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Abstract

The molecular biology of disease vectors, particularly mosquitoes, has experienced a remarkable progress in the past two
decades. This is mainly attributed to methodological advances and the emerging genome sequences of vector species, which have
brought experimental biology to an unprecedented level. It is now possible to determine the entire transcriptome ofAnopheles
gambiaeat a variety of conditions, with a low per-gene effort and cost. Proteomic profiles can be generated for as small
samples as the hemolymph, and transient reverse genetic and stable germ line based transgenic analyses can be performed to
analyze gene function. High throughput screening for receptors and ligands can be used to characterize interactions between
vectors and pathogens. At the current breathtaking rates of data production it is essential to question and evaluate the relevance of
laboratory infection models to the real disease transmission systems. The majority of scientific discoveries in mosquito molecular
biology have been based on highly inbred laboratory strains and rodent malaria parasite infection models, which may differ
substantially to their counterparts that transmit human malaria in the field. This review addresses the recent advances in high
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hroughput transcription analyses ofAnophelesresponses to infection, and discusses considerations for the use of lab
alaria infection models.
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. Advances in mosquito transcriptomics;
nalyses of infection responses and
efractoriness

The availableAnopheles gambiaeDNA sequence
as expanded from about 100 transcripts in the
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early 90’s to the entire genome in 2002, and the
more to come; theAedes aegyptigenome sequen
has been completed, and numerous other v
species are currently in the sequencing queue. T
genomic advances have conveniently coincided
technological developments that enable simultan
transcription analyses of thousands of genes.
biological processes underlying vector–para
interactions and other essential functions for dis
transmission, such as blood feeding, are most
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quently reflected by changes at the transcriptome level.
Microarray gene expression analyses can therefore
provide information on these processes and allow
functional predictions of genes.

The first generationA.gambiaespotted high-density
cDNA microarrays, representing approximately 2300
unique transcripts derived from immune challenged
cell lines, have provided an impressive amount of
biological information (Dimopoulos et al., 2002b;
Christophides et al., 2002; Kumar et al., 2003). In vivo
analyses of responses to septic and aseptic injury, and
Plasmodiuminfection of the midgut, discriminated
injury responsive genes from infection responsive
genes, and showed extended overlap between anti-
microbial and anti-Plasmodium responses at the
transcript level (Dimopoulos et al., 2002b).

Gene expression differences between infection
responses of susceptibleA. gambiaemosquitoes and
genetically selected refractory mosquitoes, that melan-
otically encapsulate ookinete stage parasites in their
midguts, proposed a link between the mosquito’s
oxidative status and propensity to kill parasites. This
hypothesis was validated with biochemical analyses
(Kumar et al., 2003). Assays performed with these
first generation microarrays identified members of
gene families, as immune responsive, that later were
shown to play major roles in anti-Plasmodiumdefense
(Dimopoulos et al., 2002b; Blandin et al., 2004; Osta et
al., 2004). Another study employing anA. aegyptiEST-
based spotted microarray, analyzed differences in gene
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biae, P. bergheimicroarray comprising the mosquito’s
entire predicted transcriptome of approximately 14,000
genes. Analysis at the complete transcriptome level
provides a much higher resolution of the biological pro-
cesses of immune response in the mosquito (Aguilar et
al., 2005; Dimopoulos lab, unpublished data).

2. Considerations for the choice of infection
model in the study of mosquito–parasite
interactions; differences and similarities

Plasmodiumhas to go through a complex journey in
the mosquito, involving specific interactions with sev-
eral different organs and cell types. So far, most studies
addressing the molecular interactions betweenAnophe-
lesandPlasmodiumhave employed the rodent malaria
parasite model,P. berghei, which is more amenable
thanP. falciparum(Sinden, 1978; Dimopoulos et al.,
2002a). The genome organization is largely conserved
between the rodent and the human parasites, and about
3900 rodent malaria parasite genes have orthologs in
P. falciparium,representing the universalPlasmodium
gene set (van Lin et al., 2000; Carlton et al., 2002;
Hall et al., 2005). However, despite the overall similar-
ity between the biology of human and rodent malaria
parasites, differences exist that are directly related to
the interaction of the parasites with their vectors. A
major question is how closely the biology of the natural
malaria transmission system resembles the laboratory
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xpression between two refractory and susceptibA.
egyptistrains toP. gallinaceum(Chen et al., 2004).
everal differentially expressed genes were found

elated to blood digestion, and correlated with a
ious study that had showed susceptible mosqu
xhibiting higher enzymatic activity for some dig
ive proteases (Chen et al., 2004). A more recent stud
ddressed gene transcription ofPlasmodium berghe
ndAnopheles stephensiduring the course of infec

ion, using a spotted cDNA microarray that compri
oth mosquito and parasite genes. This analysis de
xpression clusters of vector–parasite interaction
esses, such as the activity ofPlasmodium’s invasion
achinery during midgut invasion, and the mosq
idgut response to the parasite (Xu et al., 2005). An

mportant advance inA. gambiaetranscriptomics wa
he development of the AffymetrixA. gambiae,P. falci-
arumgene-chip, and an Agilent TechnologiesA. gam-
odels with rodent malaria parasites and highly inb
osquito strains.

.1. Vector permissiveness to different parasite
pecies

During Plasmodium’s development through th
osquito it suffers large losses at three major sta

n the blood meal during several developmental t
itions from gametes to ookinetes, in the mid
pithelium and in the haemocoele when sporoz
igrate to the salivary glands (Ghosh et al., 2001
hahabuddin and Costero, 2001; Sinden et al., 2).
hese losses vary between different parasite–mos
pecies combinations. A certain mosquito spe
lways shows different permissiveness to diffe
lasmodiumspecies. For instance,P. bergheiwill
evelop at least 50 oocysts inA. gambiae, while P.
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falciparum rarely exceeds three to four oocysts per
midgut in the field and even in laboratory infections
(Pringle, 1966; Collins et al., 1984). Different mosquito
species will also frequently display different permis-
siveness to the samePlasmodiumspecies. For instance,
P. falciparumachieves different infection levels in six
Anophelesspecies, and comparative susceptibilities
in order are:A. freeborni≥A. gambiae, A. arabien-
sis, A. dirus>A. stephensi, A. Albimanus(Vaughan
et al., 1994). P. falciparum in A. freeborniappeared
to have an enhanced production of ookinetes, pass-
ing through the midgut with greater efficiency than in
other species. The population dynamics of sporogony
of wild parasites, which have co-adapted to their local
vector species, is probably different from the popula-
tion dynamics of laboratory-adapted strains (Githeko et
al., 1992; Beier et al., 1992). These variations of infec-
tion phenotypes, for differentAnopheles–Plasmodium
species and strain combinations, must be consid-
ered when interpreting and comparing experimental
data, and in particular when assaying the mosquito’s
response to infection, which may be directly dependent
on infection levels, and the molecular and temporal
details of interaction.

2.2. Ookinete migration pattern across the midgut
epithelium

The midgut epithelium is the major site of mosquito
anti-Plasmodiumimmune responses and therefore an
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2000; Vlachou et al., 2004). TheA. aegyptimosquito
midgut epithelium is also invaded byP. gallinaceum
through an intracellular route, and suffers damage,
which is repaired by a unique actin cone zipper mech-
anism, rather than the actin ring mechanism that has
been described inA. gambiae(Gupta et al., 2005).
In summary, recent analyses suggest a similar route
of invasion for the human and rodent parasites, and
a similar cellular response of theA. gambiaemidgut
epithelium to the two parasite species.

2.3. Mosquito immune responses to P. berghei and
P. falciparum infections

Transcription analyses have mostly been used to
assessAnophelesimmune responses toPlasmodium
infection, and the transcriptome will eventually reflect
even the smallest and most subtle differences in inter-
action and infection intensity for different Plasmodia
in A. gambiae. Analyses ofA. gambiaetranscrip-
tional immune responses to ingestedP. bergheiand
P. falciparuminfected blood, has indeed revealed sub-
stantial qualitative and quantitative differences; these
comparative analyses were first performed with a lim-
ited set of selected immune genes, and more recently
at the global transcriptome level (Tahar et al., 2002;
Dimopoulos lab, unpublished). The observed differ-
ences may have resulted from a variety of factors,
ranging from variations in infection intensities, inter-
actions with mosquito epithelium, secretion of parasite
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ssential site to address potential differences in i
ctions with the human and model malaria paras
n early study suggested thatP. falciparummigrates

hroughA. stephensimidgut epithelium via an interce
ular mode and did not cause the type of cell dam
hat resulted fromP. bergheiinvasion, while a mor
ecent analysis supported an intracellular route (Meis
t al., 1989; Han et al., 2000; Vlachou et al., 20
aton and Ranford-cartwright, 2004). The discrepanc
etween the two studies could be due to a diffe
ampling procedure, or biological differences betw
heP. falciparumstrains NF54 and 3D7A. In the la
er and more detailed study,P. falciparumookinetes
ere not found to prefer a particular midgut cell ty
nd invasion resulted in dramatic changes that w

ndicative of host cell apoptosis and expulsion from
pithelium into the lumen, similarly to what had be
escribed forP. bergheiin A. stephensi(Han et al.
etabolites and proteins and recognition of para
ntigens by the mosquito’s immune surveillance

em. Differences in assayed response patterns ma
ave been attributed to differences in temperaturP.
ergheiinfections are done at 21◦C whileP. falciparum
evelop at 27◦C) and developmental rates for the t
arasite species (Dimopoulos et al., 2002a).

. Laboratory reared colonies versus field
osquito populations

Our current knowledge on mosquito response
nfection is mainly based on studies performed w
ighly inbred laboratory strains ofA. gambiaethat
ave been maintained under laboratory condition

he past 15–30 years. The environmental and m
ial exposure of these mosquitoes is significa
ilder and less diverse than that of field mosquit
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Fig. 1. Divergence between laboratory and field mosquitoes over time is determined by differences in environmental conditions (climate,
nutrition, microbial exposure), and population size. Laboratory colonies will rapidly suffer a dramatic loss of allelic diversity and fitness, while
field populations may change over time, while responding and adapting to varying conditions.

Reduction in selective pressure, taken together with
increased inbreeding depression, due to the initial
small parental population size and subsequent pop-
ulation bottlenecks, will result in loss of genetic
variability and fitness (Wright, 1977; Charleston
and Charleston, 1987; Falconer and Mackay, 1996;
Whitlock and Fowler, 1999; Reed and Frankham,
2003). Indeed, studies withDrosophila showed that
inbred populations had lower fitness and were less
adaptable than their outbred parental population
(Reed et al., 2003; Frankham et al., 2000; Woodworth
et al., 2002; Hoffmann et al., 2001). A. gambiae
microsatellite DNA polymorphisms are dramatically
reduced in laboratory colonies compared with field
populations, due to the small parental strain size used
to initiate laboratory colonies (Norris et al., 2001).

The microbial exposure represents a strong evolu-
tionary force for immune gene divergence between
laboratory and field mosquitoes and between field
mosquito populations. In addition to the necessity of
maintaining a pattern recognition repertoire that is
compatible to the microbial species-specific exposure
of each ecological niche, selective pressure is also
exerted by pathogens’ ability to interfere with vari-
ous host mechanisms (Spriggs, 1996; Hueck, 1998).
Sequence diversity of immune genes can be predicted
to be higher in field mosquitoes, to cope with a broader
diversity of microbes (Hughes, 1997; Wang et al.,
2003). Strong directional selection has indeed been
documented for pathogen recognition receptor genes in
D 2;
S
g ev-
e cog-
n ent

substitutions (Morlais et al., 2004). Sequence polymor-
phisms in immune genes have also been correlated with
the prevalence of naturalP. falciparuminfections inA.
gambiaefield populations (Luckhart et al., 2003). Even
in a seemingly homogeneous mosquito strain, a variety
of alleles appear to exist that can affect susceptibility to
the parasite (Medley et al., 1993; Niare et al., 2002). For
these reasons, various physiological systems, including
the immune system, of laboratory and field mosquitoes
will inevitably diverge. Divergence is also expected to
occur between different field mosquito populations that
inhabit different ecological niches, as well as between
different laboratory strain mosquitoes that may have
different rearing conditions and have originated from
different parental strains (Fig. 1). Most studies have
addressed divergence between species and populations
at the DNA and protein sequence level, while the degree
and significance of transcriptomic (gene-expression)
divergence has not been thoroughly studied. A recent
study documented positive coupling between gene
expression polymorphisms and divergence with protein
sequence divergence inDrosophila, suggesting similar
evolutionary dynamics for gene-expression and protein
sequences (Lemos et al., 2005). Microarray analyses in
A. gambiaeindicated broad differences between micro-
bial challenge response profiles of the susceptibleA.
gambiaeG3 and pink eye (4A r/r) strains (Kumar et al.,
2003). The GNBPB1 (gram-negative bacteria-binding
protein B1) gene has shown interesting variations in
infection responsive transcriptional regulation between
d l.
( -
s ut
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rosophilaandAnopheles(Christophides et al., 200
chlenke and Begun, 2003; Morlais et al., 2004). A.
ambiaefield mosquito immune genes exhibit high l
ls of nucleotide polymorphism, and pathogen re
ition receptors show a higher degree of replacem
ifferentA. gambiaelaboratory strains.Richman et a
1997)andDimopoulos et al. (1998)documented tran
criptional up-regulation of GNBPB1 in the midg
f the refractoryA. gambiaeL3–5 strain mosquitoe
t 24 h after ingestion ofP. berghei infected blood
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when ookinete invasion occurs. In contrast,Tahar et
al. (2002)showed that GNBPB1 transcription ranged
between two-fold repression and no regulation in two
replica infection assays with the same parasite strain
in the Yaound́e A. gambiaestrain. A third study, by
Christophides et al. (2002), did not detect induction of
GNBPB1 in the midgut tissue of the pink eye (4A r/r)
A. gambiaestrain, at similar conditions to the previ-
ous studies. Such variations are not surprising, consid-
ering the different adaptations and inherent different
genetic background of these strains. GNBPB1 is a pat-
tern recognition receptor that may diverge rapidly at the
gene regulatory level while it adapts to different micro-
bial exposures. Studies have been initiated to address
transcriptomic differences between the fieldA. gam-
biae incipient M and S species (M and S molecular
forms) and an inbred laboratory strain. Preliminary data
suggest a stronger and potentially more rapid response
of field mosquitoes to the challenge with bacteria;
the number of significantly regulated genes at a very
early time point after microbial challenge is three times
larger in the field than in laboratory strain mosquitoes
(Dimopoulos lab, unpublished).

4. Concluding remarks

Interactions betweenAnophelesand Plasmodium
are complex and exhibit variations, even within the
same vector–parasite species combination. These
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in establishing an infectious parasite culture and
achieving adequate infection levels in the mosquitoes.
The use ofP. falciparumgametocyte carrier blood
sources is for most laboratories not possible. Infection
assays withP. falciparumwill furthermore require a
high safety insectary. The unnaturally high infection
levels ofP. bergheiin A. gambiae,renders it possible
to assess effects of mosquito gene silencing on
Plasmodiumdevelopment with a greater precision.
The low infection levels ofP. falciparummay not
enable detection of infection induced transcription
for certain mosquito genes that may be specific for
invaded midgut cells (Ghosh et al., 2001).

It is complicated to establish laboratory colonies
from field caught mosquitoes, and in many cases
impossible. Such colonies are frequently unstable and
may undergo dramatic changes in allele frequencies
over time, which in turn can affect the biology of
interaction and response toPlasmodium.Laboratory
strains are inbred and thereby more standardized,
and will therefore produce more consistent data over
time (Charleston and Charleston, 1987; Whitlock and
Fowler, 1999; Norris et al., 2001; Hoffmann et al.,
2001; Woodworth et al., 2002).

The choice of biological system for any given study
should eventually be based on the various tradeoffs,
if options for choice exist at all. A small compro-
mise in biological validity may in many cases be
preferred over the time and resource consuming tech-
nical obstacles that would have to be solved for the
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ariations will inevitably affect gene expression a
ence the outcome of transcriptomic analyses tha
t the characterization of mosquito responses to in

ion. Most of our knowledge on mosquito infecti
esponses has derived from studies performed wiA.
ambiaelaboratory strains and the rodent parasitP.
erghei, and it would simply not have been possible
each the current level of knowledge through exclu
se of field mosquitoes andP. falciparum(Richman
t al., 1997; Dimopoulos et al., 1998, 2001, 200
002b; Han et al., 2000; Christophides et al., 20
ahar et al., 2002; Kumar et al., 2003; Blandin et
004; Osta et al., 2004; Sinden et al., 2004; Vlac
t al., 2004; Xu et al., 2005).

Laboratory models provide certain advanta
n both technical and biological context, against
atural field organisms. Performing infections w
. falciparumin A. gambiaeis plagued by difficultie
se of a natural system. Initial screens and as
an be performed with laboratory models, and in
sting findings must subsequently be validated
atural mosquito–parasite combinations. The natu
nophelesanti-Plasmodiumresponses is not expec

o differ fundamentally for the different parasite spe
nd preliminary analyses indicate similar anti-P. falci-
arumand anti-P. bergheiactivities for many teste

mmune genes (Baton and Ranford-cartwright, 200
lachou et al., 2004; Gupta et al., 2005; Han et
000; Dimopoulos lab, unpublished data).
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