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ABSTRACT We have discovered that the mosquito Anoph-
eles stephensi, a natural vector of human malaria, limits
parasite development with inducible synthesis of nitric oxide
(NO). Elevated expression of A. stephensi NO synthase (NOS),
which is highly homologous to characterized NOS genes, was
detected in the midgut and carcass soon after invasion of the
midgut by Plasmodium. Early induction is likely primed by
bacterial growth in the blood meal. Later increases in A.
stephensi NOS expression and enzyme activity occurred at the
beginning of sporozoite release. Circulating levels of nitrite/
nitrate, end-products of NO synthesis, were significantly
higher in Plasmodium-infected mosquitoes. Dietary provision
of the NOS substrate L-arginine reduced Plasmodium infec-
tions in A. stephensi. In contrast, dietary provision of a NOS
inhibitor significantly increased parasite numbers in infected
mosquitoes, confirming that A. stephensi limits Plasmodium
development with NO.

Global efforts to control malaria, caused by parasitic protozoa
of the genus Plasmodium, have been hindered by insecticide-
resistant mosquitoes, drug-resistant parasites, and socioeco-
nomic obstacles. The drive to identify novel control strategies
has, in part, focused on identifying mosquito gene products
that impart refractory phenotypes, including those associated
with the immune response to pathogens (1-3).

Plasmodium development in Anopheles begins with ingestion
by the mosquito of blood containing gametocytes; parasite
fertilization commences within minutes of ingestion. Mobile
zygotes, or ookinetes, penetrate the midgut epithelium 24-36
hr later and rapidly transform into vegetative oocysts under the
basal lamina in the hemolymph-filled, open circulatory system
of the mosquito. After growth and development for 10-12
days, thousands of haploid sporozoites are released from each
oocyst into the hemolymph. Hemolymph circulation and
sporozoite movement carry a fraction of the parasites to the
salivary glands, where they are released into the saliva during
subsequent blood feeding.

We have discovered that A. stephensi, a major vector of human
malaria in India and a competent laboratory host for the murine
parasite P. berghei, limits parasite development with inducible
synthesis of nitric oxide (NO). The free radical NO, produced
during the oxidation of L-Arg to L-Citrulline (L-Cit) by NO
synthase (NOS), has diverse roles in vertebrate physiology. Three
genes encode distinct vertebrate NOS isoforms: two are consti-
tutively expressed whereas the third is an inducible immune
effector (4). Inducible NOS and NO are synthesized in response
to bacterial, viral, and parasitic infections in vertebrates (5, 6).
During Plasmodium infection in humans and mice, NO inacti-
vates liver-invading sporozoites and blood-stage gametocytes (7,
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8). Our discovery of inducible NOS activity in A. stephensi,
therefore, demonstrates that mosquitoes and vertebrates share a
conserved anti-Plasmodium defense.

MATERIALS AND METHODS

Mosquito Maintenance and Plasmodium Infections. A. ste-
phensi were produced at 27°C and 75% relative humidity under
a 12-hr light/dark cycle. For P. berghei infections, mosquitoes
were fed one time (day 0) on anesthetized Institute of Cancer
Research mice and maintained on sugar cubes and water at
21°C and 75% relative humidity until use. For P. falciparum
infections, mosquitoes were membrane-fed one time on human
blood with strain NF54 and maintained on sugar and water at
normal rearing conditions until use. Hereafter, these mosqui-
toes are referred to as “infected” or “P. sp.-infected.” Controls
were fed one time on uninfected mice or human blood and
maintained until use under the appropriate environmental
conditions; these mosquitoes are referred to as “blood fed
uninfected.” For studies of midgut bacteria, mosquitoes (non-
blood fed, blood fed uninfected, and P. berghei-infected) were
provided with sugar and either water- or gentamicin-soaked
(50 wg/ml in water, Sigma) sterile cotton from 3 days before
blood feeding until termination of the experiment. For NOS
inhibition experiments, mosquitoes were provided with gen-
tamicin-soaked (50 pg/ml in water) sterile cotton for 3 days
before blood feeding. Immediately before membrane feeding,
No-nitro-L-arginine methyl ester (1 mg/ml, L-NAME, Sigma)
or the biologically inactive D-NAME (1 mg/ml, Sigma) was
added to the P. falciparum blood culture. Blood fed mosquitoes
were maintained on the same treatments, provided as water-
soaked sterile cotton balls and changed daily, until dissection.

RNA Isolation and Analysis by Reverse Transcriptase—-PCR
(RT-PCR). Total RNA was isolated using TriZOL (Life Tech-
nologies,Gaithersburg, MD). Preliminary RT-PCR detected
identical NOS expression in P. berghei- and P. falciparum-
infected mosquitoes at 14-16 days post-blood meal (pBM)
using degenerate primers designed against Drosophila nos
(DNOS) (9). Temporal A. stephensi NOS (AsNOS) expression
was studied by using semiquantitative RT-PCR (10, 11). Total
RNA was isolated from 30-40 each non-blood fed, blood fed
uninfected, and P. berghei-infected mosquitoes at 1, 2, 3, 6, 9,
14, and 18 days pBM or from 25-40 midguts and carcasses
without midguts at 1, 2, and 3 days post-P. berghei infection.
First-strand ¢cDNA was synthesized by using 0.5 ug of oli-

Abbreviations: L-NAME, Nw-nitro-L-arginine methyl ester; NOS, NO
synthase; DNOS, Drosophila NOS; RT-PCR, reverse transcriptase-
PCR; pBM, post-blood meal; AsNOS, A. stephensi NOS; L-Cit, L-
citrulline.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. AF053344).
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2o(dT) primer and Superscript II (Life Technologies). A
250-bp AsNOS fragment was amplified by 35 cycles of PCR
(94°C for 40 sec, 53°C for 40 sec, and 72°C for 40 sec) with the
primers 5'-ACATCAAGACGGAAATGGTTG 3’ and 5'-
ACAGACGTAGATGTGGGCCTT 3'; for replicates of tis-
sue-specific assays, a 180-bp AsNOS fragment was amplified
using identical conditions and the nested primer pair 5'-
ACTGCAAGATTCCCAAGGTAT 3’ and 5'-ATTCCGC-
CTCTTTGAGGGCAA 3'. Transcript abundance was nor-
malized against a 300-bp B-actin fragment amplified by using
the described PCR conditions for 15 cycles with primers
designed against A. gambiae B-actin (12). For tissue-specific
assays, AsNOS transcript abundance was normalized against a
460-bp ribosomal S7 protein gene fragment amplified using 25
cycles of PCR (94°C for 30 sec, 55°C for 30 sec, and 72°C for
40 sec) and published primers (13, 14). Amplimers were
labeled by incorporation of [?P]dATP, separated in 1.5%
agarose gels, transferred to nylon, and exposed to X-Omat film
(Kodak). For signal quantitation, autoradiographs were
scanned into RIT120 software (Radiological Imaging Technol-
ogy, Colorado Springs, CO) by using a Lumiscan 150 laser
digitizer (Lumisys, Sunnyvale, CA). For midgut and carcass
expression, data from three replicates were analyzed by one-
tailed paired ¢ test (a = 0.075).

AsNOS Cloning and Sequencing. The genomic cognate of
AsNOS (unpublished data) was constructed by using Genetics
Computer Group software (15) assembly of sequence from
four EMBL3 SP6/T7 clones (CLONTECH) isolated by high-
stringency hybridization to [*?P]dATP- or digoxigenin-labeled
(Boehringer Mannheim) RT-PCR fragments. Coding se-
quence was confirmed with BLAST homology analysis (16) and
5" and 3’ rapid amplification of cDNA ends (17).

Midgut Diaphorase Staining and Quantification of Midgut
Bacteria. Midgut AsNOS was measured quantitatively and
examined in situ among non-blood fed, blood fed uninfected,
and P. berghei- or P. falciparum-infected mosquitoes at 24 hr
pBM by using diaphorase staining (18, 19, 20). Under these
conditions, NOS is responsible for NADPH-dependent diaph-
orase reduction of indicator substrates (19, 21). For quantita-
tive assays, 10 dissected midguts with blood removed were
fixed in 4% paraformaldehyde, 1% glutaraldehyde in 0.1 M
sodium phosphate (pH 7.0), triturated, and incubated in buffer
with 1 mg/ml 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide (MTT, Sigma) and 1 mM NADPH for 1 hr at
37°C (20). Following color development, an equal volume of
acid isopropanol (0.04 M HCI) was added to dissolve precip-
itated crystals, and the samples were read at 570 nm in a
SpectraMax 250 microplate reader (Molecular Devices). Mean
absorbances and standard errors were calculated from three
experiments. For in situ staining, dissected midguts were fixed,
washed, and incubated in buffer with 1 mM NADPH, 1 mg/ml
nitroblue tetrazolium, and 0.01% Triton X-100 at 37°C for
10-15 min. The cofactor NADPH was omitted or replaced
with NADH in controls. To determine whether diaphorase
staining colocalized with parasites, midguts were treated with
RNase A/T1 (205 units, Ambion, Austin, TX) and stained with
propidium iodide (1 pg/ml, Molecular Probes). Interpreta-
tions of staining patterns were based on three preparations of
10 or more midguts per treatment group.

Tryptic soy agar plates with 5% sheep blood were used for
quantification and gentamicin (50 pg/ml) sensitivity testing of
midgut bacteria (22). Midguts from surface-sterilized mosquitoes
were triturated in sterile Aedes saline (23). Following 24-hr
incubation at 25°C, colony forming units were counted for
triturate dilutions. Data from blood fed uninfected and infected
midguts were combined for analysis because mean colony form-
ing units were not significantly different from each other.

Plasmodium Infection: AsNOS Specific Activity, Hemo-
lymph Nitrite/Nitrate Levels, and Effects of Mosquito Dietary
Manipulation. Specific activities of AsNOS in lysates of 40
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each non-blood fed, blood fed uninfected, or P. berghei-
infected mosquitoes were measured as the rate of conversion
of [*H]Arg to [*H]Cit per mg of homogenate at 6 and 9 days
pBM using the NOSdetect kit (Stratagene). Assays followed
blood digestion (4-5 days at 21°C, unpublished observation) to
avoid interference by host blood proteins. Activity was mea-
sured with or without the NOS inhibitor L-NAME (1 mM).
Data were analyzed using contingency tables (a = 0.05).
Hemolymph nitrite/nitrate (NO5 /NOj3) concentration was
measured using a modified cadmium reduction/Griess reagent
microassay (24) after collection (25) from groups of 100-200
blood fed uninfected and P. berghei-infected mosquitoes at 7,
9-10, and 14-15 days pBM. Midgut blood contamination of
hemolymph precluded the use of earlier time points. Data for
each time point were analyzed by one-tailed paired ¢ test (a =
0.075).

The impact of NO on Plasmodium in A. stephensi was
assessed with dietary supplements. Three days before blood
feeding, two replicates of four groups of mosquitoes were
provided with sugar cubes and water alone or sugar cubes and
the NOS substrate L-Arg (0.2% or 0.002%) in water or L-Cit
(0.2%) in water. On day 0, all of the groups were fed on a single
P. berghei-infected hamster. At day 10, mosquitoes were dis-
sected to count midgut oocysts. In other experiments, two
replicates of three groups of mosquitoes were provided with
sugar cubes and gentamicin (50 pug/ml) in water for three days
before blood feeding. On day 0, L-NAME (1 mg/ml) or
D-NAME (1 mg/ml) was added to aliquots of a single P.
falciparum culture immediately before mosquito feeding; a
third aliquot was left as an untreated control. Blood fed
mosquitoes were maintained on sugar and L-NAME- or D-
NAME-treated or untreated water until dissection at 7 days
pBM to count midgut oocysts. Data from treatment replicates
were combined because infection means and prevalences were
not significantly different from each other. Effects on infection
were compared using contingency table analyses (« = 0.05) for
amino acid supplements and Tukey’s test (e = 0.05) for
L-NAME/D-NAME experiments.

RESULTS

Isolation and Sequence Analysis of AsNOS. A span of ~30
kb of AsNOS genomic sequence (unpublished data) encodes
alarge ORF of 1,247 aa, including all of the characteristic NOS
cofactor-binding domains (Fig. 1). The sequence surrounding
the initiation methionine conforms strictly to the Kozak
consensus for translational start sites (26). The deduced As-
NOS protein (1,247 aa) is intermediate in size to DNOS (1,350
aa, Fig. 1) and Rhodnius NOS (1,174 aa) (9, 27). Amino acid
homology to DNOS (69-81% identity) and Rhodnius NOS
(60-73% identity) varies across the coding sequence with the
highest homology around the putative encoded heme and
calmodulin cofactor-binding domains. The deduced amino
acid sequences of DNOS, Rhodnius NOS, and AsNOS show
the highest level of homology to vertebrate neuronal NOS,
followed by decreasing homologies to vertebrate endothelial
and inducible NOS genes. The homology of three distinct
insect genes to a neuronal isoform should be regarded more as
a reflection of gene ancestry than functional activity. Genomic
structure conservation suggests that the three human NOS
genes arose from a single precursor gene by duplication events
(28); our analysis (unpublished results) strongly suggests that
AsNOS and the human NOS genes share a common ancestor.

Temporal and Tissue-Specific Expression of AsNOS. To
determine the temporal pattern of AsNOS expression after
ingestion of Plasmodium, we analyzed total RNA from unin-
fected and Plasmodium-infected A. stephensi using RT-PCR
with AsNOS-specific primers and A. gambiae-derived B-actin
primers (Fig. 2). After normalization to B-actin, it was appar-
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Comparison of AsNOS (GenBank accession no. AF053344) and DNOS (9) deduced amino acid sequences. The first AsSNOS amino acid

is the putative initiation methionine; alignhment with DNOS begins at Dg;. Presumed cofactor-binding domains for heme, calmodulin (CaM), FMN,
FAD pyrophosphate (FAD PPi), FAD isoalloxazine (FAD Iso), NADPH ribose, NADPH adenine, and NADPH are double-underlined (9).
Abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met;
N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

ent that, although AsNOS expression could be induced by
blood feeding alone, a stronger induction occurred in infected
mosquitoes at 1-3 days pBM (Fig. 2), coincident with P. berghei
invasion and early oocyst development. At 6 days pBM, during
oocyst growth in infected mosquitoes, no induction was ob-
served. By 9 days pBM, however, at the initiation of sporozoite
release, AsNOS expression was again elevated in infected
mosquitoes. By 14 days pBM, after sporozoite penetration of
the salivary glands, induction of AsNOS expression was nearly
undetectable in infected mosquitoes.

Because early induction of AsNOS suggested an effect on
the midgut phase of parasite development, we examined the
first few days after blood feeding in greater detail, beginning
with the impact of blood alone on gene expression. AsSNOS
expression was significantly higher in both midguts (1-3 days
pBM) and carcasses (1-2 days pBM) of blood fed uninfected
mosquitoes than in the corresponding tissues of non-blood fed
mosquitoes (comparison not shown, a = 0.075) with unin-
fected midgut expression significantly higher than uninfected
carcass expression at each time point (Fig. 3). Adult A.
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F1G.2. AsNOS expression in uninfected and Plasmodium-infected
A. stephensi. Total RNA from non-blood fed (NB), blood fed unin-
fected (U), and P. berghei-infected (1) A. stephensi was assayed by using
semi-quantitative RT-PCR for AsNOS at 1-18 days pBM. AsNOS
transcript abundance, reflected by hybridization signal intensity, was
normalized for each time point against B-actin to correct for sample-
to-sample differences in PCR template. The ratio of normalized
infected/uninfected (I/U) indicates the fold-induction of AsNOS
expression in infected mosquitoes.

stephensi possess at least five different species of Gram-
negative midgut bacteria, which are acquired during larval
development, are maintained transtadially, and show blood
meal-induced growth for 3-5 days (22). We also observed
blood meal-associated bacterial growth in the midgut (Table 1)
and determined that although gentamicin (50 wg/ml) was
bactericidal to these organisms in vitro, it was bacteriostatic in
the midgut environment (Table 1). Induction of AsNOS after
an uninfected blood meal was lower in mosquitoes treated with
gentamicin (50 ug/ml) compared with untreated mosquitoes

Dmidgut

carcass

Normalized AsNOS transcript abundance

N\

uiul
1d pBM

nonBF

F1G6.3. AsNOS expression in uninfected and Plasmodium-infected
A. stephensi. Total RNA from midguts and carcasses of non-blood fed
(nonBF), blood fed uninfected (U), and P. berghei-infected (I) A.
stephensi was assayed by using semi-quantitative RT-PCR for AsNOS
at 1,2, and 3 days post-blood meal (d pBM). Transcript abundance was
normalized against a ribosomal S7 protein gene (13, 14) to correct for
sample-to-sample differences in PCR template. Data from three
treatment replicates at each time point were analyzed by paired ¢ test
(a = 0.075); significant differences within groups are indicated by
different letters.
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Table 1. Blood meal and antibiotic effects on midgut bacteria
(X10° CFU per gut = SEM)
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Table 2. AsNOS specific activity in uninfected and
infected mosquitoes

Days post-blood meal 1 3
nonBF BF and Pb BF and Pb

Gentamicin (—) 1.0 = 0.42 1.9 = 0.32 6.2 = 0.9°

Gentamicin (+) ND 14 +0.12 1.4 +0.22

Data were analyzed by Tukey’s test (a« = 0.05). Significant differ-
ences are indicated by different letters. CFU, colony-forming unit;
nonBF, non-blood fed, BF & Pb, blood fed uninfected and P.
berghei-infected (see Materials and Methods); ND, not done.

(unpublished data), suggesting that midgut bacterial growth
coincident with blood feeding induces AsNOS expression.

The addition of parasites to the blood meal enhanced
AsNOS expression in the midgut above uninfected levels at 1,
2, and 3 days pBM (Fig. 3); only the increase at 1 day pBM was
not statistically significant. Although carcass expression from
infected mosquitoes also was consistently greater than from
uninfected mosquitoes, carcass expression was equal to or less
than midgut expression at all time points (Fig. 3).

The difference between apparent midgut AsNOS induction
by bacteria and by Plasmodium also was reflected in diapho-
rase staining of non-blood fed, blood fed uninfected, and
infected midguts at 24 hr pBM. We observed that the purplish-
blue diformazan precipitated more rapidly in infected midguts
(P. berghei and P. falciparum) than in blood fed or non-blood
fed midguts and did not occur without NADPH or when
NADH was substituted in the reaction mixture (data not
shown). Soluble NADPH-dependent diaphorase reactions at
24 hr pBM showed a significant increase from non-blood fed
(0.095 = 0.012 OD units) to blood fed uninfected (0.205 *
0.027 OD units) to P. berghei-infected midguts (0.293 = 0.035
OD units), confirming that increased synthesis of AsSNOS was
correlated directly with induction of expression. Staining of
uninfected blood fed midguts was uniform (Fig. 44). In
contrast, both P. berghei- (Fig. 4B) and P. falciparum-infected
midguts (not shown) at 24 hr pBM also showed darkly stained
individual cells concentrated in the posterior midgut, where
Plasmodium development typically occurs (29). Double-
staining of midguts with diaphorase and propidium iodide
demonstrated that, in some cases, diaphorase-positive cells
were colocalized with immature oocysts of both species (data
not shown).

Effect of Infection on AsNOS Activity and Hemolymph
NO; /NOj Levels. In control reactions without L-NAME, 3 of
4 groups of blood fed mosquitoes had lower specific activities
than non-blood fed mosquitoes (Table 2). The presence of fully
matured ova, which contain as much as 120 ug of protein (30),

F1G. 4. Representative diaphorase staining of midguts from blood
fed uninfected and Plasmodium-infected A. stephensi. (A) Uninfected
24 hr pBM. (Bar = 300 um.) (B) P. berghei-infected 24 hr pBM (same
magnification as A).

X 10* CPM/mg/min

Sample Control L-NAME
non-blood fed 38.4 13.7
6 days infected 14.4 16.3
6 days uninfected 9.9 10.0
9 days infected 66.0 20.0
9 days uninfected 12.4 8.4

Data analysis by contingency tables (1 df, xo0s = 3.84) indicated
significant differences at 6 and 9 days in parasite induction of ASNOS
in control reactions (xcaie = 6.78) and L-NAME inhibition in infected
mosquitoes (xcale = 9.40).

in blood fed mosquitoes may have resulted in an underesti-
mation of AsNOS activity. The difference in AsNOS specific
activity between infected and uninfected mosquitoes was much
greater at 9 days than at 6 days (P < 0.01, Table 2) in control
reactions. Relatively static enzyme activity at 6 days likely
reflects the absence of RT-PCR detectable induction of As-
NOS in infected mosquitoes at this time (Fig. 2). At 9 days
pBM, however, when AsNOS expression was induced in
infected mosquitoes (Fig. 2), specific activity was 5.3-fold
higher in infected mosquitoes. The effect of L-NAME on
AsNOS activity in infected mosquitoes showed similar tem-
poral differences. AsNOS activity in infected mosquitoes was
relatively unchanged by L-NAME at 6 days, whereas activity in
infected mosquitoes was significantly inhibited by L-NAME
three days later (P < 0.005, Table 2).

Hemolymph levels of NO, /NOs, the stable reaction prod-
ucts of NO, were significantly higher in Plasmodium-infected
mosquitoes than in uninfected mosquitoes at all time points,
with the greatest relative difference at 7 days pBM (Fig. 5). At
7 days pBM, higher NO, /NOjs levels in infected mosquitoes
likely reflect sustained induction from 1-3 days pBM (Fig. 2).
In the mouse, NO production may last for 4-5 days after
synthesis of inducible NOS (31). Levels at 9-10 days pBM may
be correlated with induction (Fig. 2) and a higher specific
activity in infected mosquitoes at this time (Table 2). AsNOS
did not appear to be induced in infected mosquitoes at 14 days
pBM (Fig. 2); elevated NO, /NOj3 at this time may be the
result of sustained NO production of AsNOS induced at 9 days.

Dietary Manipulation of Mosquitoes and Its Impact on
Plasmodium Infection. Despite the correlation of parasite
development with AsNOS expression and NO production,
laboratory reared A. stephensi still support parasite infections.
Because L-Arg is at low levels in mammalian blood and is
essential for both ovarian and Plasmodium development (32—
34), NO production may be limited by Plasmodium infection.

700

p=0.044

600 ~ D P. berghei-infected

@ uninfected

500 =1

400 - p=0.056

p=0.052

300 =

200 -

Nitrite/nitrate concentration (uM}

100 =

310
Days pBM

FiG. 5. Hemolymph nitrite/nitrate of blood fed uninfected and P.
berghei-infected A. stephensi was determined at 7, 9-10, and 14-15 days
pBM by using a cadmium reduction/Griess reagent microassay (24).
Means were analyzed by using a paired ¢ test (a = 0.075); P values are
reported above the bars.
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Based on this hypothesis and a study of dietary L-Arg effects
on Cryptosporidium infections in mice (35), we provided A.
stephensi with either L-Arg or L-Cit supplements and examined
the effect on P. berghei development. No differences in sur-
vivorship were observed across the treatments; individual
infections ranged from 1-885 oocysts/gut. At 0.2% L-Arg, the
percentage of infected mosquitoes was reduced by 28%; there
was also a significant reduction at a 1,000-fold dilution of the
supplement (Table 3). No reduction in infections was observed
with L-Cit (Table 3), indicating that parasite killing was
L-Arg-dependent. Although the percentage of mosquitoes
infected was correlated with treatment (Table 3), the mean
number of oocysts/mosquito did not vary among treatments
(data not shown, ANOVA « = 0.05), suggesting that parasites
were destroyed before oocyst formation.

The enhanced early expression of AsNOS in infected mos-
quitoes (Figs. 2 and 3) suggested that the L-Arg effect was
mediated by AsNOS. To support this conclusion, we examined
the effect of L-NAME, which appeared to interfere with
induced AsNOS (Table 2), on Plasmodium development. For
these experiments, mosquitoes were maintained on gentamicin
(50 pg/ml) before blood feeding to inhibit bacterial growth
that could have confounded the L-NAME experiments. No
differences in survivorship were observed across the treat-
ments. Provision of L-NAME in the blood meal and water
significantly increased P. falciparum oocyst infection in A.
stephensi; the D-NAME and water-fed control groups had
nearly identical mean oocyst infections (Table 4).

DISCUSSION

We have identified an invertebrate NOS gene that shares
significant sequence homology with other insect and verte-
brate NOS genes and is pathogen-inducible. Our results
showed that AsNOS is induced after Plasmodium infection,
which suggests that mosquitoes and vertebrates share a con-
served response against this multi-host pathogen. We propose
that this response, like the vertebrate response, is a defense
reaction that limits Plasmodium development and support this
assertion with data that show not only temporal and tissue-
specific association of AsSNOS expression and activity with
Plasmodium development but also that experimental manip-
ulation of this response alters pathogen infection.

AsNOS induction by Plasmodium infection at 1 day pBM is
likely a response to parasite invasion of the midgut, which is
maximal at this time for P. berghei (29). The opposing effects
of L-Arg and L-NAME suggest that parasites are targeted
before oocyst development, a hypothesis consistent with the
demonstrated susceptibility of gametocytes to NO damage (8).
The induction observed in response to normal bacterial growth
could prime an amplified midgut response to parasite infec-
tion: gentamicin-treated mosquitoes had slightly higher mean
oocyst infections than did untreated mosquitoes (data not
shown), an observation also made by others (36). Diaphorase
staining confirmed that early parasite-induced AsNOS expres-
sion was correlated with a quantitative increase in AsNOS
activity but also demonstrated that this response was qualita-
tively different from the response to bacterial growth. Because
ookinete-associated pathology does not appear to be limited to

Table 3. Effects of amino acid supplements on oocyst infection

Diet Percentage infected (n)
Water only 85 (151)2
0.2% L-Arg 57 (171)°
0.002% L-Arg 70 (75)°
0.2% L-Cit 81 (94)2

Data were analyzed by contingency tables (a = 0.05) with significant
differences indicated by different letters. n, number of mosquitoes
dissected.
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Table 4. Effects of L- and D-NAME on oocyst infection

Treatment
Water L-NAME D-NAME
Oocysts/gut (=SEM) 729 = 4.62 129.2 + 6.4° 76.7 £ 4.22

Total dissected 128 133 130

Data were analyzed by Tukey’s test (a = 0.05); significant differ-
ences are indicated by different letters. NAME, Nw-nitro-arginine
methyl ester.

the area of invasion (37), the pattern of diaphorase activity
seen in infected mosquitoes may result from ookinete move-
ment as well as parasite invasion.

Our observations of parallel induction of AsNOS in the
midgut and carcass during the first three days after blood
feeding confirms observations of others that the midgut ap-
pears to function as a first line of defense against bacterial
growth and ingested parasites, whereas carcass induction may
be a signal-mediated secondary response (1, 3) that acts
against organisms that breach the midgut barrier. Because
lipopolysaccharide is a potent inducer of NOS expression (38),
lipopolysaccharide synthesized during bacterial growth could
enhance AsNOS expression after blood feeding, whereas
parasite invasion and P. berghei metabolites further stimulate
expression in the highly reactive midgut and carcass. Plasmo-
dium antigens are potent inducers of mouse macrophage NO
production (39). Fat body may be the source of carcass
expression. However, nearly every vertebrate cell type can
produce inducible NOS (40), suggesting that a variety of tissues
be examined for expression.

The biological significance of enhanced gene expression and
enzyme activity at 9 days pBM is unknown, but correlation
with the onset of sporozoite release suggests that mosquito NO
may interfere with this phase of parasite development as well.
Sporozoite inactivation by vertebrate NO has been demon-
strated during hepatocyte invasion (7), and preliminary in vitro
experiments from our laboratory indicate that salivary gland
sporozoites are inactivated within hours of exposure to NO
levels similar to those detected in hemolymph. Interestingly,
hemolymph NO, /NOj levels were much higher than levels in
naive (10-50 uM) or Plasmodium-infected (up to 100-200
M) mice and humans (24, 41), implying that Plasmodium is
exposed to a uniquely hostile environment in the mosquito
host.
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