoes (lanes 3 and 7) contained no scquenccs hybridizing 
:ith the prohe, similar to the results \vith IINA from the A. 
nntbiae colony. (b) ,Map ofA.pmLiac neo transformant DNA 

shov.ing the estent of integration of pUChsneo sequences. 
DNA was prepared and digcsted with a variety of restriction 
enzymes, in single and double digests (13). Southern blots were 
made from all digests and probed sequentially with (i)  pUChs- 
eo, (i i )  pUC18, and (i i i )  pm 12.8, a portion ofthe white locus 
fD. mela?to,~mtv cloned in pBR 322 (15). The stl~ite sequences 

in pUChsneo are homo logo^ ~ n s  of pm 12.8. Thc arrows and open circles point to thc Pst I 
and Apa I sites, respectively. ' i right cross-hatched regions represent the esrents ofsequences 
derived from the left and righ~ ~ 1 1 " s  "I functional P element. Onlv Pst I and Aua I sites are shotvn on 
the map. bur digcsrs \vith otl :e that 
there is some duplication of ites is 
identical to that of pUChsne 

sites indicar 
.he Apa I s 

The number of fertile females was not deter- 
mined in the study. 

The 145 female and 175 male adults (Go 
generation) resulting from injected embryos 
(Table 1) were mated with each other to 
produce a GI  generation. First-instar G I  
larvae and control larvae were treated with 
200 nglml of the neomycin analog G-418 
(10). When over 99% of the control larvae 
had died, usually by the third or fourth day 
of G-418 treatment, surviving GI  larvae 
were transferred to water without G-418. 
Of 9283 larvae selected with G-418, 28 GI 
males and 27 G I  females survived to adult- 
hood. After survival of the next generation 
was ensured, DNA was prepared separately 
from the 23 males and 1 3  females that were 
still alive at that time (11). This DNA was 
digested either with Pst I (males) or  Hind 
I11 (females) and analyzed by Southern blot- 
ting for the presence of sequences homolo- 
gous to pUChsneo. Ten of 23 males and 3 
of 13 females contained the integrated plas- 

Fig. 3. Assay for neomycin phosphotransferase 
(NPT). Transformed adult female (lanes 5,6, and 
7) and male (lanes 8,9, and 10) mosquitoes and 
control, untransformed adult mosquitoes (lanes 2, 
3, and 4) were left at insectary temperature of 
27°C (lanes 2, 5, and 8) or heat shocked at 37°C 
for 15 minutes (lanes 3, 6, and 9) or for 1 hour 
(lanes 4, 7, and 10). Ninety minutes after expo- 
sure to heat shock, individual mosquitoes in 50 p1 
of phosphate-buffered saline were ground with a 
pestle in an Eppendorf tube, freeze-thawed three 
times, and centrifuged (Eppendorf). The supema- 
tant was mixed with an equal volume of loading 
buffer. The supematants were subjected to elec- 
trophoresis (15 hours, 50 V) on a nondenaturing 
polvacrylamide (Pharmacia) gel system, and trans- 
fer of 32P from y32P-ATP (>5000 Ci/mmol, 
Amersham) to a kanamycin (Sigma) substrate was 
achieved by using the method of Reiss et al. (16) 
to detect NPT activity. The 29-kD NPT protein 
from neo-transformed cells was run as a control in 
lane 1. Note the increased expression of NPT after 
exposure to heat shock. 
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mid DNA (Fig. 2a) (12). The sizes of  the 
Pst I fragments identified by the probe were 
essentially identical for all ten GI  males 
showing hybridization. This indicates that a 
single event of  integration had occurred 
(Fig. 2), presumably in a primordial germ 
cell that gave rise to  many identical gametes. 
Analysis of  Pst I-digested DNA from G-
418 su~~livors  thrt~ugh at least the GSgener-
ation shows the same pattern of  fragments 
(13). Thus, this integration event is stable. 
The integrated neo was expressed constitu- 
tively at greater levels in adult male and 
female mosq~~itoesthan in larvae. Heat 
shock increased the level of  expression in 
both larvae and G8 adults (Fig. 3),  indicat- 
ing that the hsp 70 on the integrated neo 
gene is firnctional. 

T o  determine the nature of  the integra- 
tion event, we analyzed L)NA from adult G-
418 survivors with the use of  several restric- 
tion enzymes (Fig. 2b) (12). l'revious stud-
ies of DNA sequences at 18 P clement 
integration sites in L)rosophila showed that 
integration is a precise event extending 
through the 31-bp tcrnmial repeats of  P and 
transposing n o  flanking DNA (14). If the 
integration event in A. cqav/zbiae had oc-
curred by the same mechanism as inDrosoph-
ila, then n o  DNA from white [see (8)1 
should flank the P clement terminal repeats. 
When the S o ~ ~ t l ~ e r t i  blots used for mapping 
the integration event were reprobed with 
the relevant ~ ~ h i t esequence (IS), white DNA 
was found flanking both seq~~cnccs of  1'. For 
example, the probe of  the Pst I digest shown 
in Fig. 2 with a fragment of  the white locus 
in pBR322 (pm 12.8) showed hybridization 
with the same three DNA fragments as with 
pUChsnco. If integration had been precise 
at the P terminal repeats and had not includ- 
ed flanking white sequences, then pm 12.8 
would have only hybridized with the 3.0-kb 
fragment and not the 2.55-kb and 2.0-kb 
fragments. Thus, it appears that integration 
was independent of  the P element. More 
ink~rrnation about the nature of  the trans- 
formation event in A. Lqa~nbiaewill be dc- 

rived from plasmid rescue of  the inserted 
sequences and flanktng mosquito DNA and 
from sequencing regions about the two intc- 
gration junctions. We also need to analyze 
more transfornmants to see whether 1' will 
have any relevance to  tntegratlon of  forelgn 
DNA in A. ~av/zbzae. 

We have demonstsated that DNA can be 
stably integrated into insects other than 
Drolophila species. This req~~i rcd  novel solu- 
tions to  the problems of  dehydration, needle 
construction k ~ r  penetration of intact eggs, 

- ~ 

injection of  DNA into opaque eggs, and 
antibiotic selection. A l t h t ~ ~ ~ g h  we have ob- 
served onlv one integration event, it should 
be possible to improve the efficiency of  
integration with a high-frequency integm- 
tion vector o r  other molecular rnanip~~la- 
tions. This work extends the LISC of  genetic 
transfom~ation to mcdicallv impostant in- , & 

sects and, in anophcline mosquitoes, opens 
the possibility of  studying the effects of  
novel promoter-gene constructs on  the de- 
velopnmetit of  malaria pamsites. 
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