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Insects produce several types of peptides to combat a broad spectrum of invasive pathogenic microbes,
including protozoans. However, despite this defense response, infections are often established. Our aim was to
design novel peptides that produce high rates of mortality among protozoa of the genus Plasmodium, the
malaria parasites. Using existing antimicrobial peptide sequences as templates, we designed and synthesized
three short novel hybrids, designated Vida1 to Vida3. Each has a slightly different predicted secondary
structure. The peptides were tested against sporogonic stages of the rodent malaria parasites Plasmodium
berghei (in vitro and in vivo) and P. yoelii nigeriensis (in vitro). The level of activity varied for each peptide and
according to the parasite stage targeted. Vida3 (which is predicted to have large numbers of � sheets and coils
but no � helices) showed the highest level of activity, killing the early sporogonic stages in culture and causing
highly significant reductions in the prevalence and intensity of infection of P. berghei after oral administration
or injection in Anopheles gambiae mosquitoes. The secondary structures of these peptides may play a crucial
role in their ability to interact with and kill sporogonic forms of the malaria parasite.

Most naturally occurring antimicrobial peptides have broad
spectra of activity and are believed to permeabilize the lipid
bilayer of target microbes (8). These molecules are one of the
main components of the innate immune response of insects
(7), and considerable research effort has been directed toward
understanding their activities against disease-causing patho-
gens and parasites transmitted by insect vectors.

Mosquitoes are vectors for many of the major tropical dis-
eases and, as such, are the focus for much of this work. Upon
invasion or injury, the immune system is activated, expressing
several molecules, including antimicrobial peptides (21, 23,
25). Two classes of peptides, defensins and cecropins, and a
novel peptide, gambicin, have been identified in the Anopheles
gambiae mosquito vector of malaria (28, 40, 41).

Following male gametocyte exflagellation within the malaria
parasite-infected blood meal, gametes fuse to form zygotes,
which develop within the midgut lumen into extracellular, mo-
tile ookinetes (�15 h after the blood meal). The ookinete
traverses the midgut, forming an oocyst beneath the basal
lamina (24 to 30 h). Following several days of development, the
oocysts release numerous infective sporozoites (12 to 15 days),
which travel to the salivary glands, where they reside prior to
their transmission the next time the mosquito takes a blood
meal (34). All sporogonic stages of the rodent malaria parasite,
Plasmodium berghei, can now be grown in vitro (3).

Immune activation both prior to and immediately after par-
asite ingestion has been shown to reduce the levels of malaria
parasite infection within the mosquito vector (22). Genes en-
coding defense molecules have been shown experimentally to
be upregulated by malaria parasite infection (29). However,
any upregulation of mRNA defense molecules that may occur
following an infectious blood meal does not result in the death
of all the malaria parasites in competent mosquitoes.

Attempts to target sporogonic stages in vitro, as well as to
reduce the level of malaria parasite infection within the mos-
quito, have produced mixed results. Injection or feeding of
natural peptides such as cecropins and magainins (14) and
defensins (31) or hybrid peptides such as the cecropin-like
peptides Shiva-3 (27) and scorpine (11) into infected mosqui-
toes reduced parasite levels significantly. However, most of the
peptides had to be used at very high concentrations to induce
any significant effect and often were active against only some
sporogonic stages of development (14, 27, 31). In the case of
scorpine, it was shown to be very active at inhibiting gameto-
genesis and ookinete formation at low concentrations both in
vitro and in vivo, but it has not been tested against the later
stages, such as oocysts and sporozoites (11). Finally, these
peptides are between 29 and 75 amino acids in length, making
them difficult and expensive to synthesize.

Most naturally occurring antimicrobial peptides have a size
range �20 amino acids, which is a sufficient length to span and
depolarize the lipid bilayer. Shorter and longer active mole-
cules can also be found. Hybrids have been designed which
incorporate specific regions, motifs, or sequences from natu-
rally occurring peptides (16) that are thought to be important
in the formation of an active peptide.

Previously, short hybrid peptides have been created which
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are less than 20 amino acids in length, i.e., below the minimum
length believed to be required to span a lipid bilayer (4). These
peptides often have MICs lower than those of the larger hy-
brids and naturally occurring peptides, while they retain their
broad spectra of activity (4, 12, 36). This suggests that, com-
pared to the larger peptides, short peptides may use a different
mechanism to interact with or span target membranes to in-
duce their mode of action.

Hybrid and naturally occurring peptides share two very im-
portant properties which are believed to be essential in the
creation of an active antimicrobial peptide. These are am-
phipathicity (the distribution of a positive or a negative charge
that spans the entire peptide) and flexibility (which allows
insertion or incorporation of the peptide into the lipid bilayer).
Ultimately, the variabilities in amino acid contents, sizes, and
secondary structures are likely to lead to differences in activity
between each class or type of antimicrobial peptide against
different types of microorganisms (8).

The specific aim of this project was to produce novel pep-
tides that are highly active against protozoa. Using both natu-
ral and synthetic hybrids as templates, we designed three short
hybrid peptides that show a range of predicted secondary struc-
tures. The novel peptides were tested against two species of
rodent malaria parasites. Both in vivo and in vitro experiments
showed that the predicted secondary structure plays a crucial
role in the level of peptide activity against Plasmodium spp.
Those peptides with a predicted secondary structure that con-
sists mainly of random coils and turns (i.e., no specific charac-
teristics in the secondary structure) are particularly active
against the sporogonic stages of P. berghei and P. yoelii nigerien-
sis.

MATERIALS AND METHODS

Mosquito maintenance. A. gambiae strain KIL was maintained at 26 � 1°C and
in a 12-h light, 12-h dark cycle. Stock larvae were reared under standardized
conditions (17). Adults were fed a mixture of 10% glucose with antibiotics (14 U
of penicillin per ml, 14 �g of streptomycin per ml in 0.9% sodium chloride) and
0.05% p-aminobenzoic acid ad libitum (26).

Parasite maintenance and mosquito infection. P. berghei strain ANKA, clone
2.34, was maintained in male CD mice through no more than eight mechanical
blood passages (33) with regular transmission through mosquitoes. P. yoelii
nigeriensis Killick-Kendrick (strain N67) was also maintained in male CD mice,
but through only up to two blood passages. Levels of parasitemia and gameto-
cytemia were monitored by using stained, thin blood smears and fresh, thick
blood smears. Mosquitoes infected with P. berghei were then maintained at 20 �
1°C, as this is the optimum temperature for P. berghei sporogonic development.
Mosquitoes infected with P. yoelii nigeriensis were maintained at 26°C.

Peptide design. Following an extensive survey of the literature, the conclusion
was drawn that certain amino acids, sequences, motifs, and arrangements from
both natural and hybrid peptides were more likely to be effective against complex
outer membranes, such as those from fungi or protozoa. This pattern appeared
to be related to a difference in peptide secondary structure (a helical structure for
bacteria and more random structures for fungi and protozoa). The computer
program Protean (part of the Lasergene molecular biology software from
DNASTAR Inc., Madison, Wis.) was used to design three hybrid antimicrobial
peptides (Vida1 to Vida3) with the aim of targeting pathogenic protozoa. The
computer package allowed the study of the theoretical structure of each peptide,
as well as polar and apolar orientations, space fill models, and charge distribution
(R. B. G. Arrighi and J. G. Burgess, unpublished data).

Vida1 was the first hybrid designed and was used as a template for Vida2 and
Vida3. Modifications made to Vida2 and Vida3 involved amino acid substitutions
that would maintain the amphipathic nature and flexible region of the peptides
while altering the predicted secondary structure (mainly helices in Vida1 to only
sheets and coils in Vida3). The activities of these three novel peptides against
Plasmodium spp. were compared with those of two template peptides, chosen on

the basis of their predicted opposing secondary structures: P2WN, a peptide with
a completely helical secondary structure (42), and ILF, a peptide with a com-
pletely random secondary structure (35).

Peptide synthesis and purification. All designed and template amphiphilic
peptides were synthesized by 9-fluorenylmethoxy carbonyl (Fmoc) chemistry
with a solid-phase system with a P9050 Plus PepSynthesizer (Millipore, Bedford,
Mass.). The synthesis resins Fmoc–L-Val–polyethylene glycol (PEG)–polystyrine
(PS), Fmoc–L-Lys–PEG–PS, and Fmoc–L-Arg–PEG–PS were purchased from
Applied Biosystems Japan Ltd. (Tokyo, Japan). The condensation reaction of
Fmoc-protected amino acids was done by using O-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (Applied Biosystems Japan
Ltd.) as an activator. After each synthesis reaction, the resins were washed, and
then the synthesized peptides were released from the resins and were deblocked
by trifluoroacetic acid treatment. The harvested crude peptides were purified by
high-pressure liquid chromatography (Shimadzu, Kyoto, Japan) with a reverse-
phase column (C18; 19 by 150 mm; Shimadzu).

Antiprotozoal peptide assays. (i) In vitro assay. Parasitized blood containing
gametocytes was obtained from infected mice (total parasitemia, �10%), passed
through a CF11 column (Whatman) to remove white blood cells, and diluted 10
times in supplemented RPMI 1640 medium (32). The parasite culture was
incubated at 19°C to initiate the sporogonic cycle. It was dispensed in 100-�l
aliquots into the wells of microtiter plates at several time points after the initi-
ation of culture (0, 2, 6, 10, 14, 18, and 24 h), and then 10 �l of antimicrobial
peptide (final concentration, 50 �M in phosphate-buffered saline [PBS]) was
immediately added to each well. The plates were incubated at 19°C until sam-
pling, which was 6 h after the addition of each antimicrobial peptide. Parasites
were observed and counted in a hemocytometer by phase-contrast light micros-
copy at �400 magnification.

All five peptides (Vida1 to Vida3, P2WN, and ILF) and a control (PBS) were
used individually to treat sets of wells containing P. berghei at each time point. Six
wells were tested per peptide and per time point, and the experiment was
repeated three times. Following this initial study, the two main candidates (in
terms of the peptides with the highest levels of inhibitory activity), Vida3 and
ILF, were tested against a different species of rodent malaria parasite, P. yoelii
nigeriensis. Peptide activity was carried out and measured by the same protocol
used for the tests with P. berghei.

(ii) In vivo assay. Each antimicrobial peptide (final concentration, 50 �M) was
mixed with freshly collected P. berghei-infected mouse blood containing exflag-
ellating gametocytes, and the mixture was immediately fed to 3-day-old female A.
gambiae mosquitoes through an artificial membrane feeder (Hemotek Mem-
brane Feeding Systems, Accrington, United Kingdom). Fully engorged mosqui-
toes were transferred to an incubator and were maintained at �20°C for 10 days
and provided with sugar solution ad libitum. The midguts of the mosquitoes were
then dissected to check the parasite prevalence. A subsample of the mosquitoes
in each treatment group was examined to determine the intensity of infection.
The inhibitory activities of all the peptides were tested in this manner and com-
pared with that of the PBS control. Each experiment was repeated three times.

Peptide injections. Antimicrobial peptides (1 �l of a 50 �M stock) were
injected into groups of naturally infected mosquitoes 4 days after a blood meal,
when oocysts were present in the midgut. The same volume of PBS was injected
into a control group. Solutions were injected into the thorax by using a finely
drawn out calibrated glass microcapillary tube. The mosquitoes were maintained
as described above and dissected after 10 days to check for oocysts. The exper-
iment was repeated several times.

Statistical analysis. All statistical analyses were carried out with the
MINITAB computer program. None of the data were normally distributed
(Anderson-Darling test); therefore, the Kruskal-Wallis test for nonparametric
data was used to analyze overall differences. The Mann-Whitney U test was then
applied to pairwise comparisons between different treatment groups. All P values
between comparisons were adjusted by use of Holm’s test, which adjusts the
calculation of probability in line with the number of comparisons made. This
helps to avoid type I errors that may occur as a result of making multiple pairwise
comparisons (15).

Different levels of parasite prevalence between treatments were compared by
chi-square tests.

RESULTS

Design of peptide with activities against parasitic protozoa.
The predicted secondary structures of the novel peptides (Fig.
1) consisted mainly of � helices (Vida1), � sheets (Vida2), or
a combination of coils and sheets (Vida3). The predicted sec-
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ondary structures of the P2WN and ILF templates (completely
helical and random, respectively; Fig. 1) were confirmed by
circular dichroism analysis (35, 42).

Antimicrobial peptides vary in their levels of activity. A pilot
study was carried out by testing the activities of all the short
hybrids against Escherichia coli and Leishmania hertigi. Peptide
activities were measured at 30 min and 24 h of growth of the
two microbes, respectively. The differences in the numbers of
E. coli CFU and in the numbers of viable L. hertigi promasti-
gotes detected before and after treatment were measured. The
results suggested that P2WN was most effective against bacte-
ria but had little effect against the protozoan L. hertigi. In
complete contrast, both Vida2 and Vida3 had little effect
against E. coli but were far more active against L. hertigi
(R. B. G. Arrighi, C. Nakamura, J. Miyake, and J. G. Burgess,

unpublished data). This work supported our initial hypothesis
that short peptides with activities against protozoa could be
designed on the basis of their predicted secondary structures.
Following this initial work we studied the effects of the novel
peptides against sporogonic stages of the malaria parasite.

Hybrid peptides are active against the sporogonic forms of
P. berghei (in vitro). Each of the hybrid peptides tested had
some effect on parasite mortality during the course of the
experiment (Fig. 2). Since parasite development is asynchro-
nous, the counts were based on those for the predominant
parasite stage 6 h after addition of the peptide. While peptide
activity is believed to be rapid, the counts were delayed for
several hours to facilitate the observations. In our culture sys-
tem, the timing of development is as follows: gamete fertiliza-
tion and zygote formation, 0 to 3 h; retort-form ookinete for-
mation, 5 to 9 h; young ookinete formation, 10 to 14 h; and
mature ookinete formation, �15 h. Since it was not possible to
distinguish between young and mature ookinetes, the forms
observed were classified as predominantly retort-form ooki-
netes (between 0 and 2 h after peptide addition) and maturing
ookinetes (�6 h after peptide addition).

Some of the peptides were not active against all the different
stages of P. berghei targeted. Vida1 produced rates of mortality
of about 65% at 10 h (young ookinete) but had less of an effect
at all other time points sampled. Vida2 was very effective at 14
and 24 h (maturing ookinetes), killing between 60 and 70% of
the parasites present. P2WN was effective only against the first
stages (0 h) of parasite development. In contrast, Vida3 caused
a consistently high level of mortality (�60%) throughout the
development period, and ILF was very effective at four of the
time points studied (0, 6, 10, and 14 h).

Peptides are effective at targeting a different species of ro-
dent malaria. Since Vida3 and ILF showed the most consis-
tently high levels of activity against the different stages of P.
berghei, we tested their activities against a different species of
rodent malaria, P. yoelii nigeriensis (Fig. 3). Both peptides again

FIG. 1. Amino acid sequences and predicted secondary structure of
novel and template hybrid antimicrobial peptides. The predicted sec-
ondary structures for novel hybrids range from mainly helical (Vida1),
through a mixture of sheets and helices (Vida2), to mainly sheets and
coils (Vida3). The template hybrids are predicted to have either a
completely helical structure (P2WN) or a random structure (ILF). F,
newly designed peptides; }, template hybrid peptides (35, 42).

FIG. 2. Mean percent reduction in P. berghei ookinetes following in vitro incubation with the novel and template peptides Vida1, Vida2, Vida3,
P2WN, or ILF. The numbers of parasites were counted 6 h after peptide addition, and activity was expressed by comparison with the counts of
control ookinetes (i.e., those in PBS with no peptide). Error bars represent the standard error of the mean (n 	 18).
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showed consistently high levels of activity, although the overall
profiles were different from those of their activities against P.
berghei. Vida3 and ILF were very active (causing 80% mortal-
ity) at every time point tested except 0 h.

Peptides exert a toxic effect against early-stage parasites in
vivo. All five hybrid peptides were tested against the early in
vivo stages of P. berghei developing within A. gambiae (Table
1). Data from repeat experiments were pooled, as no signifi-
cant difference was found between blocks for each treatment
(P �� 0.05 by the Kruskal-Wallis test).

Almost all mosquitoes were still infected with at least one
oocyst after ingestion of the Vida1, Vida2, and P2WN pep-
tides; and the overall prevalence of mosquitoes that were in-
fected (Table 1) did not differ significantly between the treat-
ment groups (P 	 0.405 by the chi-square test). However, there
were significant decreases in the prevalence of infection in the
Vida3- and ILF-treated groups compared with that in the con-
trol group of mosquitoes (P 	 0.04 and P 	 0.044, respectively,
by the chi-square test). Approximately 38% of mosquitoes that
were fed an infected blood meal to which either Vida3 or ILF
was added did not develop any oocysts.

The addition of the antimicrobial peptides caused an overall
significant reduction in the number of oocysts formed within
the mosquitoes (P 
 0.0001 by the Kruskal-Wallis test) (Table
1). Each of the peptides caused a significant reduction in the
number of oocysts formed compared to the number of oocysts
formed in mosquitoes fed a PBS-treated blood meal (P 

0.0001 by the Mann-Whitney U test). Vida3 and ILF each
reduced the number of oocysts by approximately 90% (P 

0.0001 by the Mann-Whitney U test), and Vida3 caused signif-

icantly more parasite mortality than ILF (P 	 0.001 by the
Mann-Whitney U test).

Specific hybrid peptides are very active against oocysts. The
second in vivo experiment tested the activities of the peptides
against oocysts rather than the early stages of infection (zy-
gotes, ookinetes, etc.), as the peptides were injected after oo-
cyst formation. As there was no significant difference between
any of the blocks of data for each treatment, the data were
again pooled (P �� 0.05 by the Kruskal-Wallis test). Injection
of the antimicrobial peptides resulted in an overall significant
drop in the oocyst burden (P 
 0.0001 by the Kruskal-Wallis
test). Unlike the experiment in which the mosquitoes were fed
through an artificial membrane, the prevalence of infection of
infected mosquitoes did not differ significantly between any of
the treatment groups and the group of mosquitoes injected
with PBS (P 	 0.619 by the chi-square test) (Table 2). The
Vida3 and ILF treatments significantly reduced the oocyst
burdens compared with those after PBS treatment (P 	 0.0018
and P 	 0.0045, respectively, by the Mann-Whitney test). In

FIG. 3. Mean percent reduction in P. yoelii nigeriensis ookinetes
following in vitro incubation with the novel peptides Vida3 (black bars)
and ILF (striped bars). The parasites were counted 6 h after peptide
addition, and activity was expressed by comparison with the counts of
control ookinetes (i.e., those with no peptide). Error bars represent the
standard error of the mean (n 	 18).

TABLE 1. Antimicrobial activities of peptides against P. berghei in
the mosquito vector A. gambiae following feeding

through an artificial membranea

Peptide
treatment

Intensity of infection Prevalence of infection

No. of
mosquitoes

sampled

Median no. of
oocysts/midgut
(lower/upper

quartile range)

No. of
mosquitoes

sampled

%
infected

mosquitoes

Vida1 23 34 (28/37.5)b 43 84
Vida2 27 27 (8/34)b 63 79
Vida3 33 2 (0/4)c 53 62d

P2WN 24 33 (29.75/40.5)b 57 84
ILF 25 7 (5/9)e 48 62d

None (PBS) 23 61 (53.5/65) 39 87

a The blood was mixed with peptide or PBS prior to feeding. The midguts were
dissected 10 days after the blood meal and checked for oocysts in order to
measure prevalence and parasite intensity. All P values were calculated by the
Mann-Whitney U test with Holm’s adjustment.

b Significantly different (P 
 0.0001) from value for oocysts found in mosqui-
toes fed a PBS-treated blood meal.

c Significantly different (P 
 0.001) from the values for all other treatments.
d Significant decrease (P 
 0.05) in the prevalence of infection compared to

that in mosquitoes fed a PBS-treated blood meal.
e Significantly different (P 
 0.0001) from the values for all other treatments

except Vida3.

TABLE 2. Antimicrobial activities of peptides against P. berghei
in the mosquito vector A. gambiaea

Peptide
treatment

No. of
mosquitoes

sampled

Median no. of oocysts/
midgut (lower/upper

quartile range)

Prevalence
of infected

mosquitoes (%)

Vida1 24 27.5 (12/37.25) 75
Vida2 28 27 (23.5/34) 86
Vida3 40 4 (0/8.25)b 65
P2WN 26 34.5 (30.25/38) 77
ILF 24 1.5 (0/3)b 58
None (PBS) 25 32 (0/38) 72

a Mosquitoes were allowed to feed on an infected mouse. Four days after the
blood meal, each mosquito was treated via injection of either a peptide or PBS
into the hemolymph. The midguts were dissected 10 days after the blood meal
and checked for oocysts in order to measure parasite prevalence and intensity.

b Significantly different (P 	 0.0018 and P 	 0.0045 for Vida3 and ILF,
respectively) from the value for PBS-treated mosquitoes, as calculated by the
Mann-Whitney U test with Holm’s adjustment.
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contrast to its activity against early stages, Vida3 did not cause
more parasite mortality than ILF (P 	 0.0848 by the Mann-
Whitney U test).

DISCUSSION

The objective of this work was to produce novel peptides
with high levels of activity against parasitic protozoa. This has
been achieved through the design and application of highly
effective hybrid peptides against malaria parasites that are
based on naturally occurring and synthetic peptides. Although
our novel hybrids, Vida1 to Vida3, were identical in length,
they varied in their amino acid sequences and were predicted
to have a range of secondary structures. Vida3 and ILF, the
novel and template peptides, respectively, that proved to be
the most active against the sporogonic forms of two species of
rodent malaria parasites had predicted secondary structures
that were very different from those of the other hybrids. They
contained the highest contents of random turns and coils and
low contents of � sheets and no � helices (Fig. 1). This study
thus supports our initial hypothesis that differences in second-
ary structure may contribute to variations in activity against
different types of microorganisms.

Antimicrobial peptides are thought to form pores in their
target lipid bilayer, resulting in depolarization, which leads to
a rapid influx of solutes. Although it is thought that antimicro-
bial peptides need to span membranes in order to form pores,
studies have shown that other mechanisms exist by which an-
timicrobial peptides may exert their effects on a target mem-
brane (6). It is possible that our short novel peptides use one
of these alternative modes of action.

The in vitro studies with P. berghei showed that each of the
peptides tested had some killing effect on the parasites. More-
over, different peptides had different profiles of activity over
the 24-h period of gamete to ookinete development. This is
likely the result of the fact that each peptide interacts with
different lipid composites on the parasite surface and the pro-
files of these composites may change as the parasite develops
(9, 18). Expression of different lipids or proteins can alter the
surface charges of cells. It has been shown that factors such as
hydrophobicity and the distribution of the charge contribute
enormously to the activities of antimicrobial peptides (6, 16).
This may be the case for the novel peptides designed in this
study. By using artificially constructed liposomes filled with a
fluorescent dye, the rate of dye release following incubation
with our novel and template hybrids was shown to change
dramatically depending on the surface charge with which they
are interacting (Arrighi et al., unpublished data).

Surprisingly, the time profiles of the activities of Vida3 and
ILF against P. yoelii nigeriensis differed from those observed
against P. berghei, suggesting that the surface membrane on-
togenies of these closely related species may differ.

The peptides used in this study may cause cell lysis, as the
number of visible parasites in each of the peptide treatment
groups was lower than that in the control (PBS) treatment
group. In addition, several remaining ookinetes were swollen,
a response consistent with the process of antimicrobial activity.

When assessing the potential of Vida3 for use as an agent
against malaria parasite sporogony, several factors should be
considered. First, conditions in the mosquito midgut lumen

were not detrimental toward peptide activity, possibly because
midgut protease activity does not peak until 24 h after intake of
a blood meal (17). Second, the activity of the peptide against
oocysts was an unexpected bonus. Oocysts developing beneath
the midgut basal lamina are thought to be in a privileged site
and protected from the hemolymph antimicrobial peptides by
a capsule composed, in part, of components of the basal lamina
(1). Unlike the midgut and sporozoite stages, little parasite
death occurs naturally at this stage (37, 38). Our findings sug-
gest that the small peptide Vida3 can gain access to the devel-
oping oocyst via the hemocoel.

Malaria sporozoites are known to be vulnerable to some
naturally occurring antimicrobial peptides (31). If this proves
to be the case for the novel peptide Vida3, engineering of its
continued expression and secretion into the mosquito gut lu-
men and hemolymph would provide an opportunity to express
its activity against all sporogonic stages. Such long-term expo-
sure is likely to result in a cumulative effect and thus to im-
prove upon the 80% reduction in intensity of infection and the
25% reduction in prevalence already observed in P. berghei-
infected A. gambiae mosquitoes in these experiments. If this
peptide is effective against a human malaria-mosquito associ-
ation such as P. falciparum-A. gambiae, it could considerably
reduce the rates of parasite transmission.

However, we must consider the possible toxic effect that the
cumulative effect of peptide production may have on the mos-
quito. Studies that administered magainins and cecropins to
infected A. gambiae mosquitoes found that the peptides were
toxic to the mosquitoes when the peptides were used at levels
between 0.05 and 0.5 �g/�l (14).

The peptide concentration used throughout our experiments
is comparable to the antimicrobial peptide levels reported in
some insects following injury or infection (20), and the con-
centrations that we injected would be considerably diluted by
the hemolymph. A lack of material precluded a dose-response
experiment, so we were unable to determine whether higher
concentrations would destroy all parasites. Long-term strate-
gies for disease control in vectors are concentrating on genetic
modification of the symbiotic flora of disease vectors to express
these peptides (5) or the production of transgenic mosquitoes
which express antimicrobial peptides (11, 27). The peptides
could be expressed at specific times (i.e., during blood meal
digestion or invasion) or continuously. Candidates for expres-
sion include defensin (19, 31) and Shiva-3, a synthetic
cecropin-like peptide (27). The upregulation of naturally oc-
curring antimicrobial peptides must, however, be viewed with
some caution until the fitness costs of this strategy involving
mosquitoes are fully understood. It has been demonstrated
that the reproductive fitness of A. gambiae is significantly im-
paired when the humoral immune system is stimulated (2). We
would need to test the effects of novel, synthetic antimicrobial
peptides on reproductive fitness before their introduction into
the mosquito genome is considered as a control strategy.

Antimicrobial peptides may also have an indirect effect on
malaria parasite survival. For example, some synthetic peptides
have been shown to kill intracellular blood-stage forms of the
malaria parasite (13). In addition, some studies have shown
that antimicrobial peptides can induce cells to undergo apo-
ptosis (30). It has been shown that approximately 50% of P.
berghei ookinetes undergo apoptosis in the mosquito midgut
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(E. Al-Olayan, G. Williams, and H. Hurd, submitted for pub-
lication). Although the apoptosis trigger has not been identi-
fied, defense peptides are contenders. Other work suggests
that antimicrobial peptides can trigger nitric oxide synthase
expression (39). Nitric oxide synthase is upregulated during
malaria parasite infection, and NO has been shown to limit
Plasmodium development in vivo (24).

The application of short novel antimicrobial peptides such as
Vida3 against vector-transmitted protozoan parasites has a
variety of advantages over the application of natural and
longer synthetic hybrid peptides. The specificity of the design
appears to increase activity. Small size facilitates prospects for
both large-scale synthetic production and natural expression in
a genetically modified mosquito. A precedence for the latter
has already been demonstrated with a genetically modified
tobacco plant, which expressed a synthetic antimicrobial pep-
tide active against pathogenic fungi (10).

More work is required to design and test short novel anti-
bacterial peptides that completely inhibit malaria parasite
transmission, but our study suggests that this approach has
potential.
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