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Abstract: The identification and cloning of genes conferring mosquito refractoriness to the malaria parasite is critical
for understanding malaria transmission mechanisms and holds great promise for developing novel approaches to ma-
laria control. The mosquito midgut is the first major site of interaction between the parasite and the mosquito. Failure
of the parasite to negotiate this environment can be a barrier for development and is likely the main cause of mosquito
refractoriness. This paper reports a study on Aedes aegypti midgut expressed sequence tag (EST) identification and the
determination of genes differentially expressed in mosquito populations susceptible and refractory to the avian malaria
parasite Plasmodium gallinaceum. We sequenced a total of 1200 cDNA clones and obtained 1183 high-quality mos-
quito midgut ESTs that were computationally collapsed into 105 contigs and 251 singlets. All 1200 midgut cDNA
clones, together with an additional 102 genetically or physically mapped Ae. aegypti clones, were spotted on single
arrays with 12 replicates. Of those interrogated microarray elements, 28 (2.3%) were differentially expressed between
the susceptible and refractory mosquito populations. Twenty-seven elements showed at least a two-fold increase in
expression in the susceptible population level relative to the refractory population and one clone showed reduced
expression. Sequence analysis of these differentially expressed genes revealed that 10 showed no significant similarity
to any known genes, 6 clones had matches with unannotated genes of Anopheles gambiae, and 12 clones exhibited
significant similarity to known genes. Real-time quantitative RT-PCR of selected clones confirmed the mRNA expres-
sion profiles from the microarray analysis.
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Résumé : L’identification et le clonage de gènes rendant les moustiques réfractaires à l’agent du paludisme constituent
des étapes critiques dans la compréhension des mécanismes de transmission du paludisme et offrent de grandes pro-
messes en vue du développement de nouvelles approches de lutte contre cette maladie. L’estomac du moustique cons-
titue le premier site majeur d’interaction entre le parasite et le moustique. L’incapacité du parasite à s’adapter à cet
environnement peut constituer une barrière à son développement et représente vraisemblablement la principale cause de
la résistance chez le moustique. Dans ce travail, les auteurs ont identifié des EST (« expressed sequence tags ») expri-
més dans l’estomac de l’Aedes aegypti et déterminé ceux dont l’expression différait chez des populations résistantes ou
non à l’infection par le parasite du paludisme aviaire, le Plasmodium gallinaceum. Au total, 1200 clones d’ADNc pro-
venant de l’estomac des moustiques ont été séquencés et 1183 EST de grande qualité ont été obtenus. L’analyse infor-
matique de ces séquences a permis de former 105 contigs et 251 singlets. Les 1200 clones d’ADNc, ainsi qu’une
collection de 102 clones de l’Ae. aegypti dont la cartographie génétique ou physique avait été faite, ont été déposés sur
lame en 12 répétitions. Parmi les éléments présents sur la puce à ADN, 28 (2,3 %) montraient une expression différen-
tielle chez les populations résistantes ou sensibles. Vingt-sept éléments montraient un accroissement de l’expression
d’au moins deux fois chez la population sensible par rapport à la population résistante tandis qu’un clone montrait une
expression réduite. Une analyse des séquences de ces gènes à expression différentielle a révélé que 10 d’entre eux ne
présentaient aucune homologie significative avec des gènes connus, 6 clones s’avéraient semblables à des gènes non-
annotés chez l’Anopheles gambiae et 12 clones montraient une homologie significative à des gènes connus. Une

Genome 47: 1061–1070 (2004) doi: 10.1139/G04-056 © 2004 NRC Canada

1061

Received 5 January 2004. Accepted 5 May 2004. Published on the NRC Research Press Web site at http://genome.nrc.ca on
24 November 2004.

Corresponding Editor: P.B. Moens.

H. Chen, M. Karsay-Klein, and G. Yan.1 Department of Biological Sciences, State University of New York, Buffalo, NY 14260,
USA.
J. Wang and P. Liang. Department of Cancer Genetics, Roswell Park Cancer Institute, Buffalo, NY 14263, USA.
A.A. James. Departments of Microbiology & Molecular Genetics and Molecular Biology and Biochemistry, University of
California, Irvine, CA 92697, USA.
D. Brazeau. Department of Pharmaceutical Sciences, State University of New York, Buffalo, NY 14260, USA.

1Corresponding author (e-mail: gyan@buffalo.edu).



analyse RT-PCR quantitative en temps réel effectuée sur certains clones a confirmé les profils d’expression révélés par
l’analyse des puces à ADN.

Mots clés : puce à ADN, compétence face au vecteur, PCR en temps réel, EST.

[Traduit par la Rédaction] Chen et al.

Introduction

Transmission of malaria parasites to human hosts depends
on the availability of competent mosquito vectors. Plasmo-
dium parasite development in the vector begins when the
mosquito ingests gametocytes present in the blood of an in-
fected vertebrate host. Sexual fertilization occurs in the mos-
quito midgut and the resulting zygotes transform into motile
ookinetes. Approximately 18–24 h after the bloodmeal,
ookinetes begin to invade the epithelial cell layer of the
mosquito midgut, and transform subsequently to oocysts.
Oocyst maturation leads to the release of sporozoites into the
hemolymph. When sporozoites invade the salivary glands,
the mosquito becomes infectious. Failure to complete any of
these steps inhibits parasite development and therefore pre-
vents transmission to the vertebrate host. Identification and
cloning of the parasite-inhibiting genes in the mosquito vec-
tor may lead to novel malaria control methods. For example,
identification of genes involved in mosquito refractoriness
may help in the design of drugs to block parasite transmis-
sion. In addition, sequence information of parasite-inhibiting
genes may be used to develop molecular markers for diagno-
sis of mosquito susceptibility in nature and to assess malaria
risk. Malaria transmission may also be affected by genetic
disruption of mosquito vector competence through the re-
lease of genetically modified mosquitoes that do not trans-
mit malaria parasites (James 2000).

At least four parasite-inhibiting mechanisms have been
recognized in mosquitoes. These include parasite failure to
exflagellate in the midgut of mosquitoes (Nijhout 1979),
melanotic encapsulation of ookinetes by mosquito midgut
cells (Collins et al. 1986; Paskewitz et al. 1988; Zheng et al.
1997), apparent physiological incompatibility between the
mosquito and the parasite, termed “refractoriness” (Kilama
and Craig 1969; Thathy et al. 1994; Severson et al. 1995),
and a salivary-gland barrier that prevents sporozoite penetra-
tion or reduces survivorship of sporozoites (Rosenberg 1985).
We focus here on the refractoriness phenotype and charac-
terize the expression patterns of midgut-specific genes in
Aedes aegypti populations susceptible and highly refractory
to the avian malaria parasite, Plasmodium gallinaceum. In
the susceptible population, Plasmodium oocysts form and
mature in the midgut. Sporozoites then migrate to the sali-
vary glands. However, oocysts do not normally develop in
refractory mosquitoes, despite a sufficient number of healthy
ookinetes in the midgut (Thathy et al. 1994, Kaplan et al.
2001). Refractoriness is a commonly observed phenomenon
in natural mosquito populations. Kilama (1973) studied sus-
ceptibility of seven African Ae. aegypti populations to
P. gallinaceum, and found that 10%–30% of the mosquitoes
did not have oocysts. Toure et al. (1998) infected Anopheles
gambiae F1 populations from Mali with natural Plasmodium
falciparum through direct feeding and found that an average
of 40%–50% of the fully bloodfed mosquitoes were not in-

fected with oocysts, though ookinetes form in all mosquitoes.
A significant proportion of An. gambiae isofemale families
screened for susceptibility to the P. falciparum parasite sug-
gest that the frequency of refractory alleles is apparently
high (Niare et al. 2002).

DNA microarrays have recently been used for high-
throughput monitoring of gene expression (DeRisi et al.
1996; Carulli et al. 1998; Moch et al. 1999; Whitney et al.
1999; Ono et al. 2000; Watts et al. 2001). Dimopoulos et al.
(2002) examined gene expression responses of An. gambiae
to microbial and malarial infections using cDNA micro-
arrays constructed from an expressed sequence tag (EST)
clone collection. The present study focuses on mosquito in-
nate immune response to malaria parasite infection, rather
than on the parasite-induced immune responses. We used
mosquito midgut-specific cDNAs to construct microarrays
because we have previously determined that the mosquito
midgut is a major barrier of ookinete penetration and likely
the main cause of mosquito refractoriness (Kaplan et al.
2001). Genetic mapping experiments have demonstrated that
at least two loci are responsible for mosquito refractoriness
to malaria parasites (Severson et al. 1995).

The aims of this study were to characterize mosquito mid-
gut ESTs and identify midgut genes differentially expressed
between mosquitoes highly susceptible and refractory to ma-
laria parasites through genome-wide gene expression analy-
sis. Using cDNA microarrays to target differentially expressed
genes between refractory and susceptible populations may
allow for rapid and efficient identification of candidate genes
conferring mosquito refractoriness to malaria parasites and
determination of biochemical pathways involved in mosquito
refractoriness.

Materials and methods

Mosquito strains and maintenance
Two Ae. aegypti mosquito strains (Moyo-R, Moyo-S) were

used for this study. The two strains were selected from a
common laboratory stock population, Moyo. The Moyo-R
strain was selected for high refractoriness to Plasmodium
gallinaceum by four generations of recurrent sib mating with
a founder density of a single pair of mosquitoes each
(Thathy et al. 1994), and has been maintained through mass
mating for approximately 10 years. When challenged with a
fully infectious bloodmeal, >85% of the Moyo-R mosquitoes
have no Plasmodium oocysts, and only 1–10 oocysts were
observed among those infected (Thathy et al. 1994; Yan et
al. 1997). However, >90% of Moyo-S animals become in-
fected, with intensities of infection exceeding 40 oocysts.

Unless otherwise stated, mosquitoes were reared as previ-
ously described (Yan et al. 1997). Because gene expression
may be sensitive to environmental parameters, the two popu-
lations were reared under identical conditions. Thus, the dif-
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ferent gene expression patterns between Moyo-R and Moyo-
S populations are likely due to their genetic divergence or
the interaction between genotype and environment, but not
because of the environment itself. Three to four days after
emergence, non-bloodfed female mosquitoes were collected
for RNA extraction.

Mosquito midgut cDNA library preparation
Total RNA was extracted from 300 Ae. aegypti RED strain

midguts (B. Beerntsen, D. Fidock and A.A. James, unpub-
lished), half from non-bloodfed mosquitoes and half from
those aged 10–12 days after a bloodmeal, using Trizol re-
agent (Invitrogen, Carlsbad, Calif.). Poly(A)+ RNA
(1.79 µg) was selected for library construction using
Oligotex (Qiagen, Valencia, Calif.). cDNA was directionally
cloned with 5′ EcoRI and 3′ XhoI linkers in the λ Zap ex-
press vector (Stratagene, La Jolla, Calif.). The titer of the
amplified library was 2.3 × 109 plaque forming units
(PFU)/mL on Escherichia coli XL1-Blue MRF. The average
insert size of the library was 1320 bp. The pBK-CMV
phagemids were mass excised in vivo from the λ vector us-
ing ExAssist helper phage and plated using E. coli XLOLR.

Sequencing and analysis of ESTs
Minipreps for a total of 1200 randomly selected midgut

cDNA colonies were prepared using the High Pure Plasmid
Isolation Kit (Roche, Indianapolis, Ind.). The cDNAs were
sequenced from the 5′ end using the BigDye™ terminator
version 3.0 cycle sequencing kit (PE Applied Biosystems,
Foster City, Calif.). The vector sequences were removed and
low-quality sequences were trimmed. All sequences were
compared against each other to determine sequence redun-
dancy using a locally installed CAP3 program (Huang and
Madan 1999). ESTs that share 95% or greater identity over
100 bp were grouped into one cluster. All EST clusters were
further analyzed using BLASTX against the non-redundant
SWISSPROT database (Altschul et al. 1997). DNA sequences
that show marginal similarity to a known gene were consid-
ered as unknown genes. All EST sequences were deposited
to GenBank dbEST.

Preparation of cDNA microarrays
cDNA inserts for printing microarray slides were ampli-

fied using the universal T3 and T7 primers. For each cDNA
clone, about 10 ng of plasmid DNA was applied in a 75-µL
PCR containing 10 mM Tris–HCl (pH 8.3), 50 mM KCl,
2.5 mM MgCl2, 0.2 µM T3 and T7 primers, 0.4 mM dNTPs,
and 1.2 U Taq DNA polymerase (MBI Fermentas, Hanover,
Md.). Cycling conditions in a DYAD Thermal Cycler (MJ
Research, Waltham, Mass.) were 35 cycles of 94 °C for 30 s,
55 °C for 30 s, and 72 °C for 90 s. Amplification products
were precipitated with 95% v/v ethanol, washed in 70% v/v
ethanol twice, and resuspended in 20% dimethly sulfoxide
(DMSO). Amplification products were run on 1% w/v
agarose gels to estimate the yield from the reactions. Before
mircoarray printing, the concentrations of all products were
examined by spectrophotometer and each was diluted ac-
cordingly to ensure similar concentration for all clones. Each
of the 1200 ESTs was spotted in a single array with 12 repli-
cates using an Affymetrix 417 Arrayer. In addition to the
midgut ESTs, we also printed 102 Ae. aegypti clones previ-

ously mapped by Severson et al. (1993, 2002), but the func-
tion and tissue specificity of expression are unknown for
most of these mapped clones. Aedes aegypti IMUC (Morlais
and Severson 2001), ribosomal protein S17, cot-1, and dou-
ble-distilled water were used as negative controls.

Probe preparation and microarray hybridization
Total RNA was indirectly labeled using Atlas Powerscript

labeling kits (BD Biosciences, Palo Alto, Calif.). Briefly,
2.5 µg of total RNAs extracted from Moyo-R and Moyo-S
populations were labeled by incorporating either Cy3 or Cy5
(Amersham Pharmacia, Piscataway, N.J.) during random-
primed reverse transcription. cDNA was synthesized at
42 °C for 1 h in 20 µL containing 4 µL 5× first-strand buffer,
2 µL 10× dNTP Mix, 2 µL DTT, 1 µL reverse transcriptase,
and 2 µL random primer (Invitrogen, Carlsbad, Calif.). Ten
microlitres of the resulting cDNA were mixed with 10 µL
DMSO–Cy3 or –Cy5 reactive dye mixture in the dark at
room temperature for 1 h. Labeled cDNA was purified using
the Qiagenquick PCR purification kit (Qiagen, Valencia, Ca-
lif.). The labeled probe was eluted in 60 µL of elution buffer.
Before hybridization, probe aliquots were denatured at 95 °C
for 5 min and cooled on ice for 1 min, then spun at
13 000 rpm for 1 min. Arrays were hybridized overnight at
47 °C in a hybridization chamber. After hybridization, slides
were washed on an orbital shaker as follows: 1× SSC, 0.2×
SDS (42 °C) for 4 min; 0.1× SSC, 0.2 SDS for 4 min; 0.1×
SSC for 2 min; and 0.1× SSC for 2 min. After washing, the
slides were rinsed with 95% v/v ethanol and dried by spin-
ning for 5 min at 500 rpm, then incubated for 2 min at 80 °C
in an oven. The slides were scanned with the Affymetrix 428
Scanner. All of the above procedures were repeated by
swapping the dye for each probe.

Microarray data analysis
The hybridized slides were scanned using an Affymetrix

428 Scanner to generate high-resolution images for both Cy3
and Cy5 channels. Image analysis was performed on the raw
image files using ImaGene (version 4.1) (BioDiscovery; Los
Angeles, Calif.). Each image and its background region were
segmented using a proprietary optimized segmentation algo-
rithm that excluded pixels that were not representative of the
rest of the pixels in that region. The background corrected
signal for each cDNA was the mean signal (of all the pixels
in the region) minus the mean local background. Signals that
were not significantly above background or had a poor coef-
ficient of variance were excluded. For each signal a ratio
was calculated from the background subtracted mean signal
of the two channels. The ratios were then normalized on a
log scale across the entire slide. For each clone on the slide,
the expression ratio was the mean on the log2 scale of all of
its replicates. The results from the two slides that made up
the dye flip were averaged on the log2 scale and this became
the final expression ratio of that clone. Because each clone
was represented 12 times in one array, the average expres-
sion ratio of each was calculated. The expression ratio
presented in the following section is the mean of the two
arrays. The t test was used to determine whether the average
log2-transformed expression ratio was significantly different
from 0.
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Real-time RT-PCR confirmation of microarray data
To validate selected data from the microarray experiments,

real-time quantitative RT-PCR was performed for genes
identified as differentially expressed from the above micro-
array analysis. Total RNA was extracted from 50 Moyo-R
and Moyo-S mosquitoes, respectively. Samples, each con-
taining 1 µg DNA-free RNA, were reverse transcribed to
cDNA in 20-µL reaction volumes using SuperScript™ II
RNase H- Reverse transcriptase with d(T) primer (GIBCO-
BRL, Gaithersburg, Md.). Real-time PCR assays were con-
ducted in triplicate using 5 µL of cDNA (1:10 dilution) as
template with 4 µL of 5 µM primers and the SYBR Green
Master Mix on an Mx4000 Multiplex Quantitative PCR Sys-
tem (Stratagene, La Jolla, Calif.) according to the instruc-
tions of the manufacturer. The PCR program was as follows:
95 °C for 10 min, followed by 40 cycles of 95 °C for 30 s,
55 °C for 30 s, and 72 °C for 30 s. The melting curve was
from 55 to 95 °C. Amplification of mosquito 16S ribosomal
RNA was used as an internal control for cDNA template
quantity. The primers used for these experiments were de-
signed by Primer 3.0 (http://www.broad.mit.edu/ cgi-
bin/primer/primer3_www.cgi; Whitehead Institute, MIT
Center for Genome Research, Boston, Mass). Real-time
PCR data was evaluated for quantitative relative differences
between the two mosquito populations. Correlation coeffi-
cients between expression data detected by the microarray
method and by the quantitative real-time RT-PCR method
were calculated.

Results

Aedes aegypti midgut EST sequencing
A total of 1200 randomly selected midgut cDNA clones

were sequenced from the 5′ end, generating 1183 high-
quality sequences. The sizes of the ESTs ranged from 68 to
2510 bp with an average of 799 bp. These ESTs correspond
to 356 clone clusters (251 singlets and 105 contigs; Table 1),
each potentially representing an individual gene. Thus, the
overall redundancy of the library is about 70%. The most
abundant ESTs were Ae. aegypti chymotrypsin-like proteins,
trypsin-like protein precursors, serine proteases, and ribo-
somal proteins (Table 2). Three hundred clone clusters out
of 356 (84.3%) showed significant BLASTX sequence iden-
tity (E value < 1 × 10–4) to proteins in the nonredundant
SWISSPROT database, and they were grouped into eight
distinct functional groups according to their putative func-
tions (Fig. 1). In particular, 41 clusters showed significant
similarity to previously identified or predicted An. gambiae
genes and (or) proteins; 56 clusters had no significant match
to known genes in the public database, and thus can be con-
sidered novel Ae. aegypti genes. All EST sequences were
submitted to dbEST–GenBank under accession numbers
CB250704–CB251886.

Genes differentially expressed between mosquito
populations highly refractory and susceptible to
P. gallinaceum

Microarrays were used to examine differences in gene ex-
pression between P. gallinaceum refractory (Moyo-R) and
susceptible mosquito populations (Moyo-S). Total RNA
from these two samples was labeled by reverse transcriptase

incorporation of Cy3 and Cy5, respectively. In a second set
of labeling reactions, the fluorescent dyes were swapped for
Moyo-S and Moyo-R. To assess assay reproducibility, we
compared the expression intensity similarity between the
two experiments using those spots with a signal intensity
more than two-fold greater than the background. Data from
a total of 316 clones (~26.3% of the total spots) were in-
cluded in the analysis. The correlation coefficient (r) of
Cy3:Cy5 for corresponding clones between the two inde-
pendent experiments was remarkably similar (r = 0.939, P =
7.2 × 10–5; Fig. 2), indicating excellent reproducibility of
clone expression. Comparative expression analysis of sus-
ceptible versus refractory mosquitoes in the two assays re-
vealed 28 arrayed elements with either enhanced or reduced
gene expression by at least two-fold (Table 3). The t tests
found the expression level differed at P < 0.05 level for one
gene (clone 58), P < 0.001 for three genes (GS1, ACHE,
clone number 37), and P < 0.0001 for the remaining 24
clones (Table 3). The differentially expressed genes included
24 clones from the present midgut cDNA library, and four
clones that were applied as genetic markers toward the identifi-
cation of quantitative trait loci (QTL) influencing Ae. aegypti
competence to the malaria parasite, P. gallinaceum (MalI, GS1,
AchE and LF338; Severson et al. 1995, 2002). Of the 28 puta-
tive differentially expressed genes, 27 showed higher expres-
sion in the susceptible mosquito population; only one (MalI)
displayed a two-fold expression reduction in the refractory
mosquito population. The expression ratios of Ae. aegypti
IMUC and ribosomal protein S17 genes between Moyo-S and
Moyo-R were 1.26 and 1.14 fold, respectively; a result consis-
tent with the finding of Morlais and Severson (2001).

To examine the similarity of these ESTs to known genes,
cDNA sequences corresponding to each of the 28 array ele-
ments were subjected to a BLASTX program search against
the non-redundant protein sequences, as well as TBLASTX
to all available nucleotide sequences. Fourteen cDNA clones
showed significant similarity to known genes (Table 3).
Seven of them (374, 609, 542, 564, 847, 47, 210) exhibited
significant sequence identity to An. gambiae genes. We also
found that 11 differentially expressed elements had no
matches in the public database entries. Of these 11 unknown
genes, 3 (13, 14, 15) were assembled into a contig and the
others were singlets. Clones 502 and 966 were noted for sig-
nificant similarity to trypsin-like proteins. Respectively, they
displayed 3.64 and 2.84-fold changes compared with the
refractory population. Clone 307 encoded a putative carbo-
xypeptide A. Previous studies indicated that Ae. aegypti
carboxypeptidase A mRNA is expressed by posterior midgut
epithelial cells and accumulates at high levels approximately
16–24 h after ingestion of a blood meal. The induction of
this gene is similar to that of Ae. aegypti late trypsin (Ed-
wards et al. 2000). Clone LF338 was related to the 65A cuti-
cle protein gene of Drosophila melanogaster. Clone 464
displayed high similarity to heat-shock protein 90 from
D. melanogaster, which is best known for its association
with a variety of signal transduction systems (Felts et al.
2000). Clone GS1 encoded glutamine synthase, and clone
609 was associated with the SMC1 protein of Drosophila.
Other clones, 27, 358, and 368 corresponded to animo-
transferase, a Lian-Ala retrotransposon protein and inosine
triphosphate pyrophosphatse, respectively.

© 2004 NRC Canada

1064 Genome Vol. 47, 2004



Concordance between microarray and quantitative real-
time RT-PCR data

To confirm the data from cDNA arrays and to further
characterize the mRNA expression profiles, 16 selected
genes were analyzed using real-time quantitative RT-PCR. In

this study, total RNAs were extracted from 5-day old adult
mosquitoes from the Moyo-R and Moyo-S populations. Ex-
tracted RNAs were treated with RNase-free DNase to re-
move genomic DNA contamination prior to reverse
transcription. Specific primers were designed according to
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Analyzed item Total

Total sequence reads 1200
No. of high quality sequences 1183
Average high quality length (bp) 799
Singlets 251
Contigs 105
Total non-overlapping clone clusters 356
Homologous clone clusters 300
No. of genes homologous to all known and predicted Anopheles gambiae genes and (or) proteins 41
dbEST/GenBank accession Nos. CB250704–CB251886

Table 1. Characterization of Aedes aegypti midgut ESTs.

Rank No. of ESTs Description of homologous subject sequence

1 186 Aedes aegypti chymotrypsin-like protein
2 56 Aedes aegypti early trypsin-like protein precursor
3 27 Stomoxys calcitrans serine protease Ssp3
4 14 Goldfish mitochondrion hypothetical 18K protein
5 13 Drosophila pseudoobscura ribosomal protein S2
6 11 Mus musculus ribosomal protein L17
7 10 Spodoptera frugiperda ribosomal protein S3A
8 8 Anopheles gambiae agCP1749

8 Unknown
9 7 Xenopus laevis ribosomal protein S3

7 Chironomus tentans gene for yeast ribosomal YL10 protein homologue
7 Anopheles gambiae agCP1641
7 Anopheles gambiae agCP14063

10 6 Unknown
6 Anopheles gambiae agCP14553
6 Anopheles gambiae agCP12861

Table 2. Summary of the most abundant Aedes aegypti midgut ESTs.

Fig. 1. Distribution of Aedes aegypti midgut EST clusters based on putative functions.



the sequences of identified genes. For both Moyo-R and
Moyo-S mosquito populations (16 comparisons), there was a
high degree of concordance (r = 0.896, P < 1.1E-06) be-
tween data from microarray and real-time RT-PCR (Fig. 3).

Discussion

A total of 1183 high-quality Aedes aegypti midgut EST
sequences were obtained. Those ESTs were collapsed into
105 contigs and 251 singlets, each of which represented pu-
tatively different transcripts. Among the contig sequences
that allowed interpretation of coding potential, we identified
classes of abundant transcripts and found that chymotrypsin
and trypsin-like proteins were the most numerous, account-
ing for 186 and 56 overlapping sequences, respectively.
Their frequencies were much higher than the average abun-
dance of inserts in the cDNA library. This result is not sur-
prising because the ESTs were generated from a cDNA
library made from mosquito midgut 24 h to 12 days after
blood feeding. Theoretically, ESTs generated from a cDNA
library should represent the entire set of expressed genes in
the tissue from which the library was constructed. However,
because the expression patterns of different genes in a given
tissue yield mRNAs in different abundances, it is difficult to
capture rare mRNAs from primary cDNA libraries. This
problem also leads to redundant sequences of clones repre-
senting the same highly expressed genes, thereby affecting
the efficiency of the ESTs approach and increasing the cost
of novel gene discovery (Bonaldo et al. 1996).

The availability of large numbers of ESTs provides a rich
source of mosquito cDNA clones for genome-wide investi-
gation using microarray analysis. Using the microarrays con-
taining 1200 randomly selected midgut ESTs, we have
identified 27 midgut ESTs differentially expressed between
the two Ae. aegypti mosquito populations that are highly re-
fractory and highly susceptible to the P. gallinaceum para-
site. Dimopoulos et al. (2002) examined the gene expression
profile of An. gambiae in responses to injury, bacterial chal-
lenge, and malarial infection. The differentially expressed
genes identified in the present study showed no overlap with
theirs. Thus, pathogen infection or injury likely induces the
immediate expression of the same classes of genes in both
refractory and susceptible lines, and those are distinct from
the ones specific to either of the two selected lines. The two
mosquito populations (Moyo-R and Moyo-S) were selected
from the same stock population carried through four genera-
tions of selective inbreeding (Thathy et al. 1994). Therefore,
these differentially expressed genes should not be associated
with the genetic background of the mosquito populations. In
addition, we used two mosquito strains of equivalent age,
reared under the same conditions to prepare hybridization
probes for the microarray analyses, and thus we minimized
the effects of environmental conditions on gene expression
differences between the two strains.

Of all the differentially expressed elements, we found that
several genes related to bloodmeal digestion (e.g., trypsin
and carboxypeptidase A) exhibited increased mRNA abun-
dance in susceptible mosquitoes. We observed previously
that susceptible mosquitoes exhibited higher enzymatic ac-
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Fig. 2. Scatter plot of the Cy3:Cy5 fluorescence intensity ratio for corresponding signals between the two hybridization experiments
using Plasmodium refractory and susceptible Aedes aegypti populations to show the reproducibility of microarray assays. The expres-
sion ratio data were log transformed. Solid line represents a perfect correlation (r = 1.0).
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tivity for trypsin and aminopeptidase than refractory popula-
tions in blood meal digestion (Kaplan et al. 2001). Midgut
digestive proteases are vital to the success of Plasmodium
development in mosquitoes. For example, trypsin is essential
for activating chitinase, an enzyme required for ookinete
penetration of the peritrophic membrane (Richards and
Richards 1977; Shahabuddin et al. 1993). Inhibition of
trypsin-like activity reduces Ae. aegypti susceptibility
(Shahabuddin et al. 1995). On the other hand, trypsin can
damage the early developing ookinetes (Gass 1977; Gass
and Yeates 1979), but fully developed Plasmodium ooki-
netes are relatively protected from midgut proteases (Yeates
and Steiger 1981). Interestingly, trypsin in An. gambiae was
reported to be down-regulated by Plasmodium-infected
blood 18 h after blood feeding (Bonnet et al. 2001). The in-
creased level of midgut proteases in susceptible populations
may enhance ookinete penetration of the peritrophic mem-
brane.

None of the genes identified in this report share sequence
similarity with the leucine-rich repeat protein or the C-type
lectins that act as an antagonist or protective agonists, re-
spectively, to P. berghei infection in An. gambiae (Osta et al.
2004). This may reflect the specificity of responses of each
of the mosquito species to the respective parasites and the
nature of the resistance or refractory phenotype. Anopheles
gambiae resists infection of P. berghei by encapsulating the
developed oocysts in melanin, whereas Ae. aegypti refrac-
tory to P. gallinaceum show few or no developed oocysts.

We observed one cDNA element corresponding to the
gene, Maltase-like I (MalI) that was up regulated in the re-

fractory mosquitoes. MalI is specifically expressed in the
adult salivary glands of both female and male (James et al.
1989). This gene was one of the QTL markers for
P. gallinaceum susceptibility identified in An. aegypti
(Severson et al. 1995) and included in this array. Differential
expression of MalI gene between the susceptible and refrac-
tory populations indicates that salivary gland gene expres-
sion may also affect sporozoite development success.

In summary, we have characterized Ae. aegypti mosquito
midgut ESTs and identify 27 midgut cDNAs and 1 salivary
gland gene differentially expressed between mosquitoes
highly susceptible and refractory to P. gallinaceum parasites
using microarray analyses. Some of the differentially ex-
pressed genes may not be directly related to mosquito
refractoriness, however the determination of mosquito re-
fractoriness QTLs (Severson et al. 1995) can be used to
screen candidate genes. For example, the candidate genes
can be genetically mapped with the available markers
(Severson et al. 1993) to determine whether they are in the
general chromosomal regions where refractory QTLs reside.
This approach, coupled with detailed biochemical analysis,
holds promise for yielding useful information on genes in-
volved in the biomedical pathway leading to mosquito re-
fractoriness to malaria parasites.
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