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Abstract

Simultaneous microarray-based transcription analysis of A@®@pheles stephensidgut andPlasmodium berghénfection stage specific
cDNAs was done at seven successive time points: 6, 20 and 40 h, and 4, 8, 14 and 20 days after ingestion of malaria infected blood. The stuc
reveals the molecular components of sevArapheleprocesses relating to blood digestion, midgut expansion and respdPisstoodium
infected blood such as digestive enzymes, transporters, cytoskeletal and structural components and stress and immune responsive facte
In parallel, the analysis provide detailed expression patterfasimodiungenes encoding essential developmental and metabolic factors
and proteins implicated in interaction with the mosquito vector and vertebrate host such as kinases, transcription and translational factors
cytoskeletal components and a variety of surface proteins, some of which are potent vaccine targets. Temporal correlation between transcriptic
profiles of both organisms identifies putative gene clusters of interacting processes, Bletnamdiuninvasion of the midgut epithelium,
Anophelesmmune responses ®lasmodiuninfection, and apoptosis and expulsion of invaded midgut cells from the epithelium. Intriguing
transcription patterns for highly variab®asmodiunsurface antigens may indicate parasite strategies to avoid recognition by the mosquito’s
immune surveillance system.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Plasmodiumthe causative agent of malaria, exploits the
female mosquito’s need for blood to spread among human
Abbreviations: CSP, circumsporozoite protein; CTRP, circumsporo- hosts. Sets ofdlﬁerentdlgeSFlve enzymes, transporters, struc-
zoite- and TRAP-related protein; EST, expressed sequence tag; NOS,tural ComponenFS' metabolic enzy'mes and developmental
nitric oxide synthase; Nramp, natural resistance-associated macrophagdactors are required by the mosquito vector to process the
protein; RT-PCR, reverse transcription-polymerase chain reaction; TRAP, blood and produce eggs. The presencBlasmodiunposes
thrombospondin-related adhesive protein; WARP, von Willebrand factor A gdditional challenges for the mosquito and triggers transcrip—
domain-related protein . . .
* Corresponding author. Tel.: +1 443 287 0128; fax: +1 410 95 50105. tional prpgrgms r?}Sp?.nSlble forrl]mmlrj]ne.a;’]d .S'[I‘(TSS reSpon;e’
E-mail addressgdimopou@jhsph.edu (G. Dimopoulos). apoptosis, tISSL!E ealing and other physiological systgmst at
1 These authors contributed equally to this work. are affected by infected blood compon€dit®]. Plasmodium
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undergoes a complex life cycle in the mosquito and the tem-

poral accuracy of its gene regulatory program is crucial to

7

10% sucrose solution during adult stages. Female mosquitoes
were blood-fed on anaesthetised BALB/c mice. For malaria

avoid exposure of the sensitive parasite stages to the hostildnfections 4-day-old female mosquitoes were fed on anaes-
environment of the midgut lumen and the mosquito’simmune thetised BALB/c mice which had been infected wikh

responses in the epithelium and hemodagl

Malaria developmentin the mosquito is initiated by game-
tocyte activation within the first 30 min of blood ingestion,
followed by fertilization that leads to the formation of a zy-

berghei4 days previously, and were assayed for high levels
of parasitemia and the presence of microgametocytes capa-
ble of exflagellation. The mosquitoes were maintained there-
after at 19°C prior to dissection and extraction of midgut

gote atapproximately 2 h. The zygote transformsinto a motile RNAs.

ookinete that traverses the peritrophic matrix using a chiti-

nase that may be activated by a mosquito digestive protease2.2. Dissections and RNA extraction

After entering the ectoperitrophic space approximately 15h

after ingestion, the parasite attaches to, invades and traverses Midguts were dissected on ice in PBS (0.6 mM MgCl

the midgut epithelium. Invasion of the midgut by the rodent
malaria parasitBlasmodium berghgieaks at around 30 h af-

4mM KCI, 1.8mM NaHCQ, 150mM NaCl, 25mM
HEPES, 1.7 mM CagGl pH 7) and were immediately frozen

ter infected blood ingestion and proceeds up to 2 days. Largeon dry ice. Total RNA was prepared from dissected tissues
numbers of parasites are killed prior to and during invasion and intact animals using the RNeasy kit (Qiagen, Chatsworth,

of the midgut epithelium. Invaded midgut cells will undergo
apoptosis and finally be expelled from the epithelium. On

the basal side the ookinete develops, within a period of ap-
proximately 12—20 days, into a mature oocyst that produces

thousands of sporozoitfk 3]. Upon the rupturing of oocysts,

CA) according to the manufacturer’s instructions.
2.3. DNA microarray construction

The EST clones that were used for microarray probe

which is asynchronous and can take several days, sporozoitepreparation originated from four previously described sub-
are dispersed throughout the hemocoel from where they will traction libraries that represented the transcriptomes of the

invade the salivary glands prior to injection into a new host.
Ourknowledge oAnophelesesponses to malariainfected
blood andPlasmodium’slevelopment in the mosquito has ex-

ookinete stag®. berghei(ookinete library: 1-12 h) and the
early infected stage (early library: 24-52 h after ingestion of
infected blood), intermediate oocyst stage (middle infected

perienced a remarkable expansion in the past decade mostlynidgut library: 4, 6 and 8 days after ingestion of infected

through individual gene analyses for both organisms. Re-
cent gene discovery projects based on subtraction cDNA li-

braries that were enriched with botlmopheles stepheraid

blood) and late oocyst stage (infected midgut library: 10,
12 and 14 days after ingestion of infected blood) infeced
stephensinidgut andP. berghetranscriptg4,5]. Subtraction

P. bergheinfection stage specific genes, identified numerous of cDNAs was done using the Clonetech PCR select subtrac-
new transcripts that are crucial for the interactions betweention kit (cat. # K1804-1) and the subtracted PCR amplified

the two organism§4,5]. However, subtractive hybridization

cDNA fragments were cloned in a pGEMT-easy (Promega)

approaches cannot provide accurate temporal transcriptionvector prior to transformation into DH5Escherichia coli
patterns of genes across several consecutive time-points, and’he ookinete subtraction library was constructed by subtract-
expression stage specificities of selected genes must thereforeng cDNAs from four ookinete stages (6, 12, 18 and 24 h)

be determined by other methods.
To extend our understanding shophelesPlasmodium

against blood stagB. bergheicDNAs. The early subtrac-
tion library was produced by subtracting cDNA from infected

interactions, we have simultaneously assayed gene expresmidguts at 24, 36 and 52 h after ingestion against cDNAs of

sion of A. stephensimidguts andP. bergheiat seven time-
points after mosquitoes fed onPabergheiinfected mouse.
Analyses were done with microarrays made from EST
clones of subtraction libraries enriched f®tasmodium
genes expressed AnophelesandAnophelegenes induced
by Plasmodiuminfected blood. The analyses reveal pro-
cesses oPlasmodiundevelopment, blood digestion and the
mosquito’s response to infection.

2. Material and methods
2.1. Mosquito rearing and infections

TheA. stephensgD500 strain was raised at 28, 75%

blood stagéd®. bergheiand cDNAs of non-infected blood fed
guts at 24 h after ingestion. The middle subtraction library
(representing cDNAs from 4, 6 and 8 days after ingesting
infected blood) was subtracted against blood sRagperghei
cDNA and cDNAs of non-fed guts, and 24 and 48 h, and
4 days non-infected blood fed guts. To ensure high degree
of stage specificity, the middle library had also been sub-
tracted against cDNAs of 24 and 48 h infected guts. The late
subtraction library (representing cDNAs from 10, 12 and 14
days after ingesting infected blood) was subtracted against
the same cDNAs the middle subtraction library and in addi-
tion against cDNAs of infected guts at 4, 6 and 8 days after
ingestion. Detailed description of these libraries is provided
in previously published wor4,5]. Probes for spotting were
amplified from 4987 EST clone bacterial cultures through

humidity, under a 12 h light/dark cycle, and maintained on a a two-step PCR amplification with amino-modified T3 and
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T7 primers. PCR products were verified through agarose ware). The normalized ratio of each clone was then log 2
gel electrophoresis. Ethanol-precipitated PCR products weretransformed. To generate the final data set, log 2 transformed
re-suspended in Arraylt Microspotting solution (Telechem normalized ratios of spots corresponding to the same clone
International, Sunnyvale, CA) and spotted on aminosilane- and gene were averaged using the GEPAS pre-processing
coated glass slides with the Omnigrid microarray spotter tools. Inconsistent replicates that deviated from the median
(GeneMachines, San Carlos, CA). DNA was cross-linked of replicates by more than a two-fold were not considered
to the slides by incubation at 6C for 3h and 100C for for averaging6,7] (Supplementary data, Table )SCluster-

10 min. ing analysis and graphic presentations were performed us-
ing the CLUSTER and TREEVIEW software (available at

2.4. DNA target preparation and microarray http://rana.lbl.gov/EisenSoftware.hyii8].

hybridizations

2.6. EST sequence analysis

Complementary mRNA (cmRNA) was synthesized with
the Ambion MEGAscript T7 RNA synthesis kit (Am- Of the 4987 spotted clones, 1273 had been previously
bion, Austin, TX) from double-stranded cDNA primed sequenced through a random selection of clones and 400
with an oligo d(T)-T7 promoter sequence. Complementary clones were selected for sequencing based on their expression
cDNA targets were synthesized and labelled from the cm- specificity; clones with highly specific expression patterns
RNA by incorporation of Cy-3-dUTP and Cy-5-dUTP flu- across only one or two time points were selected. Sequenced
orescent nucleotides through a random primed first-strandclones were classified & stephensor P. bergheiaccord-
reverse-transcription reaction. After removal of unincorpo- ing to their GC content and identity to known genes and
rated dNTPs with a Qiagen PCR purification kit (Qiagen, genomic sequencdd,5]. Species determination of clones
Chatsworth, CA), the targets were combined, lyophilized was also done through competitive hybridizations between
and re-suspended in hybridization buffer containing 50% for- targets made from a mixture & bergheiblood stage and
mamide, 6« SSC, 0.5% SDS, % Denhardt’s reagent and ookinete stage RNA, and targets made from unfed female
0.5mg/ml poly(A) DNA. Arrays were pre-hybridized in<6 A. stephenskRNA. In a separate experiment, hybridizations
SSC, 0.5% SDS, and 1% (v/v) BSA at 42 for 90 min, hy- were done between targets made from genomic DNA of
bridized overnight at 42C in humidified hybridizationcham-  A. stephensand P. berghei[8,9]. All transcripts originat-
bers, washed twice in 0:4SSC, 0.1% SDS (30 min), twicein ing from the ookinete library were assigned Rsberghei
0.1x SSC (15 min), rinsed with de-ionized>B and dried. specific. Of the total, 3761 clones could be assigned to a
To assay bottA. stephensandP. bergheigene expression  species through these criteria and assays, while the remain-
during the course of infection, Cy-5 labelled cDNA targets ing 1223 clones, most of which had not been sequenced,
made from midgut RNAs of at least 50 dissected mosquitoesdid not generate adequate hybridization data for species as-
at each time point (6, 20 and 40 h, and 4, 8, 14 and 20 days)signment. Clone inserts sharing a greater than 97% identi-
after feeding on &. bergheinfected mouse were hybridized cal nucleotide sequence over at least a 100 bp stretch were
against a Cy-3 labelled reference target made from a pool ofassigned to the same sequence clone cluster; this analysis
an equal quantity of infected midgut RNA from each time generated 1109 unique sequence clone clusters from the
point. Four replica experiments corresponding to two inde- 1673 sequenced genes, suggesting an overall redundancy
pendent biological assays (infections), of all analyzed time level of about 66% for the four libraries together. Gen-
points, that were hybridized twice to independent microar- bank EST identifiers for sequenced clones are indicated in
rays were done. Supplementary data, Table S3

2.5. DNA microarray analysis 2.7. RT-PCR analysis

Intensities of hybridized targets were estimated with a  To assess the accuracy of the microarray assays, at a
GenePix 4000b (AXON Instruments, Foster City, CA) semi- semi-quantitative level, the diverse expression patterns of
confocal microarray scanner and software. Spots that werefive A. stephengjenes were independently verified with RT-
poorly hybridized or were covered with hybridization arti- PCR assays using gene specific primers as previously de-
facts were removed from the analysis through manual in- scribed Fig. 2) [10]. The following primer pairs were used:
spection. Spots considered for analysis had median signalL433/peritrophin  A:  TTAAAGATAGAAACCAACCTG,
to background ratio >3, median background intensity <500 B: GCGGCCGAGGTAATTTTT, M855/serine protease
and median signal to noise ratio >3, or showed exceptionally A: GTACGAGATCGTCGCAGGT, B: CGGGCAGGTAC-
high intensity in one sample. For expression ratio (Cy5/Cy3) TATCGAC; M1012/alkaline phosphatase A: GTACGTGCT-
normalization, a total intensity normalization method was GTTTGTTGAA, B: ATGTGTACACGCGTCGAT,; E517/
used; the estimated background corrected ratio of medianscaspase A: TAATTTCCTCGTCGGTCGTC, B: AAATTCG-
was multiplied against the ratio of medians normalization TATGCCACCTTGC; E65/G12 precursor A: ACTTCAGC-
factor for each array (estimated by the GenePix Pro soft- CGAGCTCTCGTA, B: GGGCAGGTCGCTAATATTGT.
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3. Results inthe early stage library may also reflect a low transcriptional
activity of A. stephensjenes immediately after blood feed-

3.1. Complexity and expression specificity of subtraction  ing. In contrastt@\. stephensthe great majority dP. berghei

library clones ESTs are specific for the early time points of 6 and 20 h af-
ter ingestion of infected blood. As many as 6Rasmod-

The specificity of microarray assays, the library subtrac- iumgenes (33% of the total 1828) show a higher expression
tion efficiency and expression patterns of the spotted cloneslevel (two-fold or greater) in infected blood against the refer-
are apparent through clustering expression data of genes repence pool RNA target that was made from an equal amount
resented by the spotted cDNABI§. 1). The majority of as- of RNA from each infected mosquito staggupplementary
sayed subtraction library clones have previously been showndata, Table S)(Fig. 1). A large fraction of these early stage
to represent transcripts that are expressed at higher levels irP. bergheitranscripts appears to be produced by the blood
mosquitoes fed oR. bergheinfected blood and the microar-  stage parasites as well as the early sporogonic stages such
ray hybridization strategy provide information on their tem- as ookinetes that are mainly present at 20 and 40 h after in-
poral expression specificity after ingestion of infected blood gestion. A significant proportion of these early transcripts
at several successive time poini4,5]; see Sectior2). Two encode components of the translational machinery, stress re-
thousand and eight hundred fifty genes (57% of the 4987 sponse and metabolism; these functions are likely to relate to
total) are differentially regulated between two or more time successive developmental processes and transition from the
points by at least a two-foldMg. 1). Approximately half host to the vector environment that involves a drop in temper-
(1215) of these arB. bergheiranscripts present at the early ature and dramatic change in biochemical environment. The
stages (mostly 6-20h in expression clusteFit,. 1) after relatively small numbers ¢t. berghegenes in the middle and
ingestion of infected blood, and derived predominantly from |ate stage infected midgut libraries may be explained by the
the ookinete stage and early infection stage midgut libraries. possible presence of a smaller number of sexual and sporo-
The remaining transcripts are maimlystephensipecific for gonic stage parasites or a general down-regulation of genes at
stages between 20 h and 20 days after ingestion of infectedthese later stages. Library origin and expression specificity of
blood, and derived from the middle and late stage libraries clones belonging to the non-determined species group sug-
(cluster 2Fig. 1). The remaining 2135 clones represent genes gest they predominantly represeéntstephensiFig. 1).
for which our assays did not detect differential expression
greater than two-fold between the assayed time points. It is,3.2. Anopheles and Plasmodium gene expression during
however, possible that a large fraction of these remaining the course of infection and blood processing
genes posses significant regulation which is not detectable
with the microarray assays due to the hybridization strat- A, stephensindP. bergheitranscripts with predicted pu-
egy (see Sectiof) that tend to suppress the assayed mag- tative functions were clustered separately based on expres-
nitude of differential transcription for genes with elevated sion specificity, gene function and correlation with specific
expression across several time points. The strong correlationprocesses of interaction between the two organisms. Frag-
between assayed expression patterns and subtraction librarynents of the parasite’s transcriptional program, that directs
origin of spotted probes (clones) confirms the robustness ofits development in the mosquito, are presenteBlasmod-
the microarray assays and the high degree of specificity of thejum clusters Pb1-4 and components of fsophelegran-
subtraction procedure that was used for library construction scriptome, that is responsible for blood processing and the
(Fig. 1) [4,5]. Furthermore, the microarray expression data response t®lasmodiuninfection, is presented iAnopheles
of numerousA. stephensandP. bergheigenes correlate re-  clusters As1-5.
producibly with previously presented expression assays. Ex-  Plasmodium Pbicluster comprises transcripts that are
amples are mosquito serine proteases the G12 precursor trarabundant at the early stages and detectable up to about 20 or
scripts, a serpin gene and maltase transcriits @) [2,4,5]. 40 h after blood ingestion. They encode metabolic enzymes,
For Plasmodium the myosin Agene, the ookinete specific  replication factors, transcription and translation components,
PbS28and PbS25genes, as well as the sporozoite specific proteasome and heatshock proteins as well as surface anti-
CSPandTRAPgenes all confirm accurate microarray-based gens. The majority of these transcripts are also present in
transcription profiling (discussed belokig. 3) [12—-15] To blood stage parasites. The presence of nine proteasome and
further assess the accuracy of expression assays, selectelteatshock protein transcripts is indicative of a stress response
genes were subjected to semi quantitative RT-PCR assayso the transition from the vertebrate host blood in to the
that confirmed the microarray-assayed pattefigs @). Stage mosquito midgut lumen, which involves dramatic changes
specificity of theA. stephensEST collection is relatively  in both temperature and biochemical environmBtasmod-
evenly distributed with a somewhat lower representation of jum heatshock proteins have been proven to be essential for
genes expressed at the 6 h time pofig( 1). This is most growth and play roles in a variety of processes. The pres-
likely due to the selected stages from which the early library ence of several replication machinery components up to 40 h
was constructed, between 24 and 52 h after ingestion of in-after ingestion is indicative of the major DNA synthetic ac-
fected blood5]. The lower representation of mosquito genes tivity during early stages of oocyst development. A Rab6
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species separate

6h 20h 40h 4d & 14d 20d

SPECIES ® :Q{TTT?‘/‘

A.s.

Pb.

- n.d.

TO:1931
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I ookinete (1 - 12 h)
B early 24-251)
B middie 4 -8 )
B e 10-149)

2 -fold regulation
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Fig. 1. Transcripts have been ordered in the expression cluster matrices according to a SOM[idtteath time point target (6, 20 and 40 h, and 4, 8,

14 and 20 days) has been hybridized against a reference target made from an equal amount of RNA of each time point (Sfe/Seetiadls). Red colour
indicate that a gene has a higher expression level than its average expression level across all seven assayed time points. Green colour getfiedtashat a
a lower expression level than its average expression level across all assayed time points, and black indicates an equal to the average eijoresain leve
transcript across all assayed time points. Pie charts S indicate proportions of transcripts beloAgistgpbensiP. bergheior the non-determined species
class. Pie charts L indicate library (ookinete, early, middle and late) of the assayed transcripts. Expression cluster matrix A comprisesraniycitipisethat

have differential expression greater than two-fold between two or more assayed time points, and has been subdivided in two sub-clusters lrasdi@nin exp
cluster matrix B, transcripts of each specdfes (A. stephengj P.b. (P. berghe) and n.d. (non-determined) have been clustered separately. Total (TO) number

of transcripts contained in each cluster is indicated.
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20h  40h 4d 8d 14d 20d

20h 40h 4d 8d 14d 20d

L433/P.M.
M855/S.P.
M1012/A.P.
E517/CASP

EB5/G12
RIBO.L10

Fig. 2. Semi-quantitative RT-PCR analyses (right panel) of expression of selected genes at the time points that were assayed in the micreareag analys
compared to microarray data from 1 replica assay (left panel). cDNAs used for RT-PCR assays were normalizedfusitephansiibosomal L10 gene.

For microarray analyses, hybridization strategy and colour scheme is the samEigslinDifferences between RT-PCR assayed and microarray assayed
expression patterns is likely to relate to differences in normalization methods; microarray assays measure the expression level of each tyeegairgach
against its average (median) expression level across all assayed time points, while RT-PCR assays measure transcript abundance of genesitirRNA of eac
point that contain an equal amount of the ribosomal L10 gene transcripts. S.P., serine protease; P.M., peritrophic matrix; A.P., alkalineghos@ata
caspase; G12, G12 precursor; RIBO.L10, ribosomal protein L10.

transcript, L491, is up-regulated at early time points and at Plasmodiummidgut interaction$4,20]. A myosin A gene,
later time points during sporozoite differentiation (14 days 0123, is expressed atthe ookinete and atthe sporozoite stages
after blood ingestion). AP. falciparumRab6 is associated where it has been described to play a role in locomotion and
with the Golgi apparatus of the blood-stage parasite as well invasion of vector and host ce[tE3]. TwoPlasmodiunactins
as at the later sporozoite stadésl6] Expression of Rab6  are also co-regulated with myosin A and are likely compo-
may reflect a preparative up-regulation of Golgi-trafficking nents of the ookinete and sporozoite locomotive machinery.
and protein sorting for upcoming increase in protein secre- A berghepain-2 encoding transcript, 0423, encodes a cys-
tions. A highly conserved 14-3-3 transcript, E446, previously teine protease with likely function in haemoglobin degrada-
characterized in asexual blood stage parasites, is abundantlyion and possibly also other functions during development in
expressed in the sporogonic stages. The function of the 14-the mosquito. A chitinase has an expression peak at 40 h after
3-3 proteins is not precisely known, but has been linked to ingestion and is also expressed at later stagédasmodium
signal transduction and cell cycle contfa¥]. chitinase has previously been implicated in traversal of the
Plasmodium Pb2luster has similar expression specificity peritrophic matrix after activation by ainophelegrypsin
to Pb1 but comprises a variety of surface protein transcripts [21]. Proteins encoded by three transcripts, 0312, E436 and
known to be implicated in interaction and invasion of vector O17, share similarity to erythrocyte binding membrane pro-
and host cells and immune evasion. Three putative HSP70teins (EMP) that belong to the highly variable B perghei
transcripts, O81, OE484 and E1042, are expressed up to 40 himmunovariant) family that have been studiedRnvivax
when ookinetes invade the epithelium, and also at 14 daysThe O17 transcript is expressed in early midgut stages while
and later when sporozoites are dispersed in the hemolymphO312 and E436 are also transcribed at the later oocyst and
and invade the salivary glands, suggesting a specialized rolesporozoite stages. These proteins have a modular structure
in motility and invasion. HSP70 has indeed been shown to with domains that are implicated in interaction with a vari-
play a role inP. falciparumactin polymerisation as a modu- ety of host cell ligands and evasion of immune responses in
lator of capping activity, and hence the regulation of invasion the vertebrat§2?2]. A microtubule binding protein transcript,
which is dependent on local actin filament groytB]. Two 0292, is highly expressed during oocyst stages where it is
putative integral membrane protein genes (IMP), E936 and likely to play a role in the morphogenesis of the developing
E647, are expressed at significantly higher levels at 6 h aftersporozoitd15].
ingestion and are therefore likely to play roles in the early =~ The Plasmodium Pb8uster is enriched with components
sporogonic stages. The circumsporozoite- and TRAP-relatedimplicated in interactions with the vector and host and is
protein (CTRP) gene is transcribed throughout the parasitesmore specific for the sporozoite stage time points at 14- and
development in the mosquito with a peak at 20 h where it is 20-days after ingestion. Transcripts encoding the sporozoite-
implicated in ookinete invasion of the epithelifi®]. Pbs28 specific surface proteins TRAP and CSP are highly expressed
and Pbs25 are expressed at the ookinete stage and earlier arat the sporozoite stage. Both proteins have been implicated
encode for GPI anchored surface proteins that play multiple in mosquito salivary gland invasion and hepatocyte invasion
roles during parasite development in the midfi]. The [23]. Transcription pattern of TRAP correlates with the pre-
E893 transcript shares high similarity to von Willebrand fac- viously observed gradual increase of TRAP protein content
tor A domain-related protein (WARP) and has peak expres- on the sporozoite surface that peaks at the mature sporozoite
sion at the ookinete stages as well as at the late sporozoitestage, while the CSP gene is highly expressed already at 14
stage. WARP is a micronemal adhesive protein implicated in days in developing oocysi$4,18] Interestingly, both TRAP
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and CSP are also transcribed at significant levels by blood has a documented induction at 12—60 h after blood feeding
stage parasites, even though production of their encoded pro{30]. A caspase transcript, E497, is up-regulated at 6 and
teins by these stages has not been validated with means othe20 h, possibly representing a mosquito immune or apoptotic
than immunohistological assaj]. A putative erythrocyte  response tdlasmodiuminfected blood. Two maltase tran-
binding protein-like (EBP-like), L194, has a transcription scripts, L557 and L610, are induced between 40 h and 8 days
peak at the late sporozoite stage (20 days), suggesting a pothat most likely indicate a switch to sugar source at this stage
tential role in interaction between the sporozoite and the ver- after blood ingestion. Transcripts, E904 and E117, share sig-
tebrate host cells. A promising vaccine candidate, the hepa-nificant similarity to a previously cloned G12 gene of un-
tocyte erythrocyte protein 17 kDa gene (HEP17), is encoded known function that encodes a putative secreted protein of
by the transcript E1149 and is highly expressed at the sporo-211 amino acids. The tight co-regulation of G12 with blood
zoite stages in the mosquito, although earlier studies havedigestive serine proteases and peptidases suggest a functional
documented detection of its encoded protein first at 6 h afterrole in a related process.
hepatocyte infectiof25]. A transcript, E1143, with signifi- Anopheles As2cluster comprises seven tightly co-
cant similarity to the rhoptry protein gene family, is expressed regulated transcripts with an expression pattern that is char-
throughout the parasite’s development in the mosquito with acterized by two up-regulated peaks; the first at 20 and
peaks at 20 h and 20 days. Rhoptry proteins are implicated in40h and the second at around 8 days after ingestion of
the binding of infected erythrocytes to host endothelial cells, infected blood. Transcripts M925 and M1012 are alkaline
and merozoite—erythrocyte interactioi2$,27] Expression phosphatases that can hydrolyse a variety of phosphate com-
of the E1143 encoding putative rhoptry protein suggests apounds and are implicated in diverse functions, and tran-
role in the interactions with the vector and host. Two other scripts M1058, L958 and M147 share similarity to sphin-
rhoptry-like transcripts, 01124 and O51, are expressed at thegomyelin phosphodiesterases (ceramidases) have beenlinked
early stages up to 20 h in cluster Pb1. Components of the par-to functions that may be of major importanceRasmod-
asite antioxidant defence system, encoded by a thioredoxinium infection [31]. Sphingomyelin phosphodiesterases are
related transcript L37 and a glutathione peroxidase transcriptutilized by some pathogenic bacteria for their entry into ep-
L382, are expressed at elevated levels in the sporozoite stagéhelial cells; they are also essential in the phagolysosomal
and in the ookinete and sporozoite stages, respectively. Theirdefence against intracellular pathogens and are furthermore
presence is likely to indicate an oxidatively more challenging implicated in the metabolism of ceramide that regulates key
environment in the midgut and hemoc¢g]. effector systems including apopto§d2—34] Another tran-
Plasmodium Pb4luster is expressed throughout the par- script, M62, encode a 3-hydroxykynurenine transaminase
asites sporogonic development with small differences in ex- that plays a crucial role in mosquito tryptophan catabolism
pression levels between assayed time points, and represertty detoxifying 3-hydroxykynurenine to xanthurenic acid that
genes of diverse functions. Several kinases, represented bys an essential trigger f&*lasmodiungametocyte activation
transcripts 0120, 0173, 0194 and O111, are significantly ex- in the midgut35,36]
pressed during the sporogonic stages and some of them are Anopheles As8luster is enriched with components that
likely components of the developmental signalling cascadesrespond td?lasmodiuninvasion of the midgut, which in turn
that are responsible for triggering transitions between the dif- is mediated by components Bfasmodiuncluster Pb2 (de-
ferent parasite stag§®3]. Several essential metabolic genes scribed earlier). A serpin, E1028, and a nitric oxide synthase
are found in this cluster that is generally biased to consti- (NOS) transcript have expression peaks at 40h. In agree-
tutive housekeeping functions, and therefore lack significant ment to a previous study, two isoforms KRAL and RCM of
differential regulation between assayed time points. the genomic locus SRPN10 from gambiaewhich codes
Anopheles Asdluster is specific for the early stages (6 h—8 for four alternatively spliced serine protease inhibitors of the
days) and is functionally biased to digestion, comprising four serpin superfamily, have shown to be strongly up-regulated
serine protease, four aminopeptidase and two maltase tranin female mosquitoes in response to midgut invasiorPby
scripts. Aminopeptidases M714 and L667 are similaAto  bergheiookineteg37]. NOS has also been demonstrated to
gambiaeneutral zink metallopeptidases while E352 is a car- be linked toPlasmodiunkilling in the midgut[38]. Expres-
boxypeptidase with likely implication in the digestive pro- sion peaks of the E517 caspase transcript and a bax-like in-
cesg[29]. Serine protease transcript E275 is up-regulated at hibitor of apoptosis transcript, L756, coincide with the inva-
6—40h while L238, E485 and L293 (serine protease group sion of the midgut epithelium and release of sporozoites in
a; Fig. 3) have a more narrow expression window from 20 the hemocoel at around 40 h and 14-20 days, respectively.
to 40h, and are therefore most likely responsible for the These components are most likely linked to Hasmodium
later stages of blood digestion (in contrast to serine proteasesnduced apoptosis of epithelial cells and immune responses
found in cluster As5; discussed below). Serine proteases[1,3,39] Upon traversal oPlasmodiunookinetes across the
L238 and E485 are similar tA. gambiaeserine proteases  midgut, the invaded epithelial cells will induce apoptosis and
ENSANGG00000018576 and ENSANGG00000018603 that become expelled from the epithelium through a mechanism
have not been characterized, while serine protease L293 isvhere actin filaments are redistributed to the basal side of
similar to theA. gambiaechymotrypsin 2 precursor which  cells to cause a constriction that will essentially result in the
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cells budding off into the midgut lumd®,40]. Several com- constitutively prior to feedindgd4]. A transcript, M946, en-
ponents in the As3 cluster are likely components of this ex- coding a translational regulator of immune response, Thor,
pulsion mechanism; two actin transcripts, E1128 and E1129, is up-regulated at 4 days and laf4b]; this is likely to indi-

a putative actin binding calponin-like transcript, M955, and a cate a possible regulation Bfasmodiuninfection response
myosin transcript, M170, that are up-regulated between 20 hat the translational level. A gene with significant similar-
and 8 days after ingestiorrig. 3). Induction of a laminin ity to the natural resistance-associated macrophage protein
transcript, M19, between 40 h and 8 days is most likely re- (Nramp) gene, L922, is up-regulated at 8 and 14 days after
flecting the expansion of the epithelium and basal lamina andingestion. Nramp, B. melanogastemalvolio homologue, is
possibly implication in a healing mechanism of the basal lam- immune inducible and has thereby been linked to arole in the
ina that also may involve other extracellular matrix proteins fly’s defense systerf#6]. Detoxification factors represented
(Fig. 3 [41]. StrongPlasmodiuminfection responsiveness by an esterase, E55, an ascorbate transporter, M317, several
has been documented for these transcripts in separate expecytochromal transcripts and an aldehyde oxidase transcript,
iments (data not shown). M296, are significantly induced at 4 days and later. This is

Anopheles Asdluster has similar expression specificity likely toreflecta late detoxification response to infected blood
to As3 but is highly enriched with transcripts implicated in [47]. Mosquitoes fed on infected blood have previously been
translation, indicating a major biosynthetic activity at these shown to induce an oxidative stress-like respdBs48]. lon
stages. This cluster also comprises several peptidases, L33Gump and transporter transcripts, M924, L471 and M802,
M106 and M318, with likely implication in processes such as and an aquaporin, M718, are also found in cluster As5 and
blood digestion, tissue remodelling and wound healing. Ex- are most likely linked to nutrition uptake and restoration of
pression of several ion transporter transcripts, M857, M240, osmotic balance.

L56 and M401, most likely relate to a larger blood meal

when feeding on infected blood, a detoxification process

or the disruption of osmotic balance caused by ookinete 4. Discussion
invasion.

Anopheles AsBluster is enriched with components that The study has exploited the effectiveness of microarray-
are required immediately upon ingestion of blood; seven pro- based transcription profiling of anonymous cDNA clones to
tease transcripts, L281, M625, L233, L329, L1070, L48 and characterize EST library complexity and to discover genes
L373 (in the serine protease c grolifig. 3), are most likely with biological functions that are associated with highly spe-
implicated in blood digestion immediately after ingestion, cific expression patterns. Gene discovery approaches based
and are down-regulated prior to the 20 htime point. Sometime on sequencing of randomly selected cDNAs of stage spe-
between 4 and 8 days they are up-regulated again, enablingific libraries alone do not provide detailed information on
the mosquito to digest the next blood meal. Of these serineexpression specificity at specific time points. The study has
proteases, L233 and L1070 are similar toAargambiaén- furthermore validated the feasibility of analyzidgophe-
fection responsive serine protease ISPRIA and L48 is les and Plasmodiumgene expression simultaneously, dur-
similar to A. gambiaetrypsin 3, which is induced at 28h ing the course of the parasite’s development in the vector
after blood ingestiof43]. Serine proteases L281 and M625 mosquito, with microarrays containing targets from both or-
show only limited identity (55 and 46%) . gambiaeserine ganisms. This approach not only generates information on the
proteases and L373 is highly identical to the chymotrypsin- biology of the two interacting organisms but also on the qual-
like ENSANGG00000010749. An anti-thrombin factor, L4, itative and temporal dynamics of the interactions themselves.
is expressed similarly to the serine proteases and is most likelyExpression clusters Pb2 and AsFig. 3represenPlasmod-
preventing blood clotting at the early stages immediately af- ium’sinvasion of the midgut epithelium and the mosquito’s
ter ingestion. Four transcripts, L582, L390, L271 and E475, physiological response to the invasion; it is predictably more
share significant sequence similarity to the infection respon- revealing to study the biology of infection from the point of
sive A. gambiae ichitgene that encodes two chitin binding the pathogen and hostin parallel. Surprisingly, only four tran-
domains and is a likely component of the peritrophic ma- scripts belonging to knowAnophelesmmune gene classes
trix that separates the blood meal from the epithelium and were identified among the clones presented here and in the
constitutes the first structural barrier Rlasmodium[10]. earlier studies where similar subtraction libraries were ana-
Three peritrophins, E613, M203 and E451, and two tran- lyzed[4,5]. This is in sharp contrast to the robust immune
scripts, E464 and E1049, sharing similarity to chitinases, are responses that have been documentedl. igambiaewhere
not significantly differentially expressed (<2-fold) between numerous immunity genes belonging to diverse classes are
assayed time points but are, however, somewhat stronger traninduced byP. bergheinfection at the time of midgut invasion
scribed at the later stagesPfasmodiundifferentiation (not [8]. It may reflect a weaker immune responsé\ostephensi
shown inFig. 3, Supplementary data, Table SThe per- to P. bergheithat in turn may explain the higher permissive-
itrophic matrix is assembled immediately upon blood inges- ness of this mosquito speciesRobergheiinfection. Novel
tion and transcription and translation of some of its struc- putative immune genes that have not been studied in the con-
tural components is therefore to a large extent taking placetext of AnophelesPlasmodiuninteractions previously, have
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a Nramp homologuft5,46] Elevated expression of histone

transcripts and several ribosomal transcripts may also indi- We would like to thank the EMBL microarray facility
cate roles in immune defence for these prot¢##. Such for assistance with microarray construction, Ms. C. Hsieu
proteins have indeed been linked to anti-microbial activity in for help with data processing and Dr. N. Mohammed for
previous studie$50,51] Subtraction library enrichment of the CMMI microarray facility management. This work has
components linked to hematophagy is likely to relate to the been supported by funding from the European Commission
larger blood meal when feeding on the less viscous anaemicResearch Training Networks Grants HPRN-CT-2000-00080,
blood, and indicate some of the physiological impacts in- grants from the National Institute of Allergy and Infectious
fected blood imposes on the mosquito, other than the im- Diseases, the Imperial College London and The Johns Hop-
mune responselt,5]. Numerous novePlasmodiumgene kins Malaria Research Institute, Ellison Medical Foundation
expression patterns have been discovered, several of whichand the UNDP/World Bank/WHO Special Programme for
involve genes encoding surface and secreted proteins thaResearch and Training in Tropical Diseases (TDR).
previously had been classified as vertebrate infection-stage

specific. Transcription of blood stage genes in the sporogonic )

stages has been documented previously and is intriguing, sug/APPendix A. Supplementary data

gesting additional roles in the interactions with Areopheles ] ] ] )
vector[52]. Members of the vir gene family (homologues of Supplementary data a;somatgd with thl§ art|gle can be
the bir family inP. berghe) have been suggested to be impli- found, in the online version, aloi:10.1016/j.molbiopara.
cated in immune evasion in the vertebrate Ha4{. These 2005.02.013
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they can complicate the adaptation of the immune surveil-
lance system towards their recognition. Protein expression of
these transcrlpuonall_y active Stages.rem_ams tobe proven. Qur [1] Dimopoulos G, Kafatos FC, Waters AP, Sinden RE. Malaria parasites
analyses provide evidence for the implications of mosquito and theAnophelesmosquito. Chem Immunol 2002;80:27-49.

and parasite genes in specific processes linked to the interac-[2] Muller HM, Catteruccia F, Vizioli J, della Torre A, Crisanti A. Con-
tion of the two organisms, however, functional assays will be stitutive and blood meal-induced trypsin genesAnopheles gam-
required to validate these findings and to provide details on __ Piae Exp Parasitol 1995:81(3):371-85. _

the actual mechanisms. A significant fraction of clones rep- [3] Han v'S, Thompson J, Kafatos FC, Barillas-Mury C. Molecular inter-

. actions betweem\nopheles stephensiidgut cells andPlasmodium
resented by the microarray has yet not been sequenced, or do  perghei the time bomb theory of ookinete invasion of mosquitoes.
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tutes a valuable source for infection-stage speéifiophe- [4] Abraham EG, Islam S, Srinivasan P, et al. Analysis of ft@smod-
lesandPlasmodiungene discovery. The use of microarrays ium and Anoph'elestre_mscri.ptional repertoire during ookinete devel-

.. . . opment and midgut invasion. J Biol Chem 2004;279(7):5573-80.
cc_)mpnsmg the complete transpnptomgs, of both organisms, [5] Srinivasan P, Abraham EG, Ghosh AK, et al. Analysis of Rias-
will in the future provide more information on the processes modiumand Anophelegranscriptomes during oocyst differentiation.
of the development, interactions and infection responses at  J Biol Chem 2004;279(7):5581-7.
a higher resolution and detail, to further elucidate the com- [6] Herrero J, Al-Shahrour F, az-Uriarte R, et al. GEPAS, a web-based
plex mechanisms that enable the transmission of malaria. At resource for microarray gene expression data analysis. Nucleic Acids

: ) : Res 2003;31(13):3461-7.
present., such microarrays @rpergh_eandA' ste.phensmre . [7] Herrero J, Vaquerizas JM, Al-Shahrour F, et al. New challenges in
not available to the broader scientific community. One obvi- gene expression data analysis and the extended GEPAS. Nucleic
ous challenge for performing similar analyses on the existing Acids Res 2004;32(Web Server):W485-91.
A. gambiaeP. falciparumgenechip is the significantly lower  [8] Dimopoulos G, Christophides GK, Meister S, et al. Genome ex-
infection levels of the human malaria parasite in its natural pression analysis oAnopheles gambiagresponses to injury, bac-
terial challenge, and malaria infection. Proc Natl Acad Sci USA

vector. The present and future analysesAsmophelesand 2002:99(13):8814-9.
Plasmodiungene expression will be essential for the identi- (9] salama N, Guillemin K, McDaniel TK, Sherlock G, Tompkins
fication of mosquito factors that can influerftlasmodium’s L, Falkow SA. Whole-genome microarray reveals genetic diver-
development and mosquito stage and tissue specific promot- sity amongHelicobacter pyloristrains. Proc Natl Acad Sci USA
ers that can drive candidate anti-Plasmodium effector genes_ __ 2000:97(26):14668-73.

; [10] Dimopoulos G, Richman A, Muller HM, Kafatos FC. Molecular im-
when and where they are needed. AssessmeRt od- mune responses of the mosquiaopheles gambia® bacteria and

ium gene expression can identify candidate pre-erythrocytic  majaria parasites. Proc Natl Acad Sci USA 1997:94(21):11508-13.
vaccine targets, that are present on the sporozoite surface gti1] Tamayo P, Slonim D, Mesirov J, et al. Interpreting patterns of
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