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In 1730 Dr Thomas Fuller wrote:

‘Can any man, can all the Men in the World, tho’ assisted by
Anatomy, Chymistry, and the best Glasses, pretend positively
and certainly to tell us, what particles, how sized, figured,
situated, mixed, moved, and how many of them, are requisite
to produce a quartan ague, and how they specifically differ
from those of a tertian ... ?’

We are now able to tell all these things. They have been
written in hundreds of books, and are familiar to thousands of
students. Those who belittle the powers of science are not
always, perhaps, the wisest of men.

The history of malaria contains a great lesson for humanity —
that we should all be more scientific in our habits of thought,
and more practical in our habits of government.

Sir Ronald Ross, 1910
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Abstract

The mosquito Anopheles gambiae is the major vector of human malaria in Africa.
Malaria is caused by parasites of the genus Plasmodium which undergo a complex
developmental cycle inside the mosquito. These parasites are then transmitted to
humans by infectious bites and cause the clinical manifestations of the disease.
Although mosquitoes were identified as vectors of the disease several decades ago,
little knowledge was available, especially at the molecular level. This situation was
improved the last two decades largely due to increased interest by researchers, which
led to the publication of the A. gambiae genome, alongside the Plasmodium
falciparum genome and the development of specific tools for functional genomic
studies.

The present study concentrates in post-genomic research of A. gambiae and
describes efforts in several fields. In the field of bioinformatics, we used the genome
information to position all publicly available expressed sequences (ESTs and cDNAS)
to construct expressed contigs. This information was presented in a newly developed
database, AnoEST and was supplemented with functional annotation information,
which is valuable for the analysis of microarray experiments. In addition, this study
provided evidence for the existence of several expressed sequences that have been
missed by the automatic gene prediction pipeline of Ensembl.

In the field of transcriptomics, we constructed a new microarray platform, MMC1
that encompasses 20,000 ESTs from A. gambiae. We used this platform to monitor
global gene expression in nine different time periods of the lifecycle of Anopheles
and four different tissues of the adult mosquito. Our analysis identified
developmental programmes and tissue-specific patterns and showed that genes which
belong to related functional categories, or that encode the same or functionally linked
protein domains are clustered together. Comparative analysis of our data together
with published data from Drosophila melanogaster, which diverged from Anopheles
some 250 million years ago, revealed high correlation of developmental expression
between orthologous genes. The degree of gene expression similarity is not correlated
with the degree of coding sequence similarity, implying uncoupled evolution of gene
expression profiles and coding sequences. This is the first large-scale comparative
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transcriptomic analysis in insects which detected important evolutionary features of

insect transcriptomes.

In the field of functional genomics, we present a comprehensive functional survey
of leucine rich repeat immune gene 1, LRIM1, and its relation to Anopheles innate
immune responses. We showed that LRIM1 is involved in responses against
pathogenic bacteria and argue that the response is dependent on bacterial species and
bacterial concentration. Finally, we demonstrated involvement of LRIM1 in the
killing and melanisation of the Plasmodium berghei malaria parasites and showed

evidence recruitment and localisation in close proximity to the malaria parasites.

Thus, the multifaceted analysis presented in this thesis aims to highlight different
aspects of A. gambiae research: bioinformatic and transcriptional studies that
promote knowledge in mosquito basic biology and fuctional analyses that aim to
identify important factors of the mosquito immune system. Our integrated approach
in the study of A. gambiae may prove useful towards effective future vector control

strategies against the malaria parasite.
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[TepiAnym

To xouvvobmt Anopheles gambiae eivar o kVplog Qopéac tng erovociog otV
Appwn. H ghovooio mpokadeital amd mapdoita tov yévovg Plasmodium ta omoia
veiotavtol éva TOAVTAOKO OvOTTLEINKO KOUKAO GTO KOLVOLTL AVTH T TopicITo
LETAPEPOVTOL  OPYOTEPAL OTOLG OVOPOTOVE HE HOALGUOTIKG TOUTNUATO Kol
onuwovpyovy v KAwIKNy €wKova g acBévelnc. Av kol TO  KOLVOVTLN
avayvopIioTNKoY ©G QOPEeiG TG eAovociog Tpv and TOAAEG dekaetieg, Ayn yvdon
vIpxe  JBEoIUn Yo TOLG OPYOVICHOVS AVTOVG, WiTeP Ge Hoplakd emimedo. H
Katdotoon ovty PeAtiodnke TG dvo TeAevtaieg dekaetieg Kvupimg AOY® TOV
ALEOVOLEVOL  EVOLIPEPOVTOS TMV  EMOTNUOVOV, YEYOVOG TOL OdNyNoe o
dnupocievorn tov yovidudpotog tov 4. gambiae, tavtoypova HE TO YOVISI®UO TOL
Plasmodium faliparum kot otn dnuovpyin GLYKEKPWEVOV  EPYOAEIOV Yyl
AELTOVPYIKES YOVIOIOUOTIKEG LEAETEG.

H mapovoa epyacio eoTidleTon 6T HETAYOVIOIOUATIKY £PELVA GTO KovvoLTL, A.
gambiae ot wepypdpel mpoomdbeleg oe  WOAAG  medio. Xto  medio TG
BromAnpopopikng, cLAAEEaE OAES TIC ekPpaloueves adiniovyieg (ESTs kot cDNASs)
a6 Paoelg 0edOUEVAOV KOl YPNOYLOTOMGALE THV TANPOPOPIN TOL YOVIOIOUATOS Yo
Vo TIC ovototyicovpe Kol vo  dmpiovpyncovpe contigs. H mAnpoopion avth
TOPOVCIICTNKE O U kKawvovpylw Pdaomn oedopévev, v AnoEST. Xg avtiv
TPOCTEDINKE Ae1ToVpYIKn TANPOPOpio. Yia Ta Yovidia, 1 omoia givon TOAVTYUN Yo TV
avdAvon mepopdtov piKpoovotoyldv. EmmpocBétwg, avty n pekétn édmoe
amodeielg yuoo v VmapEn TOAAGV ex@palOpeEvVeV oAANAOLYIOV, Ol OToieg &iyov
ayvonbei amd Tov aAyOpIOUO CVLTOUOTOL YOPOKTNPIGHOV Yovidiov g Pdong
dedopévmv Ensembl.

Y10 medilo TG HETAYPAPNG, ONLUOVPYNCOUE HO KOVoUpYlo HIKPOGVOTOLYia, TNV
MMCI1, n omoia meptiapPdver 20 000 ESTs omd to wovvodmt A. gambiae.
XPNOIUOTOWCANE TN HUIKPOGVOTOLYIOL GVTH Y10 VO TOPAKOAOVONGOLLE TN GUVOALKN
YOVISL0KT|] €KQPac 6€ 9 Sl0QOPETIKES TEPLOSOVG TOL KOKAOL (mng tov 4. gambiae
Kot o€ 4 Jl0QopeTIKOVE 16TOVE TOL &VAAMKOL kouvvouvmiov. H avdivon poag
TOVTOTOINGE AVOTTVEINKA TPOYPAULOTO KOL IGTO-E0IKA TPOTLTTA Kot KOTESEIEE OTL
Yovidlo TOL VKOV G€ GYETILOUEVES AETOVPYIKEG KT YOPies, N OTL KOIKOTOOHV

To 101 M Aertovpyikd oyetilopeva mpoTeivikd koppdria, opadomoobvtar poli.
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ZVYKPUTIKN ovOAVOT) TV d€S0UEVOV LOG LE OVTIOTOLYO ONUOGIEVUEVO OEOOUEVH O
™ epovtoépvya, Drosophila melanogaster, n onoia daywpictnke eEehMkTikd omd TO
Kovvovmt mepimov 250 ex. ypdvie, OmOKGAVYE VYNAN GLOYETION OVOTTLELOKNG
YOVIOLIKNG €K@pacns oe opBoAoya yovidwa. To Pabudg cuoyétiong e YOVIOIKNG
gkppaong o¢ oyetiCeton e T0 fabo opodTTAS TOV KOOIK®V TEPLOYDV, YEYOVHS TOV
vrodnAmvel un  oyetllouevn eE€MEN otV YOVISlOKY  EKQPOOT KOl KMOKN
aAAndovyio. Avtn eivorl N TPAOTN gupeiat GLYKPITIKY AVAALGN YOVIOIOUKNG EKOPAONG
oTO £VTOU, 1] OTOL0L AVAYVAPLGE CNUAVTIKG EEEAKTIKA OTOLYELOL.

Y10 medio NG AETOVPYIKNG YOVIOIOUOTIKNG OVAALONG, ToPOLGIALOVUE o
Aertovpykn perétn tov yovidiov, leucine rich repeat immune gene, LRIM1 xot ™
OYECTM TOL UE TO unyoviopd gyyevovs avooiog tov Anopheles. e avtiv ™ pelém
deiEape 611 10 LRIML gumiéketon omnv avoGoAOYIKY| advTnon evavtiov Baktnpiov
KOl S TUTTOVOVE OTL 1] AAVINGT oVTH GYETILETOL e Ta €101 TV PoakTnpiov Kot ™
ovykévipwon tovs. Térog, delyvouue avaueitn tov LRIM1 ot Bavdtwon kot otov
pelovotikd eykielopd tov mapdottov, Plasmodium berghei kot mopovsialovpe
amodEIEEIS YO TN GTPATOADYNON KOl TOV EVIOTIGUO TNG TPWTEIVNG GE GTEVN YeLTVioon
Le o mopdotto.

SOUTEPAGUATIKA, 1| TOAVTPOSMMN OVAALGT TOV TOPOVCIALETOL OE VTV TNV
gpyacio oToXeVEL Vo KOTAOEIEEL OLPOPETIKEG TAEVPES TNG EPEVVAG TOV KOLVOLTLOV
Anopheles gambiae: pelétec PlOTANPOPOPIKNG KAl LETOYPOUPNG, Ol OTOIEG TPOCYOLV
™ yvoon ot Pacikn Poroyio Kot AETOVPYIKEG UEAETEC TOV GTOYELOLV GTNV
avVOyVOPIoN TOPOYOVI®V TOL OVOGOTOUTIKOD GULOTNUOTOS TOL kovvovrmiov. H
OAOKANPOUEVN TTPOGEYYIOoT 0TI HEAETN Tov A. gambiae umopel va pavel ypriioun oe
LEALOVTIKEG OTTOTEAECUATIKES GTPOATNYIKEG EAEYXOV TOL (POPEN GE Wid TPOCTAOELD

KOTOTOAEUNONG TOV TOPAGITOV TNG EAOVOGING.
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Chapter 1

The malaria disease burden
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General Introduction

Vector borne diseases have accounted for some of the most devastating health
problems of humanity. The causal agents of such diseases are parasites or viruses.
Parasites require almost exclusively vector species — typically insects — to complete
stages of their complex developmental cycle and are usually transmitted to humans
by infectious bites, causing the clinical manifestations of the disease. Examples of
vector-borne diseases include malaria, African sleeping sickness (African
trypanosomiasis), leishmaniasis, lymphatic filariasis, Chagas disease, and
oncocerciasis. Among them, malaria has been the most devastating parasitic disease
in the world, with over half of the global population being at high risk and
approximately 300 million cases reported every year.

Historic perspective of malaria

Malaria is thought to have been present throughout the history of mankind.
Manifestations of the disease have been evident in prehistoric times (Angel, 1966;
Nozais, 2003). Hippocrates was the first to make a detailed clinical description and
determine the prevalence of the disease in the Mediterranean world. Romans
associated malaria to swamps and mosquitoes and thus devised special draining and
drying out procedures for stagnant water. The disease was named malaria from the
Latin word for bad air (“mal aria”), as it was believed to be caused by poisonous air
from swamps. It was only in 1880, that Charles Louis Alphonse Laveran (1845-1922)
discovered parasites in the blood of soldiers suffering from fever and put forward the
hypothesis that these organisms had been responsible for it. Battista Grassi (1854-
1925) and his colleagues, Amico Bignami and Guissepe Bastianelli, identified
mosquitoes as the transmission vectors and proved that only certain species of the
genus Anopheles were able to transmit the disease in humans. In 1895, Ronald Ross
discovered oocysts — a specific developmental stage of malaria parasites — in the
midgut wall of mosquitoes and then went on to determine the entire life cycle of the
avian parasite. Both Laveran and Ross received the Nobel prize award in 1907 and
1902, respectively, for their pioneering work in malaria research.

Since then, it has been established that malaria is caused by a unicellular
apicomplexan protozoan of the genus Plasmodium that requires two hosts to
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complete its life cycle: an invertebrate host or vector, typically mosquitoes of the
genus Anopheles and a vertebrate host, humans or other vertebrates. In humans,
malaria is caused by 4 different parasite species: Plasmodium falciparum,
Plasmodium vivax, Plasmodium ovale and Plasmodium malariae; among them, P.
falciparum is the most dangerous and responsible for many deaths in humans

throughout history.

Life cycle of the human malaria parasite

The lifecycle of the Plasmodium parasites can be understood as a sequence of four
phases: one sexual in the mosquito vector and three asexual, one of which occurs in
the mosquito vector and two in the human host (reviewed in (Ghosh et al., 2000;
Knell and Wellcome Tropical Institute., 1991; Sinden, 1999)). The complete lifecycle
of Plasmodium parasites is depicted in Fig. 1.1, although some differences may occur
between Plasmodium species.

The blood feeding of a female mosquito on an infected human can be considered
the start of the sexual phase of the parasite lifecycle (Fig. 1.1, lower middle). The
mosquito ingests a substantial blood meal containing a small amount of Plasmodium
Go-arrested gametocytes whereas the remaining gametocytes die within the peripheral
blood of the vertebrate host. In the mosquito vector, gametocytes escape from red
blood cells within minutes to undergo differentiation and form the female and the
male gametes. The process of gametogenesis has been studied in detail and at least
two factors are thought to be essential: a sudden drop of temperature by at least 5° C
and the presence of xanthurenic acid in the mosquito (Billker et al., 1998). The male
gamete undergoes further differentiation resulting in the sudden release of 8§ flagella
in a process termed ‘exflagellation’. Each flagellum tears off and produces a mature
male spermatozoon, which swims freely until it encounters a female gamete.
Fertilisation by nuclear fusion ensues (30 min post infectious blood meal, p.f.) and
produces a zygote, which then transforms into a motile, ‘banana-shaped’ structure
called ookinete (9-24h pf). The ookinete is the invasive stage of the parasite that
crosses two barriers in the mosquito: the peritrophic membrane - an acellular
chitinous mesh approximately 2-10 pm in thickness, synthesized shortly after
ingestion of the blood meal, which coalesces around the entire bolus of remaining

erythrocytes (Shao et al., 2001)- and the midgut epithelium. After crossing those
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barriers, the ookinete rests in the space between the epithelium and basal lamina and

develops into an oocyst.
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Figure 1.1. The Plasmodium life cycle. Schematic representation of the different parasite stages in the
host (left) and the mosquito vector (right). (From (Wirth, 2002))

Secretion of parasite-derived chitinases dissolves the peritrophic membrane locally
(Langer and Vinetz, 2001), allowing the parasite to pass to the ectoperitrophic space.
For midgut invasion, it remains controversial whether the ookinetes migrate inter- or
intracellularly as different routes have been reported for various mosquito-parasite
combinations (Han et al., 2000; Meis et al., 1992; Shahabuddin and Pimenta, 1998;
Vlachou et al., 2004; Zieler and Dvorak, 2000). Recently, a new model has been
proposed (Baton and Ranford-Cartwright, 2005), which argues that ookinete entry is
always intracellular, but the parasite route can either be intracellular or extracellular.
However, it is not known if this model applies to all vector combinations or even all
ookinetes within a particular combination.

The first asexual phase of parasite development starts with the oocyst undergoing
a complex maturation period that typically lasts 2 weeks and culminates with the
release of thousands of sporozoites in the mosquito haemocoele. The sporozoites
swim freely in the haemocoele until they encounter the salivary gland epithelium,
which they actively invade using gliding motility (reviewed in (Kappe et al., 2003)).
Upon invasion, the sporozoites persist for many weeks in the extracellular space of
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the gland and can be transmitted to a new host with the saliva upon a subsequent
infectious bite. The gametocyte to sporozoite transition typically lasts three weeks,
although it varies according to temperature and Plasmodium species.

The asexual phase in the vertebrate host (the second asexual phase of the cycle)
begins with the bite of an infected female mosquito and the active ‘crawling’ of the
sporozoites to the veins (Amino et al., 2005; Amino et al., 2006). The number of
parasites transmitted by a single mosquito bite is not well established; however, as
few as 2 to 10 sporozoites can initiate malaria infection in the field (Khusmith et al.,
1994). Within minutes of entering the host’s blood, they migrate to the liver, invade
cells and transform to hepatic trophozoites (reviewed in (Frevert, 2004)). With the
help of nutrients and temperature, the trophozoites can grow very rapidly, distending
and destroying the hepatic cells. Later, they begin to multiply internally to form
hepatic schizonts. One or two days after the infectious bite depending on the species
of parasite, the hepatic cells are ruptured releasing numerous mature schizonts into
the hepatic capillary, which subsequently invade erythrocytes within minutes of their
release.

The final asexual stage of the parasite lifecycle takes place in the erythrocyte. A
merozoite is released from the hepatic schizonts, enters the blood circulation and
invades a red blood cell (RBC) and becomes the erythrocytic trophozoite, which
ingests haemoglobin and acquires a characteristic malaria pigment. For two or three
days, depending on the Plasmodium species, the trophozoites divide to produce new
schizonts. The parasitized RBCs then erupt and release 8-16 merozoites each, which
invade into new RBCs to start a new cycle. After several blood cycles, a proportion
of trophozoites will develop via an alternative route to gametocytes and will continue
to differentiate for several more days. The gametocytes remain in the cell membrane
of the host RBCs and only invade the mosquito midgut after a subsequent infectious
blood meal, which will reinitiate the Plasmodium lifecycle. The Plasmodium parasite
is haploid during the majority of the lifecycle; the only diploid period is during the
zygote to ookinete stages in the sexual phase in the mosquito. This is the reason that
the mosquito is considered the parasite’s definitive host.

The last phase of the parasite erythrocytic development causes the well-known
disease manifestations in humans. Fever is induced when the schizonts rupture and
trigger an immune response of the host which results in the release of pyrogens in the

blood. The fever is irregular for 1-2 days and may remain irregular in severe malaria
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caused by P. falciparum. The earlier hepatic stages in the human host do not produce
any symptoms, as the parasites are rapidly cleared from blood circulation, possibly to
avoid destruction from proteases in the blood. In Plasmodium vivax, some
sporozoites do not immediately develop to trophozoites but become small dormant
parasites called hypnozoites. Those hypnozoites may persist months, or even years,
and may later begin development and cause relapsing cases of malaria. Finally,
infected erythrocytes can rise up to 30 percent in P. falciparum and in other species,
the malaria parasites can synchronise their cycle causing all schizonts to rupture

simultaneously.

The malaria disease burden

It has been difficult to accurately determine the impact of malaria in global health;
recent studies have estimated that malaria is affecting 300 million people annually,
leading to approximately 2 million deaths (Breman, 2001) and 44 million disability
adjusted life years (DALYS) — a quantitative factor that reflects the total amount of
healthy life lost due to all causes of the disease. The disease exerts its heavy toll into
young children and pregnant women, which together represent the two main risk
groups. Malaria is endemic in more than 100 nations worldwide (Figure 1.2A). It has
been estimated that the economic burden is high, accounting for a reduction of 1.3%
in the annual economic growth rate and that the long term effect is a reduction to the
gross national product of more that 50% (Sachs and Malaney, 2002). The fact that
poverty (Fig 1.2B) is concentrated in the same geographical boundaries in the
tropical and subtropical zones suggests that it is closely related. Indeed, the
association of malaria with poverty in these areas is striking (compare Fig. 1.2A and
1.2B); malaria is responsible for major economical losses and, in retrospect, poverty

results in increase in the disease burden.

The focus on mosquito vectors of malaria

Species of mosquitoes differ intrinsically in their vectorial capacity, which is their

ability to sustain parasite development. Only approximately 30% of the Anopheles
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spp transmit malaria and different mosquito species are the predominant vectors of
malaria in different areas ((Kiszewski et al., 2004) and Fig. 1.3). In sub-Saharan
Africa, where 90% of the cases of malaria occur, the predominant vectors are
mosquitoes of the Anopheles gambiae sensu lato (s.I.) complex and A. funestus. The
A. gambiae s.I complex includes 6 different subspecies: A. gambiae sensu stricto
(s.s.)!, A. arabiensis, A. quadriannulatus, A. bwambae, A. merus and A. melas, with
the sister taxa relationships between this complex not clearly defined. The success of
Anopheles vectors to transmit human pathogens results from the obligatory and
repeated blood feeding of the adult females for egg production in combination with
their extreme anthropophilic behaviour. They are found around human habitations,
they are long lived and blood feed almost exclusively on humans. Mosquito longevity
is especially important, as development of the parasite from gametocytes to infectious
sporozoites can take many days depending on temperature. In addition, A. gambiae
has the highest rate of P. falciparum sporozoite development. Thus, species of the A.
gambiae complex are very efficient vectors for parasite transmission in sub-Saharan
Africa and efforts to understand the disease burden in this area have largely coincided
with population studies of A. gambiae as the principal disease vector.

! Unless otherwise noted, the name A. gambiae is used instead of A. gambiae s.s throughout the entire
thesis.
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Figure 1.2. Correlation of malaria with poverty. A) Global distribution of malaria
risk from 1946 to 1994. B) Global distribution of per capita gross domestic product
(GDP). (Picture adapted from (Sachs and Malaney, 2002)).

Attempts for global malaria eradication in the 1960s

During the early 50-60s, the World Health organisation (WHO) launched a
strategic action plan for global malaria eradication (reviewed in (Collins and
Paskewitz, 1995)). Successful programmes had already been implemented in the
United States, Europe and North America (compare malaria burden areas in 1946 and
1966 in Fig. 1.2A). The success of those programmes was due to the fact that they
concentrated on several factors affecting malaria transmission and vector populations.
Changes in agricultural uses of land, drainage of swamps, better housing and
screening, education and the large-scale use of dichlorodiphenyltrichloroethane
(DDT) were efficiently used to control mosquito populations. The goal of the WHO
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initiative was similar: to interrupt parasite transmission by reducing, rather than
eradicating, infected vector populations with the use of DDT. However, while
eradication was most successful to temperate zones and isolated islands, the success
has been short lived. Malaria re-emerged in areas where it had previously disappeared
and mosquito resistance to DDT, which was initially observed in 1940 at low

frequencies, became a common characteristic in many malaria endemic countries.
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Figure 1.3. Global distribution of dominant or potentially important malaria vectors (from (Kiszewski
et al., 2004))

The malaria situation has worsened in Africa during the past decades due to many
other factors (reviewed in (Greenwood and Mutabingwa, 2002)); a series of
environmental and climatic changes — global warming, floods associated with rains,
construction of small dams - increased the number of local mosquito populations
leading to an increase in infective bites. Political instability such as civil wars and
refugee populations allowed the transfer of malaria from country to country. In
addition, the collapse of health services and the increase in population is expected to
double the number of people at risk. Undeniably, the factors that have mostly
contributed to a dramatic increase in malaria are resistance of mosquito vectors to

insecticides and resistance of Plasmodium parasites to drugs.
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The majority of insecticides that have been used for vector control are common
chemicals developed primarily for agriculture management. The first example of
resistance appeared in the most commonly used insecticide, DDT and since then
resistance to all other commonly wused compounds such as carbamates,
organophosphates and pyrethroids has been observed (reviewed in (Hemingway and
Ranson, 2000)). The molecular basis of insecticide resistance is either the existence
of mutations in target site genes or metabolic alterations of the level or activities of
detoxification proteins (Hemingway et al., 2004). New compounds are not
forthcoming, as manufacturers are reluctant to invest towards the development of
insecticides for public health. Indeed the cost of the use of those compounds is
prohibitive for use most of the African countries, representing an insufficient market
for an investment.

Several drugs have been manufactured for the treatment of malaria symptoms.
Earlier remedies included the administration of quinine, a substance extracted from
the bark of chinchona trees and since then a number of synthetic drugs have been
developed (reviewed in (Ridley, 2002)). However, compounds such as artemisinins,
quinoline, antifolates and atovaquone/proguanil have been limited in their use due to
high costs, rapid resistance and poor results. Chloroquine and antifolate
sulphadoxine/pyrimethamine have been the only successful drugs to alleviate malaria
symptoms. The very slow rate of parasite resistance to choloquine made it an ideal
choice for large-scale use. However, with the current world-wide emergence of
resistance to chloroquine and the developing resistance to sulphadoxine/
pyrimethamine, new drugs are urgently needed.

Humans are also displaying different degrees of susceptibility to malaria infections
and several human factors have been proposed to affect parasite development in the
blood stages. The majority of those cases deal with the absence of proteins or with
abnormalities in the structure of RBCs, rendering the erythrocytes non permissive to
parasite entry. Among them, sickle cell anaemia is a characteristic and well known
example of a disease that alters the structure of RBCs upon oxygenation to produce
sickle-shaped RBCs. Heterozygotes for this recessive autosomal trait have few
number of sickle cells in their blood, which are not sufficient to cause the severe
manifestation of the disease as in homozygotes but confer protection against malaria
infections. Even if the person is infected, part of the RBCs cannot be infected,
leading to decreased disease transmission. Due to this phenomenon of “heterozygote
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advantage’, the gene for sickle cell anaemia has been maintained in high frequencies
in African populations. Other abnormalities include a and b thalassemias, glucose-6-
phosphate dehydrogenase deficiency, Lewis and Kid Is (a) red cell type mutations
and hereditary ovalocytosis. Several other molecules have been implicated with
decreased malaria infection, such as the major histocombatibility molecule HLA-
B53, the Duffy blood factors and the ICAM-1 putative receptor. Better understanding
of the molecules that are necessary for parasite invasion of RBCs may result in the

development of improved treatments and prevention of malaria.

New efforts to fight an old disease

The past decades have witnessed a deterioration of the situation of malaria in
Africa. Malaria cases in epidemic counties and subsequently malaria-related
mortality in sub-Saharan Africa are increasing. Also, P. vivax infections are
reappearing in some areas, and resistance of mosquitoes to insecticides and/or
parasites to drugs is emerging. To date a poor system for early diagnosis of the
disease exists and no successful vaccine against malaria has been developed. This
alarming situation prompted WHO to launch the “Roll Back Malaria” programme in
1998 with the aim to control the disease by the year 2010. This programme is a
collaborative effort of international organisations, scientists, public health officials
and African governments with the aim to limit the number of infectious bites to
humans by a combination of different interventions and to deliver safe, cost—effective
drugs for the treatment of malaria cases. In the past, successful methods implemented
in one area have proven insufficient in other areas (Beier, 1998). Thus, with the
benefit of hindsight, no individual method is likely to be the ‘silver bullet’ towards
malaria control and the current approach aims to combine classical, successful
methods with novel intervention strategies steming from malaria research. To this
end, the sequencing of the draft genomes of both the major malaria vector, A.
gambiae (Holt et al., 2002) and the most important parasite, P. falciparum (Gardner
et al., 2002) has opened researchers unprecedented opportunities to envisage such
strategies (Hoffman et al., 2002).

Only 3 out of 1,223 new drugs developed from 1975-1996 were antimalarials. The
disappointing rate of new malaria drug development reflects the loss of interest by
the industry. The parasite genome has already been used to underpin most of the
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molecular advances in the search for novel drug agents and to investigate the
molecular etiology to drug resistance. For example, scientists used homology
information of parasite genes to plants and algae to identify several lipid biosynthesis
genes, which are candidate targets for pharmaceutical approaches (Waller et al.,
1998). Drug discovery is thus moving from molecular assays to cellular assays and
proper animal models. Furthermore, an effective malaria vaccine that protects
humans from the pre-erythrocytic stages of the disease has been the goal of
researchers for many years and studies of the molecular properties of parasite cell
invasion are expected to identify novel candidates for vaccine development.

The genome of Anopheles has also provided opportunities to develop strategies
directed toward the mosquito vectors. These include the molecular investigation of
insecticide resistance and the search for candidates for vaccine development. A more
rational approach to the use of insecticides may increase their efficiency and prevent
the rapid appearance of resistance; these methods include the use of insecticide
mixtures and the adoption of a mosaic rotation strategy for their application. In
addition, in the past years, stable transformation in mosquito vectors has been
established (Catteruccia et al., 2000; Grossman et al., 2001). As a result, a novel
strategy has been envisaged to produce genetically modified mosquitoes expressing
factors that render them resistant to parasite development. Ongoing research is
focusing on the search for mosquito factors that act as agonists or antagonists of
parasite development (described also in chapter 4) and on the drive mechanisms that
will establish them in wild mosquito populations. Whether this strategy will be
transferred from the laboratory to the field and will be successful remains to be
elucidated. Potential risks and ethical issues for the large-scale release of genetically
modified mosquitoes will need to be assessed.

General aims of the current study

In conclusion, the current period of malaria research is governed by the impact of
the genomics revolution in both vector and parasite. Investigation to the development
of sustainable malaria control measures has turned from the field into the laboratory.
Scientific research will unavoidably lead to an in-depth investigation of the disease
transmission and basic biology of mosquitoes. More importantly, a thorough
understanding of the interactions between the malaria parasite and the mosquito
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vector at the molecular level is now possible. Such findings can then be tested in the
field to assess their appropriateness to wild mosquito populations.

The work that has been carried out in this thesis was initiated in 2003, shortly after
the publication of the mosquito genome sequence and aimed to develop an integrated
approach towards functional genomic analysis in A. gambiae.

Chapter 2 describes the collaborative effort of researchers in our laboratory to
utilise genomic information of expressed sequences to build a database called
ANOEST. This database provided evidence for the existence of genes that were
missed by the automated prediction pipelines and improved finding algorithms.
Furthermore, the information of AnoEST served as the annotation platform for the
microarrays, which were developed in our laboratory, as described in chapter 3.
These microarrays were used to monitor global gene expression during 9 different
developmental time periods in the mosquito lifecycle and 4 different tissues in adult
mosquitoes. This study determined temporal and spatial specific gene transcripts and
highlighted differences in the developmental processes between the mosquito A.
gambiae and Drosophila melanogaster. It is the first large-scale comparative
transcriptomic analysis in insects that provided insights to the evolution of coding
sequences and orthologous gene expression. Finally, the thesis describes in the
functional characterisation of LRIM1 a protein that is essential for mosquito
antiparasitic defences. Results and further hypotheses on the mechanism by which
LRIML1 it affects parasite development are discussed in chapter 4.

Altogether, the bioinformatics approaches for the construction of the AnoEST
database, the transcriptomic analysis of mosquito development and the functional
characterisation of the leucine-rich repeat family in Anopheles represent advances in
both basic and vector-parasite biology of Anopheles gambiae. The combination of
bioinformatic tools, high-throughoutput genome approaches and detailed molecular
studies represent an integrated approach in malaria research and exemplify the efforts
for the construction of specific tools and the production of in-depth knowledge,

which are valuable towards future effective malaria control strategies.
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Chapter 2

ANOEST: a genomic database for Anopheles gambiae functional studies
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Introduction

The A. gambiae genomic and bioinformatic tools for functional studies

Completion of the draft sequence of the A. gambiae genome by an international
scientific consortium in 2002 (Holt et al., 2002) provided researchers a vast array of
opportunities for gene functional studies in the most important vector of human
malaria. The initial gene prediction and annotation was a joint effort between Celera
genomics and Ensembl (Birney et al., 2004). Since then, Ensembl frequently provides
genome updates (Mongin et al., 2004) largely by using automated gene prediction
algorithms and by incorporating manually curated gene models which have been
contributed by individuals researchers. The release of the draft sequence of the
genome also marked the release of AnoBase (Koutsos, 2002; Topalis et al., 2005), a
database capturing genomic and biological information about Anopheline species
with a specific focus on A. gambiae. AnoBase was created as a successor to an earlier
database, AnoDB, and was based on the design of FlyBase (Drysdale and Crosby,
2005), the relational database of the Drosophilidae. The release of the genome
sequence has thus provided researchers with a source for the construction of specific
databases, capturing specialised information about Anopheles, which can be used for
various gene functional approaches.

One of these approaches for the simultaneous assay of the activity of thousands of
genes is DNA microarray profiling. These were initiated in A. gambiae with the
sequencing of Expressed Sequence Tags (ESTs) prepared from cultured cells
(Dimopoulos et al., 2000). Four thousand of these ESTs were used to construct the
first mosquito cDNA microarray, the 4K-microarray platform (Dimopoulos et al.,
2002). In addition, two other EST libraries were constructed from pooled
developmental stages of A. gambiae (NAP1) or adult heads (NAH), and clones from
these libraries have been sequenced. Twenty thousand of ESTs (from the NAP1,
NAH and the 4K microarray libraries) were used to build a new cDNA microarray
platform (MMC1 or 20K). MMC1 has been used for the transcriptomic profiling of
the life cycle and of adult tissues of A. gambiae (discussed in more detail in chapter
3). However, insufficient annotation of the EST sequences hindered microarray

-35-



studies, and greatly limited the capacity of researchers to derive appropriate
interpretations.

In the context of the Anopheles genome project, nearly 83,000 ESTs from naive
and blood-fed adult mosquitoes were sequenced (Holt et al., 2002), and in silico
analysis of these data detected upregulated genes in mosquitoes after a blood meal
(Ribeiro et al., 2004). Furthermore, nearly 63,000 single reads from a full-length
cDNA library were deposited in nucleotide databases by Genoscope

(http://www.genoscope.org/). Today, over 200,000 EST or cDNA sequences are

deposited in public sequence databases. This wealth of information about expressed
sequences has provided the opportunity for the development of computation
approaches to provide functional annotation to the 4K and MMC1 microarrays

platforms, to facilitate the interpretation of the derived data.

Aims of the current study

DNA microarrays are useful tools for functional studies only if they are
supplemented by rigorous and comprehensive gene annotation information. The
focus of the current study is to provide the annotation platform for the newly
constructed MMC1 microarray, which is based on approximately 20000 EST
sequences of A. gambiae. Using the sequence information of the MMC1 ESTs along
with any other publicly available expressed sequence, we have developed a pipeline
for clustering expressed sequences. This method utilises genomic sequence as a
template to map EST sequences to the genome and assemble overlapping ESTs to
EST contigs. The contigs are then supplemented with automatic annotation

information necessary for microarray functional genomic studies.
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Methods

EST clustering

The analysis began with the collection and processing of all available A. gambiae
EST and cDNA sequences, linked with their GenBank/EMBL-Bank/DDBJ accession
number, clone name identifier, cDNA strand information and nucleotide sequence.
All sequences were then aligned to the unmasked reference genome using the BLAT
algorithm (Kent, 2002), considering all matches of 60 or more nucleotides, with at
least 96% identity, a level that allowed for inaccuracies of EST sequences and
polymorphisms and that captured all possible cross-hybridisations on a DNA
microarray (Hughes et al., 2001). The accuracy of this step could be further improved
at the expense of using orders of magnitude slower algorithms like sim4 (Florea et
al., 1998).

ESTs were then assigned into groups (clustered) on the basis of their genomic
overlap. For example, two sequences were assigned to the same contig if their
overlap over the aligned regions (exons) was greater than a certain threshold (30nt in
the current version of AnoEST). To avoid CPU-consuming all-against-all EST
comparisons, which would be computationally challenging when considering
potential alignment of over 200,000 EST sequences with nearly 500,000 genomic
loci, we compared ESTs only with the contig’s projection on the genome. DNA
strands were considered independently. EST sequences originating from the 3'-end of
a clone were deposited in public repositories as reverse complements; therefore we
altered their alignment strand information prior to clustering.

In many cases, an expressed sequence could be aligned to more than one place in
the genome (as it is the case for paralogues, transposable elements e.t.c.), making it
difficult to reliably identify which genomic locus is actually represented by the EST.
To address this we ranked EST to genome alignments using a number-of-matches
minus number-of-mismatches scoring scheme, similar to BLAT. The matches with
highest score were then marked as ‘best’, or as ‘unique best” when the second-best
score was significantly lower (e.g. by more than 15, to reflect the EST sequence error
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rate and weak support from the data distribution). Contigs® including at least one
‘unique best” EST were identified as TCLAG (for Transcribed CLuster of Anopheles
Gambiae, also referred to as T-contigs below), whereas those sharing regions of high
sequence identity to EST/cDNA sequences but there was no one sequence aligned to
the locus as ‘unique best’ are identified as NCLAG contigs (with No uniquely
matched ESTs). The third type of contig identifiers, UCLAG, corresponded to ESTs
that failed to align (Unaligned) to the A. gambiae nuclear or mitochondrial genome.
In the final step of the clustering procedure, we joined contigs that contained ESTs
originating from the 5’- and 3'-ends of the same clone, provided that they mapped as
‘unique best’ to the corresponding EST contigs and were on the same chromosome,
the same strand and less than 30kb apart.

The choice of many of the described parameters reflected a conservative approach
that attempted to minimise errors of joining independent expressed loci at the
expense of allowing some fragmentation errors, e.g. one gene could be represented
by two EST contigs if there was no sufficient information to link these contigs
together. The observed representation of 10,726 Ensembl gene models by 11,608 T-
contigs suggested only a minor number of fragmentation artefacts. Use of strand
specific clustering avoided the severe problems of erroneous joining of distinct genes
(data not shown). However, some sequences that were inserted into the plasmid
vectors in the wrong orientation could form erroneous contigs on the strand opposite
the actual genes. An upper estimate of such errors is about 11%, counting the number
of T-contigs overlapping annotated genes with respect to T-contigs on the opposite
strand without annotation (counting overlaps over an average of 70%).

Automatic annotation

The derived contigs of expressed sequences were identified with gene models
predicted by the Ensembl annotation pipeline, noting the fraction of genomic overlap
over all predicted exons and allowing +/-150nt to capture EST contigs derived from
UTRs.

2 EST contigs have been initially named EST clusters in the publication of AnoEST Kriventseva, E.
V., Koutsos, A. C., Blass, C., Kafatos, F. C., Christophides, G. K., and Zdobnov, E. M. (2005).
AnoEST: toward A. gambiae functional genomics. Genome Res 15, 893-899.. To avoid confusion
with DNA microarray co-expression clusters in chapter 3, the name EST contigs is used throughout
the entire thesis.
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We previously showed that genes recognised as 1:1 orthologues in the genomes of
A. gambiae and D. melanogaster, code on average for proteins with 56% sequence
identity (Zdobnov et al., 2002). This suggested that many well-characterized proteins
of Drosophila and other evolutionary more distant organisms such as human, share
only limited identity with Anopheles proteins. This limited the utility of more
comprehensive but automatically derived non-redundant protein collections such as
UniRef90 and even UniRef50 (representing sequences merged at 90% and 50%
sequence identity respectively), where best hits were dominated by poorly annotated
predictions from genome sequencing projects. To capture such weak homologies we
used the sensitive Smith-Waterman algorithm (Smith and Waterman, 1981) (as
implemented by Paracel) to compare all forward translations of the EST contig
sequences with sequences of known proteins from the manually curated
UniProt/Swiss-Prot database. We then extracted from that database a concise
annotation for the best matching sequence, identified with a E-value cut-off of less
than 0.001. When available, we tentatively assigned Gene Ontology (GO) functional
annotation terms (Ashburner et al., 2000) to the EST contigs, inferred from the best
matching protein in UniProt/Swiss-Prot database. The UniProt/Swiss-Prot to GO
mapping is provided by the GOA project at EMBL-EBI (Camon et al., 2004). The
GO hierarchy was traversed in a “bottom to top” manner to assign the high level ‘GO-
slim’ functional classes, which can be further compared to the patterns of correlated
expression as identified in the DNA microarray experiments. We also analysed the
EST contig sequences for characteristic signatures of known protein domains, using
state-of-the-art HMM profiles, as defined in PFAM and SMART (Bateman et al.,
2004; Letunic et al., 2004) and summarised in InterPro.

We identified groups of orthologous genes between the predicted full proteomes
of A. gambiae and D. melanogaster and broader orthologous groups including other
animal genomes with full genome coverage using an Inparanoid-like (Remm et al.,
2001) procedure. Orthologous genes were then used as markers to identify the
conservation of the genomic arrangement (synteny) as described before (Zdobnov et
al., 2002) using SyntQL tool (Zdobnov, unpublished).
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Implementation

ANnoEST was implemented as a relational database using mySQL software
(http://www.mysgl.com/). An interactive web interface to the data is provided using

PHP (http://www.php.net/). EST clustering was implemented in Perl using a DBI

interface to the mySQL backend, to allow scaling to higher numbers of sequences

without additional computer memory requirements.

Microarray assessment of EST contig expression

We experimentally assessed the expression of AnoEST-derived contigs utilising
the developmental dataset that is presented in detail in chapter 3 of this thesis.
Briefly, the experimental design interrogated 8 different time periods of the entire A.
gambiae life cycle, from embryos to adults. Hybridisations were performed against
an artificially constructed standard reference (SR), containing all spots of the array.
Four replicates (three biological and one technical — dye swap) for each time period
were performed. Manual inspection and statistical measurements were used to assess
spot quality based on signal intensity versus local background levels and spot
diameter. Negative spiked-in controls were used to calculate global background
levels, and only data above three standard deviations of background intensity levels
were considered for further analysis. Data were loaded into GeneSpring v7.0 (Agilent
Technologies, Palo Alto, CA, USA), and normalised with the intensity dependent
(lowess) normalisation algorithm. After replicate averaging, we selected ESTs that
had reliable measurements in at least 33 out of the 37 hybridizations and exhibited t-
test P-value less than 0.05 in at least 2 of the 9 time points. These criteria led us to
consider the expression of 15,135 ESTs as confirmed during mosquito development.
To quantify the level of expression of these ESTs we considered the maximum
intensity signal from the periods that were analysed.
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Results and Discussion

A. gambiae EST classification

We collected from public sequence databases (Benson et al., 2004; Kulikova et al.,
2004; Miyazaki et al., 2004) 215,634 A. gambiae expressed sequences (178,618 from
5’ sequencing and 37,015 from 3' sequencing) originating from 179,955 clones. Of
these sequences 211,468 were aligned to 593,349 regions on the nuclear or
mitochondrial genome. For 203,812 expressed sequences, a unique genomic origin
could be recognised. We clustered ESTs (assigned them into groups representing
distinct expressed loci) using the genomic sequence as template, as described in the
Methods section. This allows for a more specific assignment of ESTs into contigs, as
it prevents merging of distinct gene loci due to chimeric ESTs or domains with highly
similar sequences. Three types of contigs were distinguished: 1) T-contigs
(Transcribed contigs) that had at least one supporting EST from this genomic locus,
2) N-contigs (with No uniquely matched ESTs) that shared regions of high sequence
identity to EST/cDNA sequences but could not be confidently identified as expressed
(this fraction also included recent duplications when the corresponding EST/cDNAs
could have been derived from any one of the duplicated regions), and 3) U-contigs
(Unaligned) of ESTs that failed to align to the genome. The derived EST contigs
were further identified with current Ensembl (Birney et al., 2004) gene predictions,
annotated with orthology/homology to known proteins and protein domains using
sequence analysis techniques and tentatively associated with GO (Gene Ontology)
and GO-slim functional categories (see Methods section).

The descriptive statistics of the AnoEST data are provided in Table 2.1, which
includes the numbers of different types of contigs and their annotation with respect to
the Ensembl, UniProt/Swiss-Prot (Apweiler et al., 2004) and InterPro (Mulder et al.,
2003) databases. Of the derived T-contigs, 13,173 (61%) were supported by more
than one EST each; 9,944 (75%) of these had a statistically significant hit to known
proteins in Swiss-Prot. Although a single EST is commonly considered unreliable as
evidence of expression (Okazaki et al., 2002), between one fourth to one half of the
8,305 EST singletons were supported by various sequence features indicative of
protein coding genes: they accommodated a correct gene model according to
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Ensembl gene predictions, encoded known protein domains, or had significant
homologues in Swiss-Prot. As discussed below, we also used transcriptomic data to
verify expression of a substantial fraction of T-contigs during mosquito development.

Contigs
(with =2 ESTs)
TCLAG  21,478(13,173) 11,608 (8,048) 14,131 (9,944) 8,015 (6,368)
NCLAG 46,560 (20,219)* 2,079 (1,105) 6,971 (4,247) 2,456 (1,485)
UCLAG 3,881 (82) n.a. 1,236 (52) 199 (25)
Table 2.1. Descriptive statistics of A. gambiae EST contigs. Numbers refer to overlaps with the
current Ensembl gene set (14,364 genes in total), homology to known proteins in the Swiss-Prot
Knowledgebase (matching 9,791 sequences) and hits with protein domains in the InterPro database
(matching 2,144 distinct domains). Numbers referring to contigs supported by at least two
sequences are marked in bold. The numbers of distinct Ensembl genes overlapping with T-contigs
and N-contigs are 9,639 (8,020), and 1,821 (1,076) respectively, as some Ensembl genes overlap
with more than one EST contig. *35,660 (17,143) of N-contigs, i.e. 77% (85%) respectively, are
contributed by only 863 ESTs, that are aligned with 50 to 191 distinct genomic loci.

Ensembl Swiss-Prot InterPro

In total, 11,608 T-contigs overlapped with 10,726 Ensembl gene models (out of
14,364 Ensembl predictions as of 10 Aug. 2004, v23.2b.1), indicating that, despite
very strict clustering criteria, the analysis probably engendered a minor number of
fragmentation artefacts. On average, the derived EST contigs overlapped with
Ensembl gene models by about 920 nucleotides corresponding to 70% of the shorter
loci; 2,695 contigs overlap Ensembl gene models by over 90%. Only 452 EST
contigs had shorter than 20% overlaps; these probably derived from UTRs.
Interestingly, 9,870 T-contigs (4,789 of which were supported by two or more
EST/cDNASs) had no associated Ensembl gene predictions.

N-type contigs were quite different: they were twice as numerous but have only
1/6 as many Ensembl overlaps as did the T-type contigs (Table 2.1). Moreover,
35,660 (77%) of the N-type contigs were formed by only 863 ESTSs, each of which
was aligned to at least 50 distinct genomic loci. These likely represent transposable
elements in A. gambiae, as 24,984 N-type contigs showed significant homology to
known transposable elements in RepBase9.12 (Jurka 2000, http://www.girinst.org).

In contrast, only 1,312 T-contigs (61 with confirmed expression, see below) were
homologous to repetitive elements. 2,079 N-type contigs were currently annotated as
genes. However, only 860 N-contigs corresponded to recently duplicated genes, 220
of which had a corresponding gene model. The portion of ESTs that failed to align to
the nuclear or mitochondrial genome of A. gambiae (U-type contigs) constituted less

than 3% of all sequences (Table 2.1). Some U-type contigs may correspond to as yet
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unsequenced regions of the genome, while most of them are likely to be of erroneous

origin (data not shown).

Singletons Clusters with =2 ESTS
Confirmed No data  Fraction Confirmed No data
28.4% 40.9%  With Ensembl gene prediction 67.9% 59.4%
43.7% 51.8%  With homology in SWISS-PROT 79.2% 71.8%
20.0% 33.5%  With Ensembl and SWISS-PROT hit 63.8% 55.1%
71.6% 59.1%  No Ensembl 32.1% 40.6%
48.0% 40.8%  No Ensembl, no SWISS-PROT hit 16.6% 23.9%
100% 100%  Total 100% 100%
(1379) (6929) (6582) (6591)

Table 2.2. T-contigs with and without supporting microarray expression data.

Analysis of T-contigs

We used both bioinformatic and transcriptomic methods to analyse in detail the
category of T-type contigs, which represent the most prominent fraction of the
mosquito genes. This dual analysis is summarised in Figure 2.1 and Table 2.2,
separately for singletons (left) and for contigs with =2 ESTs (right). We categorised
contigs as having or lacking corresponding Ensembl gene predictions, homologues in
Swiss-Prot, or overlaps of Ensembl and Swiss-Prot hits. Transcriptomic analysis
utilised a developmental dataset encompassing expression profiles in embryos,
larvae, pupae and adult mosquitoes to highlight the fraction of contigs with
experimentally verified expression and is presented in detail in chapter 3. These data
were collected using 20,000-element cDNA microarrays (MMC1). Out of the 8,922
corresponding T-contigs we scored 1,379 singletons (17% of the total number of
singletons) and 6,582 contigs with =2 ESTs (50% of such contigs), summing up to
90% of the microarray elements, as being significantly expressed in at least two
developmental stages (see Methods).

First, we explored the question of whether contigs with verified expression but
without annotation represented low-level transcriptional leakage or whether they
were expressed at levels comparable to those of recognised genes. For this purpose
we compared the distribution of log2-transformed values of expression, for T-contigs
with and without Ensembl gene prediction and for the fraction of contigs with and
without Swiss-Prot homologues. As shown in Figure 2.2, in both cases genes with
and without annotation showed rather similar distributions, with only a small shift
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towards lower expression values in the absence of annotation, which was slightly
more pronounced for contigs with Swiss-Prot homologues. Only 61 T-type contigs
with confirmed expression, 20 of which had a corresponding gene model, showed
significant homology to A. gambiae transposable elements. This comparison
suggested that most of the 3,100 EST contigs that are currently lacking a predicted
gene model had detectable expression and were likely to be actual genes.
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Figure 2.1.Analysis of the 21,478 T-contigs. The chart lists numbers of T-
contigs of which expression during mosquito development was confirmed by
microarray experiments (pink) and numbers of contigs for which microarray-
based expression was not tested or detected (blue). Numbers are provided
separately for contigs with two or more ESTs (right) and singletons (contigs
with one EST, left). For each category the numbers of contigs with and
without Ensembl gene predictions, as well as the numbers with and without
homologous in UniProt/Swiss-Prot are indicated. The inner ring lists the total
number of EST contigs with and without microarray data, and the outer two
rings partition these contigs according to the associated annotation.

We then compared the T-contig subsets with verified expression with those
lacking microarray data (mostly not represented on the microarrays). These subsets
were reasonably similar in terms of presence or absence of corresponding Ensembl

predictions, Swiss-Prot homologues, or both (Table 2.2). As expected the microarray-
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expressed subset was substantially (5-fold) smaller than the subset lacking microarray
data in the case of singletons, whereas the subsets were of equal size for =2 ESTs
contigs. Surprisingly, the prevalence of Ensembl and Swiss-Prot hits was actually
higher among singletons lacking supporting microarray data (Table 2.2).
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Figure 2.2. Comparison of distributions of T contigs with and without
Ensembl or SWISS-PROT overlaps. A) Comparison of log, expression
value distributions for T-contigs with and without overlaps with Ensembl
gene predictions. The graph also depicts mean (solid line) and standard
deviation (dashed lines) values for the corresponding distributions. B)
Comparison of log, expression value distributions for T-contigs with and
without homology hits in the Swiss-Prot knowledgebase; mean (solid
line) and standard deviation (dashed lines) values are also shown.
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Based on the analysis summarised in Figures 2.1 and 2.2 and in Table 2.2, our
working hypothesis is that a substantial fraction of EST singletons represented actual
genes, as do most of the =2 ESTs contigs. These data suggest that the number of
genes in the A. gambiae genome may be substantially higher than currently predicted.
A similar conclusion was recently drawn from another independent study of full-
length cDNAs for A. gambiae (Gomez et al., 2005) and for the Drosophila
melanogaster genome by using a combined bioinformatics and expression profiling
approach (Hild et al., 2003).

Interface to the AnoEST database

The data discussed above were structured into a relational database, for which we
developed a user-friendly Web interface, available at
http://web.bioinformatics.ic.ac.uk:8080/. It allows querying for the EST/cDNA
accession number, clone identifier, derived EST contig identifier, Ensembl gene
identifier, Swiss-Prot accession numbers of homologous proteins and associated GO
terms, permitting logical combinations and flexible regular expressions.

Examples of the available interactive searches are represented in Fig. 2.3. By
default, the information on queried sequences is returned in a condensed format
showing data corresponding to the best matching EST contig (Fig. 2.3A). The
‘Sequences’ tab at the top of the interface allows retrieval of the sequences in FASTA
format and, if required, generates reverse complemented sequences, e.g. for 3'-
sequenced clones. The ‘Details’ tab makes available more extensive information on
similarity to known proteins and protein domains, orthology, GO and ‘GO-slim’
categories (Figure 2.3B). The annotation available for each corresponding genomic
region in Ensembl can also be explored through a direct link to the genome browser.
The “Homology’ tab refers to the full records of a similarity search of the EST contig
consensus sequence against the UniProt/Swiss-Prot protein database. The records
allow manual inspection of the alignments and provide html references to the

corresponding entries in the UniProt/Swiss-Prot database.
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Figure 2.3. Interactive searches available in AnoEST. Searching with an EST clone
identifier allows A) an overview of associated EST sequences, corresponding clusters,
overlapping Ensembl genes, and best hit in the Swiss-Prot database and its description.
B) The detailed view gives in addition coordinates of EST cluster match to the genome;
links to orthologous groups identified on the basis of corresponding Ensembl gene
predictions; protein domains collected in the InterPro database; and corresponding GO
terms. When examining EST clusters, C) a graphical representation of overlapping
ESTs permits visualization of the underlying exon-intron structure.

When exploring all expressed sequences assigned to one contig (Figure 2.3C), the
visualisation of EST alignments to genome allows a quick grasp of the gene
organisation, EST coverage and quality of the clustering. Sequences derived from 5'-
and 3'-ends are coloured differently. The scale bar provided indicates the real contig

length over the genomic alignment, sized to fit to the image. The EST contig image is

mapped by html links to EST records for exploring cases of interest.
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ANnoEST utility for microarray analysis

ANnoEST facilitated functional analysis of transcriptional data derived from
existing cDNA microarrays by annotating microarray elements using information
from the database via the EST identifiers. To allow further exploration of the
annotation using specialised software or Excel spreadsheets, the microarray grid
annotation (currently the 4K, MMC1/20K, and the full genome MMC2 microarray) is
provided as tab-delimited text files. The constrains imposed by such representation
limited the complexity of included data, e.g. each element is associated with only best
matching EST/cDNA contig and its functional annotation. In order to draw solid
conclusions for the expression of a genomic locus it is very important in DNA
microarray experiments to evaluate all possible cross-hybridisations. That is possible
utilising the “CrossMapping’ column included in the files that lists all contigs sharing
high sequence identity for each of the microarray elements. Moreover, as the
microarray elements enclose both DNA strands that could potentially contribute to
the spot signal, we reported all EST contigs that are on opposite strands but
overlapped by at least 60nt. This is summarised in the *‘Overlapping contigs’ column,
generated by concatenating the corresponding contig identifiers ordered by
significance of sequence homology to known proteins, which allows users to easily
recognise and group them.

Conclusions and future development

The publication of the genome sequence of A. gambiae has led to the analysis and
rapid organisation of available genomic information to a number of mosquito public
databases. Ensembl currently holds genomic information, AnoBase holds biological
information about Anopheles spp. and other databases hold diverse information, for
example AnoXcel for proteomic data (Ribeiro et al., 2004). AnoEST, the newly
developed database that is reported in this thesis is a database of expressed sequences
of A. gambiae.

To construct this database, we mapped the expressed sequences to the genome,
using the sequence of A. gambiae as a template, and constructed EST contigs from
these overlapping expressed sequences. Those EST contigs have been supplemented
with inferred functional annotation including similarities to known proteins, protein

domains, and Gene Ontology (GO) functional categories. Using the MMC1
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microarray data in conjunction with AnoEST, we have experimentally confirmed
expression of 7,961 contigs during mosquito development. Of these, 3,100 are not
associated with currently predicted genes. Moreover, we found that contigs with
confirmed expression are non-biased with respect to the current gene annotation or
homology to known proteins, and consequently we expect that many of the
unconfirmed contigs are likely to be actual A. gambiae genes. However, besides the
identification of previously undiscovered genes, AnoEST is a vital resource for the
interpretation of expression profiles, which are derived using DNA microarrays.
ANOEST was initially developed as an independent database but it has already
been adapted to serve as one of the functional genomics modules of a new integrated
genomic data resource, VectorBase (http://www.vectorbase.org). VectorBase is a

collaborative effort of five institutions to bring together a series bioinformatics
databases with the aim of developing an integrated resource for insect disease
vectors, which include A. gambiae, Anopheles funestus, Aedes aegypti (yellow fever
mosquito), Culex pipiens, Glossina spp. (tse tse flies), Rhodnius prolixus (triatomine
bugs) and the tick Ixodes scapularis. At the time of writing of the thesis, the draft
sequence of the Aedes aegypti genome had been released to the public and a new
database for expressed sequences, AedEST, had been created, utilising the same
algorithms and protocols developed for AnoEST. AnoEST will be regularly updated
to reflect changes in the gene annotation and include new sources of expressed
sequences. Future developments include further refinement of the EST to genome
mapping, full automation of the methods, as well as integration to the gene prediction
algorithm of Ensembl. In addition, a more thorough analysis of the TCLAG contigs

that do not overlap with Ensembl being models is being sought.
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Chapter 3

Transcriptomic analysis of the life cycle of the mosquito Anopheles

gambiae and its comparison to the Drosophila melanogaster life cycle
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Introduction

The A. gambiae lifecycle

Mosquitoes have been the focus of entomological research for many decades and
numerous morphological, systematic and disease-related studies have been
conducted. They were mostly studied in the context of the many natural history
studies that characterised the zoological interest during the period between the second
half of the eighteenth and first half of the ninteenth century. As a result, early studies
in the life cycle of the mosquito species have focused in the understanding of the
basic biology and factors that influence mosquito growth and behaviour. Those early
works are reviewed in many excellent textbooks (Bates, 1949; Christophers, 1960;
Clements and Clements, 1992) and have provided the framework for the current
understanding of mosquito biology.

In A. gambiae, the blood feeding of an adult female that initiates egg development
can be considered the start of the lifecycle. Digestion of blood proteins yields
aminoacids, which are reconstituted in the mosquitoes’ fat body, transported into the
ovaries and incorporated into the oocytes. Eggs do not mature continuously but in
batches, following the periodic blood meals; approximately 100 or more eggs mature
from each blood meal. The role of the males to inseminate the females, which is done
either when a female mosquito enters a swarm of males or by individual mating
outside swarms. The females are believed to mate only once, as they can store sperm
in their spermathecae to fertilise many batches of eggs. The final act of mating is the
injection of a substance from the male, which blocks the passage of sperm from any
subsequent copulations, although there are indications that this phenomenon does not
persist for the entire life of the female mosquito.

After mating and blood feeding, approximately 50-500 eggs are fertilised while
traversing the genital chamber and are deposited on water or sites that will be
flooded. Embryogenesis starts almost immediately after oviposition and normally
lasts two to three days. Like many other insects, mosquitoes exhibit ‘complete
metamorphosis’; from the embryo to larva, to pupa and then to adult. The larva
hatches once it is being formed and can survive for a few days in the absence of
water. Four larval instars ensue accompanied by continuous growth. They live in an

aquatic environment and feed by filtering bacteria, diatoms, algae and other particles

-51-



from water. In that period, larval organs are functional and adult organs incipient or
slowly developing. Most of the organs are histolysed during metamorphosis (from the
larva via the pupa to the adult), while others persist. When the adult body has fully
formed, a pressure difference along the pupal cuticle results in the rupture of the
structure and the release of the organism. The adult rests at the water surface for
some time, as it will need to dry out and harden before it can fly. Subsequently,
mating will be the first activity of the young adult Anopheles.

Although much information is available about the timing of the A. gambiae
lifecycle, detailed molecular and cell morphological studies are lacking. For this
reason, studies in the molecular level in A. gambiae — as in other insects — have
largely used Drosophila melanogaster as the model system, the lifecycle of which
has been analysed in considerable molecular level and information is readily
available. Anopheles and Drosophila, which are believed to have diverged from a
common ancestor ca. 250 mya, have comparable lifecycles. However, Anopheles has
four larval stages compared to three in D. melanogaster and some notable differences
at both the morphological (Monnerat et al., 2002) and molecular (Goltsev et al.,
2004) levels have been observed. Thus, a large-scale molecular analysis of the
lifecycle of A. gambiae could potentially analyse similarities and differences between

those insects and give information on their adaptation to different environments.

DNA microarrays as tools in basic biology research

DNA microarrays are important tools for large-scale gene expression profiling
studies. The early “precursors’ of the modern microarrays have been bacterial cosmid
libraries spotted on nylon membranes, which were used for hybridisation analyses. A
series of advances both in chemistry, with the manufacturing of robust fluorescent
dyes, and in engineering, with the construction of robotic devices of great precision,
has facilitated the miniaturisation of such arrays and the development of glass slide
printed microarrays.

The first such microarray reported in the literature was a cONA microarray of
1,161 DNA elements of human genes, which was used to analyse gene expression in
a cancerous cell line (DeRisi et al., 1996). Since then, advances in microarray
manufacturing, experimental protocols and analysis platforms (reviewed in

(Stoughton, 2005)) have resulted in the construction of DNA microarrays for most
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model organisms. Examples of applications in these organisms include gene
expression profiling during sporulation and the cell cycle in the budding yeast
Saccharomyces cerevisiae (Cho et al., 1998; Chu et al., 1998), the lifecycle of the
nematode worm Caenorhabditis elegans (Hill et al., 2000) and the fruitfly D.
melanogaster (Arbeitman et al., 2002), the mitotic cycle of human fibroblast cells
(Cho et al., 2001) and seed development in the plant Arabidopsis thaliana (Girke et
al., 2000). The microarrays have thus proven to be valuable tools for the study of the
expression profiles of numerous model organisms and their use could potentially be
extended to less studied ones.

DNA microarrays in A. gambiae

Our laboratory has been paramount in the development of DNA microarrays in A.
gambiae. The first microarray that was constructed contained 3,840 ESTSs
representing approximately 2,500 genes (Dimopoulos et al., 2000). This platform was
used to explore mosquito immune responses against bacteria and Plasmodium
parasites (Christophides et al., 2002; Dimopoulos et al., 2002) and to identify
differences of gene expression between Plasmodium refractory and susceptible
mosquitoes (Kumar et al., 2003). Other available microarray platforms for A.
gambiae include: a genome-wide oligonucleotide platform by Affymetrix and a
custom cDNA microarray to assay gene expression in blood feeding (Dana et al.,
2005; Marinotti et al., 2005); a small scale “detoxification’ microarray for the study
of metabolic basis of insecticide resistance (David et al., 2005); a custom microarray
for the identification of odorant binding proteins (Biessmann et al., 2002) and two
new platforms that have been developed from our laboratory, the MMC1 cDNA
microarray, which contains 19,680 ESTs that correspond to approximately 8,872 EST

contigs, and the whole genome MMC2 microarray platform.

Aims of the present study

In depth molecular studies of the lifecycle of A. gambiae are of significant
importance in understanding mosquito biology. The present study reports the
construction of the MMC1 microarray platform and its use to describe genome-wide

expression profiles during the A. gambiae lifecycle. The aim of this study is to reveal

-53-



transcriptional programmes that are associated with critical developmental transition
stages and define similarities in major gene functional classes in the mosquito
lifecycle. It also focuses on the determination of temporal gene expression in four
different tissues of the adult female.

Furthermore, a previous genomic analysis identified a large percentage of gene
orthology between Drosophila and Anopheles (Zdobnov et al., 2002). A
developmental transcriptomic study in Drosophila allowed us to extend the analysis
to include information about orthologous gene expression. This study reports the first
large scale comparative transcriptomic analysis between diptera in which we
demonstrate a strong correlation between expression patterns of orthologous gene
pairs and explore similarities and differences in gene expression profiles that underlie

the variant life styles of Anopheles and Drosophila.
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Materials and methods

EST library construction, sequencing and clustering

Two oligo-dT primed cDNA pools were constructed from pooled developmental
stages (NAP1 library) and adult heads (NAH library) of a Plasmodium susceptible 4a
r/r strain of A. gambiae. Sequences were directionally cloned in the pT7T3D-Pac
plasmid vector (GE Healthcare, UK) with modified cloning sites. Plasmids were
isolated from the NAP1 and NAH libraries, gel-purified to remove empty vectors and
the resulting libraries were normalised as described elsewhere (Bonaldo et al., 1996).
After transformation of 15,513 plasmids into E. coli DH10B cells, single bacterial
colonies were sequenced via the T7 promoter sequence (cDNAs 5'-end) using the
MEGA Base system (GE Healthcare, UK). The sequences were cleared of vector
contamination and submitted to the EMBL DNA sequence database.

For in silico clustering analysis, we have used the annotation information of
ANoEST, which has been described in detail in chapter 2. Briefly, the MMC1 EST
sequences together with all 200,121 additional A. gambiae cDNA and EST sequences
deposited in public databases, were retrieved and channelled into the AnoEST
clustering pipeline (Kriventseva et al., 2005), mapped to the A. gambiae genome
sequence and assembled into EST contigs, These contigs were supplemented with
functional annotation information which included overlapping Ensembl gene models,
orthologous genes in other species (including D. melanogaster), homology to known
proteins, INTERPRO protein domains, associated Gene Ontology terms and
corresponding classification into broad GO-slim functional groups. Additional

annotation about gene families was retrieved from Ensembl database.

Microarray construction

Microarrays were constructed with 15,840 ESTs from the NAP1 and NAH
libraries and 3,840 ESTs from the 4a3A and 4a3B library, which were previously
used for the construction of the first mosquito DNA microarray (Dimopoulos et al.,
2000; Dimopoulos et al., 2002). EST sequences were amplified from bacterial
cultures using T3 and T7 primer sequences, derived amplicons were cleaned with the
Nucleospin® Robot-96 Extract kit (Macherey-Nagel, DE), concentrated to 150-300
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ng/uL, resuspended in 3x SSC buffer and spotted onto glass slides coated with N-16-
aminohexyl aminosilane. This new platform was annotated as MMC1 (Mosquito
Microarray Consortium 1) and the coverage of the platform on the A. gambiae
genome is shown in Fig. 3.1. Based on the AnoEST analysis (v. 5), the 19,680 MMC
ESTs are encompassed in 8,872 EST contigs, each with unique hits on the A.
gambiae genome (TCLAG contigs); of these, 5,367 (ca. 60%) overlap with Ensembl-
built gene models. Our analysis excluded UCLAG and NCLAG contigs that are
either unmapped or repetitive and map at multiple genome loci.
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Fig. 3.1. Coverage of the MMC1 microarray to the A. gambiae genome. Picture shows the MMC1
ESTs mapped to the A. gambiae chromosome arms, the unknown chromosome (UNKN, representing
contigs that have not been aligned could not be positioned in the genome assembly) and the
mitochondrial (MIAGCG) genome sequence. ESTs were mapped either in the sense (above) or
antisense (below) orientation. The mitochondrial sequence has been magnified 1200 times.

Mosquito rearing and preparation of experimental RNA samples

A. gambiae mosquitoes of the G3 strain were reared at 27° C at a 75% relative
humidity with a 12/12-hour cycle. Adult mosquitoes were fed on wet cotton pads
supplemented with a 15% sucrose solution. Larvae and pupae were raised in 0.1%
salt water and fed with powdered cat food or cat food pellets. To initiate egg
production, females were allowed to feed on sedated mice and 2-3 days after blood
meal, eggs were collected from water-soaked Whattman papers and placed in 0.1%

salt solution.
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The procedure to generate each microarray sample is summarised in fig. 3.2. Total
RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA) from: embryos,
50-350 larvae, 30-40 adults and 30-42 adult tissues. Following quality inspection by
gel electrophoresis and normalisation of all RNAs to 1 ug/uL, 5 ug samples were
subjected to first and second strand cDNA synthesis (Invitrogen, CA, USA), using
primers that incorporated the T7 promoter sequences
(TAATACGACTCACTATAGGQG) at the 3' end, after the poly(T) tail of all cDNAs.
Amplification was performed with T7 transcription reactions, which were used to
produce complementary mRNAs (cmRNAS).

Preparation of standard reference RNA

To generate standard reference (SR) in vitro as previously described (Sterrenburg
et al., 2002), small amounts (1-10 ng) of all PCR products were synthesized, pooled
and purified twice by Phenol-chloroform extractions, followed by ethanol
precipitations and resuspension in 5mM TrisCl pH 8.0, 1 mM EDTA (Fig. 3.3) Those
products were used as templates to produce complementary RNA (cmRNA) using
multiple pools of in vitro transcription reactions (MEGAscript® T7 kit, Ambion,
USA).
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Fig. 3.2. Schematic representation of the amplification and labelling of the microarray
experimental samples. Initially, the mRNA (A) is used as a template for the synthesis of a
complementary strand of DNA (first strand synthesis, B) by annealing a poly (T)-T7
oligonucleotide. Subsequent RNAse treatment, DNA polymerisation and DNA ligation results
in degradation of the mRNA strand and construction of a complementary DNA strand (second
strand synthesis, C). This product is used for T7 transcription reactions to produce multiple
copies (amplification step, D) of cmRNA, which is complementary to the initial mRNA strand
population. cmRNA will be subsequently used to produce a labelled complementary strand
(labelling, E) by using fluorescent-labelled dUTP. (Fig. Courtesy of G.K. Christophides).

Microarray hybridisations, image and data analysis

Hybridisations were performed as described (Christophides et al., 2002,
Dimopoulos et al., 2002), using 5 ug cmRNA of samples 5 and 100 ng SR sample
that were labelled with Cy-5 and Cy-3 dyes, respectively (GE Healthcare, UK). One
dye-swap experiment was performed for each experimental set. After hybridisation
and washes, microarray slides were scanned using a GenePix 4000b (Molecular
Devices, Sunnyvale, CA, USA) semiconfocal scanner, and image analysis and
measurements were performed with GenePix Pro 3.0 software (Molecular Devices,
Sunnyvale, CA, USA). Initial spot evaluation was performed by visual inspection,
and derived measurements were subjected to strict filtering. The criteria required that
fluorescence intensity in each channel is above 1.5 times the background intensity
(local background filtering) and above the average intensity plus three standard
deviations of the negative spike-in controls (Lucidea Universal ScoreCard®, GE
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Healthcare, UK, global background filtering) and that spot diameter is neither higher
nor lower than three standard deviations of the average spot diameter. Filtered data
were loaded in a custom-made microarray annotation platform into GeneSpring
version 7.0 software (Agilent Technologies, Palo Alto, CA, USA) To perform dye
swap, signal and reference channel measurements were reversed. For data
normalisation, we used a local weighted linear regression (Lowess) algorithm. In
brief, a Lowess curve was calculated each time utilising 20 percent of the data, fitted
to the log-intensity vs. log-ratio plot and the resulting normalising curve used to
adjust the standard reference value for each measurement. This is the standard
normalisation process for two-colour microarray experiments that minimises effects
due to differential dye properties and allows for comparisons among hybridisations in

different microarray slides.
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Fig. 3.3. Schematic representation of the construction and labelling of the SR sample.
Fragments of the all the spots contained in the microarray were produced by PCR
reactions from the initial pT3T7 plasmids. Subsequent T7 transcription reactions
produced ssRNA (cmRNA), as described in the second stand synthesis procedure (Fig.
3.2). The cmRNA was then used to produce a labelled complementary strand by utilising
fluorescent-labelled dUTPs. (Fig. courtesy of G. K. Christophides)

For producing co-expression clusters, the datasets have been exported from
GeneSpring to specific gene clustering programs. Genecluster version 2.0

(http://www.broad.mit.edu/cancer/software/genecluster2/gc2.html ) was used for the

SOM clustering (Tamayo et al., 1999; Toronen et al., 1999; Vesanto and Alhoniemi,

2000) of the developmental programmes and Cluster version 3.0 (http://bonsai.ims.u-
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tokyo.ac.jp/~mdehoon/software/cluster/software.htm) for k-means clustering of the

tissue patterns (Eisen et al., 1998). SOM clusters were visualised and processed in R-

statistical package version 2.1.0 ((Team, 2006), http://www.r-project.org/) and k-
means clusters were visualised with the Treeview Java version 1.0.13 programme

(http://rana.lbl.gov/EisenSoftware.htm).

To detect global patterns of expression related to functional protein annotations,
we grouped TCLAG contigs based on either Gene Ontology (GO) terms or
INTERPRO domains. For each group and time point, we defined the percentage of
TCLAG contigs showing top or bottom expression (upper 25% and lower 25% of the
expression range, respectively); the low expression percentages were then subtracted
from the respective high expression percentages. Only GO terms and INTERPRO
domains containing at least 20 distinct TCLAG contigs were included in the analysis.
The dataset of subtracted group-specific percentage values for each term or domain
was subjected to k-means clustering.

Comparative transcriptomic analysis

The raw microarray data from a D. melanogaster lifecycle study (Arbeitman et al.,

2002) were downloaded from http:/genome.med.yale.edu/Lifecycle/Data_download/. Briefly,

this study interrogated 73 different time periods in Drosophila: 31 overlapping
embryonic time periods, 10 larval, 18 pupal and 14 for adult male and female. Spots
were subjected to the same criteria as for the A. gambiae dataset, except for the
criterion relating to negative spike-in controls, due to the absence of these controls in
that microarray. The expression profiles of individual ESTs corresponding to the
same Drosophila gene were averaged. Data were normalised under the Lowess curve
algorithm, as described previously, and 3,571 genes with reliable measurements in at
least 130 of the total 151 hybridisations and with a t-test P-value less than 0.05 in at
least 1 of the developmental time periods of the Drosophila study were considered
for further analysis.

For comparison, the Anopheles and Drosophila lifecycle datasets were divided
into an equal number of notional developmental periods. Newly emerged (ca. 12h
post emergence) Anopheles males (M) and females (F) were compared with 24h-old
Drosophila adult males (Am24h) and females (Af24h), respectively. Averaging of

the embryonic and pupal time samples was based on a correlation analysis (data not
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shown). Three (early, middle, late) comparable phases of larval development were
defined from the five larval time periods of the Anopheles study and the ten of the

Drosophila study, by using a sliding window procedure.

Orthologous gene pairs between Anopheles and Drosophila were constructed from
best reciprocal hits and information from syntenic regions (Zdobnov et al., 2002).
From this list a combined expression matrix of 1,039 unambiguous orthologous pairs
was normalised to the median of each gene and the 50" percentile of each
microarray. Correlation analysis with Pearson and smooth coefficients was performed
in GeneSpring and graphics were plotted using the R statistical package (Team,
2006). Subsequent analyses of gene groups with the same GO terms, INTEPRO
domains or gene expression clusters were performed in the R statistical package
using the skewness distribution measurement from the moments package. The
Wilcoxon rank sum test (U test) was used for testing differences in mean values of

the distribution curves.
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Results

Experimental design

An initial A. gambiae population (PO generation) consisted of approximately 400
adult female and male mosquitoes of the laboratory G3 strain The females were
allowed to feed on mice at days 3 or 8 of adulthood and correspondingly are defined
as the experimental generations P1 and P2. The P3 generation was the progeny of P1
mated females that were fed on mice three days post emergence. The mosquito
developmental lifecycle was sampled empirically at eight successive time periods
(Fig. 3.4). These included embryos, five larval samples, pupae and adult females and
males. Female adult tissues from head, gut, and carcass (the latter corresponding to
the remnant after removal of head, gut, wings and legs) were collected from 1-day
old females, and ovaries from 5 to 6-day old females that were blood fed 48 h earlier.

Embryo Larvaa Larvab Larvac Larvad Larvae
s » e | T o
Lc Ld Le
6-12 48 96 144 192 240 288 360 hpo

Fig. 3.4. Lifecycle microarray experiment. For the lifecycle expression analysis, samples were
collected at eight time periods as indicated on the time scale in hours post-oviposition (hpo). These
include embryos, E, collected 6-12h hpo; larvae collected at five periods: La approximately 48 hpo
and the rest, Lb-Le, at 48 h intervals thereafter, irrespective of larval size and instar; pupae, P,
collected 6-12 h after Le and freshly emerged (12-16 h) adult females, F, and males, M.

To investigate genome expression during mosquito development and in adult
tissues, we performed competitive two-dye hybridisations of experimental and
standard reference (SR) RNA samples to MMC1/20K EST microarrays. SR RNA
was produced in vitro from all spotted ESTs. This mixture was utilised to provide
consistent, non-zero reference values for almost all probes of the array, allowing us to
effectively normalise all experiments. Dye-swap replicates were performed for all P1
samples. The expression data of ESTs mapping to the same EST contig were
averaged. Only contigs that have single hits (TCLAG or T-contigs) on the currently
assembled mosquito genome were processed further. Additional data will be usable

-62 -



when the genome assembly is improved and identification of some additional EST
clusters with newly recognised genes is achieved.

Pairwise comparisons of the SR samples in both the developmental timing and
adult tissue studies demonstrated high reproducibility (Fig. 3.5). Next we examined
the reproducibility of TCLAG contig expression (in three biological and one
technical dye swap replicates) using a conditional tree analysis with Pearson
correlation coefficient. The reproducibility was high in the developmental study as
shown by the cohesive clustering of embryonic, pupal, female and male adult
replicates and all larval replicates combined (Fig. 3.6). However, expression patterns
at different larval periods were insufficiently distinct and there was some tendency
for larval expression to cluster by mosquito population rather than time period; these
features presumably reflect a predominant and inherent similarity of development in
all larval instars and possibly some physiological differences in different mosquito
populations. Inherent similarity of larval samples is consistent with the known
continuous growth of both larval and imaginal disc tissues in the larva, and with the
recurrence of developmental phases within each instar (e.g. a shift from growth to
hormonally-induced epithelial retraction from the old cuticle and laying down of a
new cuticle). We did not attempt to define separately such within-instar phases.

developmental adult tissues
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Figure 3.5. The SR sample comparisons. Cumulative distribution of the Pearson correlation
coefficients for pairwise comparisons between SR and developmental (left) or the adult tissue (right)
samples is shown in red. Dotted lines depict the normal cumulative distribution curves in both panels.
Note that the vast majority of sample comparisons show correlation coefficients higher that 0.7.

Gene expression differences during development

To assess statistically significant changes of gene expression, we used a one-factor
analysis of variance (ANOVA). Fig. 3.7 displays the number of TCLAG contigs that
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show notable expression regulation at different P-values in both the developmental
and tissue studies. The P-value of 0.001 admits numerous (2,421) differentially
regulated TCLAG contigs (25% of the total) without many expected false positives
(approximately 16 TCLAG contig in the case of P-value less than 0.001) and was
thus chosen for analysis. Nearly two thirds of these (1,571) showed at least two-fold

differences between their respective minimum and maximum expression values.

developmental adult tissues
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Fig. 3.6. Comparison of the hybrldlsatlon samples. Condltlonal tree of the developmental (left panel)
or adult tissue samples (right panel) based on total gene expression patterns. Note the cohesive
clustering of embryonic, pupal and adult female and male samples; larval samples other than La are
intermixed.

We analysed the differential expression of these 2,421 contigs by pairwise
comparisons of our 9 stages (Tukey test, Table 3.1 and Dataset® 3.D1). Consistent
with the conditional tree analysis (Fig. 3.6, left panel), the embryonic expression
profiles were by far the most distinct, displaying the highest number of differentially
expressed contigs relative to other developmental stages. Pupal, male and female
patterns were also quite distinct. In contrast, the larval phases were mostly indistinct
and intermixed, although there was a tendency for late larval stages (Ld-e) to cluster
together apart from earlier larval stages, (La-c). It is known that the precursors of
adult organs (imaginal disks) develop continuously in larvae; their cell divisions are
slow at early instars and acellerate at later instars. Of the few TCLAG contigs that
showed clear differences between larval stages, several encode proteins implicated in

nucleic acid binding, protein metabolism and cuticular constituents.

® The dataset contains the expression matrix as well as the annotation information of
the corresponding contig lists and is available in the accompanying DVD-ROM.
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Figure 3.7. Differentially expressed contigs. Graph showing the number of TCLAG contigs and
Ensembl genes that are differentially expressed at different ANOVA P-values in the developmental
(left) or adult tissue (right) experiments. The cut-off p < 0.001 was used for subsequent downstream
analyses.

A substantial number of TCLAG contigs differed in expression between pupae
versus adult females (265) or males (245). Of these, many corresponded to
components of the proteasome complex, reflecting the extensive histolysis of the
larval tissues during pupal life; others encoded structural components of the cuticle,
which is evidently different between pupae and adults.

We analysed the developmental transcription programmes using two
complementary strategies. In the first, we performed automated clustering of the
expression profiles of TCLAG contigs using self-organising maps (SOM) and then
queried what functional categories are associated with each SOM expression cluster
(Fig. 3.8). In the second strategy, we used a converse approach: we grouped the EST
contigs by functional categories (GO annotation and INTERPRO domain content)
and determined for each category the prevalence of high and low expression levels at
each developmental stage; thus we identified differential RNA prevalence profiles,
which were finally k-mean clustered (Fig. 3.9).

Developmental transcription programmes

We clustered the developmental expression profiles of the >2-fold regulated 1,571
ANOVA contigs, which included 1,065 Ensembl genes and 783 Drosophila gene
orthologues, with a 5 x 6 SOM node that yielded distinctive and tight expression
clusters (Fig. 3.8). Additional nodes did not produce any fundamentally new patterns.
After careful consideration, these 30 clusters were combined (despite minor

differences) into nine broad transcription programmes, some of which were
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subdivided into sub programmes. The gene contents of these programmes are
summarised below and in Supplementary Table 3.S1; the complete analysis of gene
contents and their expression data is provided in dataset 3.D2.

La Lb Lc Ld Le P F M

663(492) 678(513) 672(513) B816(626) 627(489) 818(626) 624(505) 1,009(759)
14(12)  19(18)  68(59)  81(65) 279(232) 272(232) 506(384)

0(0) 49(42)  61(51) 294(241) 281(238) 572(435)

25(24)  37(31) 226(192) 214(191)  454(359)

13(11)  333(296) 313(273) 541(434)

172(159) 273(238)  466(377)

265(224)  245(206)

179(156)
Table 3.1. Differential expression of EST contigs during the A. gambiae lifecycle. Numbers represent
differentially expressed TCLAG contigs in each pairwise comparison (ANOVA Tukey test, P-value <
0.001). The number of contigs that display at least two-fold difference is shown in parentheses.

The Embryo-high programme, EH displays characteristic strong expression in
embryos. Annotation information revealed the prevalence of 6 major functional
classes of genes: those involved in replication and transcription (as identified by
DNA binding domains), mRNA processing and regulation, the cell cycle and its
regulation, signal transduction pathways, cell growth and metabolism.

Most contigs with DNA binding domains seem to encode proteins involved in
transcriptional regulation. This list includes orthologues of the D. melanogaster genes
extradenticle and brahma, which encode proteins with a general polymerase Il
activity and are expressed in unfertilised egg and embryos, respectively. It also
includes the orthologue of the fruitfly gene extramacrochaetae (emc) which has a
maternal effect on embryonic development (Bellotto et al., 2002) The emc protein is
known to dimerise with Achaete scute, lethal of scute and daughterless to inhibit
DNA binding and transcription (Cabrera et al., 1994). The presence of sequences
encoding ubiquitin domains suggests the involvement of ubiquitination in regulating
mosquito embryonic development (Daniel et al., 2004).

The EH programme also encompasses a variety of genes that encode RNA binding
elements, putatively involved in mRNA splicing and downstream processing. This
list includes orthologues of the Drosophila genes nonA-like, Pabp2, snRNP70k, sans
fille, Ulaf50, pUf68, Gbp, Rbpl-like, Psi. In addition, it includes the orthologue of
the D. melanogaster gene cornichon, which is involved in bicoid mRNA localisation

and formation of the anterior-posterior and dorsal-ventral embryonic axes.
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Figure 3.8. Developmental transcription programmes. During the mosquito lifecycle, 1,571
differentially expressed EST contigs that display at least two-fold expression differences between their
maximum and minimum expression are grouped into 30 (0-29) SOM co-expression clusters. Numbers
in parentheses indicate cluster size in contigs, solid lines indicate average expression and grey areas
indicate range of expression. Each y-axis scale shows increments of 0.5 in logl0-transformed
expression values; horizontal dashed lines indicate SR signal levels. Arrowheads indicate clusters
enriched (yellow) or deficient (blue) in Ensembl gene models. Average expression is shown in yellow
or blue when genes in those clusters display average expression similarity with their Drosophila
orthologues that is statistically above or below average relative to the median, respectively. Similarly,
yellow or blue asterisks indicate clusters in which the genes have average coding sequence similarity
with their Drosophila orthologues that is statistically above or below average, respectively. (please
refer to developmental transcriptomic analysis section for more details).
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The embryo low programme, EO, is defined by low embryonic expression and
encompasses the subprogrammes: EOpm (high expression in pupae and adult males,
suggesting possible expression in the testis (Belyakin et al., 2005)), EOpo (decreased
pupal expression) and EOIh (broadly higher expression in larvae). Twenty-five
percent of the EO contigs encode proteins involved in metabolic reactions, with the
most prominent group being these involved in proton and electron transport. Several
contigs correspond to putative components of immune responses: members of the
clip-domain serine protease homologues, CLIPA1 and CLIPA10, the thioester-
containing protein TEP7, the putative galactoside binding C-type lectin CTLGA3 and
the leucine rich repeat immune gene LRIM1 (Christophides et al., 2002; Osta et al.,
2004). EO also encompasses genes encoding components of the cytoskeleton,
including gelsolin (Vlachou et al., 2005) and the orthologue of Drosophila
Tropomyosin 1, which plays a role in muscle formation and localisation of oskar
MRNA in the embryo.

The larva high programme, LH, differs subtly from EOIh by showing a clear
decline in Le; the expression is sustained at all earlier larval stages, when the
imaginal discs that will give rise to adult structures grow slowly but the larval body
grows faster. The latter feature is associated with high prevalence (ca. 30%) of
sequences implicated in metabolic reactions (carbohydrate and lipid metabolism and
proteolysis).

The late larva high programme, LLH, differs from LH in showing a clear peak of
expression at Ld; it is highly enriched in sequences encoding metabolic enzymes
(especially proteolytic), cuticle components. Contigs include putative immunity
genes: members of the Gram negative binding protein subgroup B (GNBPBL, 2 and
4), C-type lectins (CTL3 and CTL4), the scavenger receptors SCRBQ1 and SCRB7,
the serine protease inhibitor SRPN3, the melanisation inhibitor CLIPA2 (Volz et al.,
2005) and the pro-phenoloxidase PPOS3.

The pupa high programme, PH, is consistent with distinctive features of the pupal
metamorphic period of holometabolous insects, when many larval tissues histolyse,
while adult structures develop and often deposit adult cuticle. In mosquitoes,
metamorphosis is also a transition from the aquatic feeding niche of the larva to the
terrestrial life-style of the adult, including nectar feeding in both sexes and
hematophagy uniquely in females. Indeed, the genes in this programme show peak
expression in the pupa and correspond to structural and enzymatic components of the
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cuticle, including members of the yellow family that functions in pigmentation in D.
melanogaster. Other components are implicated in ubiquitination and proteolysis,
suggesting a putative role in histolysis.

The female high programme, FH is enriched in genes encoding putative immune
components, possibly suggesting adaptation to increase survival of the almost
completely monogamous female mosquitoes. It includes a novel gram negative
binding protein (GNBP), two clip-domain serine proteases (Shen et al., 2000), a
fibrinogen-domain immunolectin, two products with allergen domains, a haeme
peroxidase and three proteins with chitin-binding domains; one is ICHIT which is
induced in mosquitoes both after bacterial challenge and malaria infection
(Dimopoulos et al., 1998).

The developmentally increasing programme, DI displays a characteristic pattern of
low expression in embryos and larvae and a dramatic increase in pupae and especially
adults. After emergence from the pupal cuticle, many adult organs such as salivary
glands, midgut epithelium and organs used for flight and orientation continue to
develop. The maturation processes are known to begin earlier in males than in
females, presumably explaining an observed difference in sex-specific expression
(Clements and Clements, 1992). Some TCLAG encode products involved in adult
physiological processes, e.g. the odorant proteins OBP10, OBP25 and OBP57 (Xu et
al., 2003), members of the rhodopsin signalling pathway, the orthologue of the D.
melanogaster flightin protein and others involved in digestion. Additional contigs
encode antimicrobial peptides (DEF1, GAM and CEC3) or other immune-related
proteins: the peptidogycan recognition protein, PGRPLB, a lysozyme orthologous to
the D. melanogaster Lysozyme D (Kang et al., 1996), and a serine protease inhibitor,
SRPN15.

The developmentally declining programme, DD, displays a characteristic pattern
of overall progressive, albeit not continuous, decline in gene expression. Almost 20%
of the expressed sequences encode products involved in protein biosynthesis, protein
modification and folding; others correspond to DNA, RNA and nucleotide synthesis.

The larva low programme, LO, is characterised by high expression in both
embryos and adults and is subdivided into LOa (equal expression in both adult
sexes), LOm (higher expression in males) and LOf (higher expression in females).
Most of the orthologues encode proteins with known expression in Drosophila
embryos and adults. Examples are exuperantia, which is responsible for bicoid

-69 -



localization in the embryo (Cha et al., 2001), cactus, Pellino, inx6, Imitation SWI,
Pendullin, maternal expression at 31B and moladietz, the majority of which are
found in LOf. Thus this cluster is enriched in genes that either have maternal effects

on embryos or are involved in asymmetric mMRNA or protein localisation.

Expression profiles of gene functional categories

Analysis of developmental expression by functional categories revealed that
related GO terms or INTERPRO domains display similar expression profiles during
the mosquito lifecycle (Fig. 3.9 and 3.S1- 3.54). Biological processes related to the
nuclear DNA replication, transcription and RNA processing activities display top
expression in embryos and bottom expression in much of the remaining lifecycle
(Fig. 3.9A1, 3.52-0 and 3.S2-4) and mostly map to the EH transcriptional
programme. Together these clusters highlight fundamental post-fertilisation
processes: rapid succession of cell cycles associated with chromatin replication and
initiation of transcription and translation for patterning the embryo and laying out the
body plan. In contrast, processes related to general protein synthesis, folding and
targeting have top expression in larvae and bottom expression in pupae and adults
(Fig. 3.9A2); they map to the LH programme.

In contrast, a GO cluster displaying mostly bottom expression in embryos, larvae
and pupae and top expression in adult males and females is enriched in processes
related to adulthood such as vision and spermatogenesis (Fig. 3.9A3). Similarly,
numerous domains implicated in immune reactions including antimicrobial peptides
display bottom expression in embryos and top expression in pupae and adults (Fig.
3.9B1), indicating enhanced activity of the immune system after the larval phase.
This cluster maps mainly to the DI and EO programmes, which contain many
immunity genes. Whether high expression in adults reflects increased risk of
infections of the terrestrial adults remains to be elucidated. Previous studies have
documented robust expression of antimicrobial peptides in the adult midgut, which is
reduced after administration of antibiotics (Richman et al., 1997). Additionally,
several INTERPRO domains implicated in protein-protein interactions that serve
diverse processes such as signalling and protein folding and ubiquitination tend to
have higher pupal and adult expression (Fig. 3.9B2).
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Figure 3.9 (previous page). Functional groups of clusters exhibiting similar top/bottom expression.
Selected k-means clusters of GO biological processes (A), INTERPRO domains (B), GO molecular
functions (C), and GO cellular components (D). For each functional group, the percentages of TCLAG
contigs showing top or bottom expression (upper 25% and lower 25% of the expression range,
respectively) at each time period were calculated. Percentage of contigs showing bottom expression
were subtracted from the respective percentage of contigs showing top expression, and resulting values
(ranging from blue to yellow) were used for the k-means clustering. Numbers on the left side denote
functional group identifier and numbers in brackets indicate the size of each functional group in EST
contigs. The full analysis is presented in Figures 3.S1-3.54.

The GO molecular function analysis provided interesting insights about general
functions during the mosquito lifecycle. A wide variety of catabolic reactions are
associated with bottom expression in embryos, pupae and adults but top expression in
the Ld larval period (Fig. 3.9C1). Interestingly, in this cluster catabolic functions are
also associated with some immunity genes such as GNBPs (hydrolase activity) and
CLIPs (trypsin and chymotrypsin activities). This suggests that immunity functions
may have evolved in catabolic, gut associated components that were in persistent
contact with gut biota. The catabolic clusters are largely connected with the LH and
especially the LLH developmental programmes, which also encompass numerous
immunity genes. It is highly probable that this functional cluster mainly serves the
histolysis of late larval tissues that mark the onset of metamorphosis. Consistent with
this interpretation, contigs in specific subcellular organelles such as microsomes,
peroxisomes and lysosomes show a similar pattern of expression (Fig. 3.9D2). The
bottom expression of these contigs in embryos is consistent with this stage being
marked by the initiation of transcription, translation and anabolic reactions. Indeed,
the Fig. 3.9C2 and 3.9D1 clusters show top embryo expression of TCLAG contigs
mostly involved in DNA and RNA replication, energy metabolism and anabolic

reactions.

Coexpression patterns in specific adult female tissues

The study of spatial expression patterns identified 898 TCLAG contigs with
reproducible differential expression between at least two tissues (Figure 3.7, tukey
pairwise comparisons in Table 3.2 and dataset 3.D3). Of these, 829 exceeded two-
fold regulation and were subjected to k-means clustering which grouped them into 10
distinct co-expression patterns (Figure 4). The gene contents of these patterns are
summarized below and in Table 3.S2; the complete expression data are available in
dataset 3.D4.
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Carcass Gut Ovaries

Head 295 (271) 172 (156) 370 (322)
Carcass 226 (212) 332 (302)
Gut 177 (161)

Table 3.2. Differential expression of EST contigs in adult female tissues. Numbers
represent differentially expressed TCLAG contigs in each pairwise comparison
(ANOVA Tukey test, P-value < 0.001). The number of contigs that display at least 2-

fold difference is shown in parentheses.

Head-enriched patterns (0, 1). The insect head carries most of the major sensory
organs, the vision centre and endocrine glands. These patterns encompass contigs
belonging to three major functional categories: rhodopsins and visual perception,
odorant binding proteins and pheromone-related proteins. One contig encodes a
homologue of the Drosophila Allatostatin, an adult brain peptide that blocks the
synthesis of the developmental juvenile hormone.

Midgut specific patterns (2, 3). The midgut is the primary organ for absorption of
nutrients, synthesis and secretion of digestive enzymes and peritrophic membrane
formation. In addition, it has an endocrine role and contributes to diuresis, for
example after a blood meal, when the blood cells are concentrated before digestion.
Annotation identifies one quarter of these TCLAG contigs as implicated in metabolic
reactions. Four TCLAG contigs were previously associated with midgut specific
expression (Shen et al., 2000; Shen and Jacobs-Lorena, 1997; Shen and Jacobs-
Lorena, 1998; Zheng et al., 1995), and three others encode a domain implicated in
vasoconstriction and antidiuresis.

Carcass specific pattern (4) and Head and carcass-enriched pattern (5) Those
patterns are small and contain contigs with diverse functions. They include genes
putatively involved in immune responses (CLIPA1, CLIPA6. CTLGA3, TEP7 and a

serine protease homologue).
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Figure 3.10 (previous page). Female tissue expression patterns. Adult tissue co-expression k-means
clusters of 829 differentially expressed contigs, showing at least two-fold regulation between two
tissues or more. Of these contigs, 477 correspond to Ensembl genes and 318 have D. melanogaster
orthologues. Numbers in brackets indicate cluster size (in contigs) and scale bar represents gene
expression (log, transformed) values. Yellow and blue arrowheads indicate clusters enriched or
deficient in Ensembl gene models, respectively. Genes in the ovary-enriched cluster 7 (yellow sidebar)
displays average expression similarity with their Drosophila orthologues that is statistically above
average. Yellow or blue asterisks show clusters in which genes have average coding sequence
similarity with their Drosophila orthologues that is statistically above or below average, respectively.

Ovary specific patterns (6, 7). The ovarian tissue is responsible for egg production
after blood feeding in anautogenous mosquitoes. Those two co-expression clusters
form a coherent ovary specific pattern but differ in respect of secondary expression in
the carcass. This pattern is associated with the transcriptional programmes FH and
LOf. One quarter is implicated in transcription regulation, translation and mRNA
processing. Many other genes in this cluster are orthologues of D. melanogaster
ovary specific genes such as Cyclin A, Cyclin B, CycIB3 and cdc2c which are
involved in cell cycle progression and genes such as nanos, Pendullin, cactus, pole
hole, spitz and vasa, which have important roles in developmental processes and
embryonic body patterning. Unexpectedly, this pattern also contains some members
of the odorant binding protein family suggesting unorthodox functions that merit
further analysis.

Midgut, carcass and ovary-enriched pattern (8). This pattern, of triple tissue
origin is strongly enriched in metabolic functions. The annotation suggests general
housekeeping processes: 20% of the encoded products are implicated in general
metabolic reactions (polysaccharide and fatty acid synthesis) and 16% are involved in
protein synthesis and degradation.

Four body part pattern (9). It differs from 8 in showing pronounced expression in
the head. It contains diverse classes of molecules e.g. involved in electron transport,
polysaccharide metabolism, signal transduction, ossification, proton transport etc.

Comparative transcriptomic analysis of Anopheles and Drosophila lifecycles

A previous comparative analysis of the Anopheles and Drosophila genomes
(Zdobnov et al., 2002) has revealed remarkable sequence similarities, with more than
half of the genes being 1:1 orthologues. The availability of a large-scale
transcriptional study of Drosophila development (Arbeitman et al., 2002) allowed us

to conduct a transcriptomic analysis of the lifecycles of the two insects. This was
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achieved by comparing the developmental expression profiles of orthologous genes
after normalisation of the two different experimental designs to create comparable
notional developmental phases in the two studies (Table 3.3).

Notional Periods Anopheles Drosophila

Embryo E E056-E0112
Early larva La-Lc L24-L57
Mid larva Lb-Ld L43-L84
Late larva Lc-Le L67-L105
Pupae P M04-M12
Adult female F Af24
Adult male M Am24

Table 3.3. Comparable notional time periods in the Anopheles and
Drosophila studies. The expression profiles were averaged when
more than one time points were used.

Pearson and smooth correlation coefficients were used to assess the potential
similarity of expression of orthologous gene pairs. Indeed, we detected a drastic shift
towards positive correlation of the expression of orthologous genes by both methods
(Fig. 3.11). In contrast when the same dataset was randomly rearranged 100 times to
generate non-orthologous gene pairs, no shift was detected; both average
distributions were largely symmetric. A clear, although not as pronounced, shift was
detected using the non-parametric Spearman coefficient (data not shown). This
analysis established that orthologues tend to share similar expression properties
during the lifecycle of the two 250 mya-diverged insects.

This strong correlation suggested that orthologous genes may share common
regulatory expression mechanisms that could potentially be reflected in sequence
features of their promoters. Several algorithms for determining regulatory regions
have been described (Tompa et al., 2005; Wasserman and Sandelin, 2004) which are
mostly based on alignments of co-expressed sequences within a species. Our attempts
to define a measure of similarity (Park et al., 2002) between 500 bp promoter regions
of orthologous genes in the fruitfly, mosquito and honeybee were hindered by the
inability to identify common evolutionarily conserved elements by a phylogenetic
footprinting method (Blanchette and Tompa, 2002). Most likely, the predicting
algorithms have not been trained to identify sequences conservation within such
divergent datasets; comparisons between only three species are inherently unable to

detect whatever promoter conservation remains after million of years of divergence.
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Figure 3.11. Positive correlation of orthologous gene expression between Anopheles and Drosophila.
The distribution of orthologous gene pairs reveals a significant positive shift of expression correlation
with both the Pearson (median/skewness = 0.366/-0.489) and the smooth (median/skewness = 0.288/-
0.416) correlation coefficients. Dashed lines indicate the distribution of randomised non-orthologous
pairs with the Pearson (median/ skewness = -0.003/0.005) and smooth (blue dotted line -
median/skewness = -0.002/0.008) correlation coefficients.

-77 -



pearson correlation

10 —==

' C e e
I T T ORI
05 s TTUNR L PO T
I LI TR :
= ) . t:;.E. :: o 2
! . b :..".:: : .
= i AP . .
= . “ P H
ao—! :I': LT
= ' '; e,
E . . ': .
! e, ”
05 = “w et ‘
0934 = . .
}IIHH\IIHlIHIHlUlI\HHHIHIHIJWII\IIHIHHHIHH‘\\IHIlHIHIIHI ]
20 40 60 80 100

% identity of coding regions
Figure 3.12. Scatter plot of similarity of expression (y-axis) versus the percent
identity (x-axis) of the protein coding regions. Lines on each axis were added to
show the density of each corresponding distribution. Note that no correlation
between expression and sequence similarity between the 1,039 orthologous pairs
can be established. (Both x and y-axes have been modified to show the density
of the respective datasets).

We then examined whether the degree of interspecies correlation between
developmental expression profiles of orthologous genes varies in parallel with the
degree of coding sequence similarity. Surprisingly, no such global connection was
detected (Fig 3.12).

Next, we queried whether a significant correlation between orthologous sequence
similarity and expression similarity (according to the Pearson coefficient) might be
detectable in smaller sets of genes, such as those engaged in particular developmental
programmes or tissue patterns. As shown in Fig. 3.13, ten SOM co-expression
clusters belonging to the EH, EOpm, DI, LH, and LLH programmes plus the ovary
enriched pattern 7 showed significant deviations (positive or negative; Wilcoxon U-
test <0.05) from the mean expression similarity, which was 0.259. Further, five SOM
clusters belonging to the EOpm, EOIh and LLH programmes, plus the midgut-
specific specific pattern 3 and the triple-bodypart pattern 8 showed significant
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deviations from the median sequence similarity (Supplementary tables 3.S3- 3.S8).
However, the overlap between these two deviating sets was limited to only 2 out of
16 clusters, whose deviations were not coherent: both developmental co-expression
clusters 9 and 28 showed positive Askewness in sequence similarity but negative
Askewness in expression similarity. We conclude that different evolutionary
pressures affect sequence conservation of orthologous genes and the expression

conservation.
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Figure 3.13. Scatter plot of the mean coding sequence similarity (y-axis) versus the
mean expression similarity (x-axis) according to the Pearson correlation coefficient for
developmental (S, SOMs) and tissue (K, k-means) co-expression clusters and GO
functional groups. Only clusters and functional groups with significant deviation from
the average expression similarity are presented. Coloured symbols refer to specific
developmental programmes, functional groups or tissue patterns. A black arrowhead
indicates the average sequence and expression similarity of all 1,039 orthologous gene
pairs and grey lines show the standard error of expression similarity, plotted only on
one side. The entire dataset is presented in Tables 3.S3- 3.S8.

Similarly, we searched for significant correlation between the levels of sequence
and expression conservation in orthologues associated with specific functional groups
(INTERPRO domains or GO categories). Out of a total of 42 interrogated functional
groups, only two showed significant deviation from the median expression similarity.

In particular, we detected significantly enhanced expression similarity in orthologues
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encoding nuclear proteins, which often regulate gene expression, consistent with their
enrichment in the high expression similarity EH programme. We also detected very
high expression similarity for orthologues with protein folding function, consistent
with their prevalence in the high expression similarity LH programme. On the other
hand, 15 out of the 42 interrogated groups presented statistically significant deviation
from the median sequence similarity of orthologues. Importantly, only one (the
nuclear component group) showed significant deviation from both the median
sequence and expression similarity (Fig. 3.13). However, even in this case the
deviations were in opposite directions (higher than average expression similarity but
lower than average sequence similarity), further supporting our conclusion that
sequence and expression similarities of orthologues evolve independently.
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Discussion

Anopheline mosquitoes have received scant attention despite their importance as
vectors of devastating diseases and as model systems for the study of parasitism.
However, determination of the genome sequence of A. gambiae in 2002 (Holt et al.,
2002) opened unprecedented opportunities to dissect in molecular terms the biology
of this major African malaria vector. Automated gene annotation analysis predicted
approximately 14,500 genes in the A. gambiae genome, and comparative genomics
highlighted their phylogenetic relations with genes identified in other sequenced
genomes (Zdobnov et al., 2002). High-throughput transcriptional studies facilitated
functional understanding of these genes, but have focused to date on specialised
physiological processes such as immune responses (Christophides et al., 2002;
Dimopoulos et al.,, 2002), responses to pathogens (Christophides et al., 2002;
Dimopoulos et al., 2002; Kumar et al., 2003; Sim et al., 2005; Vlachou et al., 2005),
haematophagy (Dana et al., 2005; Marinotti et al., 2006; Marinotti et al., 2005) and
insecticide resistance (David et al., 2005; Vontas et al., 2005). Using strict quality
criteria, the present study has profiled the transcriptional expression of the genome of
A. gambiae throughout lifecycle and in several adult female tissues. By characterising
the temporal and spatial co-expression properties of gene sets, rather than focusing on
individual genes, it contributes a broad molecular understanding of the biology of this

disease vector.

Anopheles developmental programmes and adult tissue patterns

A surprisingly limited set of nine temporal (developmental) expression
programmes and six sub programmes, encompassing distinctive gene categories,
appear to underpin the mosquito lifecycle. The embryo-high programme shows very
characteristic temporal features, reflecting a rapid and specific activation of numerous
genes that are implicated in embryonic development following fertilization. The EST
contigs found in this programme are associated predominantly with processes related
to DNA replication and transcription, post-transcriptional mRNA regulation and
processing, and regulatory and signalling processes related to cell cycle and growth.
In contrast, the larva-high developmental programme shows only minor differences
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between different instars, possibly reflecting the continuous growth with increasing
cell division rate that marks the larval period. The late larval period (late larva-high
programme) is characterised by top expression of many metabolic enzymes that
appear to usher metamorphosis. At the metamorphic transition from larva to adult,
the pupa-high programme engages prominently genes that seem to be implicated in
the synthesis of adult structures such as the adult cuticle. The greater similarity of
gene expression between pupae and adult males (EOpm sub programme) indicates
that the progression of adult development is faster in males. The female-high
programme is enriched in immunity-related genes, suggesting increased immune
activity and possibly competence of female mosquitoes. Females also share a number
of similar expression profiles with embryos, recalling genes with known maternal
effect in other species. Otherwise, male and female adult mosquitoes display only

minor differences in gene expression.

The adult females of A. gambiae are highly important, as they transmit human
pathogens including malaria parasites, filarial worms and viruses. Their
transcriptomic analysis may identify gene sets that are related to the uptake of and
susceptibility to these pathogens, ultimately facilitating the development of novel
gene-based intervention strategies towards disease control. In this perspective, we
identified spatial expression patterns for three critical female mosquito body parts,
the head, midgut and ovary, which proved to include some very distinctive gene sets
(clusters 0 and 1, 2 and 3, and 6 respectively). Predictably, the distinctive component
of the carcass pattern proved to be rather small. The head contains not only the
central nervous system but also most of the sensory organs that are responsible for
host tracking and preference in female mosquitoes. Indeed, A. gambiae is such an
important vector of human malaria primarily because of behavioural traits: the
females prefer to feed on human rather than animal blood (anthropophily) and to nest
and feed inside human habitations (endophily). Genes implicated in vision and odour-
sensing are abundantly expressed in the mosquito head, and our analysis identified a
plethora of such genes, many of which do not correspond to automatically predicted
gene models. The midgut is the main organ for digestion of the blood meal and
represents an important barrier for ingested human pathogens (reviewed in (Meister
et al., 2004)). It also produces enzymes involved in a variety of metabolic processes.
A previous transcriptomic study that used the same microarray platform has
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examined genomic regulation in midgut cells during invasion by malaria parasites
(Vlachou et al., 2005). The combination of these studies illuminates in considerable
detail a large set of specifically midgut-expressed genes of the mosquito which might

relate to permissiveness to malaria.

The ovaries, which two days after the blood meal contain mature eggs, have an
expression pattern with a strong distinctive component. This pattern overlaps with the
developmental programmes encountered in embryos, being enriched in components
implicated in the basic gene expression processes (transcription, RNA processing and
translation) as well as cell cycle control and patterning of the body plan. The carcass,
corresponding to the mosquito remnant after removal of the tissues discussed above
(and also legs and wings) shows expression profiles that are very diverse in terms of
functional annotation and correspond to gene products involved in various metabolic
processes; many are likely to be expressed in the fat body, the dominant tissue type of
the carcass, which is equivalent to the mammalian liver. Future functional studies
based on these tissue specific patterns are expected to identify genes that are critical
for parasite transmission and will also permit analysis of regulatory regions
implicated in these patterns leading to the discovery of tissue specific regulatory

elements.

Microarray validation of previously identified EST contigs

We have previously reported that numerous EST contigs which are represented in
MMCL1 microarrays do not overlap with existing gene models (Kriventseva et al.,
2005). The present study demonstrates that a high proportion of such contigs display
specific developmental and adult tissue expression profiles, thus supporting our
previous implication that many of them may correspond to true protein or RNA
encoding genes which are missed by the automated prediction pipelines. Specifically,
one third (505 of 1,571) of the EST contigs showing statistically significant
differential expression in our analysis do not correspond to Ensembl gene models.
Interestingly, the adult head-enriched pattern shows a pronounced deficit of gene
models, as do the developmental programmes embryo-high and larva-low-female-
high (presumably corresponding to embryonic and maternally inherited,

embryonally-translated transcripts) (Figures 3.8 and 3.10). In contrast, the late larva-
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high programme and the ovary-enriched pattern show a better than average coverage
of transcripts by gene models. Taken together, these observations suggest that certain
genes, which are highly expressed in embryos or encode putative maternal transcripts
(in addition to those that are expressed strongly in the adult head), tend to be missed
by automatic prediction algorithms. This seems a paradox as embryonic
developmental expression is characterized very well in D. melanogaster and other
insects; it suggests that many novel genes implicated in early development remain to
be discovered by further studies of embryonic expression in A. gambiae and
potentially other model systems. In clear contrast, late larval-specific
(metamorphosis-associated) or ovary-enriched (as opposed to embryo-associated)
genes have a high probability of automated prediction.

Expression similarity of orthologous genes between Anopheles and Drosophila

The recent availability of large expression datasets from several species has
allowed interspecies comparisons of expression profiles of orthologous genes.
Comparison of the rice and Arabidopsis transcriptomes showed above-average
similarity of orthologous gene expression (Ma et al., 2005), especially for genes that
are active in light as compared to dark conditions (Jiao et al., 2005). Similarly,
conserved expression patterns of orthologues were identified in human and mouse
adenocarcinoma cells (Stearman et al., 2005). Another study reported that genes
belonging to specific GO categories share similar adult expression programmes in
Caenorhabditis elegans and D. melanogaster (McCarroll et al., 2004). In contrast, a
comparison of larval and adult profiles between the ant Camponotus festinantus and
D. melanogaster revealed little expression similarity of orthologues (Goodisman et
al., 2005). That study, however, utilised different data analysis procedures for each

species dataset and only addressed a limited number of genes.

Several studies have addressed the issue of gene expression comparisons between
microarray platforms. Early reports suggested little reproducibility between platforms
(Kuo et al., 2002) or among widely used commercial platforms (Tan et al., 2003).
Recently more systematic approaches addressed the issue of reproducibility between
platforms and laboratories (Bammler et al., 2005; Irizarry et al., 2005; Larkin et al.,
2005) and concluded that factors such as the use of pure starting material, biological
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rather than abstract endpoints and similar data analysis procedures are likely to
influence the analysis and determine the extent of agreement between different
microarray platforms (Larkin et al., 2005). Here, having as guidance the above
methodological conclusions, we performed a comparative analysis of the A. gambiae
and D. melanogaster lifecycles utilising a dataset from a previously reported
Drosophila developmental study (Arbeitman et al., 2002) and our new Anopheles
study. To facilitate valid comparisons both datasets were analysed from the raw data,
utilising the same quality criteria and normalisation procedures. It should be noted
that D. melanogaster and A. gambiae display slightly different developmental stages:
Drosophila encompasses three instar larval stages, as compared to four in Anopheles.
Thus, instead of comparing biological endpoints, we based our analysis on notional
time periods that were constructed based on aligning the temporal progression rather
than fixed stages in the two species. This is the first large-scale comparative

transcriptomic analysis of insect development.

The results reveal a strong positive correlation of expression throughout the
lifecycle, for 1,039 orthologous gene pairs. The average similarity coefficients are
comparable in magnitude to those reported in a previous adult rather than
developmental interspecies comparison, of D. melanogaster and C. elegans
(McCarroll et al., 2004). Importantly, we show that the degree of expression
similarity is not globally linked to the degree of similarity in coding sequences,
suggesting a non-concerted evolution of expression regulation and coding sequence

in orthologues during the 250 million years of the dipteran clade.

Mosquito genes implicated in the EH, LH and LLH programmes display
expression similarities with their fruitfly orthologues that are significantly higher than
the average for all analysed orthologues. Taken together, these observations suggest
that the broad biological similarity of embryonic and larval stages of the fruitfly and
the mosquito is based in part on specific categories of orthologous genes that
conserve their developmental expression profiles. The same may be true for the
development of the ovary, as suggested by the higher than average expression
similarity of orthologues belonging to the ovarian co-expression clusters. High
expression similarity of orthologues is also encountered in genes implicated in the
EOpm programme which shows low expression in embryos but high in pupae and
adult males; provisionally we attribute this case of conserved expression to adult
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male differentiation, possibly the development of the male gonads. Interestingly,
genes implicated in the developmentally increasing programme, which
predominantly reflects adult gene expression, display statistically significant
divergence of expression from their Drosophila orthologues. This feature may imply
strong diversifying selection pressure on expression exerted on these genes or their
transcriptional regulatory elements, resulting in the known great physiological and

ecological differences between adult mosquitoes and fruitflies.

Some gene sets that are defined by temporal or spatial co-regulation, or by
functional classification schemes, may often also show a distinctive level of sequence
similarity. We have noted that genes of the EOpm programme have a significantly
high sequence similarity with their orthologous fruitfly counterparts strongly
supporting high conservation of male differentiation between the two species.
Coincident high conservation of both coding sequence and gene expression appears
to be very rare indicating that these gene features evolve independently.

Conclusions

In conclusion, our study highlights specific properties of dipteran development.
During the early developmental periods, genes involved in the processes of egg
fertilisation, embryo formation and patterning of the body plan display conserved
expression profiles. Later, as development ensues, differences in gene activation and
expression become substantial and may account for the life cycle differences of the
two insects, leading to adult organisms with very distinct lifestyles.

The developmental and tissue expression data that we report will be invaluable for
understanding the biology of A. gambiae and for isolating regulatory regions that will
permit engineered expression of transgenes in a temporal or spatial specific manner,
towards future novel approaches to control vector populations. In addition, the
present report represents a genomic scale comparative study of developmental
evolution in a well-established model system (D. melanogaster) and another that is
emerging (A. gambiae). Beyond the value for specialists, it contributes some concepts
that may prove of broad relevance and interest, such as the apparent global
dissociation of evolution between coding sequence and expression. This study also
points towards a new concept for the correspondence between genes in different

species: alongside sequence-based orthology, expression-based orthoregulation.
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Chapter 3 Supplementary material

Programme SOM clusters TC L'.A‘G Ensembl Drosophila

contigs genes orthologues
EH 2,6,7,12 314 181 150
EO 4,5,9, 10, 15, 26 293 201 167
LH 11, 16, 22 148 114 89
LLH 17, 23, 28, 29 209 162 79
PH 21,27 105 76 57
FH 19, 24 62 46 20
DI 14, 20, 25 170 114 84
DD 0,1,3 152 106 91
LO 8,13,18 118 65 46
Total 1571 1065 783

Table 3.S1. The Anopheles developmental programmes. Numbers represent the total
amount of distinct TCLAG contigs, Ensembl genes and Drosophila orthologues that are
included in the SOM clusters of each developmental programme.

K-means TCLAG  Ensembl Drosophila
Pattern -
clusters contigs genes orthologues
Head 0,1 103 44 28
Midgut 2,3 167 122 74
Carcass 4 33 27 12
Head-carcass 5 53 33 14
Ovary 6,7 206 158 114
Midgut, carcass, ovary 8 110 80 63
Four body part 9 20 13 13
Total 692 477 318

Table 3.52. The Anopheles adult tissue patterns. Numbers represent the total amount of
distinct TCLAG contigs, Ensembl genes and Drosophila orthologues that are included in the
k-means clusters of each adult tissue pattern.
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Sequence similarity Expression similarity

# of
Cluster . - . -
genes  Amedian Askewness Amedian Askewness

value value
0 13 5 -0.183 0.266 0.157 -0.103 0.201
1 14 10 -0.280 0.111 0.253 -0.097 0.065
2 12 5.5 -0.979 0.534 0.218 -0.258 0.268
3 13 10 -0.747 0.109 -0.226 0.145 0.369
4 12 13 -0.964 0.025* 0.173 -0.648 0.546
5 6 17.5 1.547 0.003* -0.024 0.794 0.363
6 17 -6 0.366 0.529 0.439 -1.700 <0.001*
7 25 5 -0.059 0.364 0.347 -0.680 0.004*
8 7 -3 1.590 0.797 -0.271 0.930 0.181
9 22 6 0.101 0.046* 0.240 -0.824 0.021*
10 9 19 -0.698 0.026* 0.331 -0.524 0.274
11 5 6 -1.122 0.490 0.490 -0.978 0.048*
12 11 1 -0.073 0.863 0.417 -1.040 0.004*
13 6 -8 0.278 0.243 -0.330 0.510 0.317
14 16 -7.5 0.243 0.206 -0.310 0.335 0.012*
15 8 0 0.277 0.956 -0.034 0.222 0.824
16 13 13 -0.598 0.264 0.159 0.060 0.176
17 2 75 0.026 0.490 0.063 0.489 0.552
18 7 4 -0.503 0.578 -0.161 0.898 0.666
19 2 -5 0.026 0.562 -0.059 0.489 0.780
20 4 -35 1.171 0.973 0.299 -0.040 0.164
21 4 -0.5 1.031 0.621 -0.208 0.339 0.420
22 18 1 0.040 0.362 0.268 -0.867 0.026*
23 2 5 0.026 0.609 0.241 0.489 0.322
24 6 -12.5 -0.255 0.060 0.156 0.558 0.340
25 10 -8 0.058 0.104 0.031 0.061 0.620
26 17 -1 0.058 0.662 0.351 -0.226 0.037*
27 12 6.5 -1.024 0.229 -0.004 0.036 0.924
28 14 -11.5 0.432 0.046* 0.268 -0.465 0.020*
29 7 0 0.022 0.872 0.333 -0.142 0.015*

Table 3.S3. Mosquito developmental programmes and coding sequence and expression similarities of
Anopheles — Drosophila orthologues. For each cluster, we have calculated the difference in the median
and the skewness of either the sequence similarity (coding sequence identity) or the expression
similarity (Pearson coefficient). The Wilcoxon test (U-test) was used to test significant deviations from
the 1,039 orthologous gene pairs. Asterisks denote gene groups with U-test P-values < 0.05.
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sequence similarity

expression similarity

Cluster # of p- -
genes  Amedian Askewness Amedian Askewness

value value
0 6 -6 -0.302 0.181 0.042 -0.200 0.996
1 3 7 -0.530 0.544 0.13 -0.189 0.899
2 9 -11 0.256 0.038* 0.076 0.201 0.611
3 18 7 -0.010 0.028* 0.045 0.128 0.556
4 6 45 -0.746 0.660 -0.178 0.590 0.706
5 11 -9 0.270 0.061 -0.369 0.020 0.166
6 11 -7 -0.520 0.052 0.215 -0.336 0.146
7 32 75 -0.149 0.240 0.149 -0.529 0.016*
8 22 155 -0.534 <0.001* 0.055 -0.024 0.903
9 7 10 -0.108 0.419 0.435 0.016 0.054

Table 3.S4. Mosquito tissue patterns and coding sequence and expression similarities of Anopheles —
Drosophila orthologues. For each cluster, we have calculated the difference in the median and the
skewness of either the sequence similarity (coding sequence identity) or the expression similarity
(Pearson coefficient). The Wilcoxon test (U-test) was used to test significant deviations from the 1,039
orthologous gene pairs. Asterisks denote gene groups with U-test P-values < 0.05.

sequence similarity

expression similarity

Functional # of
Group genes  Amedian  Askewness P- Amedian  Askewness i

value value
G0:0006810 82 3 -0.134 0.112 0.059 0.074 0.869
G0:0006355 65 -2 -0.158 0.128 0.098 0.013 0.534
G0:0008152 56 5 -0.208 0.032* 0.024 -0.009 0.484
G0:0007275 42 -2 0.148 0.150 0.063 -0.123 0.378
G0:0006412 41 8 -0.570 0.001* -0.221 0.215 0.218
G0:0006118 31 9 0.099 0.009* -0.065 0.351 0.699
G0:0015031 31 4 -0.114 0.125 -0.113 0.229 0.645
G0:0000398 28 -5.5 0.196 0.213 -0.115 0.234 0.402
G0:0006397 25 2 -0.220 0.993 -0.262 0.289 0.213
G0:0006457 25 -2 0.111 0.788 0.188 -0.714 0.044*
G0:0006508 24 -2.5 0.001 0.695 0.017 -0.018 0.930
G0:0007155 23 -7 0.551 0.104 -0.024 -0.146 0.811
G0:0006468 22 1 0.012 0.721 -0.096 0.267 0.116

Table 3.S5. GO biological process terms and coding sequence and expression similarities of Anopheles
— Drosophila orthologues. For each GO term, we have calculated the difference in the median and the
skewness of either the sequence similarity (coding sequence identity) or the expression similarity
(Pearson coefficient). The Wilcoxon test (U-test) was used to test significant deviations from the 1,039
orthologous gene pairs. Asterisks denote gene groups with U-test P-values < 0.05.
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sequence similarity

expression similarity

Functional # of
Group genes  Amedian  Askewness P- Amedian  Askewness i

value value
G0:0005634 163 -3 0.035 0.039* 0.129 -0.205 0.032*
G0:0016021 137 2 -0.009 0.238 -0.018 0.095 0.736
G0:0016020 97 3 0.040 0.128 0.048 -0.117 0.825
G0:0005739 70 135 -0.890 <0.001~* 0.023 -0.039 0.411
G0:0005622 35 7 -0.323 0.051 -0.083 -0.019 0.526
G0:0005783 30 4 0.418 0.074 -0.049 -0.046 0.923
G0:0005794 23 3 0.215 0.258 -0.254 0.415 0.095
G0:0005840 21 18 -1.117 <0.001* -0.222 0.411 0.184

Table 3.56. GO cellular component terms and coding sequence and expression similarities of Anopheles
— Drosophila orthologues. For each GO term, we have calculated the difference in the median and the
skewness of either the sequence similarity (coding sequence identity) or the expression similarity
(Pearson coefficient). The Wilcoxon test (U-test) was used to test significant deviations from the 1,039

orthologous gene pairs. Asterisks denote gene groups with U-test P-values < 0.05.

sequence similarity

expression similarity

Functional # of
Group genes  Amedian  Askewness P- Amedian  Askewness i

value value
G0:0016787 102 0 0.255 0.548 0.005 -0.130 0.756
G0:0005524 90 8 -0.313 <0.001* 0.090 -0.085 0.809
G0:0003677 80 -6 0.132 <0.001* 0.141 -0.243 0.058
G0:0016740 78 2 -0.328 0.107 -0.004 0.084 0.169
G0:0016491 67 5 -0.473 0.015* 0.026 -0.025 0.362
G0:0003723 50 -0.5 0.092 0.435 0.029 -0.108 0.700
G0:0003824 50 7 -0.292 0.012* -0.038 0.068 0.955
G0:0003676 43 -5 -0.006 0.268 0.145 -0.350 0.176
G0:0008270 37 -8 0.272 0.036* -0.019 0.284 0.244
G0:0005515 34 0 0.143 0.410 0.091 -0.235 0.352
G0:0005198 25 -5 0.236 0.282 -0.025 0.113 0.305
G0:0005509 25 -1 -0.324 0.807 -0.058 0.097 0.409
G0:0003700 23 -7 0.347 0.029 -0.193 0.382 0.439
G0:0004672 23 1 0.044 0.751 -0.061 0.197 0.183
G0:0005215 23 4 0.481 0.155 0.043 0.330 0.319
G0:0003735 22 18 -1.039 <0.001~* -0.230 0.447 0.150
G0:0005525 22 225 -0.994 <0.001* 0.083 -0.481 0.513
G0:0016829 22 7 -0.221 0.136 -0.096 0.408 0.851
G0:0016874 22 10.5 -0.366 0.002* 0.255 -0.329 0.313
GO0:0004674 21 1 0.059 0.453 0.012 0.141 0.297
G0:0004842 20 -4 0.293 0.710 0.254 -0.203 0.365

Table 3.S7. GO molecular function terms and coding sequence and expression similarities of
Anopheles — Drosophila orthologues. For each GO term, we have calculated the difference in the
median and the skewness of either the sequence similarity (coding sequence identity) or the expression
similarity (Pearson coefficient). The Wilcoxon test (U-test) was used to test significant deviations from

the 1,039 orthologous gene pairs. Asterisks denote gene groups with U-test P-values < 0.05.
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sequence similarity

expression similarity

Functional # of
Group genes  Amedian  Askewness P- Amedian  Askewness i

value value

IPR008211 46 -1 0.057 0.537 0.145 -0.282 0.474

IPR001841 38 15 0.095 0.498 0.167 -0.574 0.156

IPR001138 22 1 -0.107 0.209 -0.064 -0.203 0.872

IPR003593 21 17 -0.139 <0.001~* 0.075 0.137 0.906

IPR001007 20 15 -0.324 0.785 0.023 -0.034 0.707

Table 3.S8. INTERPRO domain and coding sequence and expression similarities of Anopheles —
Drosophila orthologues. For each INTERPRO domain, we have calculated the difference in the
median and the skewness of either the sequence similarity (coding sequence identity) or the expression
similarity (Pearson coefficient). The Wilcoxon test (U-test) was used to test significant deviations from
the 1,039 orthologous gene pairs. Asterisks denote gene groups with U-test P-values < 0.05.
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Figure 3.S1. GO biological process groups exhibiting similar top/bottom expression. Percentage of
contigs in each functional group ranges from more bottom than top expression (negative values, blue)
to more top than bottom expression (positive values, yellow). Numbers in brackets indicate the number
of TCLAG contigs in each group and plain numbers indicate the GO identifiers.

-92.-



INTEPRO domains

Ld Le P

-

7087 Zn-finger, C2H2 type [70]

6150 Worm-specific repeat type 1 [10]
3959 AAA ATPase, central region [11]

3651 Iron-sulfur cluster loop [33

1623 Heat shock [protein DnaJ, N-terminal [18]

()

w

1356 Homeobox [18]

1092 Basic helix-loop-helix dimerisation region bHLH [10]
0719 Protein kinase [42]

0626 Ubiquitin [14]

0608 Ubiquitin-conjugating enzymes [45]

0449 Ubiguitin-associated [10]

0433 Zn-finger, ZZ type [24]

8211 Laminin, N-terminal}146{]

4119 Protein of unknown function DUF227 [13]
4089 Bacterial chemotaxis sensory transducer
4046 Glutathione S-transferase, C-terminal [10;
3659 Plexin/semaphorin/integrin [63] . o
3612 Plant lipid transfer/seed storage/trypsin-alpha amylase inhibitor [36)
3439 ABC transporter [18]

2557 Chitin binding Peritrophin-A [41)]

2223 Protease inhibitor |12, Kunitz metazoa [13

2198 Short-chain dehydrogenase/reductase SDR }21]

2181 Fibrinogen, beta/gamma chain, C-terminal globular [16]
2085 Zinc-containing alcohol dehydrogenase superfamily [11]
2018 Carboxylesterase, type B [11]

1545 Gonadotropin, beta chain [61] )

1370 Baculovirus inhibitor of apoptosis protein repeat (BIR) [11]
1254 Peptidase S1, chymotrypsin [81]
1128 Cytochrome P45 [30]

1007 von Willebrand factor, type C [73]
0873 AMP-dependent synthetase and ligase [12]
0834 Peptidase M14, carboxypeptidase A [10]

2867 Zn-finger, cysteine-rich C6HC [11] e
2219 Protein kinase C, Bhorbol ester/diacylglycerol binding [39)
2017 Spectrin repeat [20]

1993 Mitochondrial substrate carrier [23]

1878 Zn-finger, CCHC type [51]

1841 Zn-finger, RING [167]

1781 Zn-binding protein, LIM [21]

1478 PDZ/DHR/GLGF [11]

1452 SH3 [12]

1368 TNFR/CD27/30/40/95 cysteine-rich region [10]

1138 Fungal transcriptional regulatory protein, N-terminal [80]

6210 Type | EGF [118]

3961 Fibronectin, type IIl [13]

2110 Ankyrin [14]

2048 Calcium-binding EF-hand [28]

1628 Zn-finger, C4-type steroid receptor [18
1156 Peptidase S60, transferrin lactoferrin [17]
0618 Insect cuticle protein [37)

0001 Kringle [53]

11545 DEAD/DEAH box helicase, N-terminal [19]

4843 Metallgr%hosphoesterase [13]

3593 AAA ATPase [59]

1876 Zn-finger, Ran-binding [47)

1680 G-protein beta WD-40 repeat [48]

1650 Helicase, C-terminal [22]

1507 Endoglin/CD105 antigen [13]

1440 TPR repeat [24

1410 DEAD/DEAH box helicase [23]

0981 Neurohypophysial hormone [61]

0504 RNA-binding region RNP-1 (RNA recognition motif& [43]
0079 High mobility group protein HMG14 and HMG17 [30]

—

121]

7110 Immunoglobulin-like [10]

6170 Pheromonelgeneral odorant binding protein, PBP/GOBP [13]
6080 Mammalian defensin [45]

5828 General substrate transporter [17]

5817 Wnt superfamily [64{

3599 Immunoglobulin subtype [15]

3598 Immunoglobulin C2 type [13]

3591 Leucine-rich repeat, fypical subtype [28]
2172 Low density lipoprotein-receptor, class A [14]
1338 Fungal hydrophobin [12]

0884 Thrombospondin, type | [26] )

0372 Cysteine-rich flanking region, N-terminal [13]
0301 CD9/CD37/CD63 antigen [10]

8197 Whey acidic protein, core region [15]

4827 Basic-leucine zipper gbZlP) transcription factor [63]
4825 Insulin/IGF/relaxin [15]

3616 SET-related region [14]

3614 Knottin [31]

2350 Proteinase inhibitor 11, Kazal [11]

2049 Laminin-type EGF-like [20]

1965 Zn-ﬁ&er-like. PHD finger [39]

1806 Ras GTPase [18]

1609 Myosin head, motor region [25

1346 Interferon regulatory factor [11

0637 HMG-I and HMG-Y, DNA-binding [41]

-100% -50% O 50% 100%

Figure 3.52. INTERPRO domains exhibiting similar top/bottom expression. Percentage of contigs in
each functional group ranges from more bottom than top expression (negative values, blue) to more
top than bottom expression (positive values, yellow). Numbers in brackets indicate the number of
TCLAG contigs in each group and plain numbers indicate the INTERPRO identifiers.
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Figure 3.S3. GO molecular function groups exhibiting similar top/bottom expression. Percentage of
contigs in each functional group ranges from more bottom than top expression (negative values, blue)
to more top than bottom expression (positive values, yellow). Numbers in brackets indicate the number
of TCLAG contigs in each group and plain numbers indicate the GO identifiers.
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Figure 3.54. GO cellular component groups exhibiting similar top/bottom expression. Percentage of
contigs in each functional group ranges from more bottom than top expression (negative values, blue)
to more top than bottom expression (positive values, yellow). Numbers in brackets indicate the number
of TCLAG contigs in each group and plain numbers indicate the GO identifiers.
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Chapter 4

LRIM1, a novel leucine rich repeat gene involved in innate immune

responses against bacteria and malaria parasites
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Introduction

Major losses in the parasite phase in the mosquito

During the development of the malaria parasites in the mosquito vector several
losses occur and the parasite population undergoes ‘bottlenecks’, which can reduce
its size to single digit numbers. As evidenced from Fig. 4.1, two major bottlenecks in
the mosquito phase occur which coincide with the transitions from the ookinete to the
oocyst and from the midgut to the salivary glands sporozoites. Both these transition
steps are characterised by parasite crossing of barriers (the peritrophic membrane and
the midgut epithelium in the former case and the salivary gland epithelium in the
latter).The first bottleneck is a major one and may lend to complete blockade of the
infection. Several factors could explain the dramatic reduction in parasite number and
one of them is a robust immune response mounted by the mosquito. If they survive
those bottlenecks, the parasites will establish and infection at the salivary glands and
— upon a subsequent mosquito bite — infect new hosts ensuring the survival and

persistence of malaria.
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Figure 4.1. Major parasite losses in the mosquito. Two characteristic parasite
bottlenecks in the mosquito are observed during the ookinete to oocyst and the
midgut to salivary gland sporozoites transition. Conversely, major parasite
amplification occurs in the oocyst stage. The initial number of ingested parasites
is estimated to 10°. (Figure courtesy of Blandin, S. and Levashina, E., modified
from (Sinden, 1999)).
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An overview of innate and adaptive immune responses

Organisms have developed mechanism to protect them from attacks from
pathogenic microorganisms that are collectively called immune systems. There are
mainly two types of immune systems; both the innate and the adaptive immune have
co-evolved to allow organisms to identify and eliminate pathogens. The innate
immune system provides the first line of defence by detecting the immediate presence
and nature of infection. It relies on a limited number of receptors recognising
invariant molecules that are shed by microorganisms. These immune inducers are
referred to as pathogen associated molecular patters (PAMPS), including
peptidoglycans (PGN), lipopolysaccharide (LPS), B-1,3-glucans, as well as glycosyl
phospatidyl inositol (GPI). They are also found in non-pathogenic microorganisms.

A different strategy of immunity, called adaptive immunity was later discovered in
evolutionary history and is based on the generation of a diverse and large number of
recombinant proteins (B-cell and T-cell antigen receptors) created through genomic
rearrangements. Innate and adaptive immunity have many differences: innate
immunity is immediate and is shared by many organisms whereas adaptive is delayed
and is exclusive to vertebrates. However, apart from its role in defence, innate
immunity serves to trigger and direct the adaptive immune responses, as well as to
gain time for the adaptive immune system to unfold its full effectiveness (Fearon and
Locksley, 1996; Schnare et al., 2001). The main difference is that memory or
specialisation to cope with infective agents relies solely in evolution for innate and to
the additional strategies of clonal selection and proliferation for the adaptive.

The insect’s first barrier against intruders is provided by the structural barriers of
the body, including the hardened exoskeleton, the chitinous trachea and the
peritrophic membrane of the midgut. Breaches in the first two are quickly sealed by
coagulation (Theopold et al., 2002) and melanisation (Soderhall and Cerenius, 1998).
Similarly the peritrophic membrane has among its functions a role in restricting
microorganisms developing in the gut lumen (Shao et al., 2001). Beneath those
barriers lie the respective epithelia, bathed in hemolymph, the insect blood. Epithelia
serve as physical barriers can also mount strong responses against microorganisms
(Ferrandon et al., 1998; Onfelt Tingvall et al., 2001; Tzou et al., 2000). Finally,
should microorganisms invade the body cavity they encounter the robust immune
reactions of the fat body and the blood cells.
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In the last decades, we have experienced a dramatic increase in the knowledge of
innate immune reactions, due to the studies in a variety of organisms that includes
crabs, crayfish, ascidians and a variety of insect species (reviewed in (Iwanaga and
Lee, 2005)). Among the insect examples, pioneering studies in D. melanogaster
contibuted to the detailed dissection of the innate immune pathways and showed that
the underlying mechanisms have been conserved during evolution (Hoffmann and
Reichhart, 2002). Innate immune responses can be separated into two kinds: the
humoral response with the production of antimicrobial peptides (AMPs) and
melanisation and the cellular responses that include phagocytosis and encapsulation
of intruders.

The pioneering studies in Drosophila have concentrated largely in the
characterisation the components of two conserved immune pathways, the Toll and the
Imd (Fig. 4.2), which are utilised to respond primarily to bacterial and fungal
infections (Hoffmann, 2003). The Toll pathway was originally implicated in the
dorso-ventral pattern formation during Drosophila development (Anderson et al.,
1985; Hashimoto et al., 1988). Its central role in defence reactions against Gram-
positive bacteria and fungi was later established, when loss-of-function mutation to
this protein rendered flies vulnerable to infection by fungi (Lemaitre et al., 1996).
Gram-negative bacterial infections on the other hand, are predominantly dealt with by
activation of the Imd (Immune deficiency) pathway, named after the first identified
mutation in the pathway (Lemaitre et al., 1995). However, recent studies have point
out that there is not clear-cut assignment of group of pathogens to the immune
pathway; for example, instead of the Toll mediated response, several fungi are
activating the Imd pathway (Hoffmann, 2003; Hultmark, 2003).

The Toll and the Imd pathways in Drosophila

The first step to the activation of the Toll pathway is the recognition of PAMPSs by
specific receptor proteins (Janeway and Medzhitov, 2002). PGRP-SA (Michel et al.,
2001) and gram negative binding protein, GNBP1 are involved in the recognition of
PGN of Gram-positive bacterial, whereas GNBP3 is involved in the recognition of
fungi (Ferrandon et al., 2004). Those proteins act in concert to mediate the signal to a
proteolytic cascade, which has not been entirely deciphered. Studies have implicated
the gene products of Gastrulation defective, Snake and Easter in Toll embryonic
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activation and Persephone and necrotic in immune activation by fungi. The end
result of this cascade in the activation and dimerisation of Spaetzle, the only factor
that mediates binding to the Toll receptor (Lemaitre et al., 1996). The activation
results in the intracellular recruitment of at least three cytoplasmic proteins, MyD88,
Tube and Pelle. Pelle is a serine-threonine kinase believed to play an indirect role in
the phosphorylation and subsequent proteolytic degradation of Cactus, a member of
the 1-xB family of proteins that normally bind Dorsal and Dif preventing their nuclear
translocation. Depending on the developmental stage, degradation of Cactus and
subsequent activation of Dorsal or Dif leads to their translocation in the nucleus. Dif
is mostly implicated in the transcription of AMPs through specific binding to cis-
acting elements (NF-xB) found in their promoter sequences.

Likewise, two PGN recognition proteins have thus far been shown to mediate
activation of the Imd pathway: the transmembrane PGRP-LC (Choe et al., 2002;
Gottar et al., 2002) and the extracellular PGRP-LE (Takehana et al., 2002). After an
initial recognition event, the signal is passed on through an unknown process to the
Imd, an adaptor protein carrying a domain, Death, commonly associated with
proteins controlling apoptosis (Lemaitre et al., 1995). A series of downstream events
involving the Drosophila homologs of the mammalian IkB kinase complex (IKK)
(Silverman et al., 2000) and caspase Dredd lead to the proteolytic cleavage and
activation of Relish (Stoven et al., 2000), the third member of the NF-xB family of
transcription factors. Full length Relish contains an amino-terminal DNA binding
domain (transcription factor) and a carboxy-terminal IkB domain, which acts
similarly to the Toll pathway inhibitor Cactus, preventing the nuclear translocation of
the transcription factor domain when the pathway is inactive (Dushay et al., 1996).
After proteolytic removal of the IxB domain, Relish translocates into the nucleus and

induces transcription of AMPs.

- 100 -



fungi Gram* h

bacteria extracellular
T 8
é) PGRP—SAl IGNBP1 Gram-
Persephone / . bacteria

Spatzle O “
PGRP-LE
PGRP-LB
dMyDBBB
Pelleﬂ ﬂTube \
dTAK1

H FADD *
\9 DREDD @IILKK’[(BV
Cactus —\7( % /
Dorsal/Dif @\ (:%

Relish

nucleus

induced antimicrobial peptides:
Metchnikowin  Defensins Attacins Diptericin
Drosomycin Cecropins Cecropins Drosocin

Figure 4.2. Schematic representation of the Toll and the Imd pathways in
Drosophila. The Toll pathway is principally activated by fungi and
Gram-positive bacteria and the Imd pathway by Gram-negative bacteria.
The result from the activation of the each pathway is the translocation of
the NF-«xp proteins Dif, Dorsal and Relish, which enter the nucleus and
activate the synthesis of antimicrobial peptides. (fig. adapted from
(Meister et al., 2004)).

The end result of the activation of both the Toll and the Imd pathway is the
production of AMPs. These are typically small, cationic and structurally diverse
peptides secreted into the hemolymph soon after infection (Bulet et al., 1999).
Although the main source of AMPs is the fat body, various epithelia, the genital tract
and the malpighian tubules are also capable of producing these peptides (Tzou et al.,
2000). The exact mode of action varies between different AMP families; however, in
general, AMPs kill microbes by attacking the structure of the cytoplasmic membrane,
for example by permeabilisation or by forming voltage-dependent channels (Bulet et
al., 1999).
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There have been seven distinct families of AMPs identified in Drosophila that
have various target specificities (Hetru et al., 2003). Defensins (Dimarcq et al., 1994)
are the most widespread family of AMPs in insects and other invertebrates and act
mainly against Gram-positive (Gram®) bacteria whereas Cecropins (Kylsten et al.,
1990), although having a broader spectrum, are more effective against Gram-negative
(Gram’) bacteria. Other families of AMPs include Attacin (Asling et al., 1995),
Diptericin (Wicker et al., 1990), Drosocin (Bulet et al., 1993), Metchnikowin
(Levashina et al., 1995) and Drosomycin (Fehlbaum et al., 1994), with the last being
solely antifungal.

The melanisation reaction

Melanisation is a mechanism of wound healing, cuticle sclerotisation and humoral
responses that entails the production of a melanin polymer as the result of the
conversion of tyrosine to melanin. A link between the coagulation and
prophenoloxidase (PPO) cascades leading to melanisation has been shown in insects
and crustaceans (Li et al., 2002; Nagai and Kawabata, 2000). The PPO cascade is
triggered by recognition of microbial cell wall components such as PGN (Yoshida et
al., 1996), LPS and B-1,3-glucan (Lee et al., 2000; Ma and Kanost, 2000). This leads
to the activation of a serine protease cascade that culminates in the proteolytic
cleavage of PPOs to form active POs. Negative regulation of the melanisation
reaction is thought to be achieved through serine protease inhibitors (serpins,
SRPNs), which act as suicide substrates of the PPO activating serine proteases
(PPAESs) (De Gregorio et al., 2002; Ligoxygakis et al., 2002; Zhu et al., 2003). A
proposed model in Drosophila is laid on a pre-activation balance between the
inhibitory serpin and the PPAE, which changes in favor of the PPAE upon Toll
pathway activation (Ligoxygakis et al., 2002). The final steps of this reaction are
performed by phenoloxidases (POs) that catalyse the oxidation of tyrosine to
dihydroxyphenylalanine (DOPA), and subsequently to dopaquinone and
dopaminequinone. These quinones form the precursors of a melanin polymer that kill

the invader by enclosing it in a proteinaceous melanin capsule.
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Cellular reactions: phagocytosis and encapsulation

Cellular responses include phagocytosis and encapsulation and are mediated by
circulating blood cells that are collectively called hemocytes. In Drosophila larvae,
there are at least three classes of morphologically distinguishable hemocytes:
plasmatocytes, lamellocytes and crystal cells (Meister and Lagueux, 2003).
Phagocytosis is performed by plasmatocytes, the main population of hemocytes,
while encapsulation is carried out by lamellocytes. Finally, crystal cells are thought to
mediate melanisation of encapsulated bodies in a reaction called melanotic
encapsulation.

Phagocytosis is the cellular process in which blood cells recognise, internalise and
destroy microbial invaders (Aderem and Underhill, 1999). This process typically
includes recognition of the microorganism destined for destruction, activation of
intracellular cascades that lead to actin polymerisation, extension of filopodia and
internalisation of the invader. Initial binding of opsonic ligands to the microorganism
appears to be necessary for its recognition by the phagocytic cell. A receptor involved
in the phagocytosis of Gram-negative bacteria in Drosophila is none other than the
Imd pathway mediator PGRP-LC, indicating a link between humoral and cellular
immune reactions (Ramet et al., 2002). Recently, a transmembrane protein with EGF
like repeats, Eater, was reported to mediate direct binding to bacterial and be
involved in phagocytosis (Kocks et al., 2005).

The Anopheles innate immunity

Until recently, not many details have been known about molecular pathways of
immune responses in Anopheles. However, with the publication of the genome
sequence, allowed an in silico genome wide approach for the identification of the
major families of proteins involved in innate immunity that shared homology to the
corresponding families in Drosophila (Christophides et al., 2002). This study, along
with several functional studies (discussed later in this chapter) provided the basis for
the elucidation of the Anopheles immune reactions in response to different pathogens.

The Toll and Imd pathways represent two of the most documented pathways of
immune responses. In Anopheles, orthologues of PGRP-SA (PGRPS1) and the
intracellular signalling molecules (MYD, TUBE, PLL1) were found in Anopheles;
however, importantly, no orthologues of Dif and GNBP1 were detected, and Toll
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forms an orthologous group together with four mosquito genes (TOLL1A, TOLL5A,
TOLL1B, TOLL5B) (Christophides et al., 2002; Luna et al., 2002). The conservation
of the Imd pathway, however, is very likely since orthologues of all the
aforementioned genes (PGRPLC, IMD, IKK1, IKK2, REL2, CASPL1) and other
component (TAK1, FADD,), except for PGRP-LE, were identified in its genome
(Christophides et al., 2002). However, notable differences have been observed,
whereas Relish responds only to Gram-negative bacteria in Drosophila, REL2 in
responds to both Gram-positive (Staphylococcus aureus) and Gram-negative
(Escherichia coli) bacteria (Meister et al., 2005).

Four families of AMPs have been identified so far in Anopheles: Defensins (DEF),
Cecropins (CEC), Attacin and Gambicin (GAML1) (Christophides et al., 2002; Vizioli
et al., 2001a; Vizioli et al., 2001b; Zheng and Zheng, 2002). Consistent with other
Defensins, the mosquito DEF1 is most active against Gram-positive bacteria, yeast
and filamentous fungi, but not against Gram-negative bacteria (Richman et al., 1996;
Vizioli et al., 2001b). However, CECL, unlike Drosophila Cecropins, is more active
against yeast and a number of Gram-positive bacteria (Richman et al., 1996),
supporting the hypothesis for functional divergence of immunity genes. Interestingly,
the same gene is significantly upregulated in Plasmodium-infected mosquitoes
(Christophides et al., 2002; Dimopoulos, 2003). Finally, GAM1 belongs to a family
identified so far only in Anopheles and Aedes, and has a broad antibacterial spectrum;
it is also effective against Plasmodium (Vizioli et al., 2001b).

The Plasmodium parasite, an additional challenge for Anopheles innate immunity

The majority of studies that have formulated a firm understanding of the
mechanisms of the immune responses in Drosophila have been carried out using
specific types of bacterial pathogens and fungi. Studies to the nature and kind of
immune responses to different organisms, mainly protozoans and viruses had been
therefore lacking. In Anopheles, the Plasmodium parasite represents a ‘new
challenge’ for the innate immune responses. A number of studies have shown that the
malaria parasite activates the expression of several mosquito genes, implicating, at
least in part, mosquito immune responses for the documented parasite losses
(Dimopoulos et al., 2002; Dimopoulos et al., 1997; Dimopoulos et al., 1998;
Richman et al., 1997; Tahar et al., 2002; Vlachou et al., 2005). Whether the mosquito
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utilises the known innate immune factors of bacterial and fungal infection or has
evolved new molecules for the recognition and destruction of the parasite, and
whether those factors act in concert, is the subject of ongoing research and remains to
be elucidated.

To date, the best examples of immune responses against parasites in the mosquito
are the parasite melanisation and parasite killing, which have been observed in
specific mosquito strains. Parasites are melanised almost immediately after crossing
the midgut epithelium in a genetically selected Anopheles gambiae strain called L3-5
(Collins et al., 1986). As a result, this mosquito strain completely blocks the
development of P. cynomologi, P. berghei, and some allopatric strains of P.
falciparum and has been termed refractory. However, it does not melanise sympatric
strains of P. falciparum (Collins and Paskewitz, 1995; Paskewitz et al., 1988),
supporting the theory that the reaction involves a parasite specific recognition. The
ability of these mosquitoes to melanise Sephadex beads (Paskewitz and Riehle, 1994)
as well as the observation of bead melanisation in field-collected mosquitoes
(Schwartz and Koella, 2002) supports the latter hypothesis. However, a recent report
showed that a C-type lectin knockdown-induced melanisation is directly involved in
killing of parasites, whereas melanisation which is encountered in refractory
mosquitoes merely disposes dead parasites (\VVolz et al., 2006).

Studies for the genetic attribution of the melanisation phenotype in refractory
mosquitoes have implicated three quantitative trait loci, called the Pen loci that
accounted for approximately 70% of the variance of ookinete Killing and
melanisation (Zheng et al., 1997). The Penl genomic region shows clusters of
extensive sequence polymorphisms that may relate to the refractory phenotype
(Thomasova et al., 2002). However, different loci were reported to control the
melanisation of the Plasmodium cynomolgi parasite, suggesting that different loci are
involved for different parasites (Zheng et al., 2003). Furthermore, a recent
multidisciplinary  morphological, biochemical and genomic approach has
demonstrated broad physiological differences between the refractory (L3-5 strain)
and susceptible (G3 strain) and detected an elevated level of reactive oxygen species
as another factor that contributes to parasite melanotic encapsulation (Kumar et al.,
2003). In addition to melanisation, another parasite killing mechanism in the
mosquito midgut has been reported for an A. gambiae strain that eliminates P.

gallinaceum ookinetes (Vernick et al., 1995).The ookinetes appear to be initially
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vacuolated and subsequently lysed while still in the cytoplasm of the midgut
epithelial cells. Henceforth, we will call this refractory mechanism parasite lysis.

An important tool towards the understanding of the role of individual genes in
mosquito immunity and Plasmodium infection has been the development of gene
specific silencing by RNA interference (RNAI). This phenomenon was initially
observed in plants (Napoli et al., 1990; van der Krol et al., 1990) and was then
referred to as posttranscriptional gene silencing but its wide application in other
organism was later defined with the description of this phenomenon in C. elegans
(Fire et al., 1998). Blandin et al demonstrated that injection of dSRNA into the thorax
of adult mosquitoes results in the efficient and transient downregulation of the
specific gene (Blandin et al., 2002). Since then, this technique has been widely
employed to investigate the function of mosquito genes such as members of the
thioester containing proteins (Blandin et al., 2004), serine protease inhibitors
(Abraham et al., 2005; Michel et al., 2005), components of the Toll and Imd
pathways (Meister et al., 2005), C-type lectins (Osta et al., 2004), clip-domain serine
proteases (Volz et al., 2005), genes involved in phagocytosis (Moita et al., 2005) or
putatively involved in actin cytoskeleton dynamics (Vlachou et al., 2005) and several
other gene families (Kafatos, FC, unpublished results).

A gene that clearly plays a role in parasite lysis and melanisation is TEP1, a
member of the family of thioester containing proteins. Knockdown (KD) of TEP1 by
RNAI silencing resulted in a dramatic increase in the number of developing oocysts
in susceptible mosquitoes, as well as an increase of oocyst number and inhibition of
melanisation in the refractory melanising mosquitoes (Blandin et al., 2004). TEP1
was previously implicated in phagocytosis of bacteria (Levashina et al., 2001) and
was found to bind P. berghei ookinetes, mediating their lysis in the midgut cells
(Blandin et al., 2004).

The discovery of a new gene family involved in mosquito immune responses

A previous large —scale transcriptomic analysis identified several genes that are
differentially expressed after a variety of immune challenges in cell lines and adult
mosquitoes (Dimopoulos et al., 2002). Among those genes, 4 candidates genes with
leucine rich repeat (LRR) domain structure were upregulated in bacterial and parasite
challenges (Fig 4.3). Several other lines of evidence suggested a role of these genes
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in immune responses. Three members are upregulated after parasite midgut invasion
(Vlachou et al., 2005) and another is regulated by REL2 (Meister et al., 2005). A
characteristic of these proteins is that they do not show significant homology to any
other known proteins and their domains structure implicates them in general protein-
protein interactions or pattern recognition. However, in the absence of any other
functional studies, their role in innate immune reactions remained, until recently,

largely hypothetical.

Leucine rich repeats domain structure and function

Members of the leucine rich repeat (LRR) family of proteins serve diverse
functions; they are described as hormone receptors, enzyme subunits, enzyme
inhibitors, cell adhesion proteins, ribosome binding proteins and immunity proteins
(Kajava, 1998; Kobe and Deisenhofer, 1994; Kobe and Deisenhofer, 1995). Their
common characteristic is a domain consisting of multiple tandem copies of a 20-29
amino acid (aa) sequence containing leucine residues. Sequence analyses suggested
the classification of LRR proteins into at least 7 different subfamilies according to the
length of the LRR residues and the type of their secondary structure (Kobe and
Kajava, 2001). The significance of this classification is that repeats from different
subfamilies never occur simultaneously in the same protein suggesting independent
evolution. A typical example of an LRR motif consists of a conserved eleven-residue
segment, LxxXLXLxXN/CxL, which corresponds to the structure of a p-sheet and its
adjacent loop segment and 13 additional residues, which may vary and usually
correspond to a-helical secondary structures. The invariant part of the B-sheets is a
common feature of the LRR motifs whereas the variant part suggests different
functional adaptation and permits the classification of the proteins in the

aforementioned subfamilies.
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Figure 4.3. Upregulation of mosquito LRR containing proteins after immune challenges. Microarray
expression transcriptomic profiling across 12-time course experiments in cell lines (left) and adult
female mosquitoes (right). E.c: Escherichia coli, S.a.: Staphylococcus aureus, ZYM: zymocan, PGN:
petidoglycan, LPS: lipopolysaccharide, UV: ultraviolet radiation, STE: sterile injury, SEP: septic
injury (E.coli, S. aureus), BF: blood feeding, INF: infection, IMG: infected midgut. Red colour:
upregulation, green colour: downregulation, black colour: no regulation, gray colour: no data.

The first solved structure of an LRR-containing protein was that of the porcine
ribonuclease inhibitor (Kobe and Deisenhofer, 1993) and provided an insight to the
arrangement of the LRRs in 3-dimensional space. In this model, the B-sheets and a-
helices are arranged in parallel to a common axis, resulting in a characteristic, non-
globular horse-shoe shaped molecule (Fig. 4.4). The p-sheets line the inner
circumference creating a hydrophobic region in the solenoid structure, whereas the
helices flank the outer circumference. The domain appears curved because the variant
part of the motif is bigger than the invariant part of the B-sheets. Since then, the
numerous solved LRR structures provided a framework for understanding the
variability of the horse-shoe shaped structure (Fig. 4.5). Sequence and size
differences of the variant part account for either an increase or a decrease in
curvature, which is reflected in a wider or a narrower structure of the protein
(compare the curvature of LRR-containing proteins of Fig. 4.5). Other atypical LRR-
structures include the substitution of the a-helices with the characteristic 310 domain
(Marino et al., 1999) and the leucine-rich invariant repeats, in which a-helices line the

inner circumference and 330 domains the outer circumference (Andrade et al., 2001).
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Figure 4.4. Three-dimensional structure of porcine ribonuclease
inhibitor (PDB: 2BNH), the first solved LRR protein. In the
characteristic solenoid, globular, horse-shoe shaped structure composed
of the LRR repeats the a-helices (magenta) and B-sheets (yellow) of
each repeat are parallel to a common axis. (Fig. created with default
coloring scheme of secondary structures in RasMol v2.6 software).

The modular architecture of the LRRs functions for protein-protein interactions
(Bell et al., 2003; Bergelson et al., 2001; Chamaillard et al., 2003; Vasselon and
Detmers, 2002). The side-to-side association of repeats builds an arch, with the B-
sheets forming the interior of the arch harboring an extensive protein-binding surface.
Specificity to the interacting partner is conferred by a number of other additional
factors: a) the number of LRR motifs, b) the residues of the loop segments of the -
sheets, c) deletions or insertions between the individual LRRs and d) additional
residues at the C-terminal of the LRR-motif (Bell et al., 2003; Huizinga et al., 2002;
Kajava, 1998).

Leucine rich repeats in immunity proteins

Invertebrates and mammals contain a variety of LRR containing molecules that
are involved in innate immune reactions. The motifs are shared by the Tolls of

Drosophila and other invertebrates and the Toll like receptors (TLRs) of vertebrates
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and other organisms, in the NBS-LRR (NODs) intracellular proteins of mammals

and the resistance (R) genes in plants.
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Figure 4.5. Three-dimensional structures of LRR proteins. LRR domains are
depicted in cyan, flanking regions in grey and other parts in magenta. Notice the
variability in the number of LRR repeats and the curvature of the horseshoe-
shaped structure. (2) Rl (PDB code 2BNH), b) rnalp (1YRG), ¢) U2A’-U2B”’
(1A9N), d)TAP (1FO1), e) RabGGT (1DCE), f) dynein LC1 (1DS9), g) InLB
(1DOB) h)Shp2-Skpl (1FQV) i)YopM (1G9U). From (Kobe and Kajava, 2001).

The first member of the Toll and Toll-like receptor (TLR) family of LRR proteins
was the D. melanogaster Toll protein. Since then, seven additional molecules with
structural similarity to Toll have been detected in Drosophila but their involvement in
innate immune reactions remains to be established. In mammals, several proteins
have been found to share homology with the Drosophila Toll (Bell et al., 2003;
McGuinness et al., 2003; Vasselon and Detmers, 2002). The structure of the Toll and
TLR proteins consists of an extracellular LRR domain, a transmembrane domain that
mediates the anchorage of the protein and an intracellular domain called Toll / IL-1
domain (TIR), which displays homology to the interleukin-1 element. The Toll
family of receptors act as intermediate molecules in the transferring of the pathogen
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signal, by linking the extracellular compartment, where the contact and recognition of
the microbial pathogen occurs, to the intracellular space, where the signal is
transferred though the activation of the TIR domain and its interaction with further
downstream proteins. This recognition can be indirect, as in the case of Toll and
direct, as in other TLR proteins.

Organisms have also developed a system for the intracellular recognition of
pathogen molecules. Central to this system are the NBS-LRR family of proteins that
have been recently reported (reviewed in (Chamaillard et al., 2003)). The
characteristic of this family is the tripartite domain structure, which consists of a C-
terminal LRR, a central nucleotide binding domain (NBS) and a protein interaction
domain at the N-terminus, which divides the family into several different subfamilies.
Members of the NBS-LRR family include the NOD1, NOD1 and Naip proteins,
which have been in implicated in the intracellular recognition of PAMPs. NOD2
recognises muramyl dipeptide, a specific peptidoglycan motif from bacteria and
activates an immune response (Girardin et al., 2003; Inohara et al., 2003). In addition,
many autosomal immune diseases in mammals have been linked to mutations in the
genes encoding NBS-LRR and associated proteins, suggesting a possible link
between bacterial surveillance and autoimmune diseases.

In plants, the initial phase of immune responses involves the recognition of the
PAMP by receptor-like LRR kinases and the activation of the signalling cascade that
leads to the immune responses. Bacteria inactivate such immune responses by
delivering effector molecules to the plant cytoplasm though a type-lll secretion
system. Ultimately, plants evolved the resistance genes (R) to identify the bacterial
effector proteins and restore immune responses by activating the so-called effector-
mediated transcription. R proteins contain predominately LRR domains and are
subdivided into the intracellular NB-LRRs and the extracellular eLRRs. The former
group as subdivided into two further subclasses, coiled-coil or TIR containing
proteins and the latter family contains three subclasses: the receptor-like proteins
with extracellular LRR and TM domains, the receptor-like kinases with extracellular
LRR, TM and kinase domains and the polygalacturonase with a cell wall LRR. In R
genes, the recognition of the PAMP is almost always indirectly. There are, however,
LRR containg R-proteins which do not fall into any of the above categories,

suggesting variable functions.
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The above examples have established a central role of LRR proteins in innate
immune responses. Recently, however, it has been shown that the LRR motif can also
be employed in adaptive immune responses (Pancer et al., 2004). Jawless fish such as
sea lampreys produce a large number of LRR-containing variable leukocyte receptors
(VLR) via a recombination strategy similar to the antibody and T-cell receptor
strategy in mammals. The receptors are encoded by a single genomic locus, gVLR,
which contains information for the 5 and the 3’ segments of the mature gene
products but lack information about the intermediate region that is characterised by
the presence of a variable number of LRR domains. Production of the mature VLR
molecules occurs with the recombination of upstream of downstream LRR cassettes
to the intermediate region of the gVLR locus. Thus, although the mechanism of
production of variable molecules is conserved in vertebrates, different evolutionary
choices may have contributed to the use of LRRs for the agnathan (jawless fish) and

immunoglobulin molecules for the gnathostomes (jawed vertebrates).

Aims of the current study

The publication of the genome sequence of the malaria vector mosquito, A.
gambiae paved the way for functional genomic studies. The development of DNA
microarrays allowed for the large-scale assessment of gene expression and
identification of genes whose transcription is altered after a variety of immune
challenges. Among the identified candidates, 4 genes with LRR domains did not
show any homology to known immune related proteins in other species, even though
LRR proteins are found in several innate immune responses in Drosophila, mammals
and plants.

Therefore, the aim of the current study is a more in-depth investigation of those
genes and their involvement in mosquito immune reactions. This chapter reports
results from the first candidate gene of this family, Leucine rich repeat immune gene
1 (LRIM1). We have investigated the involvement of LRIM1 in immune reactions
against bacteria and its effect on Plasmodium development in mosquito midguts.
RNA KD experiments of LRIM1 display a phenotype similar to that observed for
TEP1: a dramatic increase in the number of developing oocysts in the susceptible

mosquito, as well as an increase in oocysts and abolishment of melanisation in
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refractory mosquitoes. In addition, we present evidence for the localisation of LRIM1

during parasite midgut invasion.
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Materials and Methods

In silico bioinformatic tools for the domain characterisation of LRIM1 protein and
LRR domain modelling

Gene, transcript and protein identifiers for LRIM1 are shown in table 4.1. For the
domain characterisation of LRIM1, the protein sequence was subjected to a variety of
in silico domain prediction programs that included SMART (Letunic et al., 2006;
Schultz et al., 1998) for the general prediction of domains, signalP (Nielsen et al.,
1997) for prediction of a signal peptide and REP (Andrade et al., 2000)for the
prediction of repeats. Additional annotation information was used from the AnoEST
database and the Ensembl databases.

Identifier Database Notes
DNA & RNA
ENSANGG00000010552 Ensembl gene
ENSANGT00000013041 Ensembl transcript
TCLAGO004353 ANoOEST EST contig
protein
ENSANGP00000013041 Ensembl protein
EAA11514 Genbank protein

Table 4.1. Gene, transcript and protein identifiers for LRIM1.

We used the Blastp programme to identify the best matching protein with a solved
structure in the Protein Data Bank (PDB) and REP programme was used to predict
the number of different LRR repeats (Andrade et al., 2000). The LRR repeats were
aligned to the LRR repeats of the von Willebrand factor binding domain of
glycoprotein Ib alpha using the Clustalw (Thompson et al., 1994) and the HMMER
(Durbin, 1998) alignment programmes and was edited by hand to anchor the
conserved key parts of the repeats. To account for 2 additional LRR repeats in the
LRIML1 protein, a variant sequence of the model protein structure was made, by
superimposing 2-4 repeats of the model structure to the 6-8 repeats of the same
structure. Finally the aligned sequences were visualised with the ClustalW
programme with a custom-made colouring scheme. The calculation of the three-
dimensional model structure of the LRIM1 was performed with the MODELLER
programme (Sali and Blundell, 1993) and visualised with RasMol programme.
Secondary structures were coloured with the RASMOL default colouring scheme.
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Mosquito rearing and species used

Details of the mosquito are provided in chapter 3. Three A. gambiae were used in
this study: the G3 and Yaoundé¢ strains, which are susceptible to P. berghei infection,

and the L3-5 strain, refractory to P. berghei infections.

Generation of double stranded RNA for RNA interference

Fragments of LRIMI and control genes LacZ and GFP were amplified by
polymerase chain reaction (PCR) with oligonucleotide primers containing T7-
promoter sequence overhangs (Table 4.2). The PCR products were checked for
correct size in agarose gels, purified with the Qiagen PCR purification kit (Qiagen,
Germany) and used as templates for the generation of dSRNA with the T7-Megascript
kit (Ambion, USA). Reactions were carried out overnight (o/n) at 37° C, templates
were DNAse treated and RNA products were Phenol-Chloroform purified, ethanol
precipitated, resuspended in ultrapure H,O, quantified and normalised to 3 pg/pl.
DsRNA was checked on agarose gels prior to use. Mosquitoes that have been injected
with dsRNA of GFP and LRIML1 are referred to as dsGFP and dSLRIM1 respectively,

throughout the remainder of the thesis.

Primer name Sequence

For generation of dsRNA

GFP-T7-forward 5’-TAATACGACTCACTATAGGGCAAGACACGTGCTGAAGTCAA-3’
GFP-T7-reverse 5’-TAATACGACTCACTATAGGGGCCTGAATTTAACCAGGAACC-3’
LacZ-T7-forward 5’-TAATACGACTCACTATAGGGAGAATCCGACGGGTTGTTACT-3’
LacZ-T7-reverse 5’-TAATACGACTCACTATAGGGCACCACGCTCATCGATAATTT-3’
LRIM1-T7-forward 5’-TAATACGACTCACTATAGGGAATATCTATCTGCGAACAATAA-3’
LRIM1-T7-reverse  5-TAATACGACTCACTATAGGGTGGCACGGTACACTCTTCC-3’

For RT-PCR

LRIMI1-1914F 5'-CATCCGCGATTGGGATATGT-3'
LRIMI-1983R 5-CTTCTTGAGCCGTGCATTTTC-3'
S7-1 5’-GTGCGCGAGTTGGAGAAGA-3’
S7-2 5’-ATCGGTTTGGGCAGAATGC-3’

Table 4.2. The sequence of the primers used for generation of dsRNA and for RT-PCR. The dsRNA
primers were engineered to produce PCR products of approximately 500 bp in size. T7 sequences are
underlined.

RNA isolation and real-time PCR

Total RNA was isolated using the TRIzol Reagent (Invitrogen) according to the
supplier's instructions, treated with DNAsel to remove and used to synthesize cDNA

using the moloney murine leukemia virus reverse transcriptase and oligo (dT)i2-1s
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(Life Technologies, Inc.). Quantitative RT-PCR was performed with LRIM1 specific
primers (Table 4.2) using the SYBR Green PCR Master Mix kit (Applied
Biosystems) according to the manufacturer's instructions and the ABI Prism 7000
Sequence Detection System. Relative gene expression values were calculated using
the Comparative CT Method after checking for the efficiency of target amplification
as described in the ABI Prism 7700 Sequence Detection System User Bulletin #2.

The S7 ribosomal protein gene was used as internal reference (Table 4.2).

Injection of dsSRNA to mosquitoes for RNAI assays

Functional analysis of gene knockdown experiments by RNAi was previously
described (Blandin et al., 2002). Briefly, mosquitoes were anaesthetised by CO;
administration and injected into the thorax with 69 nl of 3pug/ul of dsRNA with a
Nanoject microinjector (Drummond Scientific, USA). After injection, mosquitoes
were immediately returned to the insectary incubators (27° C, 75% relative humidity)

and were allowed to recover. Dead mosquitoes were removed 24h after injection.

Bacterial infections of mosquitoes

For mosquito infections with Gram-negative (Escherichia coli) and Gram-positive
(Staphylococcus aureus) bacteria, O/N bacterial cultures were used to inoculate
subsequent cultures which were grown until reaching ODggonm = 0.6. Bacteria were
washed and diluted in phosphate buffered saline (PBS) to varying ODggonm
concentrations: 0.005, 0.01 and 0.05 for E. coli (1x, 2x and 10x respectively) and
0.004, 0.02, 0.04 and 0.08 for S. aureus (1x, 5x, 10x and 20x respectively). Prior to
injection, bacterial samples were checked in the optical microscope to verify putative
contamination by other bacteria.

Four days after dsSRNA injection, mosquitoes were injected to the thorax with 69nl
of fresh bacterial suspension of the tested concentration. Dead mosquitoes were
removed the next day and not considered in the analysis, as it was doubtful whether
their death was due to the bacterial infection or the severity of injection. The
mosquito survival was scored every day for a period of 15 days by counting and
removing dead mosquitoes. Data were used to construct survival curves with the non-

parametric product limit estimator (Kaplan-Meier) method and the G” test was used

- 116 -



to assess the statistical significance (P-values) of the difference of the Kaplan Meier
curves. All calculations and graphical representations were performed in the R
Statistical package (Team, 2006).

Infection of mosquitoes with Plasmodium parasites

For the laboratory infection of mosquitoes with the P. berghei parasite, the GFP-
CON transgenic 259cl2 strain was used (Franke-Fayard et al., 2004), which was
engineered to express the green fluorescent protein (GFP) protein through the entire
parasite life cycle. The parasite was maintained in CD1" mice by blood passages. The
parasitemia (parasite infected erythrocytes) of the mice was checked 3-6 days after
passages under a light microscope by blood-smears counterstained with Giemsa
solution. Mice with at least 10% parasitemia and visible gametocyte stages were used
for infection experiments. Mice were anesthetised by intramuscular injection of a
Xylazine: Ketamine: PBS (3:2:1 v/v) solution. Female mosquitoes were allowed to
take an infectious blood meal on the anesthetised mice for 30-45 min at 19° C. Unfed
mosquitoes were discarded 28h post infectious blood meal and fed mosquitoes were
kept in 19° C to allow parasite development. All procedures involving animal work
were carried out with special licenses from the respective institutions and under the

strictest ethical criteria.

Determination of parasite load and statistical tests

To determine the number of fluorescent P. berghei parasites in infected midguts,
mosquitoes were dissected 7-10 days after infectious blood meal and their midguts
were fixed for 30-45 in 4% formaldehyde solution in PBS, washed 3 times with PBS
for 20 min, mounted on microscope slides with Vectashield mounting medium
(Vectorlabs, CA, USA) and observed with a UV-light fluorescent microscope (Zeiss,
Heidelberg, DE).

Since oocyst numbers per mosquito midgut do not follow a normal distribution
and do not have similar variances, appropriate non-parametric tests were used to
determine the statistical significant difference of mean oocyst numbers. For pairwise
comparisons between control and LRIM1 dsRNA injected mosquitoes the Mann-
Whitney (U-test) was used. For 3 or more comparisons, the Kruskal-Walis test
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(analogous to a non-parametric ANOVA analysis) was performed and multiple
comparisons (post hoc tests) were performed using the Mann-Whitney test. In all the
calculations, results were considered statistically significant when displaying P-value
less that 0.05. All calculations and the graphical plots were performed in the R
statistical package (Team, 2006).

Generation of peptide antibodies against LRIM1 full-length protein

To predict candidate peptides for the generation of antisera that recognise the protein,
the full length predicted protein sequence of LRIM1 was subjected to a variety of in
silico tests to predict protein secondary structures and calculate their antigenic index.
We used algorithms for the prediction of alpha helices, B-sheets, turns and coiled-coil
domains (Chou-Fasman and Garnier-Robson algorithms), surface regions (Emini),
amphipathic regions (Eisenberg), flexible regions (Karplus-Schulz), hydrophilic
regions (Hopp-Woods and Kyte-Dollitle) and the antigenic index (Jameson-Wolf)
that were implemented in the DNAstar software package (DNAStar, USA). Selected
results of the algorithms for the full-length protein are presented in Fig. 4.7.
Candidate peptides should be of relatively small size (14-16 aa) and have antigenic,
hydrophilic and accessible properties. For the recognition of native protein, the
peptides should be localised in the surface and strong secondary elements such as
helices, sheets or turns should be avoided.

Peptide Peptide sequence Location BLASTP hits to
name proteome
) 5’ of signal 3
garfield EARSSKNAKRKMMS peptide (1 insignificant hit)
5" of LRR 2
v SN RVNI= YRS domain (2 insignificant hit)
oddie  HAANNNISRVSCSRGQGKKNIYLA ~ MSideLRR 1
structure
3’ of LRR 4
et AQUYLASLIER MNE=EC domain (3 insignificant hits)
inside coiled- 23

scroodge RYEEMYVEQQSVQNNAIRDW coil structure (15 insignificant hits)

Table 4.3. The five candidate peptides for immunisations. Each peptide was assessed for
homology to other known proteins of the Anopheles proteome.

The application of the above parameters identified 5 candidate peptide sequences
(Fig. 4.7 and Table 4.3). Two additional criteria were used for the selection of
appropriate peptides: i) whether the peptide was found inside known LRIM1 domains
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and ii) whether the peptide sequence showed homology to other proteins in the
Anopheles proteome (Table 4.3). The latter was assessed by alignment of the peptides
to the proteome using the blastp programme with default parameters.

The “Scroodge’ peptide was eliminated due to its occurence inside the coiled coil
domain of LRIM1 and the numerous significant hits to other Anopheles proteins. The
‘Garfield’ peptide was located 5’ of the TM or signal peptide domain, making it an
unsuitable candidate for fear of recognising the intracellular part in the event that the
protein was transmembrane. ‘Oddie’ was more suitable as a candidate, as it displayed
relatively high hydrophilicity and high specificity to the LRIM1 protein; however, its
localisation inside the LRR domain could render the peptide inaccessible to the
antibodies. Subsequently, ‘Woody’ and ‘Buzz’, two peptides flanking the LRR
domain, were chosen for the generation of antibodies.

Peptides were synthesised chemically, coupled to m-Maleimidobenzoyl-N-
hydroxysuccinimide ester (MBS) and injected to rabbits, according to the supplier’s
protocol (Eurogentec, BE). After the third immunisation and terminal bleeding,
antisera were affinity purified. Antisera were tested for their specificity and
sensitivity to LRIML1 protein (in native and non-native conformations), as discussed
in the results sections. To control for the antibody specificity, protein assays were
performed using the preimmune serum (data not shown). Results from Western blot
experiments with antisera raised against ‘Woody’ and ‘Buzz’ peptides were similar,
and thus, “Woody’ was chosen for the experiments, unless otherwise stated.

antigenic index

alpha regions

beta regions —{} — i ———HH—

i

turns

hydrophilic (H-W)

hydrophilic (KD)

surface regions

coiled coil — S— e

TM/signal peptide — 1

LRR domains ———= =t

garfield buzz oddie woody scroodge
Figure 4.6. Secondary structure prediction domains for the selection of candidate antigenic
peptides. Schematic representation of the antigenic index (graphical plot), secondary structures
(boxed areas) predicted with selected algorithms and domain predictions (coiled coil,
TM/signal peptide, LRR domain) of the full length LRIM1 protein. Blue boxes depict the
positions of candidate peptides in relation to the domain structure of LRIML1.
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Western blot analysis

For hemolymph collection, the proboscis of mosquitoes was cut with
microdissection scissors and a small drop of hemolymph was collected in a pippete
tip. The droplet was transferred immediately in protein loading buffer. For samples of
midgut and carcass (the latter being the remainder of the mosquito after decapitation
and midgut dissection), mosquitoes were dissected in ice cold PBS supplemented
with a combination of protease inhibitors (Complete Protease Inhibitor Cocktail
Tablets, Roche, CH). Tissues were homogenised and diluted in PLB solution (25 mM
Hepes ph=7.5, 1.5 mM MgCl,, 300 mM NaCl, 0.5 mM DTT, 0.2 mM EDTA, 0.1%
Triton-X) supplemented with protease inhibitors. Western blot analysis was
performed in 10% polyacrylamide gel and separated proteins were transferred to
Hybond-P membranes (GE Healthcare, UK), blocked for at least 1h in 5% dry
skimmed milk in PT (1x PBS, 0.1% Tween-20) and incubated O/N with 1:100
dilution of “Woody’ Ab in PT solution. Bound antibodies were detected with anti-
mouse-conjugated horse-radish peroxidase Abs (in 1:10 000 dilution) by using a
chemiluminescense kit (ECL, GE Healthcare, UK). Polyacrilamide gels were also
analysed by Coomasie Brilliant Blue staining. All steps were performed as described
(Sambrook and Russell, 2001).

Immunofluorescence

Midguts were dissected in ice-cold PBS supplemented with a combination of
protease inhibitors (Complete Protease Inhibitor Cocktail Tablets, Roche, CH).
Dissected midguts were prefixed in a fixative solution (4% formaldehyde, 1x PBS,
2mM MgSOQO4, 1 mM EGTA, pH = 7.2) for 30-45 sec and transferred to ice-cold PBS
for cutting open the midgut tissue. All subsequent steps were performed in room
temperature (RT) unless indicated differently. The midguts were then placed in
fixation solution for 30-45 minutes. After fixation, the blood bolus was carefully
removed in PBS solution and midguts were further washed 3 times in PBS solution
for 20 min and blocked in PBT solution (1x PBS, 1% BSA, 0,5% Triton-X) for at
least 1h. Appropriate dilutions (Table 4.4) of primary Abs were incubated O/N in
PBT solution at 4°C, washed three times with PBT for 20 min and incubated with

appropriate of dilutions secondary antibodies in PBT for 4h (Table 4.4). After 3
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washes with PBT for 20min, midguts were counterstained with TOPRO3 for 5 min
and mounted onto microscope slides with Vectashield mounting medium
(VectorLabs, CA, USA).

Reagent name Origin Dilution Details
. custom peptide antibody, . .
woody antibody Eurogentec, BE 1:250 LRIM1 antibody
Alexa anti-Rabbit-568/ secondar
643 conjugated Invitrogen, CA, USA 1:1500 onaary
oo antibodies
antibodies
TOPRO; Invitogen, CA, USA 1:5000 nuclear staining
Phallqldln-568 Invitogen, CA, USA 1:100 actin staining
conjugated

Table 4.4. The antibody and reagent dilutions for the immunofluorescence experiments.

Visualisation was performed with a Leica SP2 confocal microscpe and image
analysis using the LCS software (Leica Microsystems) and ImageJ programme
(Abramoff et al., 2004). Additional image adjustments were performed with Adobe
Photoshop CS2 software.
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Results

LRIM1 domain architecture and modelling of the LRR domain

The predicted protein sequence of LRIM1 was subjected to in silico prediction
programmes to characterise its domain architecture. The results are summarised in
Fig. 4.7. LRIML1 consists of a short N-terminal transmemembrane or signal peptide,
an LRR domain corresponding to almost 40% of its residues and coiled-coil domains
at its C-terminal. Both the LRR and coiled-coil domains are generic protein binding
domains that have been identified in a variety of protein functional classes. It is thus
likely for LRIM1 to mediate its function by binding to and interacting with other so
far unknown proteins. In addition, LRIM1 could be implicated in pattern recognition,
as it is known for other LRR-containing proteins, e.g. TLRs.

| B (]

TM/signal LRR domain coiled coll

Figure 4.7. Schematic presentation of the LRIM1 protein domains. The sizes of the domains are drawn
in scale to the full length protein sequence.

To determine the number of LRR repeats, the LRR domain sequence was analysed
with the REP programme (Andrade et al., 2000) and the results are presented in Table
4.5. Six LRR repeats are predicted with high significance (LRR1-4, 6-7) and three
repeats with lower significance (LRR5, 8,9). In addition, only a few LRR repeats
(LRR2, LRR3, LRR7) show similarity with the typical LRR sequence, which codes
for extracellular proteins. Two short peptides that do not correspond to bona fide
LRR repeats were also identified. The first resides in the N-terminal part of the LRR
domain and presumably corresponds to a degenerate repeat. However, several
studies from other proteins have identified that sequence in the N-terminus of the
LRR domain, which is contributing to the LRR binding specificity to the target
protein (Bell et al., 2003; Huizinga et al., 2002; Kajava, 1998). Interestingly, the
second short peptide is located in the middle of the LRR domain, is shorter that the
typical LRR repeats and corresponds to the ‘oddie’ peptide, which was identified as a
candidate for the generation of immune antisera for LRIM1 due to its high

antigenicity and hydrophilicity (for details, refer to materials and methods).
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Peptide Significance

Sequence

name (P-value)

N-terminal - EKVTDSSLKQALASLRQS
LRR1 8 x 10”7 AWNVKELDLSGNPLSQISAADLAP
LRR2 4.92 x 10° TKLELLNLSSNVLYETLDLESL
LRR3 6.5x10° STLRTLDLNNNYVQELLVGPSIET
oddie - LHAANNNISRVSCSR
LRR4 1.5x 10™ GQGKKNIYLANNKITMLRDLDEGCRS
LRR5 notsignificant RVQYLDLKLNEIDTVNFAELAAS
LRR6 7x10° SDTLEHLNLQYNFIYDVKGQVVF
LRR7 6.93 x 10” AKLKTLDLSSNKLAFMGPEFQS

LRR8 not significant AGVTWISLRNNKLVLIEKALRF

LRR9 not significant LEHFDLRGNGFHCGTLRDFFSK
Table 4.5. The proposed LRR repeat. Sequence predictions by the REP
programme are obtained by homology based methods and estimates of
statistical significance (P-values). A provisional name has been given to the
peptides of the LRR domain. The two peptides with missing P-values do
not correspond to bona fide LRR repeats

The three dimensional structure of the LRR domain of LRIM1 was modelled on a
similar LRR domain of the von Willebrand factor binding domain of the glycoprotein
Ib-B domain (PDB: 1m0Z). To account for additional LRR repeats in LRIM1 than the
model sequence, a modified sequence of the von Willebrand factor binding domain
was produced with two additional LRR repeats. The leucine residues between those
two sequences were aligned together, although little or no conservation was observed
between the remaining residues (Fig. 4.8A). Accordingly, arrangement of the LRR
domain in the three-dimensional space (Fig. 4.8C) produced a horse-shoe shaped
structure that is characteristic of the von Willebrand factor binding domain of
glycoprotein Ib-p domain and other LRR containing proteins. However, in both
structures we observed a deviation from the proposed LRR architecture: while -
sheets are lining the inner circumference of the horse-shoe structure (Fig. 4.8B,C,
yellow colour), very few a-helices are observed in the outer circumference (Fig.
4.8B,C, magenta colour). Interestingly, although ‘oddie’ is not a bona fide LRR
peptide, the model suggests that it could potentially be a repeat, as it fits the model
without many distortions (Fig. 4.8C, white arrowheads). Conversely, if this peptide is
excluded from the LRR model, it would form an insertion that would divide the LRR
peptide in two parts and could influence putative LRR binding to target proteins.
Such a phenomenon has been described for other LRR-containing proteins and could
possibly explain the higher antigenicity and hydrophilicity of this peptide compared
to the remaining LRR structure (Fig. 4.6). However, in the absence of any other
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structural information, whether ‘oddie’ contributes to the LRR sequence or creates an
insertion dividing it into two LRR domains remains to be elucidated.

A . e,

model Im0Z ------ HPI CEVSKVASEILEVMDKRCLTALPPDLPKDTTI LHLSENLLYTFSLATLNP?TRLTCLMDRCEL- TKLQVDGTLPVLGTLOLS 85
LRIMT1 -~ E!EI KQNGNNRYKI EKVTDSSLK- QALASLRQSA- WNVKELDLSGNPLSCI SAADLAPFTKLELLMSSNVLg:ETLDLE- SLSTLRTLOLN 87

paler i VOSRRE 20. 005580 30,55 siviaae . 1) ppnipeteter L RIS 60 70000 0e el 80........ 90. .

model 1m0Z HNCLQSLPLLGQTLPALTVLDVSFNRLTSLPLGALRGLGEL(IL?LKGNELKTLPPGLLTPTPKLEKLSLANNCLTEL— PAGLLNGLENLDT 176
LRIMT  NNYVQEL- LVGPSI ETLHAANNNI SRVSCSR- - - - - - GQGKKNI !LANNKI TMLRDLDEGCRSRVQYLDLKLNEI DTVNFAELAASSDTLEH 172
ruler .. ... 1000 s 10w 120000 130500003 140500 1800305000 160.: s V70:5 %3004 180...:

model TmOZ | L GENSLETI PKGFLGQTLPALTVLDVSFNRLTSLPLGALRGLGELQELYLKGNELKTLPPGLLTPTPKLEKLSLANNGL- - TELPAGLLN 266
LRIM1  LNLQYNF| ¥DVKGQVVF AK- - - LKTLOLSSNKLAFMGPEFQS- AAGVTW SLRNNKLVL| EKALRF- SQ‘\H.EHFCLRGNGFQCGTLRDFFSK 259
ruler ...190....... 200:s50305008 2100 220:0: a0 2305 280 ave 250: v 260, s 2700k

Figure 4.8. Modelling of the LRR domain of LRIM1. A) Alignment of the LRIM1 LRR domain
sequence to the modified sequence of the von Willebrand factor-binding domain of Glycoprotein Ib
alpha. Coloured residues show the conservation of hydrophobic aminoacids (L, V, A) and the
anchorage of the leucine residues between the two sequences (alignment is visualised with Clustalx).
Three-dimensional structures of the LRR domains of the (B) von Willebrand factor of glycoprotein Ib
alpha (PDB:1m0Z) and (C) LRIM1. Models were plotted with the RasMol programme and secondary
structures (a-helices in magenta and b-sheets in yellow) are shown. Arrowheads display a shorter
structure corresponding to the oddie peptide.

LRIM1 temporal and spatial expression

The global gene expression profiles during the Anopheles life cycle and in adult
mosquito tissues (which are presented in detail in chapter 3) were used to determine
the temporal expression profile of LRIM1. Results from averaging the expression
profiles of 6 ESTs corresponding to LRIML1 in 4 biological replicates are presented in
Fig. 4.9A,B. The expression profiles of individual ESTs are presented in
supplementary material ( Fig. 4.S1, S2). LRIM1 expression is at its lowest level in the
embryonic time period, increases at the successive larval time periods and peaks at

the Ld period. This expression pattern is reminiscent of that of proteloytic enzymes,
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as has been discussed in chapter 3 (Fig. 3.9C1). However, expression of LRIM1
differs from this pattern in that it declines in the Le and the P time period and then
increases again at the adult male and female time periods. LRIM1 has been included
in the SOM cluster 15 and the embryo-low pupae low developmental pattern, EOpm
(Fig. 3.8).

The expression pattern of LRIM1 during the mosquito lifecycle was compared to
expression profiles of other genes. Using two different correlation coefficients, we
detected 14 and 11 TCLAG contigs that share more than 0.9 similarity with LRIM1
(refer to Table 4.6 and supplementary Fig. 4.S2 for the expression profile each contig
relative to expression of LRIM1). Interestingly, some TCLAG contigs in those lists
correspond to ENSEMBL gene models with putative innate immune functions.
Among them, LRIM2 and CLIPA2 and ENSANGG00000017669 are shared in both
lists, indicating a great degree of similarity with LRIM1. LRIM2* is also upregulated
after Plasmodium infection and was recently shown to have a role in innate immune
reactions against the P. berghei parasite (Riehle et al., 2006). CLIPA2, a member of
the CLIPA domain of serine proteases, which share a CLIP domain but do not have a
functional serine protease domain; however CLIPA2 KD does not result an an
increase in parasite numbers (Michael Osta, personal communication). Interestingly,
ENSANGG00000017669 is also located between CLIPA1 and CLIPA7, but was
omitted by the recent gene prediction of Ensembl. The list also includes two other
putative proteases (ENSANGG00000018929, ENSANGG00000020433) and genes
involved in oxidation (ENSANGG00000012499, ENSANGG00000015133). TEPS is
a member of the family of complement-like thioester containing proteins, a member
of which, TEP1, plays an important role in bacterial and parasite immunity (Blandin
et al., 2004). Studies have previously shown that genes with similar expression
pattern also share functional relevance (Eisen et al., 1998; Ge et al., 2001; Jansen et
al., 2002; Lee et al., 2004). Therefore, the striking similarity of LRIM1 expression
with many members of the CLIPA proteases and other putative proteases merits
further investigation.

Furthermore, expression profiling in mosquito adult tissues has shown that LRIM1
is abundantly expressed in the head and the carcass but displays low expression in the

midgut and the ovaries. LRIM1 has been included in the list of genes belonging to the

* ENSANGG00000012041 has two gene name synonyms: LRIM2 and APL1.

-125 -



5" co-expression cluster of adult tissues (Fig. 3.10), which display a characteristic
dual high expression in head and carcasses. These profiles in adult tissues is
consistent with those reported in another study (Marinotti et al., 2006), which
interrogated the genome expression in adult tissues in female mosquitoes 24h post
blood meal utilising a different microarray platform. Another microarray
transcriptomic study using the Affymetrix GeneChip platform showed increased
expression of LRIM1 in mosquito hemocytes (S.B. Pinto, A. Koutsos, K. Michel and
F.C. Kafatos, unpublished results). In this study, LRIM1 belongs to a co-expression
cluster, in which many other innate immune molecules (e. g. CLIPA,B and C serine
proteases, C-type lectins and thioester containing proteins) have been identified.

In addition to LRIM1 expression in the developmental time periods and adult
tissues, publicly available microarray information shows LRIM1 transcript abundance
at various time periods post blood meal (Fig. 4.9C). LRIML1 is transiently increased
3h after the blood meal, gradually declines in a period of 1d to 3d and increases again
4d after blood meal. Interestingly, this high expression is also observed 15d after the

blood meal.
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Similarity
(coefficient)

TCLAG contig
(AnoEST v. 5)

ENSEMBL gene
(Common gene name)

Pearson correlation

0.98 TCLAG035575 ENSANGG00000017669
0.978 TCLAG033173 ENSANGG00000014360
0.965 TCLAG033134 ENSANGG00000018727 (TEP4)
0.964 TCLAG005467 ENSANGG00000012041 (LRIM2)
0.949 TCLAG032832 ENSANGG00000020433
0.946 TCLAG035574 ENSANGG00000017763 (CLIPA2)
0.944 TCLAG030516 ENSANGG00000017773 (CLIPAL)
0.942 TCLAG005478 ENSANGG00000018929
0.939 TCLAG010314 ENSANGG00000004547
0.924 TCLAG025458 ENSANGG00000015133
0.915 TCLAG012195 -

0.913 TCLAG005606 -

0.908 TCLAG049743 ENSANGG00000020522
0.902 TCLAG024123 -

Spearman correlation

0.983 TCLAG005467 ENSANGG00000012041 (LRIM2)
0.967 TCLAG035574 ENSANGG00000017763 (CLIPA2)
0.967 TCLAG035575 ENSANGG00000017669
0.967 TCLAG024123 -

0.95 TCLAG025918 -

0.917 TCLAG030514 ENSANGG00000017677 (CLIPAB)
0.917 TCLAGO011527 ENSANGG00000012499
0.917 TCLAG028986 ENSANGG00000008759
0.917 TCLAG039854 ENSANGG00000008759
0.917 TCLAG019968 -

0.917 TCLAG005606 -

Table 4.6. TCLAG contigs showing similar expression to LRIM1 in the
mosquito life cycle. For the comparison, Pearson and Spearman correlation
coefficients have been used and only TCLAG contigs showing more that 0.9
similarity are shown. For each TCLAG contig, the overlapping ENSEMBL gene
model and the common name (whenever available) is noted.
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Figure 4.9. LRIM1 RNA temporal and spatial expression. Micrroarray expression profiles of in A)
developmental time periods, B) adult tissues (both obtained by MMC1 microarrays) and C) blood
meal periods (adapted from (Marinotti et al., 2005)). Normalised log10-transformed expression values
are shown in y axes and vertical bars show standard error of expression in the respective samples.

Microarray analyses in mosquitoes indicated a rapid upregulation of LRIM1 24h
after P. berghei infections ((Dimopoulos et al., 2002), Fig. 4.3). LRIM1 expression
after parasite infection was assessed by real time PCR (RT-PCR) in bloodfed and
infected mosquitoes (Fig. 4.10) (Osta et al., 2004). Compared to blood feeding,
LRIM1 is induced in midguts and to a greater extent in carcasses 24h after parasite
infection (Fig. 4.10A), a period which coincides with the majority of ookinetes
invading the mosquito midgut epithelium. A more detailed analysis of the expression
of LRIM1 in mosquito midguts reveals that this transient upregulation is specific to
the period of 24 and 28h post infection; significantly lower amounts of LRIM1 are
detected at time periods before (18-20) and after (32-32) parasite infection; no
difference is observed between bloodfed and infected mosquitoes (Fig. 4.10B).
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Figure 4.10. LRIM1 RNA expression in midguts and carcasses. RT-PCR results of A) adult tissues and
B) various time periods in mosquito midguts. Grey bars indicate blood meal and black bars indicate
infection with P. berghei parasite. Data adapted from (Osta et al., 2004)).

For LRIM1 protein expression, rabbit polyclonal antibodies against a specific
peptide sequence of LRIM1 (woody peptide, see material and methods for more
information) were produced and used to monitor protein expression in tissue samples
before and after parasite infection. A single band corresponding to a protein of
approximately 50kD in size, which is in agreement with the expected protein size,
was detected in the mosquito hemolymph. As mentioned earlier, data from
microarray analyses indicated a hemocyte-specific origin for LRIM1. Results from
the protein studies suggest that LRIM1 is expressed in mosquito hemocytes and
secreted into the hemolymph. The rapid upregulation of LRIM1 RNA in mosquito
midguts and carcasses could be explained by the fact that during P. berghei invasion
hemocytes are known to be recruited to the mosquito midgut and are thus co-isolated
with these tissues during sample preparations. However, no LRIM1 protein was
detected in Western-blot assays of midgut tissues or carcasses (Fig. 4.11B),
indicating that there might be either a rapid turnover of the protein due to the effect
of midgut proteases, which are not inhibited by the protein inhibitors present during
tissue isolation, or that the protein concentration in sessile haemocytes (before its
secretion into the hemolymph) is significantly lower than the Western blot detection

capability.
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Figure 4.11. LRIML1 protein expression in mosquito tissues. Western blots of hemolymph (A), midgut
(B) and carcass (C) protein extracts of mosquitoes at various hours after P. berghei infection. LRIM1
was detected above 50kD, which is in agreement with its expected size. The faint bands depicted at 32
and 72 hpi in carcasses are likely due to hybridisation atefacts. Total protein extracts (selected regions
in coomasie staining) are used as a loading control (CNTRL).

Effects of LRIM1 on mosquito survival after bacterial infection

Two studies have provided a link between LRIM1 and innate immune responses
directed against bacteria. In the first study, knockdown of LRIM1 by double stranded
RNA (dsRNA) resulted in reduced phagocytosis of the Gram-negative bacterium E.
coli in adults mosquitoes (Moita et al., 2005). In the second study knockdown of
REL2 -an NF-kB transcription factor orthologous to the Drosophila Relish- in cell
lines resulted in downregulation of LRIM1 (Meister et al., 2005).

To determine the possible role of LRIM1 in bacterial immunity, variable
concentrations of Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria
were injected into the hemolymph of either dsGFP or dsLRIM1 injected mosquitoes
and their survival was scored for a period of 15 consecutive days. Survival curves
according to the Kaplan-Meier statistical method were plotted for pairwise
comparisons of control versus dsLRIM1 mosquitoes in each tested concentration of E.
coli (Fig. 4.12) and S. aureus (Fig. 4.13).

While the survival probability of the LRIM1 KD mosquitoes was not significantly
compromised using 1x concentration of the Gram-negative bacterium E. coli (Fig.
4.12A), increasing concentrations of this bacterium resulted in reduced mosquito
survival in the dsLRIM1 mosquitoes. In particular, the 1x concentration was lethal
only after 7 days, as compared to the survival of the GFP dsRNA treated mosquitoes,
whereas increasing concentrations resulted in almost immediate (1-3 days) killing of

mosquitoes, leading to 63% and 54%.decrease in survival at day 16 of the experiment
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for the 2x and 10x concentrations, respectively (Fig. 4.12B,C). The difference of the
LRIM1 KD survival curves in different bacteria concentrations was highly significant
(P < 0.001) suggesting a concentration-dependent effect of LRIM1 in mosquito
resistance to E. coli infections (Fig. 4.S3B). In contrast, the survival curves of GFP
dsRNA treated mosquitoes in the different bacterial concentrations did not show any
statistical significance (Fig. 4.S3A).

A probability of survival B probability of survival
1.0 -—\_‘:_:‘; 1.0 1
0.8+ —\_\—\—d‘SG_FP 0.8+
dsGFP
0.6 1 0.6 1
dsLRIM1
0.4 4 0.4+
021 021 dsLRIM1
*
0 - E.coli 1x, p-value = 0.2 0 - E.coli 2x, p-value = 0.002
0 5 10 15 0 5 10 15
# days post challenge # days post challenge

C probability of survival
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0.6 1
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0 - E.coli 10x, p-value = 0,002
0 5 10 15

# days post challenge

Figure 4.12. Survival of dsLRIMI knockdown mosquitoes after E. coli challenge. Kaplan- Meier
curves of control and dsLRIMI mosquitoes after infection with 1x (A), 2x (B) and 10x (C)
concentrations of E. coli. Solid lines represent the probability of survival, dotted lines represent the
95% confidence intervals and asterisks represent statistical significant difference of comparison of
dsLRIM1I knockdown against dsGFP mosquitoes.
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A different response was observed after infection with the Gram-positive S. aureus
bacterium as mosquito survival was drastically reduced even at low concentrations
(1x) (Fig. 4.13A) and increasing concentrations did not have any further impact (5x
and 10x, Fig. 4.13B,C respectively). In all concentrations, survival probability was
greatly reduced for the first day of the experiments and the decrease in survival
probability at day 16th was 52%, 63% and 88% for each bacterium concentration,
respectively. In greater concentrations (20x), the survival of both control and
dsLRIM1 mosquitoes was severely compromised and no statistical difference was
detected, indicating that the immune system is saturated with S. aureus bacteria, such
that it is unable to provide effective protection. When the four different
concentrations of S. aureus are compared in dsGFP mosquitoes (Fig 4.S4A), a
significant difference was observed, which was mostly ascribed to the 20x
concentration. In contrast, the curves corresponding to the four different
concentrations in the dsLRIM1 mosquitoes are mostly similar (Fig. 4.54B). Thus, in
the dsLRIM1 mosquitoes, survival probability is greatly compromised in the presence
of S. aureus and this effect is concentration-independent. Nevertheless, in greater
concentrations (20x), the high bacterial load causes death, irrespective of the absence
of LRIML1.
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Figure 4.13. Survival of dsLRIM1 knockdown mosquitoes after S. aureus challenge. Kaplan- Meier
curves of control and dsLRIM1 mosquitoes after infection with 1x (A), 5x (B), 10x (C) and 20x (D)
concentrations of E. coli. Solid lines represent the probability of survival, dotted lines represent the 95
% confidence intervals and asterisks represent statistical significant difference of comparisons of
LRIM1 knockdown against dsGFP mosquitoes.

Effects of LRIM1 on Plasmodium parasite development

As mentioned previously, LRIM1 expression is strongly induced in mosquito
midguts 24h after parasite infection with the rodent malaria parasite, P. berghei, a
period that coincides with the majority of the ookinetes invading the epithelium,
indicating LRIM1 involvement in parasite infection responses (Dimopoulos et al.,
2002; Vlachou et al., 2005). A previous study (Osta et al., 2004) in the susceptible (S)

mosquito strain, observed a dramatic increase in the number of developing oocysts in
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the dsLRIM1 knockdown mosquitoes compared to the control ones seven days after
infection (Fig 4.14A,B). In the refractory (R) strain, the P. berghei parasites are
known to rapidly melanise and remain in the midgut wall of the mosquitoes (Fig
4.14C). Melanisation is a well known insect immune reaction which in this strain
causes a complete malaria transmission blockade. Strikingly, no melanisation was
observed after LRIM1 KD and all the parasites develop into fluorescent oocysts (Fig.
4.14D). These oocysts are able to produce sporozoites that invade the salivary glands
and can be transmitted into rodents after a mosquito bite (data not shown). Thus,
absence of LRIM1 is sufficient to revert the refractory phenotype to a phenotype
similar to the susceptible mosquitoes. Furthermore, a dramatic increase in parasite
numbers in the dSLRIM1 knockdown mosquitoes compared to the control ones was
observed (Fig 4.14C, D). Taken together these results suggest that LRIM1 is critical
for parasite killing in both S and R mosquitoes and for parasite melanisation in the R

mosquitoes.

dsLRIM1

Figure 4.14. Involvement of LRIMI in killing and melanisation in mosquitoes. Representative
microscopic pictures of midguts of susceptible (A, B) and refractory (C, D) strains of mosquitoes.
Green dots represent GFP fluoresecent parasites and black dots represent melanised parasites. In the
absence of LRIM1, there is a great increase in the number of parasites developing in the midguts in the
susceptible strain, and there is reversal of melanisation phenotype and an increase in the parasite
numbers in the refractory strain. (scalebar = 50 pm).
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We quantified the difference in parasite numbers between control and LRIM1 KD
S and R mosquitoes by counting the number of oocysts and melanised ookinetes in
mosquito midguts at 7-9 days post infection. Overall a highly significant (P-values <
0.001 for both the S and R mosquitoes) four-fold increase of the oocyst numbers was
observed (Fig. 4.15A,B and Table 4.7), although results from individual experiments
showed a varying increase (Fig. 4.S5 for the S mosquitoes and Fig. 4.S6 for the R
mosquitoes), In addition, a substantial fraction of LRIM1 KD midguts carried large
numbers of oocysts (>300 oocysts; compare oocyst range between dsGFP and
dsLRIM1 mosquitoes in Fig. 4.15A,B and Table 4.7). In R mosquitoes we
additionally observed a slight increase in parasite prevalence (numbers of infected
midguts, Table 4.7).
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Figure 4.15. Effects of LRIM1 KD in parasite numbers in mosquito midguts. Comparable increase in
the developing parasites is observed in the refractory strain (A) and the susceptible strain (B). Green
dots show fluorescent (living) parasites, black dots melanised (killed) parasites, blue lines show
means, long red lines show medians and short red lines show the 25% and 75% quartiles. Asterisks
denote statistically significant difference between control and dsLRIM1 mosquitoes (Mann-Whitney
test, P-value <0.05). The results for the susceptible mosquitoes have been reanalysed from (Osta et al.,
2004).

The similar phenotypes of the LRIM1 KD mosquitoes between strains prompted us
to directly compare results in oocyst numbers between different strains. Therefore,
the KD experiments were repeated by feeding both R and S mosquitoes to the same
P. berghei infected rodent, thus exposing both strains to the same parasite source and
load.
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Mean oocysts/ Fold

Name #exp #mid Preval. midgut (+SE) Range difference P -value
Susceptible strain (S)
dsGFP 5 63 100% 89.87 (9.15) 3-301 6.54 1014
dsLRIM1 60 100% 323.3(25.34) 7-875 3.6 '
Refractory strain (R)
dsGFP 3 38 84.21% 64.81 (9.84) 0-237 3908107
dsLRIM1 52 90.38% 274.86 (26.37) 0-636 4.24 '
Comparison of strains
Susc. dsGFP 99 87.87% 90.57 (9.59) 0 - 400
Susc. dsLRIM1 5 86 94.18% 202.03(19.68) 0-773 2.23 1972 1010
Ref. dsGFP 72 68.05% 58.37 (10.33) 0-555 '
Ref. dsLRIM1 59 89.83% 167.5 (18.71) 0-530 2.87

Table 4.7. Cumulative results of LRIM1 KD in S and R mosquito strains. In each experiment, information
includes number of experiments, total number of mosquito midguts, prevalence of infection (% of infected
midguts), mean oocyst numbers per mosquito midgut and standard error and range of oocysts in midguts
(min — max). Fold difference is calculated for each pairwise comparison between LRIM1 KD and control
(GFP dsRNA trated) mosquitoes. P-values correspond to the Mann-Whitney tests for pairwise
comparisons and the Kruskal-Wallis test for comparison of all four types of mosquitoes.
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Figure 4.16. Comparison of oocyst numbers in susceptible and refractory mosquitoes infected with the
same parasite numbers. Green dots show fluorescent (living) parasites, black dots melanised (killed)
parasites, blue lines show means, long red lines show medians and short red lines show the 25% and
75% quartiles. Asterisk denotes statistically significant difference between strains and control and
dsLRIM1 mosquitoes (Kruskal-Wallis test, P-value < 0.001).
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Similarly, there was an overall — albeit slight lower that our previous experiments
— fold increase in parasite numbers in the dsLRIM1 mosqutoes in both strains relative
to the dsGFP (Fig. 4.16). A substantial increase in infection prevalence was also
observed. However, by examining the individual experiments, we deduced that the
overall difference is due to an observed increase in specific experiments: in the R
mosquitoes a significant difference is detected in only two experiments (Table 4.8,
experiment 2 and 6) whereas in the S mosquitoes only in tthree experiments (Table
4.8, experiments 1,3,4). Interestingly, experiment 5 (Table 4.8) did not show any
statistical significant fold change in both mosquito strains. These results suggest that
there might be other factors e.g. the intensity of parasite infection, that might
influence the fold change in parasite numbers in these experiments. When the same
data are anaylysed as pairwise comparisons between either the dsLRIM1 or the
dsGFP mosquitoes (Table 4.9), results show that comparable parasite numbers are
observed in the dsLRIM1 treated mosquitoes in the two strains but not in the control
mosquitoes. Possibly, the immune response that entails LRIM1-mediated killing is
activated in different parasite concentrations and in different time periods between
the two strains, explaining both the variability of fold changes between experiments
and experiments where the difference between dsLRIM1 and control mosquitoes is
not significant. In the absence of an immune response that entails LRIM1, when the
mosquito strains are fed with the same parasite numbers no phenotypic and
quantitative differences are detected, indicating that LRIM1 may, at least partly,

account for such differences.

Mean # oocyst/ midgut Mean # oocyst/midgut

Fold Fold

Exp.  Susceptible Susceptible - ge P-value  Refractory  Refractory change P-value
dsGFP dsLRIM1 dsGFP dsLRIM1
1 122.43 217.85 1.78 (0.094) 49.33 299.11 6.06 *0.0016
2 8.00 34.64 4.33 *0.002 4.67 12.00 2.57 (0.4363)
3 144.56 135.31 0.94 (0.666) 41.40 118.50 2.86 *0.0306
4 130.30 211.53 1.62 (0.891) 28.80 206.64 7.17 *0.0101
5 68.64 41857 6.10  (0.417) 178.50 317.80 178 (0.7446)
6 34.73 176.21 5.07 *0.047 80.04 149.93 1.87 (0.0716)

Table 4.8. Pairwise comparisons of the oocyst numbers between the control and dsLRIM1 mosquitoes in the
susceptible and refractory mosquitoes. For each experiment, the average number of oocysts/midgut, the fold
difference between dsLRIM1 and dsGFP mosquitoes and the P-values of the Mann-Whitney tests are noted.
Asterisks denote statistical significant difference(P-value < 0.05) and parentheses denote not significant
difference (P-value > 0.05).
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mean # oocyst/ midgut mean # oocyst/midgut
- Fold - Fold
Exp.  Susceptible Refractory P-value  Susceptible  Refractory P-value

dsGFP dsGFp  C1ange GLRIML  dsLRIML  C121%°
1 122.43 49.33 040  *0.03 217.85 299.11 1.37 (0.29)
2 8.00 467 058  (0.32) 34.64 12.00 0.35 *0.01
3 144.56 41.40 029  *0.002 13531 118.50 0.88 (0.93)
4 130.30 28.80 022  *0.01 21153 206.64 0.98 (0.91)
5 68.64 178.50 260  (0.36) 418,57 317.80 0.76 (0.34)
6 34.73 80.04 230  *0.05 176.21 149.93 0.85 (0.91)

Table 4.9. Pairwise comparisons of the different mosquito strains in the control and dsLRIM1 mosquitoes. For
each experiment, the average number of oocysts/midgut, the fold difference between the strains and the P-
value of the Mann-Whitney tests is noted. Asterisks denote statistical significant difference (P-value < 0.05)
and parentheses denote not significant difference (P-value > 0.05).

In addition to the melanising phenotype in the R strain of A. gambiae, studies have
shown that knockdown of two members of the C-type lectin family, CTL4 and
CTLMAZ2, produces a similar melanisation phenotype in the S strain of mosquitoes
(Osta et al., 2004). Ongoing work aims to establish whether the mechanism of
melanisation in those two strains is similar. To determine whether absence of LRIM1
is sufficient to revert the phenotype of CTL4 or CTLMAZ2 KD mediated melanisation
in the S strain, double knockdown experiments were performed (Osta et al., 2004).
Recently, a stdy determined that the CTL4-induced melanisation in the S mosquitoes
directly kills ookinetes, whereas melanisation in the R mosquitoes merely disposes
dead parasites (Volz et al., 2006). The results indicated that LRIM1 is epistatic to
CTL4 and CTLMAZ2; in the double KD experiment, absence of LRIM1 abolishes
melanisation and the mosquitoes show similar number of fluorescent oocysts as the
dsLRIM1 KD mosquitoes. Taken together, the results suggest that LRIM1 is involved
in two important innate immune responses against the parasite: in killing and
melanisation, the latter both in the observed spontaneous melanisation of the R strain

or the C-type lectin KD-induced melanisation of the S strain.

- 138 -



# oocysts / midgut <0.001 <0.001 <0.001
757 -

700 -
600 -

500 - H

433

400 - 427

344

200 -

¥ 109

0 -

dsGFP dsLRIM1/dsCTL4  dsLRIM1/dsCTLMA2 dsLRIM1

Figure 4.17. Comparison of double to single knockdown experiments of LRIM1. Absence
of LRIM1 reverts the CTL4 or CTLMAZ induced melanising phenotype and produces 4-fold
increase in the number of oocysts as compared to the control mosquitoes but not
statistically different oocyst numbers from the single LRIM1 KD mosquitoes. Green dots
show fluorescent (living) parasites, blue lines show means, long red lines show medians
and short red lines show the 25% and 75% quartiles. Asterisks denote statistically
significant difference in pairwise comparisons versus the control mosquitoes (Mann-
Whitney test, P-value <0.05. Data have been reprocessed from (Osta et al., 2004))

LRIM1 immunlocalisation in mosquito midguts after Plasmodium infection

To investigate LRIM1 involvement in response to parasite infections in the midgut
we performed immunolocalisation experiments 24h after P. berghei infections in
both S and R mosquitoes (Fig. 4.18). Contrary to the results obtained with
immunoblotting experiments (Fig. 4.11), we observed a characteristic and highly
reproducible LRIML1 staining in the midgut tissue of the susceptible mosquitoes after
parasite infection (Fig 4.18A). LRIML1 is localised in close proximity to the ookinetes
and is either surrounding the parasites or is concentrated on the parasite rear end (Fig
4.18A). This localisation was specific to infected mosquitoes and was not observed in
the midguts of mosquitoes that have received a non-infectious blood meal (Fig
4.18B). In addition, no signal was detected when the preimmune serum of the
antibody was used (data not shown) or when LRIM1 expression was silenced by
dsRNA injection (compare Fig. 4.18C with Fig. 4.18D). Similar localisation was

observed in another strain of susceptible mosquitoes (Yaoundé strain, Fig. 4.S8). In
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the refractory mosquitoes LRIMI1 localisation is also observed near fluorescent

ookinetes (Fig. 4.18E) and near newly melanised ookinetes (Fig. 4.18F).

susceptible bloodfeeding

dsLRIM1

! S\ “
refractory refractory %

P. berghei LRIM1 TOPRO3 DIC
Figure 4.18. LRIM1 localisation in mosquito midguts after Plasmodium infection.
Confocal stack projections of selected midguts 24hours after infectious (A, C-F) or
non-infectious (B) blood meal. LRIMI is detected in both S (A) and R (E, F)
mosquitoes and in dsGFP injected mosquitoes (C) but no LRIMI is observed in
blood fed (B) or dsLRIM1 injected (D) mosquitoes. (scalebar =20 pm).

We monitored in detail the temporal LRIM1 localisation in mosquito midguts in
both S (Fig. 4.19) and R (Fig. 4.20) mosquitoes. In the S mosquitoes, very few

parasites are invading the midgut epithelium at 16h p.f. and no LRIM1 localisation is
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observed (Fig 4.19A), possibly due to the fact that the mosquito has not yet mounted
an immune response against the parasite. LRIML1 is initially detected at 18h p.f., but
only near a few ookinetes Its localisation is observed near the majority of the
ookinetes only between 20h to 26h p.f. (Fig. 4.19C-F), a period which coincides with
the majority of ookinetes invading the midgut epithelium. At 30h post infection,
when the majority of the ookinetes have crossed the midgut epithelium and begun
transforming into round oocysts, no LRIML1 localisation was detected and this pattern
persisted for the remainder of the time periods assessed (Fig. 4.19H,I and 53h p.f.
data not shown). Similar observations were made in R mosquitoes (Fig. 4.20).
LRIM1 was initially detected at 20h p.i (Fig. 4.20E) and persisted until 30h p.f. (Fig.
4.20G-0). In addition to fluorescent ookinetes, LRIML1 is also found near melanised
oocysts (Fig. 4.20G,H, left side). Most probably, those parasites were recently
melanised as no LRIML1 staining was detected at later stages of infection (32h p.f.),
when all the parasites appeared fully melanised (Fig 4.20Q,R).
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LRIM1 TOPRO3

Figure 4.19. LRIM1 localisation in the midguts of S mosquitoes at variable time periods after P.
berghei infection. All pictures are confocal stack projections of selected midguts at various time
periods after infection (scalebar =20 pm).

The small difference in the temporal localisation of LRIM1 in the S and the R
strains can be attributed to differences in the intensity of infection. Indeed, additional
experiments showed that the appearance and disappearance of LRIM1 may vary
slightly (18h-20h and 30-32h respectively, data not shown). Nevertheless, these
results indicate that LRIM1 staining in the midgut upon P. berghei infections is
specific to the ookinete stage of the parasite and ranges from the start of the invasion
until the time that the majority of the ookinetes have invaded the mosquito midgut.
These ookinetes are either transforming into immotile oocysts in the S or are
melanised in the space between the basal lamina and the basal labyrinth in the R

mosquito strain.

142 -



LRIM1 localisation in the midgut epithelium was analysed in more detail. To
distinguish between the midgut lumen (apical side), which is in contact with the
infectious blood meal and the basal side which is bathed in hemolymph, a phalloidin-
conjugated fluorophore was used. Phalloidin attaches to the actin molecules of
muscle cells lining the basal side of the midgut epithelium. Again, LRIM1 was
observed to surround the fluorescent parasite (Fig. 4.21A). Examination of individual
planes of the confocal stack revealed that LRIM1 was proximal to the parasite in the
basal side and became more distal to the parasite during the transition to the lumen
side (Fig. 4.21C,E,G). Fig. 4.21H shows a characteristic cell expulsion towards the
lumen side of the epithelium, indicating the induction of apoptosis after parasite
invasion; interestingly, LRIM1 is mostly confined to this cell. It is however, unclear,
if LRIM1 localisation precedes or follows apoptosis. Immunohostochemical
experiments performed in the absence of detergent, which presumably allow the
antibodies to access the cell interior, suggested that LRIM1 is intracellular, as no
LRIM1 staining was detected (Fig. 4.59). Whether LRIML1 is expressed by midgut
cells upon midgut invasion or is secreted by hemocyte cells, endocytosed by cells and
recruited in the invaded epithelium remains to be elucidated. Anothet possible
explanation is that in the absense of detergent, LRIML1 protein is involved in protein-
protein interactions, yielding the peptide inaccessible to the LRIM1 antibodies.

A careful analysis of LRIM1 localisation reveals that there are areas where no
fluorescent (living) parasites are detected (e.g. Fig 4.18C, Fig. 4.20D, Fig. 4.21).
Possibly, this LRIM1 localisation is due to the existence of parasites that have
previously been killed leading to absense of fluorescence. A similar phenomenon has
been observed for another protein, TEP1 (Blandin et al.,, 2004). Future
immulolocalisation experiments with parasite specific membrane antbodies, e.g.
antibodies against the membrane protein P28, will show whether LRIM1 localisation
is due to the presence of killed parasites.
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P. berghei LRIM1 TOPRO3 DIC
Figure 4.20. LRIM1 localisation in R mosquitoes at various time periods after P. berghei infection. All
pictures are confocal stack projections of in mosquito midguts (scalebar =20 um).

In the R mosquitoes, LRIM1 was located predominantly in cells expulsing from
the midgut epithelium due to parasite invasion (Fig.4.22A). Individual planes of the
confocal stack detected LRIMI near the melanised parasite in the basal side of the
epithelium (Fig 4.22B) and its localisation was progressively becoming distal during
the transition from the basal to the lumen side of the midgut (Fig 4.22C-E). Our
results indicate that LRIM1 follows the parasite movement in the interior of the

midgut cell compartment, starting from parasite entry in the lumen side until its exit
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to the extracellular space at the basal side. However, in the absence of real-time
observations of LRIML1 localisation in proximity to the parasite, such hypothesis
remains elusive.

In conclusion, we observed a specific and reproducible localisation of LRIML1 at
the vicinity of both fluorescent and newly melanised parasites and we showed that
LRIM1 localisation is specific to the ookinete stage. Importantly, although co-
localisation of LRIM1 with the parasite is not exact, LRIML1 is definitely induced by
the parasite, suggesting that the LRIM1 function in parasite killing and melanisation
is mediated indirectly, for example by interaction of the protein with other interacting

partners.
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projection

middle

P. berghei LRIM1 Phallo -

Fig. 4.21. LRIMI localisation in the S strain of A. gambiae. Pictures represent
confocal stack projections (A, B) and individual sections (C-H) of mosquito
midguts. Notice that LRIM1 staining is apparent in all sections of the midgut.
(scalebar =20 pm).
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projection

middle (basal) middle (lumen)

LRIM1 DIC
Figure 4.22. LRIM1 expression in the R strain of A.gambaie. Pictures represent confocal stack
projections (A) and individual sections (B-E) of DIC and fluorescent pictures. LRIM1 colocalises in
the invaded epithelial cells and in the vicinity of the melanised parasite. In addition, a proximal to
distal staining of LRIMI relative to the parasite is observed from the basal to the lumen side.
(scalebar = 10 uM).
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Discussion

LRR proteins and their involvement in innate immunity

During the journey of the malaria parasite through the mosquito many parasite
losses occur. Undoubtedly, the crossing of the midgut epithelium is one of the most
critical bottlenecks. Studies have shown that this bottleneck can reduce the number of
parasites to single digit numbers (Sinden, 1999). However, even if one parasite
survives and transforms into an oocyst, it will multiply to produce thousands of
sporozoites capable to infect another vertebrate host. A number of studies have
implicated mosquito innate immune responses for, at least part, of these parasite
losses. To this end, our laboratory has initiated a comprehensive study of innate
immunity in the mosquito. Current research aims to characterise parasite responses
for known innate immune molecules and to identify new molecules involved in such
responses.

The leucine rich repeat family contains proteins that are involved in a variety of
different functions. Toll in Drosophila and Toll-like receptors are examples of LRR
proteins with central roles in pathways for the elimination of pathogens. Until
recently, no LRR-containing protein was implicated in Plasmodium parasite
development. Our study describes such a protein, termed leucine rich repeat immune

gene, LRIM1, which was discovered in a large scale transcriptomic analysis.

LRR domain characterisation and expression

LRIM1 domain analysis indicated the presence of two generic protein-protein
interaction domains: an LRR domain at the 5’ end and a coiled-coil domain at the 3’
end. This generic domain architecture suggests interaction of LRIM1 with other
molecules and may also explain the inability to detect orthologues of this protein to
other organisms; only weak similarity to other LRR domains was detected. Probably,
small variations in the peptide sequences in these protein-interaction domains are
contributing to the three-dimensional structure and confer specificity to the target
protein. Consequently, the remainder of the protein sequence can be variable, thus
displaying no detectable similarity to any known protein. Interestingly, molecular
modelling of the protein indicated that the ‘oddie’ peptide, in the middle of the LRR
sequence, might contribute a smaller, albeit proper, LRR repeat or separate the LRR
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domain into two parts. Perhaps a crystallographic study of the LRR domain might
shed more light about the structure of the repeats and the ‘oddie’ peptide, as well as
provide hints about possible interaction partners.

Several lines of evidence suggest that LRIM1 is primarily of hemocyte origin.
LRIM1 includes a transmembrane or signal peptide domain, indicating it is either
membrane-bound or secreted. A comprehensive study of RNA abundance in
mosquito tissues also noted overexpression of LRIML1 in circulating hemocytes
compared to head and carcass tissues. Finally, protein blots assays clearly detected
LRIM1 in the mosquito hemolyph. LRIM1 expression in other tissues (mainly
midgut epithelial cells and carcasses) remains an open question. RNA abundance
studies indicated presence of LRIML1 transcripts in midguts and carcasses, especially
after Plasmodium infection. The presence of LRIM1 RNA is possibly due to
circulating hemocytes which are co-isolated with those tissues. However, LRIM1
protein is detected in midgut tissues almost immediately after invasion of parasites
and persists for the entire time period of ookinete invasion. In light of this protein
localisation, LRIM1 upregulation in midguts and carcasses at 24h post infection is
possibly due to a feedback mechanism, aiming to replenish LRIM1 protein molecules
that are rapidly recruited to the mosquito midguts. The absence of hemolymp
constitutive protein marker prevents precise quantification and comparison of LRIM1
protein levels at variable time periods after parasite infection. Recently, however, a
serine protease inhibitor, SRPN2, was shown to be constitutively expressed upon
parasite infection (Michel, K., personal communication) and further experiments will
facilitate precise LRIML1 protein quantification in the near future.

LRIM1 localisation in the midgut cells show a characteristic granular appearance
and suggest that this specific localisation may be the result of interaction with other
protein factors. A similar localisation has been described for the P28 membrane
protein of P. berghei, which sheds P28 protein molecules in ookinete cultures
(Sinden et al., 1987). It would be interesting to compare the pattern of LRIM1
localisation with P28 and possibly other parasite membrane proteins, to investigate
possible interaction of LRIM1 with the parasite. In addition, P28 co-localisation
experiments will help determined the proportion amount of parasites (living or killed)

that contain LRIM1 localisation.
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LRIM1 in P. berghei immunity

The development of the RNAI technique in adult mosquitoes opened
unprecedented opportunities to conduct gene functional studies. Using this technique
we assessed LRIM1 function during P. berghei parasite infection. Initial results
indicated a large increase in the number of developing oocysts in both the S and R
strains of mosquitoes. This increase, however, varied in individual experiments,
indicating that additional factors may influence parasite numbers.

A factor that has not been addressed is the intensity of parasite infection. Results
from multi-factorial analyses (two-way ANOVA in the pairwise comparisons and
three-way ANOVA in the comparative experiments, data not shown) indicated that
there is significant variability between the individual experiments. We propose that
low infections may not be sufficient to demonstrate a significant difference between
control and dsLRIM1 mosquitoes. Monitoring the number of ingested gametocytes in
future infection experiments will better define the relationship of parasite
concentration and LRIM1-mediated immune responses resulting in parasite killing.

Interestingly, absence of LRIM1 from the R mosquitoes abolishes the melanisation
phenotype. Melanisation is a general mechanism for the enclosure of pathogenic
organisms in a polymer composed of melanin. In A. gambiae, the refractory strains
that melanises the P. berghei parasites has been established by genetic selection for
refractoriness from the susceptible strain of mosquitoes (Collins et al., 1986). Our
intra-strain comparison showed that in LRIM1 KD results in equal fluorescent
(living) parasite numbers in the S and R strains. This result suggests that the complex
trait of refractoriness could, at least partly, be explained by LRIML. In addition, we
observed an effect of LRIML1 epistatic to the action of CTL4 and CTLMAZ2, which
appear to protect parasites against melanisation in the R mosquitoes. The double
knockdown experiment of LRIM1 and the C-type lectins is the first example of
genetic epistasis that highlighted the presence of agonists (like C-type lectins) and
antagonists (like LRIM1) in parasite development (Osta et al., 2004).

Indication of interaction with other immune related genes

In an effort to define LRIM1 function in relation to parasite development, genetic
and/or physical interaction with other proteins is needed. Recently, another LRR
protein showed a similar phenotype to LRIM1 in parasite killing in the S mosquito
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strain (Riehle et al., 2006) and experiments will determine if those proteins share
functional similarity. Interstingly, a similar phenotype to LRIM1 parasite killing and
melanisation has also been reported for a thioester containing protein, TEP1 (Blandin
et al., 2004; Levashina et al., 2001). This strikingly similarity suggested that LRIM1
and TEP1 might be implicated in the same functional pathway. Initial double KD
experiments between TEP1 and LRIM1 (data not shown) did not show significant
difference when compared to the single KD experiments. In the absense of LRIML,
TEP1 abolishes its binding to P. berghei parasites, suggesting a possible downstream
role of TEP1 to the function of LRIM1. Whether absence of TEP1 affects LRIM1
localisation is currently being investigated. In addition, the striking developmental
expression similarity between LRIM1 and several serine proteases suggests possible
functional relevance. Future co-localisation experiments of LRIM1 with TEP1 and
serine proteases will therefore help to establish links with other known immune
related molecules and may provide further insight to the mechanism of LRIM1

function.

LRIM1 in P. falciparum immunity

The experiments reported in this thesis were conducted using the laboratory model
parasite, P. berghei, which, however, is not responsible for human malaria. It is
interesting to assess whether LRIM1 is able to mount an immune response against
human malaria parasites and, in particular, in natural parasite populations in the sub-
Saharan Africa. Experiments with natural populations of P. falciparum from
Cameroon indicated no difference in the oocyst numbers between control and
dsLRIM1 mosquitoes. While the possibility that P. falciparum is recognised by a
different mechanism than P. berghe can not be excludedi, which is independent of
LRIM1-mediated immune responses, in light of the intra-strain comparison results, an
alternative explanation may also be possible: P. falciparum infections are
significantly lower than P. berghei and thus, low infectivity, might not allow for a
measurable difference in oocyst numbers. Experiments in laboratory infections of P.
falciparum are in progress, in order to establish if P. falciparum infections are
characterised by similar LRIM1 protein localisation upon parasite invasion.
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LRIML1 in bacterial immunity

A growing number of evidence also suggest LRIM1 involvement in bacterial
immune responses. LRIM1 is involved in phagocytosis against E. coli, but not S.
aureus (Moita et al., 2005). Our data demonstrated a concentration dependent effect
of LRIM1 in E. coli infections and a general effect in S. aureus infections irrespective
of concentration. However, in the latter bacterium a concentration-dependent effect
might be observed using a significantly smaller bacterial concentration that in this
study. Perhaps, LRIML1 is also implicated in bacterial immune responses other than
phagocytosis, as LRIM1 is downregulated in the absence of REL2 (Meister et al.,
2005). Future experiments with different bacteria species aims to better define the

role of LRIM1 in bacterial innate immunity.

Conclusion

In conclusion, LRIM1 has an important role in killing and melanisation of the
malaria parasites, as well as innate immune responses against bacteria. Future studies
will focus on the identification of putative interactive partners. Those studies will
shed light to LRIM1 mechanism of function and may contribute towards a greater
understanding of innate immune responses, which can potentially be used for future

malaria interventions in sub-Saharan Africa.
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Figure 4.S1. Expression of the ESTs of LRIM1 in the A) developmental life cycle and the B) adult
tissues. Notice that one of the ESTs shows differential expression in embryos and another one in the
adult tissues experiment
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Figure 4.S2. Expression profiles of the TCLAG contigs displaying expression
similar to LRIM1. TCLAG contigs showing above 0.9 similarity in A)
Pearson and B) Spearman correlation coefficients have been plotted. Red
lines show LRIM1 expression and relative expression is in log scale.
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Figure 4.S3. Survival of control and dsLRIMI knockdown mosquitoes after variable concentrations of
E. coli. Kaplan- Meier curves of the A) dsGFP and the B) dsLRIMI mosquitoes were drawn together
and asterisks denote statistical significance. Notice that while increasing concentrations of bacteria did
not have an effect on dsGFP mosquitoes (P-value = 0.737) they showed significant and concentration
dependent decrease in the survival probability in the dsLRIMI injected mosquitoes (P-value = 0.0184)
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Figure 4.S4. Survival of control and dsLRIMI knockdown mosquitoes after variable concentrations of
S. aureus. Kaplan- Meier curves of the A) dsGFP and the B) dsLRIMI mosquitoes have been drawn
together and asterisks denote statistical significance. Notice that survival the dsGFP injected is similar
in the 1x, 2x, 10x concentrations (P-value = 0.786) but differs in 20x concentration (P-value <
0.001). Conversely, the dsLRIMI mosquitoes show similar survival curves (P-value = 0.374) in all
the concentrations tested.
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mosquitoes. Variable increase in the oocyst numbers was observed in the individual 5 experiments.
Green dots show fluorescent (living) parasites, blue lines show means, long red lines show medians
and short red lines show the 25% and 75% quartiles. Asterisks denote statistically significant
difference between control and dsLRIM1 mosquitoes (Mann-Whitney test, P-value <0.05) and P-
values are indicated.
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Figure 4.S6. Effects of LRIM1 KD in oocysts numbers in the individual experiments in
the refractory mosquitoes. No increase in parasite numbers was detected on the first
experiment whereas significant increase was detected in the remaining two experiments.
Green dots show fluorescent (living) parasites, black dots melanised (killed) parasites,
blue lines show means, long red lines show medians and short red lines show the 25%
and 75% quartiles. Asterisks denote statistically significant difference between control
and dsLRIM1 mosquitoes (Mann-Whitney test, P-value <0.05) and P-values are
indicated.
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1 LRIM1 TOPRO3
Figure 4.S8. LRIM1 localisation in the Yaound¢ strain, an additional
susceptible mosquito. Selected area of a mosquito midgut confocal stack
projection 24h after infection with P. berghei parasites. A similar
pattern of LRIMI staining to the susceptible G3 strain has been
observed. (scalebar = 20 um)

- LRIM1  TOPRO3
Figure 4.S9. Evidence for intracellular localisation of LRIM1. Confocal
stack projection of a selected area of midgut of a susceptible mosquito
at 24h after parasite infection. In the absence of detergent, the LRIM1
antibodies are not able to access the intracellular space and thus, no
LRIMI1 localisation is detected. (scalebar =20 um).
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Supplementary DVD

The supplementary DVD contains the datasets with the TCLAG contig lists that are
mentioned in chapter 3 of the thesis. Plase refer to the file readme.pdf for more

information.
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AnNoEST: Toward A. gambiae functional genomics
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Here, we present an analysis of 215,634 EST and <DNA sequences of a major vector of human malaria Anopheles
gambiae structured into the AnoEST database. The expressed sequences are grouped into clusters using genomic
sequence as template and associated with inferred functional annotation, including the following: corresponding
Ensembl gene prediction, putative orthologous genes in other species, homology to known proteins, protein
domains, associated Gene Ontology terms, and corresponding classification into broad GO-slim functional groups.
AnoEST is a vital resource for interpretation of expression profiles derived using recently developed A. gambiae cDNA
microarrays. Using these cDNA microarrays, we have experimentally confirmed the expression of 796l clusters
during mosquito development. Of these, 3100 are not associated with currently predicted genes. Moreover, we found
that clusters with confirmed expression are nonbiased with respect to the current gene annotation or homology to
known proteins. Consequently, we expect that many as yet unconfirmed clusters are likely to be actual A. gambiae
genes. [AnoEST is publicly available at http://komar.embl.de, and is also accessible as a Distributed Annotation

Service (DAS).]

Blood-feeding anopheline mosquitoes are obligatory vectors for
the transmission of the malaria parasites of the genus Plasmo-
dium. The parasites undergo asexual development within mam-
malian hosts and produce gametocytes which, when ingested by
the mosquito, initiate the sexual cycle that culminates with pro-
duction of sporozoites. In turn, an infected mosquito takes an-
other bloodmeal and sporozoites are released into the circulation
of a naive host, thus completing the transmission cycle. Human
malaria causes over 1 million deaths every year in the developing
world. Recently, in recognition of the great importance of Anoph-
eles gambiae in global health, its genome has been sequenced by
an international scientific consortium (Holt et al. 2002), and
transcriptomic approaches were initiated with the sequencing of
Expressed Sequence Tags (ESTs) prepared from cultured cells (Di-
mopoulos et al. 2000). Four thousand ESTs were used to construct
the first mosquito cDNA microarray, the 4K microarray platform
(Dimopoulos et al. 2002). These arrays were used to detect genes
that are up-regulated in the mosquito, specifically during infec-
tion with parasites and bacteria (Dimopoulos et al. 2002) and to
identify differences between parasite-susceptible and refractory
mosquitoes (Kumar et al. 2003). However, insufficient annota-
tion of the EST sequences hindered such studies and greatly lim-
ited the capacity of researchers to derive appropriate interpreta-
tions. In the context of the Anopheles genome project, nearly
83,000 ESTs from naive and blood-fed adult mosquitoes were
sequenced (Holt et al. 2002), and in silico analysis of these data
detected genes up-regulated in the mosquitoes after a blood meal
(Ribeiro et al. 2004). Furthermore, nearly 63,000 single reads
from a full-length cDNA library were recently deposited in
nucleotide databases by Genoscope (http://www.genoscope.org/).
Two other EST libraries were constructed from pooled develop-
mental stages of A. gambiae (NAP1) or adult heads (NAH), and
clones from these libraries are currently being sequenced (G.K.
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Christophides, unpubl.; F. Collins, unpubl.). Twenty thousand of
these ESTs were used to build a new ¢cDNA microarray platform
(20K or MMC1), which is currently used in various experimental
approaches to identify genes that are temporally and spatially
regulated in mosquitoes during development, parasite and viral
infection, and insecticide treatment (G.K. Christophides, un-
publ.). The increasing amount of information obtained from
such studies necessitated the development of computational ap-
proaches to provide functional annotation and interpretation of
the derived data.

Here, we report a large-scale study of malaria mosquito
A. gambiae EST and cDNA sequences structured into the newly
developed AnoEST database. Using these cDNA microarray data
in conjunction with AnoEST, we have experimentally confirmed
expression of 7961 clusters during mosquito development. Of
these, 3100 are not associated with currently predicted genes
(Holt et al. 2002; Birney et al. 2004). Moreover, we found that
clusters with confirmed expression are nonbiased with respect to
the current gene annotation or homology to known proteins,
and consequently, we might expect that many of the uncon-
firmed clusters are likely to be actual A. gambiae genes. The
AnoEST resource is a vital resource for the interpretation of ex-
pression profiles derived using the A. gambiae cDNA microarrays,
providing inferred functional annotation of the expressed ge-
nomic loci, including similarities to known proteins, protein do-
mains, and Gene Ontology (GO) (Ashburner et al. 2000) func-
tional categories.

Results and Discussion

A. gambiae EST classification

We collected from public sequence databases (Benson et al. 2004;
Kulikova et al. 2004; Miyazaki et al. 2004) 215,634 A. gambiae
expressed sequences (178,618 from 5’-sequences and 37,015
from 3'-sequences) originating from 179,955 clones. Of these
sequences, 211,468 were aligned to 593,349 regions on the
nuclear or mitochondrial genome. For 203,812 expressed se-
quences, a unique genomic origin could be recognized. We clus-
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Abstract

A microarray containing approximately 20 000 expressed
sequence tags (ESTs; 11 760 unique EST clusters) from
the malaria vector, Anopheles gambiae, was used to
monitor differences in global gene expression in two
insecticide resistant and one susceptible strains.
Statistical analysis identified 77 ESTs that were differ-
entially transcribed among the three strains. These
include the cytochrome P450 CYP314A1, over-transcribed
in the DDT resistant ZAN/U strain, and many genes that
belong to families not usually associated with insecti-
cide resistance, such as peptidases, sodium/calcium
exchangers and genes implicated in lipid and carbohy-
drate metabolism. Short-term (6 and 10 h) effects of
exposure of the pyrethroid resistant RSP strain to per-
methrin were also detected. Several genes belonging
to enzyme families already implicated in insecticide or
xenobiotic detoxification were induced, including the
carboxylesterase COEAE2F gene and members of the
UDP-glucuronosyl transferase and nitrilase families.
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Introduction

Insecticides form an integral part of all national malaria
control programs. Members of four insecticide classes are
registered for use in indoor residual house spraying and the
use of pyrethroid-impregnated bednets is actively promoted
in many malaria endemic countries (WHO, 2000). Dichlo-
rodiphenyltrichloroethane (DDT), while internationally
banned for general use by the Persistent Organic Pollutants
Treaty, is still registered for indoor house spraying and is
regarded as an essential insecticide for current malaria
control operations. The emergence and spread of insecticide
resistance can have a devastating effect on these control
measures. DDT resistance is widespread in many Anopheles
species and in Africa, where 90% of malaria cases occur,
three independent foci of pyrethroid resistance have
emerged (Elissa et al., 1993; Vulule et al., 1994; Hargreaves
et al., 2000).

Most studies on the molecular basis of insecticide resist-
ance focus on two major mechanisms, which are changes
in the sensitivity of insecticide targets in the nervous sys-
tem and increases in the rate of insecticide detoxification.
Both of these resistance mechanisms are clearly operating
in A. gambiae. Mutations in a major insecticide target, the
voltage gated sodium channel, confer resistance to DDT
and pyrethroids in A. gambiae (Martinez Torres et al., 1998;
Ranson et al., 2000a), and an amino acid substitution in
acetylcholinesterase, the target site of carbamate and
organophosphate insecticides, has been identified in West
African populations (Weill et al., 2003). Metabolic resistance
to insecticides in A. gambiae can be conferred by elevation
in the activity of detoxifying enzymes, such as the glutath-
ione transferase GSTE2 (Ranson et al., 2001) or members
of the cytochrome P450 family (Nikou et al., 2003).

Many studies have suggested that the insecticide resist-
ance phenotype evolves rapidly based on the selection of
major effect genes (Daborn et al., 2002; ffrench-Constant
et al., 2004). However recent genome-wide transcription
profiling indicated that a broader range of genes may be
involved and that insecticide resistance may be more
complex than previously considered (Pedra et al., 2004).
Genetic mapping has identified four major quantitative trait
loci (QTL) associated with resistance to pyrethroids or DDT

509



Available online at www.sciencedirect.com

SCIENCE‘dDIRECT@

INTERNATIONAL
journal for
PARASITOLOGY

International Journal for Parasitology 34 (2004) 1473-1482
www.parasitology-online.com

Invited review

The Plasmodium parasite—a ‘new’ challenge for insect innate immunity

S. Meisterl, A.C. Koutsos], G.K. Christophides>l<

European Molecular Biology Laboratory, Meyerhofstrasse 1, 69117 Heidelberg, Germany
Received 29 April 2004; received in revised form 17 September 2004; accepted 1 October 2004

Abstract

Though lacking adaptive immunity, insects possess a powerful innate immune system, a genome-encoded defence machinery used to
confront infections. Studies in the fruit fly Drosophila melanogaster revealed a remarkable capacity of the innate immune system to
differentiate between and subsequently respond to different bacteria and fungi. However, hematophagous compared to non-hematophagous
insects encounter additional blood-borne infectious agents, such as parasites and viruses, during their lifetime. Anopheles mosquitoes become
infected with the malaria parasite Plasmodium during feeding on infected human hosts and may then transmit the parasite to new hosts during
subsequent bites. Whether Anopheles has developed mechanisms to confront these infections is the subject of this review. Initially, we review
our current understanding of innate immune reactions and give an overview of the Anopheles immune system as revealed through
comparative genomic analyses. Then, we examine and discuss the capacity of mosquitoes to recognize and respond to infections, especially
to Plasmodium, and finally, we explore approaches to investigate and potentially utilize the vector immune competence to prevent pathogen

transmission. Such approaches constitute a new challenge for insect immunity research, a challenge for global health.
© 2004 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

During their lifetime, metazoans encounter various
microbial invaders, pathogenic or not. To keep them at
bay, they developed an array of defence mechanisms,
collectively referred to as the immune system. The
evolutionary ancestral innate immune system is the
organism’s inherited primary line of defence, and as
such, it depends on a given number of immune molecules.
A different strategy of defence, the adaptive or acquired
immune system, was discovered later in evolutionary
history, and is based on the virtually unlimited resource of
natural recombinant proteins (antibodies) created through
genomic rearrangements. A primary difference between
the two immune systems is that memory or specialization
to cope with the variety of infective agents is obtained
solely through evolution in the case of innate immunity,
whereas adaptive immunity employs the additional

* Corresponding author. Tel.: +49 6221 387440; fax: +49 6221 387306.
E-mail address: christop@embl.de (G.K. Christophides).
! These authors contributed equally to this review.

strategies of clonal cell selection and proliferation to
fight new invaders. It must be emphasized that apart from
its own essential role in defence, innate immunity serves
to trigger and direct the adaptive immune responses, as
well as to gain time for the adaptive immune system to
unfold its full effectiveness (Fearon and Locksley, 1996;
Schnare et al., 2001).

Innate immunity relies on a limited number of receptors
recognizing invariant molecules that either are on the surface
of or are shed by microorganisms and are referred to as
pathogen associated molecular patterns (PAMPs) (Janeway
and Medzhitov, 2002). Here, we adopt this term, though
not totally appropriate as similar PAMPs may be shared
between both pathogenic and non-pathogenic microorgan-
isms. Microbial PAMPs include molecules such as
peptidoglycans (PGN), lipopolysaccharides (LPS) and
B-1,3-glucans, as well as GPI (glycosyl phospatidyl inositol)
anchors of protozoan parasites (Teixeira et al., 2002).

There are two types of innate immune responses: the
humoral response with the antimicrobial peptides (AMPs)
as its hallmark, and the cellular response that includes
phagocytosis or encapsulation of the intruders. Thus, innate

0020-7519/$30.00 © 2004 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
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