Mosquitoes
minus malaria

If wild populations of the mosquito
that transmits malaria were
replaced with insects rendered harmless by genetic

engineering, the disease could finally be defeated.
But that remains a big 'if’, as Tom Clarke finds out.

or millions of people in sub-Saharan

Africa, the whine of Anopheles gambiae

is the music of death. This mosquito
spreads the malaria parasite Plasmodium
falciparum, but if it could be genetically
altered to block the cycle of transmission,
it would hold no fear. Its bites would be
just itchy irritations, its sound merely a
mild annoyance.

Following recent advances, genetic engi-
neers are now confident that they can make
A. gambiae malaria-proof, or ‘refractory’
And the publication in Science this week of
the insect’s genome sequence’ is bound to
heighten interest in tinkering with its genetic
make-up. But even if a transgenic refractory
mosquito can be produced, how can we
ensure that it completely infiltrates wild
populations? Would the genetic modifica-
tion remain stable? And what are the
public-health implications if the scheme is
only a partial success?

Answering these questions will take years
of meticulous lab and field research, which at
any turn could throw the ambitious scheme
off track. Even scientists who support the
effort accept that it has to be viewed as along
shot. “I'm not quite ready to hitch my cart to
the transgenic wagon,” says John Edman,
director of the Center for Vector-Borne Dis-
eases at the University of California, Davis.

Some researchers argue that money
would be better spent on other approachesto
malaria control. But for others, the potential
reward remains too great to ignore. Three
times in the past two years, most recently in
Wageningen, the Netherlands, in June,
geneticists, medical entornologists and public-
health experts have gathered to discuss the
research that would be required if we are to
create a malaria-free future through the
release of transgenic refractory A. gambiae.

Just weeks before the Wageningen meet-
ing, a paper published in Naturé illustrated
the potential. Researchers led by Marcelo
Jacobs-Lorena of Case Western Reserve Uni-
versity in Cleveland, Ohio, showed that
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adding a synthetic gene for a peptide called
SMI into the related species A. stephensi
almost completely disrupted the mosquito’s
ability to transmit Plasmodium berghei,
which causes malaria in mice. The peptide
resembles a receptor in the mosquito’s gut
and salivary glands that is thought to allow
the parasite to burrow from one to the other.
Flooding the mosquito’s body with a similar
molecule seems to confuse the parasite,
preventing its progress.

Meanwhile, Andrea Crisanti and his col-
leagues at Imperial College, London, are
working on genetic manipulations that
direct A. gambiae's immune system against
P, falciparum. “Once the best target is identi-
fied it would be a matter of months before we
have a modified mosquito,” Crisanti asserts.
Other, more generic approaches are also
being considered, such as genetic modifica-
tions that render the offspring of the engi-
neered insects sterile.

Jumptoit
But creating genetically modified mosqui-
toes in the lab is just the start. How can they
be made to spread their altered genes
through wild A. gambiae populations? It's a
tall order, but genetic elements that could fit
the bill exist naturally in insect populations.
These transposons, or ‘jumping genes, copy
themselves and move around the genome,
being passed down the generations. Once
they enter a population, they can spread
rapidly through it.

There are many examples, but the most
famous is the P-element, discovered in the
fruitfly Drosophila melanogaster in the late
1970s. Evidence suggests that the P-element
jumped into D. melanogasterfromacloserela-
tive less than 100 years ago. It isnow found in
all wild populations of the fly worldwide. So
the idea is to slot genes for refractoriness into
a suitable transposon, insert this package
into amosquitoand then watch it spread.

Here, however, genetic engineers’ ambi-
tion may be thwarted by natural selection.
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Wild A. gambiae have been adapting to their
environment for many millions of years. But
breed them in the lab for several generations
and their evolutionary fitness may plummet.
Their ability to compete for food, find
mates and avoid predators could all be
compromised.

Even if lab-reared strains are continually
crossed with vigorous wild-type mosqui-
toes, the genetic modification itself may also
reduce their fitness, as unpublished prelimi-
nary work indicates. “ There is a cost to mos-
quitoes of carrying a foreign gene,” suggests
Peter Billingsley, a molecular physiologist
who studies malaria transmission at the
University of Aberdeen, UK.

On the positive side, the introduced genes
would free the transgenic mosquitoes from
the burden of carrying P, falciparum. There
is some evidence that the parasite has a

Shining examples: a transgene makes these
mosquito larvae (top) and adults glow green.
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detrimental effect on A. gambiaé€'s fitness™,
but scientists would want to conduct exten-
sive experiments to see whether this would
outweigh any fitness deficits before going
ahead with field releases.

Population geneticists also warn that
the refractoriness genes could become
unhitched from their transposon and be left
behind. “Once relieved of its burden, the
transposon will steam on ahead,” says Chris
Curtis, a medical entomologist at the
London School of Hygiene and Tropical
Medicine. And after a particular transposon
has spread through a population, it can't
be used again.

Perhaps the biggest worry, however, is
whether the modification would remain sta-
ble in the long term. It could sweep through
the global population only to be selected out
after a number of years. Alternatively, the
malaria parasite might develop resistance to
the modification — just as it has to anti-
malarial drugs. Both scenarios have pro-
found implications for public health. A tem-
porary halt in malaria transmission could
result in people losing all natural immunity,
rendering the disease even more devastating
once the parasite returns. “If malaria were
eliminated from Africa for a short period of
time, the consequences could be terrible,”
says Andrew Spielman, a medical entomolo-
gist at Harvard University.

Potential pitfalls

Other concerns are more speculative. As a
transposon jumps around the A. gambiae
genome, for example, it could disrupt
other genes, with unpredictable results.
It's extremely unlikely, but what if a
transposon gave mosquitoes the ability to
transmit other diseases? Changing the rela-
tionship between mosquito and malaria
parasite also could have unforeseen ecolog-
ical and evolutionary impacts. Could the
parasite adapt quickly enough to use
another vector to continue its deadly life
cycle? If sterility genes were used to elimi-
nate A. gambiae, would other species,
which only occasionally bite humans, move
in and replace them? Could these new mos-
quitoes transmit malaria?

Given the catalogue of unknowns, and
the potential consequences if the plan were
to go awry, experts say that an intensive,
multi-stage research programme is needed,
similar to the clinical trials of safety and
efficacy carried out for experimental
drugs. Laboratory studies would first assess
the stability, fitness constraints and safety of
various genetic modifications. Harmless and
well-studied transgenes, such as that for
jellyfish green fluorescent protein, could
be used at first.

Later on, experiments would move on to
the genes that would be used for real, in a
controlled environment that mimics the
wild as closely as possible. A gigantic green-
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Golden opportunity: Hawaii and its introduced
mosquito Culex quinquefasciatus (inset) could
provide an ideal test for the transgenic strategy.

house in Kenya, dubbed the ‘Malariasphere’,
could provide a suitable testing ground.
Operated by the International Centre of
Insect Physiology and Ecology in Nairobi,
the Malariasphere contains mock-ups of
huts, forest and breeding puddles for mos-
quitoes. It is currently being used to study the
dynamics of A. gambiae populations and
their ability to spread malaria.

While such basic research is under way,
researchers would need to investigate suit-
able sites for transgenic releases. Extensive
baseline information on local populations of
mosquitoes and the burden of malaria in the
area would be needed for field workers to
be able to tell if a later release of refractory
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he biggest worry

is whether the
modification would be
stable in the long term.

mosquitoes is having the desired effect.
Before giving the eventual go-ahead,
however, authorities may want to see the
principle demonstrated in the field under
circumstances in which the stakes are not so
high. Some argue that it would be best to
begin on an island with no malaria, working
with a mosquito that does not transmit the
disease or bite humans. This way, the dynam-
ics of an artificial gene moving through a
population could be studied more safely.

Natural setting

One intriguing idea, championed by
Edman, would be to use the geographically
isolated Hawaiian islands as a natural labo-
ratory. They are host to the mosquito Culex
quinquefasciatus, which transmits a form of
malaria to birds. The mosquito was acciden-
tally introduced in the 1820s and is currently
accelerating the decline of the islands’ native
birds. Releasing transgenic refractory C.
quinquefasciatus could help to test many of
the ecological unknowns while taking
advantage of the excellent
scientific  infrastructure in
Hawaii — which does not
exist in many regions afflicted
by P. falciparum. And if suc-
cessful, the experiment would
help solve a genuine problem.

Conducting the research
needed to test theidea of trans-
genic refractory mosquitoes
won't be cheap. But Kate Ault-
man, an official at the US National Institute
of Allergy and Infectious Diseases in Bethes-
da,Maryland, who is responsible for funding
projects on malaria, says that if a reasonable
research agenda were constructed, money
could be found. “I look forward to getting
many proposals,” she says.

In any case, say many medical entomolo-
gists, the wealth of information on the eco-
logical dynamics of A. gambiae populations
thatwould be gained from the researchwould
be valuable in informing other efforts to
combatmalaria by attackingitsvector. “Many
of these issues should be high on the agenda,”
argues Tom Scott, a medical entomologist at
the University of California, Davis, “whether
we go foran eventual release or not.” =
Tom Clarke works in Alature’s news syndication team.
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Malaria is estimated to cause 0.7 to 2.7 million deaths per year,
but the actual figures could be substantially higher owing to
under-reporting and difficulties in diagnosis'. If no new control
measures are developed, the malaria death toll is projected to
double in the next 20 years'. Efforts to control the disease are
hampered by drug resistance in the Plasmodium parasites,
insecticide resistance in mosquitoes, and the lack of an effective
vaccine. Because mosquitoes are obligatory vectors for malaria
transmission, the spread of malaria could be curtailed by render-
ing them incapable of transmitting parasites. Many of the tools
required for the genetic manipulation of mosquito competence
for malaria transmission have been developed. Foreign genes can
now be introduced into the germ line of both culicine®® and
anopheline* mosquitoes, and these transgenes can be expressed
in a tissue-specific manner>. Here we report on the use of such
tools to generate transgenic mosquitoes that express antiparasitic
genes in their midgut epithelium, thus rendering them inefficient
vectors for the disease. These findings have significant impli-
cations for the development of new strategies for malaria control.

When a mosquito ingests a blood meal from an infected host,
Plasmodium gametocytes transform into gametes that mate and
differentiate into zygotes and then ookinetes (elongated motile
zygotes), Ookinetes cross the midgut epithelium and differentiate
into oocysts, which after 10-15 days liberate sporozoites into the
haemocoel. The development of the parasite in the mosquito is
completed when sporozoites cross the salivary gland epithelium’.
The mechanism by which the parasite crosses the mosquito epithe-
lia is unknown, but is suspected to be receptor mediated. In vivo
selection from a library of bacteriophages displaying random 12-
amino-acid peptides led to the identification of a peptide—
PCQRAIFQSICN (termed SM1 for salivary gland- and midgut-
binding peptide 1)—that binds specifically to the two epithelia that
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are traversed by the parasite: the distal lobes of the salivary glands
and the lumenal surface of the midgut®. Significantly, SM1 strongly
inhibited crossing of the two epithelia by the parasites®. These
results suggest that if SM1 is produced and secreted into the
mosquito gut lumen when an infectious blood meal is ingested,
then Plasmodium development would be blocked.

We searched for a system to drive the expression of genes that
inhibit Plasmodium development, and found that the carboxypep-
tidase (CP) promoter and signal sequence has many desirable
attributes. The CP promoter is strongly activated by a blood meal,
and the CP signal sequence drives secretion of the protein into the
midgut lumen, where the initial stages of Plasmodium development
take place®™. We constructed a synthetic gene (termed AgCP[SM1],)
consisting of four SM1 units joined by 4-amino-acid linkers
attached to the CP signal sequence and driven by the gut-specific
and blood-inducible CP promoter (Fig. 1a). This gene was inserted
into a piggyBac vector and transformed into the germ line of the
mosquito Anopheles stephensi®. Of 394 embryos injected, 63
(16.0%) larvae hatched, yielding 33 (8.4%) adults. The adults
were distributed into 14 families, of which 2 (families A and B)
yielded green fluorescent protein (GFP)-positive progeny (Fig. 1b).
Progeny from two separate mosquito lines from each family were
analysed by Southern blot hybridization (Fig. 1c). The results
indicate that each of the four lines originated from a different
integration event. Northern blot analysis indicated that the
AgCP[SM1], transgene is rapidly and strongly induced by a blood
meal in midguts of transgenic mosquitoes with a peak around 3—6 h
(Fig. 1d). This pattern is consistent with that previously observed
for genes driven by the Anopheles gambiae CP promoter®’, We
investigated the synthesis of the AgCP[SM1], protein by the midgut
epithelium by immunofluorescence microscopy. The recombinant
protein was detected in the midgut epithelium of mosquitoes
dissected at 6 h (data not shown) and 24 h (Fig. 2) after a blood
meal, but by 36 h the signal had declined to close to basal level (data
not shown). Because ookinetes invade the midgut epithelium

Table 1 Inhibition of cocyst fi tion in transgeni Juit,
Exparimant Oocyst prevalence® Oocyst intensityt Inhibition (%)t
1. Control 80 (16/20) 80.8 (0-273) -
B6 53 (BM17) 25.3 (0-186) 68.7
2. Control 86 (18/21) 70.3 (0-225) -
B3 37 (7n9) 7.3 (0-40) 89.6
3. Control 94 (17/18) 63.8 (0-365) -
B3 36 (7/20) 7.2 (0-80) 88.7
4. Control 89 (17/119) 64.9 (0-292) -
B3, B6 41 (9/22) 3.3 (0-19) 94.9
5. Control 89 (1719) 132.6 (0-328) -
B3, B6 54 (14/16) 26.8 (0-105) 79.8
6. Control 89 (17/19) 95.1 (0-2590) -
B3, A3 50(11/22) 22.1 (0-85) 76.8
7. Control 90 (18/20) 83.4 (0-285) =
AlS 33 (7/21) 9.6 (0-98) 88.5
8. Control 90 (18/20) 129.0 (0-250) -
Al5 45 (10/22) 34.0 (0-134) 73.6
9. Control 86 (19/22) 115.2 (0-292) -
Al5 70 (16/23) 30.3 (0=101) kg
Average

Control 88.1(17.4/19.8) 93.1 (0-365) -

Transgenic 46.4 (10.0/21.3) 18.5 (0-186) 81.6

For each experiment, transgenic mosquitoes and sibling control (non-transgenic) mosquitoes from
1the same rearing were fed simultaneously on the same mouse, which was infected with P, berghel
ANIKKA 2.34. A3, A15, B3 and B6 indicate the transgenic lines used in each experiment (Fig. 1c).
Wheretwo lines are indicated, a mixture of mosquitoes from those lines was used. All transgenic
lines were kept as hetamzygciss and mosquitoes were fed on mice with 10-15% parasitaemia
and 1-1.5% were kepl at 21°C and the number of oocysts per
midgut was counted on day 15 after feeding.

“The per cent mosquitoes that had oocysts in their midgut. This value was derived from the number
of oocyst-positive mosquitoes over the total number of mosquitoes examined (shown in parenth-
eses),

1 The mean oocyst number per midgut. The range of observed values Is indicated in parentheses. In
all cases, transgenic mosquito values were significantly different (P < 0.05) from those of controls,
as analysed by the Mann-Whitney U-test.

fReflects the reduction in the mean oocyst number in transgenic mosquitoes relative to control
mosquitoes.
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around 24 h after a blood meal, it is important that synthesis and
secretion of the recombinant peptide precede the time of parasite
invasion.

Previous experiments indicated that when an infectious blood
meal was fed along with the SM1 peptide, formation of oocysts, but
not of ookinetes, was inhibited®. To measure the consequences of
AgCP[SM1], transgene expression on parasite development, we fed
control and transgenic mosquitoes on the same infected mouse and
measured the numbers of oocysts formed. In nine experiments,
inhibition of oocyst formation ranged between 68.7 and 94.9%
(average inhibition 81.6%; Table 1). To ascertain that control and
transgenic mosquito lines had the same genetic background, the
four transgenic lines were backcrossed in each generation to the
wild-type mosquito population. We considered the possibility that
the observed effects were caused by the fortuitous disruption of an
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endogenous mosquito gene on transgene integration or by some
other property of the transposon. Two lines of evidence argue
against these possibilities. First, equivalent inhibition of oocyst
formation was observed with mosquitoes of three independently
derived lines (Table 1). Note that for each line, the transgene
integrated in a different position in the mosquito genome
(Fig. 1c). Second, development of Plasmodium berghei in transgenic
A. stephensi that express GFP from a Minos-based transposon was
indistinguishable from development of P. berghei in wild-type
mosquitoes (F. Catteruccia, personal communication). Thus, the
presence of foreign DNA or expression of GFP by themselves do not
affect parasite development. Moreover, the SM1 peptide, but not a
control (unrelated) peptide, strongly inhibited parasite develop-
ment and transmission when administered to mosquitoes®. These
observations suggest that the sequence of the expressed peptide is
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Figure 1 Structure of the AgCP[SM1}; gene and its expression in transgenic mosquitoes.
a, Schematic diagram of the AgCP{SM1}; gene that was transformed into the A.
stephensi germ line. The construct consists of the A. gambiae carboxypeptidase (AgCP)
promoter (the bent arrow indicates the transcription initiation site), the AgCP 5" UTR (line
to the right of the promoter), the AgCP signal sequence, four units of the SM1 repeat
(hatched boxes are the linker amino acids, black boxes are the SM1 peptides), the
haemagglutinin epitope (HA1) and the AgCP 3' UTR (line to the right of HA1). 3xP3-EGFP-
SV40 is the gene that expresses GFP from an eye-specific promoter', The arrows at the
end of the construct represent the piggyBac arms. Dashed lines represent flanking
plasmid sequences. Restriction sites: S, Safl; N, Notl; A, Asc; K, Kpnl; B, BamHI;

F, Fsel; Bg, Balll. The lines below the construct show the fragments observed in c. The
size of the junction fragment is variable and depends on the site of integration in the A,
stephensi genome. b, Detection of AgCP[SM1],transgenic mosquitoes by transformation
marker-mediated fluorescence. Top, a wild-type (non-transgenic) larva (middle) flanked

NATURE| VOL 417 23 MAY 2002 | www.nature.com

#2 ® 2002 Nature Publishing Group

by transgenic larvae viewed from the dorsal (top) or ventral (bottom) sides. Note green
fluorescence of the ventral nerve cord in the latter, which is similar to marker-mediated
fluorescence in Drosophila®. Bottom, the head of a wild-type (left) and a transgenic (right)
mosquito. The entire eye expresses GFP but which facets fluoresce depends on the angle
of the incident light. ¢, Southern blot analysis of genomic DNA extracted from mosquitoes
from two A and two B transgenic lines, digested with Noti and Bg/ll enzymes. The probe
was a mixture of [SM1], and 3xP3-EGFP-SV40 sequences (compare with a). d, Time
course of [SM1], messenger RNA accumulation after blood feeding. RNAs were extracted
from transgenic female mosquitoes at the times after a blood meal indicated on top of
each lane. The RNAs were fractionated by electrophoresis on an agarose gel, blotted onto
a nylon membrane and sequentially hybridized first with an [SM1], probe and then with a
mitochondrial ribosomal RNA (mt rRNA) prabe' to verify the amount of RNA analysed in
each lane. M, RNA from transgenic male mosquitoes; WT, RNA from wild-type (non-
transgenic) female mosquitoes extracted 3 h after a blood meal.
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important and that inhibition of P. berghei development in the
mosquito can be attributed to SM1 expression, not to the trans-
forming vector. SM1 is presumed to bind to a mosquito midgut
receptor that is also required for ookinete invasion®, It seems that
the SM1 tetramer binds to the lumenal surface of the midgut
(Fig. 2b), inhibiting parasite—epithelium interactions and midgut
invasion.

Transgenic mosquitoes were less susceptible to infection (oocyst
load) and had fewer sporozoites in their salivary glands than control
mosquitoes (Tables 1 and 2). Also, vector competence of transgenic
mosquitoes was severely impaired. In two of three experiments, no
transmission was detected, and in a third, transmission was reduced
by more than twofold (Table 2). In the field, where most mosquitoes
carry fewer than five oocysts’o, inhibition of transmission might be
very effective. We also note that all experiments were performed
with heterozygous mosquitoes that had one copy of the transgene.
Inhibition is expected to be even more effective in homozygous
mosquitoes that have two copies of the transgene. We were
surprised to find that even mosquitoes that had salivary gland
sporozoites did not transmit, as indicated by the smaller number
of infected mice than infected mosquitoes (Table 2). It is possible
that the lightly infected salivary glands had no sporozoites in the
duct lumen.

Expression of the SM1 peptide in the mosquito midgut severely
reduced vector competence by inhibiting Plasmodium develop-
ment. To our knowledge, this is the first report on the blocking of
malaria parasite transmission by a transgenic approach. Preliminary
results indicate that the peptide does not alter mosquito fitness
(longevity and egg production; unpublished observations). How-
ever, many challenges remain to achieve the long-term goal of
controlling malaria transmission by genetic modification of the
mosquito. A major obstacle will be to devise safe means of spreading

Table 2 Reduction of vector compet, in transgeni quit

Experiment  Sporozoite prevalence®  Sporozoite intensityt  Vector competencet
1. Control 70(710) 2,320 (018,000} 60 (6/10)

A3, B3 13(1/8) 40 (0-400) 0 (0/8)

2. Control B0 (16/20) B70 (0-4,000) 55 (11/20)

B3, A15 15(213) 62 (0-400) 0 ({13

3. Control 80 (8/10) 1,280 (0-3,200) 70 (7/10)

Al 50 (5/10) 240 (0-800) 30 (310}

For each experiment, transgenic mosquitoes and sibling control (non-transgenic) mosquitoes were
fed on the same mouse, which was infected with P. berghei. To measure transmission, single
mosquitoes were fed on individual naive mice 25 dm_m after mgeahng the infectious blood meal.
The salivary gland of each itowas d diately after feeding on the mouse, and
the number of sporozoites per aslwary gland was counted (" spmone intensity’). The infection
status of each mouse ining a smear of tail vein blood on alternate days.
Mice that had no parasites by day 25 were cnne|deracl not to be infected. A3, A15, B3 and B6
indicate the transgenic lines used in each experiment (Fig. 1c). Where two lines are indicated, a
mixture of mosquitoes from those lines was usacl

“The per cent itoes that had y glands, This value was derived from the number
of sporozolte-posiive mosquitoes over the total number of mosquitoes examined (shown In
parentheses).
1The mean sporozoite number per salivary gland. The range of values Is indicated in parentheses.
This iz a minimum estimate because sporozoites from only an aliquot of the salivary gland
homogenate were counted. In all cases, infection intensity of transgenic mosquitoes was signifi-
cantly different (P < 0,05) from that of controls, as analysed by the Mann-Whitney U-test.
1 The per cent mosquitoes that transmitted the parasite to a naive mouse. The number of infected
mice over the total is given in parentheses,

foreign genes across mosquito populations in the field. Another
potential obstacle is the genetic diversity and mutability of Plasmo-
dium. Because development of the parasite in transgenic mosqui-
toes is not completely blocked, the possibility exists that ‘resistant’
variants will be selected. To address this concern, it will be import-
ant that mosquitoes be modified with multiple genes, each of which
inhibits parasite development by a different mechanism. Work in
progress in our laboratory, and in others, is seeking to identify such
additional ‘effector genes. Although considerable efforts are needed
to respond to these many challenges, the potential payoff is large.

Figure 2 Detection of mosquito-synthesized [SM1], protein. Midguts were dissected
24 h after a blood meal, opened into a sheet, fixed and incubated with an anti-HA1
antibody (Boehringer Mannheim; 1:4,000 dilution), followed by incubation with a
fluorescent secondary antibody. a, b, Midgut from a female heterozygous for the

454
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AgCP{5M1]s gene. ¢, d, Midgut from a wild-type (non-transgenic) female. In each case, a
differential interference contrast microscopic image (eft) is paired with a fluorescent
image (right) of the same midgut.
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Genetic manipulation of mosquito vector competence of the type
reported here would add a new weapon to the arsenal (drugs,
insecticides and perhaps vaccines) for our war against malaria. O

Methods

Transformation vector

For [SM1],, a synthetic gene coding for four units of the SM1 peptide (PCQRAIFQSICN)
separated by 4-amino-acid (GSPG) linkers was constructed as follows. Two
oligonucleotides, SM1* (5' -CCCGTGCCAGCGCGCCATCTTCCAGTCGATCTGCAA
CGGCTCGCCGGG-3") and SM1™ (5'-GOCCGGCGAGCCGTTGCAGATCGACTGGAA
GATGGCGCGCTGGCACGG-3'), were annealed, phosphorlylated and self-ligated. The
ligation products were fracti d by gel elec is and the 4-repeat unit was
excised from the gel to yield {SM]L, Two adaptors, 5" and 3', were added to [SM1]4. The
5" adaptor was obtained by g 5'-CGGATCCCCGGG-3' and 5'-GCCCGGGGA
TOOGGTAC—3 and the 3’ adaptor hy annealing 5'-CTACCCCTACGACGTGCCCGAC
TACGCCG-3' and 5'-GATCCGGCGTAGTCGGGCACGTCGTAGGGGTA-3'. The 3’
adaptor codes for the HA1 influenza haemagglutinin epitope.

For 5'Cp, a 1.8-kilobase (kb) Kpnl-Kpnl frag [ ining the A. gambiae CP 1.7-
kb promoter, 5 untranslated region (UTR) and signal peptide down to nucleotide +125
(ref. 9) was obtained by PCR with T7 (5'-GTAATACGACTCACTATAGGGC-3') and
AgCPKpn (5'-GGTACCCTCGGCCGCTTCGACACT-3') primers using the pBluescript
AgCP genomic subcone’ as a template, followed by digestion with Kpnl

For 3'Cp, a 555-base pair (bp) fragment containing the CP 3' region (including the
stop codon and 3" UTR; nucleotides +1,337 to +1,880) was obtained by PCR with the
primers AgCP3BH (5'-GGATCCTGAAGTCTCTCCTACCGG-3') and AgCP35c (5'-
CCGCGGTAAGGCTAGCATTGCCA-3') using the AgCP pBluescript genomic subcone
as a template, followed by digestion with BamHI and Sadl. The three fragments, 5'Cp,
[SM1], with adaptors, and 3'Cp, were combined and sub-cloned into pGEM-T Easy
vector (Promega), then digested with NotI and inserted into the Nol site of pSLfal180fa
(ref. 11). This construct was digested with Fsel and Asd, and inserted into the Fsel-Ascl
site of pBac[3xP3-EGFPafm] plasmid" to yield pBacAgCP[SM1],.

Germline transformation

Germline formation of A. stephensi embryos was as previously described’ with
modifications. Briefly, embryos were treated with 0.2 mM p-nitro phenyl p'-
guanidinobenzoate (Sigma) and microinjected with quartz needles pulled on a P-2000
puller (Sutter). The construct pBacAgCP[SM1], (0.5 mg ml ™) was mixed with the helper
phsp-pBac (0.3 mgml™)". For each founder family, 1—4 adult mosquitoes originating
from the injected embryos (Gy) were mated with 5-10 wild-type mosquitoes of the
opposite sex. In the next generation (G,), transgenic mosquitoes were screened by
secm:hmg for larvae dnsphv_nng green fluorescence (Fig. 1b). In each generation,

q were propagated by crossing geni maleumh\nrpnnun -transgenic
females from the popul that was used to create the genic lines. This ed that
the genetic background of all transgenic lines was the same as that of the wild-type control
mosquitoes.
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Reversible acetylation of a-tubulin has been implicated in reg-
ulating microtubule stability and function'. The distribution of
acetylated a-tubulin is tightly controlled and stereotypic. Acetyl-
ated a-tubulin is most abundant in stable microtubules but is
absent from dynamic cellular structures such as neuronal growth
cones and the leading edges of fibroblasts'?. However, the
enzymes responsible for regulating tubulin acetylation and
deacetylation are not known. Here we report that a member of
the histone deacetylase family, HDACS, functions as a tubulin
deacetylase. HDACS is localized exclusively in the cytoplasm,
where it associates with microtubules and localizes with the
microtubule motor complex containing p1505“*? (ref. 3). In
vivo, the overexpression of HDAC6 leads to a global deacetylation
of a-tubulin, whereas a decrease in HDACS6 increases «-tubulin
acetylation. In vitro, purified HDAC6 potently deacetylates
a-tubulin in assembled microtubules. Furthermore, overexpres-
sion of HDAC6 promotes chemotactic cell movement, supporting
the idea that HDAC6-mediated deacetylation regulates micro-
tubule-dependent cell motility. Our results show that HDACS is
the tubulin deacetylase, and provide evidence that reversible
acetylation regulates important biological processes beyond
histone metabolism and gene transcription.

Extensive studies of histone acetylation, a process controlled by
histone acetyltransferases (HATs) and histone deacetylases
(HDACs), have firmly established a role for reversible acetylation
in transcriptional regulation and histone metabolism®. At least 11
proteins predicted to be members of the HDAC family have been
identified on the basis of homology within the catalytic domain**.
The sequences outside the catalytic domain are highly divergent,
indicating that these enzymes might have different biological
functions and a broader substrate repertoire beyond histones.
Indeed, recent studies reveal that many non-histone nuclear tran-
scription factors, such as p53, E2Fs and myoD, are regulated by
acetylation’””. Furthermore, there are also cytoplasmic proteins that
are subject to modification by acetylation (reviewed in ref. 10). The
most notable of these is a-tubulin.
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