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Abstract 

 

Malaria, one of the most devastating diseases in Africa, is caused by Plasmodium 

parasites, which are transmitted to human hosts by Anopheles mosquitoes during a blood 

meal. A small number of Anopheles/Plasmodium combinations support productive infections, 

allowing the parasites to undergo their full, complex developmental cycle within the 

mosquito vector. Although parasites suffer massive losses, even single-digit numbers of 

parasites are sufficient to assure transmission in nature. Comprehensive laboratory studies 

have determined that successful transmission depends on mosquito genes that support or 

hinder parasite development. 

This study applies a variety of established high-throughput functional genomics 

approaches, including microarray-based transcriptional profiling, comparative genomics and 

reverse genetic analysis by RNA interference (RNAi) to identify and characterize molecular 

interactions as well as biological mechanisms involved in the development of Plasmodium 

within Anopheles gambiae, its main African mosquito vector.  

Using microarray-based transcriptional profiling, the present study provides a 

comprehensive analysis of transcriptional changes in the mosquito midgut mediated by the 

rodent parasite P. berghei across various stages of the parasite sporogonic development as 

well as the molecular basis of the interactions taking place between sympatric A. gambiae 

mosquitoes and African P. falciparum isolates. Additionally, to evaluate the adaptation of 

malaria laboratory models to natural transmission systems more accurately, different 

infection intensities are considered.  

The existence of a continuous Anopheles midgut response to infection is demonstrated 

across Plasmodium sporogonic development, which is significantly more robust during 

ookinete invasion of the mosquito midgut epithelium but takes the form of a major 

transcriptional suppression in low intensity infections with P. falciparum parasites. Because 

such suppression in A. gambiae midgut responses is specific to the combination of the field 

isolates of human Plasmodium and the most common infection intensity in Africa, this study 

indicates that both organisms may have coevolved and co-adapted to maximize survival and 

minimize impact on fitness, rather than reflecting a direct or indirect evasion strategy by the 

parasite as previously proposed. This observation is further confirmed using comparative 

genomic analysis, as genes specifically responding to these infections evolved rapidly and 
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localised mainly within a major genomic region previously associated with variations in the 

intensity of mosquito infection with human Plasmodium. 

Functional analysis established that regulation of the cellular oxidative state, immune 

response and signalling through Rhodopsin-like G protein-coupled receptors are critical 

biological processes in the fine-tuning of mosquito-parasite interactions. However, when 

laboratory rodent model infections are compared to natural field settings, extreme differences 

are found in the regulation of the cellular redox homeostasis, but not directly for innate 

immune responses, indicating that mosquito immune-related responses might not be directly 

influenced by either the Plasmodium specie or the infection intensity. 

Using reverse genetic analysis by RNAi, a comprehensive functional survey is presented for 

selected A. gambiae scavenger receptors, selected G-protein coupled receptors, previously 

established local epithelial and systemic but not-classical immune responses, and other 

transcriptionally regulated immune-related genes upon infection with human and/or rodent 

malaria parasites. Although some reactions are conserved against both parasite species, 

different activity levels or even opposite effects can be observed, depending on the parasite 

specie and infection levels. 

Altogether, the multifaceted analysis presented in this study establishes a bridge 

between the commonly used rodent model laboratory transmission systems and the more 

demanding, field-based systems of human malaria transmission, providing the as yet most 

extensive set of transcriptomic data on A. gambiae responses during development of both 

human and rodent Plasmodium. Its most ambitious goal is to contribute to the continuous 

body of knowledge on the molecular interactions between mosquito vectors and malaria 

parasites that may in a near future help develop tools to effectively block malaria 

transmission by mosquitoes. 

 

 

Keywords: 

Malaria, Plasmodium, Anopheles, infection, parasitosis; protozoal disease; African P. 

Falciparum; natural transmission systems; parasitological survey; P. berghei; laboratory 

model; infection intensity; parasite density; gene expression; transcriptional profiling; 

microarray; gene silencing; RNA interference; RNAi; comparative genomics; innate 

immunity; oxireductase activity; Rhodopsin-like G protein-coupled receptors;GPCR; Leucine 

rich repeat.  
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Resumo 

 

Malária, uma das doenças infecciosas mais devastadoras em África, é causada por 

parasitas Plasmodium que são transmitidos aos humanos, através da picada do mosquito 

Anopheles. Apenas um pequeno número de combinações Anopheles/Plasmodium sustenta 

infecções produtivas, permitindo aos parasitas completarem o seu complexo ciclo de vida 

dentro do mosquito vector. Apesar dos parasitas sofrerem perdas massivas no vector, mesmo 

um diminuto número de parasitas é suficiente para garantir a sua transmissão na natureza. 

Estudos laboratoriais intensivos determinaram que o sucesso da transmissão depende de 

genes do mosquito que suportam ou impedem o desenvolvimento do parasita. 

Este estudo utilizou tecnologias de genómica funcional de larga escala, incluindo 

análise transcriptómica com microarrays, genómica comparativa e genética reversa através de 

ARN de interferência, para analisar e caracterizar interacções moleculares e mecanismos 

biológicos relacionados com o desenvolvimento do parasita Plasmodium no mosquito 

Anopheles gambiae, o principal vector de malária humana em África. 

Através da análise transcriptómica com microarrays de ADN, este estudo proporciona 

uma análise intensiva das modificações no transcriptoma do estômago do mosquito, após 

infecção pelo parasita dos roedores, P. berghei e por amostras simpatricas de P. falciparum, 

aos vários estádios de desenvolvimento do parasita no vector. Para avaliar as diferenças e as 

semelhanças entre modelos laboratoriais e sistemas de transmissão naturais, foram 

igualmente consideradas diferentes intensidades de infecção com Plasmodium. 

É demonstrada a existência de uma resposta robusta no estômago do mosquito durante 

todo o desenvolvimento esporogónico do parasita Plasmodium. Esta resposta é 

particularmente proeminente durante a invasão pelos oocinetos do epitélio do estômago, mas 

revela uma distinta supressão do transcriptoma quando as infecções por P. falciparum exibem 

baixa intensidade. Este fenómeno é específico para infecções por amostras de campo de P. 

falciparum com baixa intensidade, as quais são as mais comuns em África, e não é observado 

em infecções por P. berghei com baixa intensidade. É desta forma possível postular que a 

supressão do transcriptoma é consequência da co-evolução e co-adaptação resultante da 

interacção destes organismos, servindo para maximizar a sobrevivência do vector e 

minimizar os custos associados ao fitness, em vez de reflectir uma estratégia de evasão do 

parasita, tal como tinha sido anteriormente proposto. Esta hipótese é suportada pela análise de 
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genómica comparacional, a qual mostra que os genes que respondem especificamente a estas 

infecções evoluem rapidamente. Muitos destes genes estão igualmente localizados numa 

região genómica anteriormente associada com variações na intensidade da infecção por P. 

falciparum.  

A análise funcional das respostas transcriptómicas do estômago revela que a 

regulação do estado oxidativo celular, as respostas imunológicas e a sinalização através de 

receptores Rhodopsin-like G protein-coupled são processos biológicos críticos para o 

delicado equilíbrio das interacções entre mosquito e parasita. As respostas imunológicas são 

bastante semelhantes entre as infecções laboratoriais com P. berghei e as quase naturais 

infecções com P. falciparum, o que contrasta com as diferenças extremas encontradas na 

regulação da homeostase oxidativa celular, indicando que as respostas imunológicas são 

vastamente independentes da espécie de parasita e da intensidade da infecção.  

Um estudo fenotípico de grandes dimensões foi realizado através da silenciamento de 

genes por ARN de interferência para genes do A. gambiae codificando para receptores 

scavenger, receptores G-protein coupled, proteínas relacionadas com as resposta epiteliais 

locais e com as respostas imunológicas, os quais são diferencialmente regulados a nível 

transcriptómico durante as infecções com parasitas da malária humana e/ou dos roedores. 

Alguns destes genes mostraram fenotípos de infecção semelhantes para ambos parasitas, 

enquanto outros mostram grandes diferenças e por vezes fenotípos opostos. Estes resultados 

garantem novas perspectivas na compreensão das interacções moleculares entre mosquitos e 

parasitas. 

Na sua globalidade a análise multifacetada apresentada neste estudo estabelece uma 

ponte entre o conhecimento gerado pelos modelos de transmissão da malária dos roedores 

normalmente utilizados e os sistemas de transmissão de malária humana no terreno mais 

exigentes. Este é, até esta data, o estudo mais compreensivo de genómica funcional sobre as 

respostas do A. gambiae durante a infecção com o parasita da malária humana P. falciparum. 

Pretende-se desta forma contribuir para o continuo conhecimento das interacções moleculares 

entre mosquitos vector e parasitas da malária, o qual se espera possa num futuro próximo 

contribuir para o desenvolvimento de ferramentas que permitam acabar com a transmissão de 

malária pelos mosquitos. 

 

  



 

V 

 

Acknowledgements 

 

I’m happy to have the opportunity to express my gratitude to the many different 

people that made this work possible. I believe science needs to function as collective 

machinery and I’m glad I could experience it as so. 

First of all, a really BIG thanks to my research supervisor, Dr. Dina Vlachou, for the 

trust she has built upon me, for always being there guiding me over the years, for the 

professional challenges and opportunities she has provided me and above all, for the huge 

amount of patience during  my less “interesting” moments. Thanks for making me grow up as 

a person and as a scientist. 

Thanks to my research advisors, Prof. Fotis C. Kafatos and Dr. George K. 

Christophides for the opportunity to work in their joint lab and for their outstanding 

continuous support during this work. By letting me be part of such a great research group and 

sustaining my diverse research interests, you have assured that malaria transmission will 

always be of invaluable importance to me. 

I also would like to thanks my BioMalPar PhD Programme supervisors, Prof. Robert 

E. Sinden and Prof. Dr. Michael Lanzer for the fruitful discussions, suggestions and support 

during my PhD. Equally, I’m very grateful to Prof. Carmo-Fonseca for her prompt 

acceptance in supporting my defence at the Universidade de Lisboa. 

To the BioMalPar Network and PhD programme goes my greatest appreciation for the 

amazing opportunities I have been offered during my studies. Most of all, for the exposure to 

different professional and human environments, as well as the many occasions to learn from 

and interact with scientists of very diverse backgrounds in malaria research. 

A special thanks to all those you collaborated in this work: 

-To Dr. Isabelle Morlais for accepting and guiding me at the medical entomology lab in 

OCEAC, Yaoundé, Cameroon. Without her solid planning and hard work, the field work 

presented in this thesis would not have been possible. 

-To Dr. Anna Cohuet for introducing me to the realities of field work and helping to make 

possible some of the crazy research ideas. But, above all, for sharing amazing experiences, in 

their good and bad moments, and helping to make a better person out of me. 

-To Timm Schlegelmilch for welcoming me in the lab, for the enjoyable discussions, the 

sharing of knowledge and fruitful work. 



 

VI 

 

-To Fanny Turlure, without who the days in the lab, either in OCEAC or at Imperial College, 

would have seem much longer. Thanks for being such an extraordinary person and for the 

support you gave me all these years. Having the possibility of sharing so many experiences 

with you made everything more enjoyable and memorable. 

To all past and present members as well as visitors of the Kafatos/ Christophides 

laboratory in these years, plus members of the Bilker, Sinden and Crisanti labs at Imperial 

College London, thank you for making the lab such an dazzling place! Likewise, a particular 

thanks to all the members of the Kafatos lab in EMBL, Heidelberg, Germany, for supporting 

me in the early days. 

In a special note, I want to thanks Kalle Magnusson for showing me how exciting and 

fulfilling a collaboration can be, for teaching me about transgenesis and sex differentiation in 

insects and for the fruitful work. 

A particular thanks to the Portuguese community at Imperial, especially Sofia Pinto 

for all the support, heated discussions and enthusiastic altruism. But also Alexessander Couto 

Alves, for the very good laughs and help with statistics and bioinformatics, as well as Miguel 

Guerreiro, for making me want to go home earlier every day to watch South Park and Family 

Guy. Vocês sao o maximo!!!!!! 

 

Je tien à remercier tous l’enfant, les parents, les professeurs et les directeurs des 

écoles de Mfou, Yaoundé, Cameroun pour leur participation active aux études amenées 

pendant le cours de cette thèse. Merci aussi a les autorités de sante et l’équipe médicale de 

l’Hôpital de Mfou, particulièrement au Dr. Engelbert Manga, et personnellement à Emmanuel 

Bodzwan, et Constance Efemba pour leur assistance pendant tout le travaille.  

Un grand merci a Rose Nyambam et Sylvie Kemleu-Zebaze pour leur excellence technique et 

me faire commence chaque journée au labo avec un sourire et aussi a Isaac Tchikangwa and 

Etienne Onana pour la grand quantité de moustiques produit et pour me enseigné 

l’importance d’avoir du crédit dans mon téléphone. 

Je veux aussi remercie tout le monde a la maison de passage IRD a Yaoundé, a papa Francis 

et maman Rêne, et tous les amies françaises a Yaoundé, pour les super soirées, les lésons de 

dance et pour me montre la vrai joie de vivre en Afrique. Papa Kitoko reste toujours avec 

vous. On est ensemble!!!!!! 

 



 

VII 

 

Thank you to all the people not mentioned but whose contribution made this work 

possible, such as all the technicians in labs (especially, Tibebu Habtewold, Yasmeen Ghani 

and Amanda Jackson) for the immense help. 

To all the BioMalPar PhD students, for sharing excitements and difficulties and being 

so much fun to be with. But specially Anna Schnitger for being there from the zero hour and 

sharing so much knowledge and friendship; Neha Issar for warmly opening her house to me 

all the time and Andreas Raabe, for being crazy enough to put up with my most peculiar 

enjoyment ideas. 

Finally, thanks to my flat mates, João, Maria and Pedro, as well as the portuguese 

dentist community in London for all the fun together and for making London such a cool 

place to live in. 

 

Ao Vitu, a quem devo muito do que sou e que vai para sempre viver no meu coração. 

SHRA!!! 

A todos os amigos em Portugal por crescerem comigo e fazem o mundo ter mais cor. 

A minha mana e aos meus pais que dão sentido a minha vida  

 

MUITO OBRIGADO!!!!! THANKS A LOT!!!!! 

  

http://openwetware.org/wiki/Kafatos:Habtewold%2C_Tibebu
http://openwetware.org/wiki/Kafatos:Ghani%2C_Yasmeen
http://openwetware.org/wiki/Kafatos:Jackson%2C_Amanda


 

VIII 

 

Table of contents 

Abstract..................................................................................................................I 

Resumo................................................................................................................III 

Acknowledgements..............................................................................................V 

Table of contents..............................................................................................VIII 

List of abbreviations.........................................................................................XIV 

List of figures and tables....................................................................................XV 

 

Introduction|01.............................................................................................1 

1.1 General introduction                                                                                                                     2 

1.1.1 Historical perspective of malaria:                                                                                9 

From the beginning of times and into the 21
st
 century                                                 2 

1.1.2 Malaria burden in the 21
st
 century                                                                               9 

Impact and significance on Global health                                                                    5 

1.1.3 The malaria infection cycle                                                                                           9 

1.1.3.1 Plasmodium parasites                                                                                  10 

1.1.3.2 Anopheles mosquitoes                                                                                  11 

1.1.4 Malaria in humans                                                                                                     14 

1.1.4.1 Diagnosis                                                                                                      14 

1.1.4.2 Clinical features of malaria                                                                         15 

   1.1.4.3 Prophylaxis regimens and treatment resistance                                          18 

1.1.4.4 Human genetic susceptibility/resistance to malaria                                    18 

1.1.5 Malaria prevention and control                                                                                 19 

   1.1.5.1 Prevention and control of malaria related clinical manifestations             20 

   1.1.5.2 Control of mosquito vectors                                                                         22 

1.2  Human malaria transmission                                                                                             25 

  1.2.1 Complexities of human malaria transmission: The Cameroonian example                  25 

  1.2.2 Vectorial capacity                                                                                                          27 

   1.2.2.1 Accurate systematic species identification                                                   28 

1.2.2.2 Hematophagy, a key mosquito behavior                                                      29 

   1.2.2.3 Mosquito-parasite compatibility                                                                  29 

   1.2.2.4 Refractory phenotypes                                                                                  31  



 

IX 

 

1.3 Functional genomics approaches to Anopheles – Plasmodium                       33 

 interactions                                                                                                                                    33 

  1.3.1 Genetic mapping                                                                                                            33 

  1.3.2 High-throughput sequencing and comparative genomics                                             34 

  1.3.3 Transcriptional profiling                                                                                               37 

  1.3.4 Reverse genetic analysis by RNA interference (RNAi)                                                  40 

  1.3.5 Reverse genetic analysis by stable germline transformation                                        43 

1.4 Adaptation of malaria laboratory models to natural                                               33 

transmission systems                                                                                                                 45 

1.4.1 Parasite-related factors influencing the sporogonic development of human                45 

and rodent malaria                                                                                                      46 

1.4.1.1 Parasite density                                                                                            46 

1.4.1.2 Parasite viability                                                                                          48 

1.4.1.3 Parasite environmental requirements                                                          48 

1.4.2 Host-related factors influencing the sporogonic development of human and               45 

rodent malaria                                                                                                             50 

1.4.3 Mosquito-related factors influencing the sporogonic development of human and       45 

rodent malaria                                                                                                             51 

1.4.3.1 Mosquito physiology                                                                                    51 

1.4.3.2 Mosquito microbiota                                                                                    52 

1.4.4 Co-evolution and co-adaptation of mosquito molecular responses                              44 

to Plasmodium infection                                                                   53 

1.4.5 Interspecific interactions between mosquito molecular components, distinct genetic 45 

backgrounds and Plasmodium infections                                                                    54 

1.4.6 Parasite infection mediated fitness costs                                                                      57 

1.4.6.1 Parasite-related fitness costs                                                   58 

1.4.6.2 Infection resistance-related fitness costs.....................................................59 

 

 

 

 

Aims of the thesis|02..................................................................................62 

  



 

X 

 

Transcriptomic analysis of Anopheles 

gambiae responses to Plasmodium 

berghei development 

|03................................................64 

 

3.1 Abstract                                                                                                     65 

3.2 Introduction                                                                                               66 

3.3 Results                                                                                                       68 

3.3.1 Experimental design                                                                                                       68 

3.3.2 Midgut responses to P. berghei development                                                                70 

3.3.3 Temporal gene co-expression of mosquito midgut responses to P. berghei                  76 

development                                                                                                                    72 

3.3.4 Functional classes of co-expressed genes                                                                      74 

3.3.5 Mosquito midgut-immune related responses to P. berghei development                      79 

  3.3.6  Identification and functional holographic projection of immune-related transcriptional 

             modules responding to P. berghei development in the mosquito midgut                      80 

3.3.7 The role of Scavenger immune receptors in mosquito defence against P. berghei       76 

            infection                                                                                                                         86 

3.4 Discussion.................................................................................................91 

 

 

 

 

Conserved Mosquito / Parasite 

interactions affect development of 

Plasmodium falciparum in Africa 

|04................................................96 

 

4.1 Abstract                                                                                                     97 

4.2 Introduction                                                                                               98 

4.3 Results                                                                                                                                              101 

4.3.1 Selection of candidate genes for expression profiling and silencing                          101 

4.3.2 Parasitological survey                                                                                                 101 

4.3.3 A. gambiae infections with P. falciparum in Africa                                                    102 

4.3.4 Effects of gene silencing on P. falciparum and P. berghei infection density              104 

4.4 Discussion...............................................................................................107 

  



 

XI 

 

Transcriptional dynamics of 

Anopheles gambiae responses to 

African Plasmodium 

|05.............................................111 

 

5.1 Abstract                                                                                                   112 

5.2 Introduction                                                                                             113 

5.3 Results                                                                                                     115 

5.3.1 Experimental design, mosquito infections and microarray analysis                          115 

5.3.2 Overall temporal and functional dynamics of Anopheles responses                          122 

          to Plasmodium                                                                                                            121 

5.3.3 Relationship between Anopheles midgut responses to different Plasmodium            125 

            species and infection intensities                                                                                 124 

5.3.4 Plasmodium infection-related transcriptional bias in Anopheles                              128 

            midguts                                                                                                                       127 

5.3.5 Phylogenomic analysis of Anopheles midgut responses to Plasmodium                   130 

5.3.6 Enhanced chromosomal co-localization of transcriptionally biased genes               132 

5.3.7 Major functional determinants of midgut responses to different                                          

            Plasmodium species                                                                                                   133 

5.3.8 GPCR-coupled signalling in response to Plasmodium infections                         135 

  5.3.9 Immune related responses to Plasmodium infection                                                   139 

5.4 Discussion...............................................................................................144 

 

Materials &Methods|06...........................................................................154 

 

6.1 Mosquito / Parasite                                                                                  155 

  6.1.1 Mosquito populations and strains                                                                               155 

  6.1.2 Parasitological survey                                                                                                 156 

  6.1.3 A. gambiae infections with P. falciparum                                                                   156 

  6.1.4 A. gambiae infections with P. berghei                                                                         157 

  6.1.5 In vitro exflagellation assay                                                                                        158 

  6.1.6 Gene silencing in adult A. gambiae mosquitoes                                                          158 

  6.1.7 Mosquito tissue isolation                                                                                             158 

6.2 DNA methods                                                                                          160 

  6.2.1 cDNA production                                                                                                         160 

6.3 RNA methods                                                                                          161 

  6.3.1 Total RNA extraction                                                                                          161 

  6.3.2 dsRNA production for RNAi                                                                         161  



 

XII 

 

6.4 Microarrays                                                                                             162 

  6.4.1 Microarray platform                                                                                                   162 

  6.4.2 Sample amplification                                                                                                   162 

  6.4.3 Sample labeling                                                                                         163 

  6.4.4 Array hybridization & data acquisition                                                                      164 

  6.4.5 Data pre-processing and normalization                                                                     164 

  6.4.6 Identification of differentially regulated genes                                                           165 

  6.4.7 Production of co-expression clusters                                                                          165 

  6.4.8 Analysis of GO and IPR domains                                                                                166 

6.4.9 Identification of transcriptional modules and functional holographic projection    166 

6.5 Statistical methods applied for data evaluation                                      168 

  6.4.1 Gene silencing in adult A. gambiae mosquitoes                                                         168 

  6.4.2 Phylogenomic analysis                                                                                                168 

  6.4.3 Chromosomal co-localization.............................................................169 

 

Supplementary materials|07...................................................................170 

 

7.1 Chapter 03                                                                                            171 

7.1.1 Temporal expression profiles of A. gambiae immune-related genes involved           157 

in midgut response to P. berghei development                                          171 

7.1.2 Scavenger receptors of A. gambiae mosquitoes (Class A)                                         173 

7.1.3 Nucleotide sequences of A. gambiae scavenger receptors                                         174 

7.1.4 Protein sequences of A. gambiae scavenger receptors                                              186 

7.1.5Effect of scavenger receptor gene silencing on P. berghei oocyst development        157 

in A. gambiae                                                                               191 

7.1.6 Effect of scavenger receptor gene silencing on P. berghei ookinete melanization    157 

in A. gambiae                                                                               192 

7.2 Chapter 04                                                                                            193 

7.2.1 Effect of epithelial response-related gene silencing on P. falciparum and                157 

P. berghei development in A. gambiae                                                   193 

7.3 Chapter 05                                                                                            194 

7.3.1 Over-representation of GO terms within up-regulated genes upon P. falciparum    157 

ookinete invasion of the A. gambiae midgut epithelia                                   194 

7.3.2 Over-representation of GO terms within down-regulated genes upon P. falciparum  57 

ookinete invasion of the A. gambiae midgut epithelia                                   195 

7.3.3 Over-representation of GO terms within up-regulated genes upon P. berghei         157 



 

XIII 

 

ookinete invasion of the A. gambiae midgut epithelia                                   196 

7.3.4 Over-representation of GO terms within down-regulated genes upon P. berghei       57 

ookinete invasion of the A. gambiae midgut epithelia                                   197 

7.3.5 Over-representation of InterPro domains within up-regulated genes upon              157 

P. falciparum ookinete invasion of the A. gambiae midgut epithelia                  198 

7.3.6 Over-representation of InterPro domains within down-regulated genes upon         157 

P. falciparum ookinete invasion of the A. gambiae midgut epithelia                  199 

7.3.7 Over-representation of InterPro domains within up-regulated genes upon              157 

P. berghei ookinete invasion of the A. gambiae midgut epithelia                      200 

7.3.8 Over-representation of InterPro domains within down-regulated genes upon         157 

P. berghei ookinete invasion of the A. gambiae midgut epithelia                      201 

7.3.9 Expression of Rhodopsin-like GPCRs (IPR000276) during ookinete invasion         157 

of the A. gambiae midgut epithelia                                                                    202 

7.3.10 Effect of Rhodopsin-like GPCR gene silencing on P. falciparum and P. berghei      57 

development in A. gambiae independently of infection intensity                       203 

7.3.11 Effect of Rhodopsin-like GPCR gene silencing on P. falciparum development      157 

in A. gambiae                                                                            204 

7.3.12 Expression of immune-related genes during ookinete invasion of Anopheles         157 

midgut                                                                                        205 

7.3.13 Effect of immune-related gene silencing on P. falciparum and P. berghei              157 

development in A. gambiae                                                             208 

7.4 Primer sequences……………………………………………………….209 

 

 

 

 

Bibliography|08........................................................................................210 

 

8.1 Papers published or in preparation                                                          211 

8.2 References……………………………………………………………...212 

 

  



 

XIV 

 

List of abbreviations 

 

 

#: number 

A.: Anopheles  

ACTs: Artemisine based combination 

therapies 

ADCI: Antibody-dependent cellular 

inhibition 

Ae.: Aedes 

AMPs: Antimicrobial peptides 

BAC: Bacterial artificial chromosome 

Bp: Base pairs 

Bt: Bacillus thuringiensis 

CACT: Cactus 

CTL: C-type Lectin 

DDT: Dichloro-diphenyl trichloroethane 

DNA: Deoxyribonucleic acid  

DOPA: Dihydroxyphenylalanine 

dsRNA: Double-stranded RNA 

ESTs: Expressed sequence tags 

GABA: Gamma aminobutyric acid A 

GFP: Green fluorescence protein 

GIS: Geographical information system 

Gmean: Geometric mean 

GO: Gene ontology 

GPCR: G protein-coupled receptor 

GPI: Glycosyl phospatidyl inositol 

HbS: Sickle haemoglobin 

IPT: Intermittent Preventive Treatment 

IRS: Indoor residual spraying 

ITNs: Insecticide-treated nets 

Kd: Gene knockdown 

LLINs: Long-lasting insecticidal mosquito 

LPS: Lipopolysaccharides 

LRIM: Leucine rich repeat immune 

protein 

LRR: Leucine Rich Repeat 

LTA: Lipoteichoic acid 

N: Total number in group 

NO: Nitric oxide 

NOS: Nitric oxide syntase 

PBS: Phosphate-buffered saline 

PCA: Principal Component Analysis 

PCR: Polymerase chain reaction 

PGN: Peptidoglycans 

PM: Perithrophic matrix 

POs: Phenoloxidases 

PRR: Pattern recognition receptors 

QTLs: Quantitative trait loci 

RBCs: Red blood cells 

REML: Residual Maximum Likelihood 

RNA: Ribonucleic acid 

RNAi: RNA interference 

ROS: Reactive oxygen species 

rRNA: Ribossomal RNA 

RS: Remote sensing 

SCRs: Scavenger immune receptors 

SE: Standard error 

SIT: Sterille insect technique 

SNPs: Single Nucleotide Polymorphisms 

TEP: Thio-ester containing protein 

TSP: Thrombospondin 

WBC: White Blood Cell 

WHO: World Health Organization 

  



 

XV 

 

List of figures and tables 

 

Introduction|01.............................................................................................1 

Figure 1.1 Evolution of malaria related mortality                                                    4 

Figure 1.2 Malaria burden and control status                                                          5 

Figure 1.3 Malaria cases and deaths in Africa                                                         6 

Figure 1.4 Relationship between climate and malaria transmission in the African 6 

continent, 2005                                                                                        8 

Figure 1.5 The Plasmodium life cycle                                                                9 

Figure 1.6 Global distribution of dominant malaria vectors                              12 

Figure 1.7 Life cycle and anatomy of Anophelines                                           13 

Figure 1.8 Microscopic diagnosis of human malaria                                        15 

Figure 1.9 Typical temperature patterns (fever) in relation to blood-stage              6 

schizogony for the human malarial parasites                                       16 

Figure 1.10 Clinical manifestations of malaria                                               17 

Figure 1.11 Current drug pipeline                                                                   20 

Figure 1.12 Current vaccine pipeline                                                               22 

Figure 1.13 Distribution of epidemiological prototypes for malaria transmission  6 

in Cameroon                                                                                             27 

Figure 1.14 Parasite losses in the mosquito vector                                           30 

Figure 1.15 Refractory phenotypes of malaria vectors                                      31 

Figure 1.16 Chromosomal localization of major QTLs controlling mosquito          6 

refractoriness to malaria parasites                                                      34 

Figure 1.17 Evolution of immune signalling pathways in A. gambiae,                     6 

D. melanogaster and A. aegypti.                                                  37 

Figure 1.18 Mosquito agonist and antagonists of Plasmodium development       41 

Figure 1.19 Anopheles immune reactions against Plasmodium parasites            42 

Figure 1.20 Model relationships between P. falciparum gametocyte density       42 

and mosquito infectivity                                                             47 

Figure 1.21 Refractoriness of the A. gambiae L3-5 strain                                        55 

Figure 1.22 Immunosuppression in A. aegypti by P. gallinaceum.....................60 

  



 

XVI 

 

Transcriptomic analysis of Anopheles 

gambiae responses to Plasmodium 

berghei development 

|03................................................64 

 

Table 3.1 A. gambiae infections with P. berghei                                             68 

Figure 3.1 Plasmodium development in the mosquito and sampled stages for        6 

microarray analysis of midgut responses                                               69 

Figure 3.2 Transcriptional responses of the A. gambiae midgut to different           6 

P. berghei developmental stages                                                            70 

Table 3.2 Differential gene expression during P. berghei development                9 

in the A. gambiae midgut                                                                           71 

   Figure 3.3 Clusters of temporal co-expression for Anopheles midgut responses 13 

to P. berghei development                                                                         73 

Figure 3.4 Coordinated temporal expression of functional gene groups              76 

Table 3.3 Over-representation of Gene Ontology (GO) terms within temporal    17 

co-expression clusters                                                                             77 

Table 3.4 Over-representation of InterPro protein domains within temporal       17 

co-expression clusters                                                                             78 

Figure 3.5 Temporal expression profiles of A. gambiae immune-related genes      6 

involved in the midgut response to P. berghei development                   79 

Figure 3.6 Transcriptional modules of immune-related genes showing                22 

differential expression upon P. berghei infection                                   82 

Figure 3.7 Holographic representation of immune-related transcriptional          22 

modules responding to P. berghei infection                                           85 

Figure 3.8 Scavenger receptors of A. gambiae mosquitoes                                   88 

             Figure 3.9 Effect of A. gambiae scavenger receptors on P. berghei                        

development..............................................................................89 

 

Conserved Mosquito / Parasite 

interactions affect development of 

Plasmodium falciparum in Africa 

|04................................................96 

 

Table 4.1 Summary of P. falciparum parasitological survey in                           101 

Mfou, Cameroon                                                                                   102 

Table 4.2 Mosquito infections with P. falciparum gametocyte carriers            103 

Figure 4.1 Effect of RNAi gene silencing on Plasmodium oocyst densities       105 

Figure 4.2 Forest plots of meta-analysis for standardized mean difference of        6 

gene silencing effect on parasite development................................106  



 

XVII 

 

Transcriptional dynamics of 

Anopheles gambiae responses to 

African Plasmodium 

|05..............................................111 

 

Figure 5.1 Schematic illustration of the experimental design                          115 

Table 5.1 A. gambiae infections with P. falciparum isolates and                        101 

P. berghei lab strain                                                                   116 

Figure 5.2 A. gambiae infections used for expression profiling experiments     118 

Figure 5.3 Comparison of various thresholds for the identification of                42 

differentially regulated genes upon Plasmodium infection                121 

Figure 5.4 Differentially regulated genes in Anopheles midgut upon                 42 

Plasmodium infection                                                                123 

Figure 5.5 Comparison of Anopheles transcriptional responses to different        42 

Plasmodium species                                                                  125 

Figure 5.6 Comparison of Anopheles transcriptional responses to different        42 

Plasmodium infection intensities                                                 127 

Figure 5.7 Transcriptional bias of differentially regulated genes upon                42 

Plasmodium infection                                                                           128 

Figure 5.8 Transcriptional bias for differentially regulated genes of                    42 

selected functional classes                                                          130 

Figure 5.9 Relationships between differential regulation upon infection,             42 

gene content and sequence divergence                                         131 

Figure 5.10 Association between differential regulation upon Plasmodium         42 

infection and the Pfin genetic locus                                              133 

Figure 5.11 Functional analysis of Anopheles responses to different                 42 

Plasmodium infections                                                               134 

Figure 5.12 Expression of Rhodopsin-like GPCRs (IPR000276) during             42 

ookinete midgut invasion (T2)                                                     136 

Figure 5.13 Effect of RNAi-mediated gene silencing of selected                         42 

Rhodopsin-like GPCRs on Plasmodium infection in A. gambiae       138 

Figure 5.14 Transcriptional regulation and impact of selected immunity-related   2 

genes on Plasmodium development in A. gambiae..........................141 

 

 



 

- 1 - 
 

 



General Introduction |01 

- 2 - 
 

1.1 General Introduction 

 

Malaria is one of the most common human infectious diseases and a major killer 

worldwide. It is caused by a protozoan parasite that develops partly in humans and in 

mosquitoes. Malaria is widespread in tropical and subtropical regions, including parts of 

South and Central America, Asia, and Africa, where it strikes millions of people. Each year, 

as many as 2 to 3 million people fall victim of this disease, mostly infants and children in 

Sub-Saharan Africa, where it is still today the major cause of paediatric mortality and 

morbidity. Malaria is truly a disease of the poor, but above all it is a direct cause of poverty, 

leading to a severe slowing of the economic development and growth, and thus perpetuating 

poverty. 

 

 

1.1.1 Historical perspective of Malaria – From the beginning of times and into the 21st 

century 

Malaria is one of the oldest diseases described.  It has probably coevolved with 

humans for 50000 years, even before the discovery of agriculture, making it a continuous 

menace throughout the recent history of our species. Early Egyptians wrote about malaria and 

the famous Greek physician Hippocrates was the first to make a detailed clinical description. 

In ancient Rome, malaria was believed to be associated with marshes and swamps and special 

draining and drying out procedures for stagnant water were devised. As people blamed the 

unhealthiness in these areas on the putrid and poisonous vapours that wafted out from the 

swamps, the disease was named malaria from the Latin word “mal aria” or bad air (reviewed 

in (Bruce-Chwatt, Gilles et al. 1993). 

This disease became the subject of intensive research efforts as it stood as an 

important obstacle to the expansion of colonial armies in Africa, South East Asia and 

America and major progress was achieved on the understanding and control of malaria during 

the 19
th

 and 20
th

 centuries. The causative agent of malaria was discovered in 1880, when 

Charles Louis Alphonse Laveran, a French army doctor working in Constantine, Algeria, 

observed for the first time, parasites inside the red blood cells of people suffering from 

malaria. He proposed that the relapsing fevers observed in malaria patients were caused by 

this protozoan later called Plasmodium by the Italian scientists Ettore Marchiafava and 

Angelo Celli. Nearly 20 years later, following earlier suggestions by Josiah C. Nott, and work 
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by Patrick Manson on the transmission of filariasis (another parasitic disease caused by a 

thread-like nematode worms), Sir Ronald Ross working in Calcutta, India, finally proved that 

malaria was transmitted by mosquitoes through the identification of oocysts – a specific 

developmental stage of malaria parasites - in the midgut wall of mosquitoes and by isolating 

malaria parasites from the salivary glands of mosquitoes that previously fed on infected 

blood. At the same time, pioneering work by Battista Grassi and his colleagues, Amico 

Bignami and Giussepe Bastianelli, demonstrated that the only transmission vectors to humans 

are mosquitoes of the genus Anopheles, and most importantly, not all mosquito species but 

only a few can act as vectors. 

The first effective treatment for malaria was introduced in Europe by Jesuit 

missionaries in the 17
th

 century. They learned from inhabitants of Peru that the bark of 

cinchona tree, which grows on the slopes of the Andes, could be used to treat malaria 

associated fevers. However, it was not until 1820 that the active ingredient, quinine, was 

extracted and isolated from the bark by the French chemists Pierre Joseph Pelletier and 

Joseph Bienaimé Caventou. This drug component was later modified and developed into the 

safer and cheaper chloroquine, a potent and widely used antimalarial drug. 

The discovery of this extremely efficacious drug, together with the development of 

the very potent insecticide dichloro-diphenyl trichloroethane (DDT), prompted the launch of 

an ambitious program for worldwide eradication of malaria by the WHO in 1955. The 

systematic control of the insect vector was conducted in two fronts: 1) reclamation of marshy 

environments and 2) biological and chemical control of mosquito vectors. The program met 

with success mostly in industrialized countries and areas where the ecological conditions 

were less favourable for anopheline vectors. However, largely due to the development of 

mosquito resistance to DDT and the appearance and spread of Plasmodium chloroquine 

resistance, the eradication program was abandoned in 1969. By that time, malaria had been 

controlled and in some cases eradicated from most industrialized and affluent countries, 

leading to a declining interest in malaria throughout the 1970’s and early 1980’s, with little 

investment in research, drug discovery and control programs (Fig. 1.1) 

What had been one of the best-studied infections so far suddenly became an 

unprofitable disease due to market forces, with still today very few major pharmaceutical 

companies having active programs for the development of new antimalarial compounds. 

Furthermore, sub-Saharan Africa countries, where is predominant the most competent 

vector of human malaria, Anopheles gambiae sensu lato (s.l) and where the environment is 

particularly favourable to malaria transmission, were mostly excluded from the eradication 
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campaign. Therefore, it is widely agreed that during this period the malaria situation 

deteriorated and mortality increased specially in this part of Africa, which still today sustains 

the major burden of malaria morbidity with the disease affecting probably more people than 

ever before. 

Fig 1.1 Evolution of malaria related mortality  

(adapted from (Carter and Mendis 2002) and The Global Malaria Action Plan, Global Partnership to 

Roll Back Malaria, 2008) 

 

At the moment, WHO (World Health Organization) greatly encourages and supports 

the creation of malaria control programs in endemic countries. However malariologists and 

health officials more modestly talk about sustainable control of disease rather than 

eradicating it. Decreasing mortality and morbidity associated to malaria are the present goals 

and the best available tools include impregnated bed nets and a shrinking number of effective 

antimalarial drugs. 

Additionally, malaria is currently re-emerging in some of the places where it had been 

previously eradicated. The ease of travel and a global economy are bringing the malarious 

areas closer than ever to the rest of the world, leading to a renewed interest and consequent 

increased mobilization of resources for malaria research and control (Fig.1.2). 

Global partnerships and several collaborative programs such as Roll Back Malaria (RBM), 

the Multilateral Initiative on Malaria (MIM), the WHO/World Bank/UNDP Special Program 

on Tropical Disease Research (TDR), the European Malaria Vaccine Initiative (EMVI), the 

African Malaria Network Trust (AMANET), the Bill and Melinda Gates Foundation Malaria 
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Partnership, the Medicines for Malaria Venture (MMV) and Biology of the Malaria Parasite 

programme (BioMalPar) of the European Commission, have been launched in the past few 

years and are drawing much needed resources into malaria research. Even though the actual 

impact of these programs on the daily lives of people suffering from malaria is still not 

satisfactory, they make the dream of a better future seems closer. 

 

 

Fig. 1.2 Malaria burden and control status  

(adapted from The Global Malaria Action Plan, Global Partnership to Roll Back Malaria, 2008) 

 

 

1.1.2 Malaria burden in the 21st century – Impact and significance on Global health 

Three types of epidemiological settings are used to broadly describe the global 

situation of malaria: area with stable endemic malaria, area with unstable malaria and area 

free of malaria. Several indicators have been used to describe malaria burden in endemic 

areas, such as the prevalence of enlarged spleen (spleen index) in children of 2-9 year of age 

and the prevalence of malaria parasite in blood smears from children in the same age range. 

However these key indicators do not always correlate with morbidity, mortality and the 

dynamic malaria transmission in the overall population. They need to be associated with 

indicators of malaria mortality and clinical presentations of malaria morbidity, such as severe 

anaemia and parasitemia-associated fever. 
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In 2005, the WHO World Malaria Report classified malaria as an endemic disease in 

107 countries and stated malaria as a withstanding global problem putting at risk of infection 

3.2 billion people. It is estimated that 300 to 500 million clinical episodes occur each year 

leading to 1.5 to 2.7 million deaths worldwide. After tuberculosis, malaria is the second most 

frequent infectious disease in the world. Eighty percent of fatal malaria cases are in Sub-

Saharan Africa, where malaria accounts for 20% of all childhood deaths. The disease exerts 

its heavy toll into young children and pregnant women, which taken together represent the 

two main risk groups. Outside Africa, two-thirds of the cases occur in just three countries: 

Brazil, India and Sri Lanka (UNICEF. and Global Partnership to Roll Back Malaria. 2005). 

The malaria situation has worsened in Africa during the past decades and the number of 

confirmed cases is on a worldwide increase. Many biological and environmental factors 

shape the character of malaria leading to an heterogeneous distribution and impact in 

countries of nearby geographic locations (Fig. 1.3) (reviewed in (Greenwood and 

Mutabingwa 2002). 

 

 

Fig. 1.3 Malaria cases and deaths in Africa  

(adapted from The Global Malaria Action Plan, Global Partnership to Roll Back Malaria, 2008) 
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Nearly all the people who live in endemic areas are exposed to infection repeatedly. 

Those who survive malaria in their childhood gradually build up some immunity. They may 

carry the infection, serving as reservoirs for transmission by mosquitoes without developing 

severe disease. In other areas, where the infection rate is low, people do not develop 

immunity because they are rarely exposed to the disease. This makes them more susceptible 

to the ravages of an epidemic which can occur when conditions are put on together that allow 

the mosquito population to suddenly increase. 

Political instability such as civil wars and refugee migrations allows the transfer of 

malaria from country to country. This can lead to the sudden collapse of health services and 

thus, increase the number of people at risk. 

Environmental and climatic changes, such as floods associated with rains, 

construction of small dams, have elevated the number of local mosquito populations leading 

to an increase in infective bites. Moreover, predictions of an increase in mosquito populations 

due to the recently identified global warming problem and the climatic changes it involves, 

announce a further increase in the global burden of this disease. The integration of 

environmental indicators is essential to better understand malaria incidence. The new tools of 

remote sensing (RS) and Geographical Information System (GIS) serve to integrate 

information on various environmental factors including climate and altitude. These 

approaches allow a more successful mapping of the different levels of malaria distribution 

and predict rather reliably the occurrence of malaria epidemics in given areas (Fig.1.4). 

Appropriate strategies for malaria control vary according to the epidemiological 

setting and the resources available, with human susceptibility / resistance to malaria playing 

an important role in custom-made control strategies. 

 

The global strategy for malaria control adopted by WHO in 1992 recommended: 

1) Early diagnostic and prompt treatment 

2) Planning and implementation of preventive, selective and sustainable vector control 

measures such as use of insecticide impregnated materials 

3) Detection and prevention of epidemics 

4) Strengthening local capacities in basic and applied research to permit and promote the 

regular assessment of the country’s malaria situation, in particular ecological, social, 

and economic determinants of the disease 
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Most importantly, malaria is a major cause of economic and social poverty. It has been 

estimated that the economic burden associated with this disease reduces in 1.3% the annual 

economic growth rate leading to a loss in the gross national product of more than 50% (Sachs 

and Malaney 2002). Malaria perpetuates poverty: it affects workers productivity and 

augments absenteeism, increases medical costs and premature mortality, decreases saving, 

foreign investment and tourism. Reciprocally, poverty augments malaria transmission as it 

reduces the expenditures on prevention, treatment and on governmental control programs. 

 

 

Fig.1.4 Relationship between climate and malaria transmission in the African continent, 2005 

(modified from MARA/ARMA international collaborative project) 
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1.1.3 The Malaria infection cycle 

Malaria is such a successful disease in part because it is a vector borne disease. This 

means that the disease causing parasites of the genus Plasmodium share their life between 

two hosts: a vertebrate and a female mosquito (definitive host). Plasmodium parasites 

complete their sexual development in the mosquito and use it for transmission into the 

vertebrate host where they then go through 3 phases of asexual development (Fig 1.5). Most 

importantly, only particular combinations of Plasmodium parasites and mosquito species 

allow successful completion of this life cycle (reviewed in (Bruce-Chwatt, Gilles et al. 1993; 

Sherman 1998). 

 

 

 

Fig.1.5 The Plasmodium life cycle.  

Schematic representation of the different parasite developmental stages in the vertebrate host (right) 

and the mosquito vector (left). (Adapted from http://www.cdc.gov/Malaria/biology/life_cycle.htm) 
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1.1.3.1 Plasmodium parasites 

 There are four species of the apicomplexan, protozoan parasite of the genus 

Plasmodium that can cause malaria in humans: P. falciparum, P. vivax, P ovale and P. 

Malariae. Only two are highly prevalent, P. falciparum and P. vivax. Although P. vivax 

malaria is the most common, malaria caused by P. falciparum is the most lethal and accounts 

for 90% of the malaria deaths in Africa and about 50% in South East Asia/Latin America 

(UNICEF. and Global Partnership to Roll Back Malaria. 2005). 

 

The life cycle of the malaria parasite can be divided into 3 phases with 

morphologically different forms of the parasite taking part in each of the phases (Fig. 1.5): 

1) Exo-erythorocytic phase: When a sporozoite infected mosquito bites, this parasite 

form gets injected into the host skin and starts an active “crawling” to reach the bloodstream. 

The number of parasites required to start is very low: as few as 2 to 10 sporozoites seem to be 

sufficient (Amino, Menard et al. 2005; Amino, Thiberge et al. 2006). Within ~30minutes, 

sporozoites reach the liver where they invade cells and transform into hepatic trophozoites. 

Trophozoites grow for several days, distending and destroying hepatic cells (Frevert 2004). 

Eventually they differentiate into merozoites which are released from the hepatic cells into 

the blood stream. 

2) Erythrocytic schizogony phase: Merozoites released from the hepatic cells enter 

the bloodstream, and within minutes invade red blood cells (RBCs), becoming erythrocytic 

trophozoites. By consuming haemoglobin, they acquire a characteristic malaria pigment and 

divide asexually to produce more merozoites. Every 36-72 hours (depending on the 

Plasmodium specie) the infected RBCs rupture, releasing metabolic by-products and 8-16 

merozoites which can go on to invade new RBCs and start a new cycle (reviewed in (Frevert 

2004; Yuda and Ishino 2004). Eventually, up to 10% of all RBCs may become infected. At 

some point during the course of the infection, most notably when the asexual proliferation 

slows down, the merozoites grow but do not divide, producing sexual parasites in a subset of 

infected RBCs named gametocytes. Gametocytes are the gamete precursors, distinguishable 

as males (Microgametocyte) and female (Macrogametocyte) which rest inert in the vertebrate 

host blood until ingested by a mosquito during a blood meal. A population of mature P. 

falciparum gametocytes has a half-life of 2.5 days but may persist at levels infective to 

mosquitoes for periods as long as 22 days (Smalley and Sinden 1977). 

3) Sporogonic phase: Upon being taken up in a blood meal by a biting mosquito, the 

gametocytes transform into gametes. The male gametocyte undergoes exflagellation 
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producing up to 8 male gametes (microgametes), while the female gametocytes produce only 

one female gamete (macrogamete) each. Gametogenesis occurs within 10-15 minutes 

following uptake of a blood meal and is triggered by mosquito factors, a drop in temperature 

and a change in pH. Microgametes actively find and fertilize macrogametes which fuse to 

form a zygote. The zygote then develops into a motile form, the ookinete, which will 

sequentially transverse the mosquito peritrophic membrane and midgut epithelial mono-layer 

to erupt on the basal side of the midgut (outer side). The Plasmodium parasite becomes 

diploid only during the zygote and ookinete stages; thereby the mosquito is considered the 

parasite’s definitive host. After having crossed the midgut epithelia, the ookinete develops on 

the basal side of the midgut into an oocyst, which undergoes maturation for approximately 2 

weeks. During the maturation process, a meiotic cycle is followed by several rounds of 

mitosis to produce thousands of haploid sporozoites. Upon completion of the maturation 

process, the oocyst ruptures and releases the sporozoites that travel through the mosquito 

hemacoel in the hemolymph until they reach the mosquito salivary glands. In the salivary 

glands, sporozoite stage parasites cross a second mosquito epithelium, this time from the 

basal to the apical side, and accumulate within the glands ducts. Parasites are injected into the 

next vertebrate host with the mosquito saliva, which contains a mixture of anti-haemostatic, 

anti-inflammatory and immunomodulatory components. This marks a new start of the cycle 

(Ghosh, Edwards et al. 2000).  

 

 

1.1.3.2 Anopheles mosquitoes 

There are more than 2500 known mosquito species. Approximately 400 belong to the 

genus Anopheles, out of which 30 to 40 transmit the four different species of parasites of the 

genus Plasmodium that cause human malaria (Fig. 1.6). Anopheles gambiae s.l is one of the 

best known, because of its predominant role in the transmission of the most dangerous 

parasite P. falciparum (Clements 1992; Beaty and Marquardt 1996). 

 

Mosquito life cycle 

Anophelines, like all mosquitoes, go through four stages in their life cycle: egg, larva, 

pupa, and adult (imago) (Fig. 1.7). The first three pre-adult stages are aquatic and last 5 to 11 

days. The life span of adult mosquitoes can reach 2 months (or more in captivity) but most 

probably does not exceed one month in nature. Most importantly, only adult females bite 

humans and other animals for a blood meal and therefore act as malaria vectors.  
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Fig. 1.6 Global distribution of dominant malaria vectors  

(Adapted from (Kiszewski, Mellinger et al. 2004) 

 

1) Eggs: Adult females lay 50-200 eggs per oviposition. Each egg is laid directly on 

water. They present a curved form and are approximately 0.5mm long. Anopheline eggs are 

unique in having air-filled floats on either side. The inferior part is convex while the superior 

part is more or less plane. Eggs normally hatch within 2-3 days, during which they are not 

resistant to drying, however they may take longer to hatch in cold climates. 

2) Larval stage: The larval stage is always aquatic. Larvae feed on organic matter, 

microorganisms in the surface microlayer and even on each other. They obtain oxygen 

through spiracles located on the 8th abdominal segment and dive below the surface only 

when disturbed. In contrast to other mosquitoes, Anopheles larvae lack a respiratory siphon 

and for this reason position themselves so that their body is parallel to the water surface. 

Larvae develop through 4 stages, or instars, after which they metamorphose into pupae. At 

the end of each instar, the larvae molt, shedding their exoskeleton, or skin, to allow further 

growth. Larvae occur in a wide range of habitats but most species prefer clean, unpolluted 

water. Anopheline larvae have been found in fresh or salt-water marshes, mangrove swamps, 

rice fields, grassy ditches, the edges of streams and rivers, and small, temporary rain pools. 
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3) Pupae: The pupa is comma-shaped when viewed from the side. The head and 

thorax are merged into a cephalothorax with the abdomen curving around underneath. Like 

larvae, pupae must frequently come to the surface to breathe, which they do through a pair of 

respiratory trumpets on the cephalothorax. They do not feed but are extremely active, unlike 

most other insect species. 

4) Adult: Adult Anopheles mosquitoes have bodies encompassing 3 sections: head, 

thorax and abdomen. The head is dedicated in acquiring sensory information and feeding. It 

contains a pair of long antennae for detecting host odours as well as odours of breeding sites 

where females lay eggs and a forward-projecting proboscis used for feeding. The thorax is 

specialized for locomotion with three pairs of legs and a pair of wings attached. The abdomen 

is focused on food digestion and egg development. Male and female adult Anopheles can be 

distinguished by the size of their antennae (larger in males than females) and they usually 

mate within a few days after emerging from the pupal stage.  

 

 

Fig 1.7 Life cycle and anatomy of Anophelines  

A) Developmental stages of Anopheles mosquitoes. B) General anatomy of a female Anopheles 

mosquito. C) Structure of a male and female Anopheles mosquito head D) Internal anatomy of a 

female Anopheles mosquito. 1. probocis; 2. Antenna; 3. Maxillary palpus; 4. Eye; 5. Occiput; 6. 

Anterior pronotal lobe;7. Mesonotum; 8. Scuttellum; 9. Postnotum; 10. Haltere; 11. Cerci; 12. Wing; 

13. Femur; 14. Tibia; 15. Tarsus; 16. Pharynx; 17. Pharyngeal pump; 18. Oesophagus; 19. Dorsal 

diverticula; 20. Proventriculus; 21. Midgut; 22. Stomach; 23. Ovary; 24. Rectum; 25. Cerci; 26. 

atrium; 27. Spermatheca; 28. Oviduct; 29. malpighian tubules; 30. Ventral diverticulum; 31. Salivary 

glands; 32. Salivary duct; 33. Salivary pump. (adapted from (Bruce-Chwatt, Gilles et al. 1993)) 
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1.1.4 Malaria in humans 

 Active malaria infection in humans is a medical emergency, which requires prompt 

diagnosis and rapid prophylaxis in order to avoid long term sequels and death. 

Effective treatment needs to take into account possible drug resistance and the 

acquired or genetic susceptibility/ resistance to malaria infection. 

 

 

1.1.4.1 Diagnosis 

In most cases malaria is a curable disease, and provided everyone has access to early 

diagnosis and appropriate treatment, nobody should die from it. Diagnosis of malaria 

involves the identification of malaria parasites or of its antigens/metabolic products in the 

blood of the patient. The two most commonly used blood test methods for malaria diagnosis 

are distinguishable in that one is microscopy based and the other not (Bruce-Chwatt, Gilles et 

al. 1993).  

The most economic and reliable diagnosis of malaria relies on the microscopic 

examination of blood films which allows to distinguish between the four major Plasmodium 

species (Fig. 1.8). Two sorts of blood film are traditionally used both relying on a Giemsa 

stain. Thin films, similar to regular blood films, allow better species identification as the 

parasite's morphology is best preserved in this preparation. Thick films allow the 

microscopist to screen a larger volume of blood and are roughly eleven times more sensitive 

than the thin film, thus picking up lower levels of infection. From the thick film, an 

experienced microscopist can detect parasite levels (or parasitemia) down to as low as 

0.0000001% of red blood cells. However, the appearance of the parasite is much more 

distorted and to distinguish between different species can be more difficult. With the pros and 

cons of both thick and thin smears taken into consideration, it is imperative to utilize both 

smears while attempting to make a definitive diagnosis and that blood collection be correctly 

done (Warhurst and Williams 1996).  

Other detection methods rely on antigen detection tests requiring only a drop of blood 

can be used (also called malaria Rapid Diagnostic Tests, Antigen-Capture Assay or 

"Dipsticks"). These tests use finger-stick or venous blood, take a total of 15 to 20 minutes, 

and a laboratory setting is not required. The threshold of detection by these rapid diagnostic 

tests is in the range of 100 parasites/µl of blood compared to 5 parasites/µl by thick film 

microscopy. More elaborate tests based on PCR represent the most sensitive method. 
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Importantly, in the framework of this PhD thesis, it was demonstrated that even sub-

microscopic gametocytemias (not detectable by microscopic examination of blood films) are 

sufficient to allow transmission to susceptible mosquitoes (Schneider, Bousema et al. 2007) 

 

 

Fig. 1.8 Microscopic diagnosis of human malaria.  

Left, Diagram of the correct technique of blood collection for a thin or thick blood film. 1) The 

second or third finger of the left hand are generally selected; 2) The site of puncture is the side of the 

ball of the finger, not too close to the nail bed; 3) If the blood does not well up from the puncture, a 

gentle squeeze will bring it up; 4) The slide must always be grasped by the edges; 5) The size of the 

blood drop is controlled better if the finger touches the slide from bellow. Right: A & B) Common 

aspect of a Giemsa stained thick blood film showing a P. falciparum macrogametocyte (A) and ring 

stages of the same parasite (B); C & D) Common aspect of a Giemsa stained thin blood film showing 

a P. falciparum macrogametocyte (C) and (D) ring stages of the same parasite. (adapted from (Bruce-

Chwatt, Gilles et al. 1993) and pictures from http://commons.wikimedia.org) 

 

 

1.1.4.2 Clinical features of malaria 

After passage through liver cells, Plasmodium invades red blood cells (RBC) and 

asexually multiplies within them. Upon parasite maturation, RBCs rupture and metabolic by-

products are released into the blood stream together with the new plasmodia causing fever. 

This cycle of fever fits can vary from a few up to 72 hours. 

The clinical features of malaria can also vary between individuals depending on their 

immunological history and parasite specie.  
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Three types of malaria can be distinguished based on the parasite specie involved (Fig. 1.9): 

1) Malaria tertiana caused by 

Plasmodium vivax or Plasmodium ovale 

typically presents a cycle of fever fits that 

last up to 4 hours and are recurrent every 

48 hours. Recovery is possible without 

treatment usually after three to four 

weeks.  However recurrence is common 

during the following five years. 

2) Malaria quartana: caused by 

Plasmodium Malariae is characterized by 

fever fits similar to those of malaria 

tertiana but with longer cycles of 72 hours 

in-between. Recovery treatment is usually 

possible within eight weeks, and 

recurrence can occur within the following 

year. 

3) Malaria tropica: caused by 

Plasmodium falciparum can present 

recurrent fever every 36-48 hours or a less 

pronounced and almost continuous fever. 

It is the most deadly form of malaria and 

can lead to relapse with some gravity and 

danger. 

 

Fig. 1.9 Typical temperature patterns (fever) in relation to blood-stage schizogony for the 

human malarial parasites (adapted from (Bruce-Chwatt 1985)) 

 

There are three types of clinical manifestations of malaria (Fig. 1.10): 

1) Severe Malaria: almost exclusively caused by P. falciparum. Infection can 

progress extremely rapidly and if untreated, cause death within hours or days, particularly in 

young children. Splenomegaly (enlarged spleen), severe headaches, cerebral ischemia, 

hepatomegaly (enlarged liver), hypoglycaemia, and hemoglobinuria associated with renal 

failure may occur. 
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2) Chronic Malaria: the term is applied when the disease relapses months or years 

after exposure, due to the presence of latent parasites in the liver or in RBC for P. malarie. 

This commonly occurs for P. vivax and P. ovale, but not P. falciparum infections. However, 

P. falciparum infections commonly lead to chronic effects in most endemic areas, as the 

parasite may persist in the blood at non-clinical levels (due to partially effective immunity or 

incomplete drug treatment) and then proliferate to cause symptomatic illness. If untreated the 

disease can progress causing a variety of serious complications such as local blockage of 

blood vessels leading to cerebral malaria, coma and death. For sufferers without partial 

immunity (e.g. Western travellers, migrant workers), death may occur as soon as within 24 

hours after the first appearance of symptoms. Describing a case of malaria as cured by visual 

disappearance of parasites from the bloodstream can therefore be deceptive.  

3) Malaria during pregnancy: malaria infection during pregnancy can have adverse 

effects on both mother and fetus, including maternal anaemia, fetal loss, premature delivery, 

intrauterine growth retardation, and delivery of low birth-weight infants (<2500 g). 

 

 

 

Fig. 1.10 Clinical manifestations of malaria (adapted from (Breman, Alilio et al. 2004) 
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1.1.4.3 Prophylaxis regimens and treatment resistance 

Treatment is a critical component of malaria control since it can prevent death from 

contracting this disease. However the efficiency of this strategy depends largely on drug 

efficacy and availability. Resistance of Plasmodium parasites to chloroquine and other 

affordable drugs such as sulfadoxine-pyrimethamine and amodiaquine have limited the use of 

these drugs and are a serious threat to malaria control. Efforts have been developed to 

discover new drugs and to combine anti-malarials as to increase their efficiency and delay the 

development of resistance (reviewed in (Ridley 2002)). Research programs have explored the 

mechanisms of resistance to drugs. Molecular markers for monitoring drug resistance are 

now available, allowing national malaria control programs to make an evidence-based 

decision when establishing any anti-malarial policy. WHO recommends combination therapy 

as treatment policy for malaria in all countries with resistance to chloroquine and/or 

sulfadoxine-pyrimethamine. Artemisine based combination therapies (ACTs) are highly 

efficacious drugs against chloroquine resistant malaria and offer an additional benefit of 

reducing the gametocyte carriage, thus decreasing malaria transmission. More than 40 

malaria-endemic countries have adopted ACTs as a first line treatment (World Health 

Organization. Roll Back Malaria Dept. 2006). 

Careful prophylactic regimens are necessary to prevent malaria during pregnancy, 

which include the administration of a curative dose of antimalarial at set time intervals. 

Intermittent Preventive Treatment (IPT) using sulfadoxine-pyrimethamine is recommended 

by the WHO in all areas with stable transmission of malaria. This simple procedure has now 

been introduced in 26 African countries and was shown to reduce the incidence of the first 

malaria episode by more than 50%.  

 

 

1.1.4.4 Human genetic susceptibility/resistance to malaria 

Humans display different degrees of resistance / susceptibility to malaria infections 

and several factors have been proposed to affect parasite development in humans. With 

African populations being the most genetically diverse in the world, the study of the genetic 

basis for resistance/susceptibility was been particularly rewarding in Africa. Additionally, 

African populations include many ethnic groups, some of which have been shown to be 

comparatively more resistant to malaria. However, quantifying the contribution of host 

genetic determinants in the variation to disease susceptibility is very complex. Resistance is 

mostly related with the absence of RBC proteins or with abnormalities in the structure of 
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RBC’s, rendering the erythrocytes non permissive to parasite entry. RBCs polymorphisms 

associated with resistance to malaria are structural changes of the β chain of haemoglobin 

(type S, C, E or F); abnormalities of globins chain synthesis (α and β thalassemia); 

deficiencies in red blood cells enzymes (glucose-6-phospahte-dehydrogenase) and changes at 

the membrane of red blood cell (Duffy antigens). The hemoglobinopathie characterized by 

sickle haemoglobin (HbS) is the best documented form of genetic resistance, with its 

characteristic sickle-shaped RBCs (Williams 2006). Heterozygotes for this recessive 

autosomal trait have fewer manifestations of the disease than homozygote’s but are protected 

against severe malaria. Even if the person carries malaria, a portion of the RBCs cannot be 

infected, leading to decreased disease manifestation and transmission. Due to this 

advantageous mutation, the gene for sickle cell anaemia has been maintained at high 

frequencies in African populations. 

Host genetic factors, such as the major histocompatibility molecule HLA-B53 and the 

CD36 receptor have been associated with protection against severe malaria, conferring a big 

reduction in life-threatening complications of malaria. Polymorphisms in the TNF 

transcription start site were also proposed as factors of susceptibility as they could be found 

in Gambian and Kenyan children presenting cerebral malaria (McGuire, Hill et al. 1994). The 

genetic approach aims to correlate differences in disease frequencies between groups with 

different polymorphism frequencies. Two of the best studied ethnic groups are the individuals 

of the Dogon and the Fulani’s tribes of Mali. Initially studies using these groups lead to the 

association of higher humoral immune responses, particularly IgG1 and IgG3, with the lower 

susceptibility to disease and infection seen in the Fulani. More recently particular 

polymorphisms in the genes coding for such immune receptors were suggested to be involved 

in this mechanism. 

Unfortunately these discoveries have not yet led to the development of new treatments 

or prophylaxis against malaria. The current hypothesis is that susceptibility may be 

determined by hundreds of different genetic polymorphisms and that disease severity lies not 

in individual polymorphisms, but in what it tells us about the control of immune process in 

general. 
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1.1.5 Malaria prevention and control 

When thinking of methods to control malaria, two major concepts arise: control of the 

clinical manifestations of malaria and control of malaria transmission 

1.1.5.1 Prevention and control of malaria related clinical manifestations 

Two distinct approaches can be envisioned to control of the clinical manifestations of 

malaria: use of prophylactic/therapeutic drugs and/or vaccination 

As reviewed before, there are various available drugs but their efficiency is dependent 

on the emergence of parasite resistance. Also, the rate of new drug development has been 

extremely low for the past decades, reflecting the loss of interest from the pharmaceutical 

industry (Fig. 1.10). Consequently, this approach, albeit essential, should be taken as a last 

line of defence/control. 

 

 

Fig 1.11 Current drug pipeline  

(adapted from The Global Malaria Action Plan, Roll Back Malaria Partnership, 2008) 

 

Vaccines are the most cost-effective tool in the control of infectious diseases. 

Although there is evidence that a malaria vaccine is feasible, efforts to develop a vaccine that 

would be an effective tool have not yet succeeded. The complexity of the Plasmodium 

organism was always been a significant constrain, however today an unprecedented 

international effort is committed to the development of a malaria vaccine. 
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Malaria vaccinologists have adopted two major approaches to design a vaccine: 1) 

identification of the mechanisms of natural human immunity and their imitation; 2) 

identification of specific proteins on critical points of the parasite life cycle and their 

neutralization, therefore allowing the induction of specific strong cellular or humoral 

responses (Good 2001). 

Respectively, the first approach led to the description of a antibody-dependent cellular 

inhibition (ADCI), a model that best explains the status of semi immunity observed in 

exposed populations that are protected against clinical malaria. Also, parasite proteins such as 

MSP-3 and GLURP were found to correlate in sero-epidemiology surveys with protection 

against clinical malaria. Most importantly, this approach also led to the discovery of parasite 

antigens critical for adhesion such as Plasmodium falciparum erythrocyte membrane protein 

1 (PfEMP1) that mediate parasite adhesion to several host receptors including CD36 and 

chondroitin sulphate A (CSA) receptors (Chen, Pettersson et al. 2004). Specific antibodies 

blocking parasite adhesion to CSA have been found to protect against placental infection. 

Hence, monoclonal antibodies targeting CSA are a current hypothesis aiming to protect 

pregnant women against malaria. 

In frame with the second approach, malaria vaccine candidates have been produced 

based on proteins expressed by sporozoites (circumsporozoite (CS)-based constructs), on the 

surface of infected hepatocytes (liver stage antigen (LSA)-based constructs) and the surface 

of the infected red blood cells (Merozoite Surface Proteins – MSP1, 2, 3, 4; Apical 

Membrane Antigens (AMA1), Erythrocyte Binding Antigen (EBA), Glutamate Rich Protein 

(GLURP), as well as, proteins expressed during the sexual stage of the parasite development 

in the mosquito such as P. falciparum gamete surface antigens (Pfs230,Pfs48/45 and Pfs25) 

or the ookinete surface antigen (Pfs28) are being considered in the design of a transmission 

blocking strategy (Williamson 2003). 

The clinical development of malaria vaccine candidates is essential once they have 

passed all the steps of the preclinical characterization. It aims of establishing that the vaccine 

candidate is safe and can protect against the disease. Until recently, this step had been a major 

hurdle in vaccine development mainly because it requires trials in naturally exposed 

populations and the clinical trial capacity in most Sub-Saharan countries is mostly absent. 

Furthermore, the diversity of malaria infections requires testing  of a vaccine candidate in 

different populations exposed to different intensities of transmission and different genetic 

backgrounds (Guinovart and Alonso 2007). 
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Despite these issues, the CS-based construct RTS,S co-developed by 

GlaxoSmithKline Biologicals and the Walter Reed Army Institute of Research has been 

evaluated in clinical trials and shown a significant protection efficacy of 57.7% against severe 

malaria in Mozambican children (Fig. 1.11) (Ballou 2009). 

 

 

Fig. 1.12 Current vaccine pipeline (adapted from Accelerating progress toward Malaria vaccines, 

The PATH Malaria Vaccine Innitative, 2007) 

 

Immunizations with irradiated sporozoites have until today produce the best 

protective immune responses in all malaria models (Hoffman, Billingsley et al. 2010). 

Recently, the use of genetically-modified sporozoites that were unable to develop in host 

liver cells has induced sterile protection in the rodent model (Kumar, Sano et al. 2006). With 

complex organisms such as Plasmodium parasites, the use of whole parasites may be the best 

strategy to induce an immune response covering enough antigen repertoires to efficiently 

prevent malaria disease.  

Malaria vaccine research stills needs to be accelerated with a critical part of the 

process targeting the development of clinical trials capacity and overall medical research 

capacity in Africa. 
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1.1.5.2 Control of mosquito vectors 

 Vector based control strategies to reduce malaria transmission can involve either 

reduction or eradication of mosquito populations and/or the abolishment of vectorial capacity. 

In the framework of this thesis, abolishment of vectorial capacity will be reviewed in a 

separate section.  

Reduction or elimination of mosquito populations can be achieved via chemical, 

biological or genetic approaches directed towards adult or larval stages. Insecticides such as 

DDT or pyrethroids have long been used in mosquito population control; however increased 

mosquito resistance requires new insecticides to be developed. Today, indoor residual 

spraying (IRS), i.e. the spraying insecticides on the interior walls of homes in malaria 

affected areas is one of the main mosquito control strategies used. After feeding, many 

mosquito species rest on a nearby surface while digesting the bloodmeal. If the walls of 

dwellings have been coated with insecticides, resting mosquitoes can be killed before biting 

another victim and transfer the malaria parasite.  The WHO currently advises the use of 12 

different insecticides in IRS operations (World Health Organization. Global Malaria 

Programme. and World Health Organization. Malaria Unit. 2006). These include DDT and a 

series of alternative insecticides (such as the pyrethroids permethrin and deltamethrin) to both 

combat malaria in areas where mosquitoes are DDT-resistant as well as slow down the 

evolution of resistance.  

Another strategy is the use of mosquito nets to reduce the contact between humans 

and mosquitoes and thus greatly reducing transmission of malaria. Nets are usually treated 

with an insecticide designed to kill the mosquito when it attempts to bite humans. Insecticide-

treated nets (ITNs) are estimated to be twice as effective as untreated nets,
 
and offer greater 

than 70% protection compared with no net (reviewed in (Pates and Curtis 2005). Although 

ITNs are proven to be very effective against malaria, less than 2% of children in urban areas 

in Sub-Saharan Africa are protected by ITNs. Additionally, the nets should be re-impregnated 

with insecticide every six months for maximum effectiveness, which can present a significant 

logistical problem in rural areas. New technologies such as, the production of long-lasting 

insecticidal mosquito nets (LLINs), which release insecticide for approximately 5 years, 

could bring a very visible improvement in the control of malaria transmission. Unfortunately, 

the cost of a mosquito net is often unaffordable to people in developing countries, especially 

for those most at risk, making it essential the establishment of long-lasting campaigns of ITN 

distribution.  
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A new approach, which could be used in combination with both IRS and ITNs, uses 

spores of the entomopathogenic fungus Beauveria bassiana to kill mosquitoes. Recent studies 

provided evidence that contact with the fungi could yield up to 80% reduction of mosquito 

population and that fungi-infected mosquitoes show reduced propensity to blood feed, 

leading to a reduction of mosquito bites (Blanford, Chan et al. 2005; Scholte, Ng'habi et al. 

2005; Scholte, Knols et al. 2006). 

Biological agents can also be used against larval stages. For example, commonly used 

biological control agents for larval stages include larvivorous fish and Bacillus thuringiensis 

(Bt), with Bt being a highly used control agent in Europe and the Americas (Mittal 2003). 

Other strategies include sterile insect technique (SIT) and paratransgenesis. The first, 

SIT, consists in the sterilization of males (via irradiation or genetic means) prior to their 

release so that their mating with wild females yields sterile eggs (Handler and James 2000). 

The success of this technique has been proven with other non-vector mosquito species but it 

depends on the efficiency of the sex separation process, the sterilization procedure as well as 

the fitness and mating competiveness of laboratory reared sterile males. Such processes are 

currently under development (Handler 2002; Benedict and Robinson 2003). The 

paratransgenesis approach relies on the fact that mosquito midguts are inhabited by large 

numbers of bacteria, which could be exploited for their potential to kill the mosquito or block 

the transmission of important pathogens through mosquito populations (reviewed in (Riehle, 

Moreira et al. 2007)). 

  



General Introduction |01 

- 25 - 
 

1.2 Human Malaria Transmission 

 

As a vector-borne disease, malaria stands out from the array of other infectious 

diseases claiming millions of lives in Africa today due to the complexity of its transmission 

system, which requires the passage from man to man, trough an arthropod vector. The basis 

of such transmission strategy implies that, in principle, the mere removal of the vector will 

lead to control and ultimately, elimination of the disease. It is therefore fundamental for the 

strategic planning of malaria control programmes to understand the major parameters 

influencing malaria transmission, such as the distribution of malaria vector mosquitoes and 

their vectorial capacity. 

 

 

1.2.1 Complexities of human malaria transmission: The Cameroonian example 

To illustrate the complexity of the human malaria transmission system and in the 

scope of the work presented in this thesis, Cameroon is given as an outstanding example of a 

spatially heterogeneous malaria transmission system where differentially distributed 

mosquito vector species lead to distinct transmission settings.  

Cameroon is situated in central Africa, sharing borders with Nigeria, Chad, the 

Central African Republic, Gabon, Congo and Equatorial Guinea. The country is characterized 

by the diversity of its bio-geographical zones, leading it to be labeled metaphorically “Africa 

in miniature”, as almost all ecosystems of the African continent can be found in this relatively 

small country. 

The co-existence of such heterogeneous environments in a single country makes 

Cameroon an ideal setting for the study of malaria transmission, as all major epidemiological 

prototypes for malaria transmission in the African continent are mitigated in a smaller scale 

across Cameroon (Fig. 1.13) (reviewed in Same-Ekobo 2005, Wanji Samuel et al, 2005). 

 

1) Transmission in equatorial regions: corresponds to the forest and post-forest 

regions represented in central and southern Cameroon. Although presenting small seasonal 

variations, transmission can be considered stable and perennial, making malaria a stable 

endemic disease. Two distinct poles can be identified in this epidemiological prototype: 

- Urban and other man-modified habitats, which includes the main urban centers, 

Yaoundé and Douala, and smaller towns such as Edea and Ebolowa. In these locations, man-
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made environmental modifications such as deforestation, flooding and irrigation of arid 

lands, lead to an intense and continuous malaria transmission, supported by a high density of 

the two main vector species: A. gambiae and A. funestus. Entomological inoculation rates 

(EIR) vary between ten in rural, more forested areas, to several thousands in more densely 

populated, deforested areas. Plasmodium prevalence exceeds 40% in children less than ten 

year old (Antonio-Nkondjio, Awono-Ambene et al. 2002). 

- Deep forest and small settlements, which includes smaller towns and pygmies 

settlements spread across southern Cameroon, where transmission is generally less intense, as 

human populations are scarcer and malaria vectors less able to develop due to the very dense 

vegetation. Plasmodium prevalence in the population falls below 10% and the contribution of 

secondary vectors is more significative (i.e. A. nili and A. mouchetti) (Antonio-Nkondjio, 

Kerah et al. 2006). 

 

2) Transmission in tropical regions: it concerns the humid savannah areas of 

Northern Cameroon, where the transmission season lasts about 6 months, corresponding to 

the rainy and post-rainy seasons. EIR and Plasmodium prevalence in the population varies 

according to the seasonal pattern, with the EIR ranging from 50 to 300, and Plasmodium 

prevalence ranging between 20% and 40%, respectively. The major vectors are A. gambiae, 

A. arabiensis and A. funestus. 

 

3) Transmission in dry tropical or sahalian regions: corresponds to the dry 

savannah areas of the extreme north of Cameroon, where malaria transmission is more 

unstable, as the rainy season only lasts 2-4 months. EIR presents large annual variations, 

leading to low-level immunity in resident human populations and epidemic outbreaks of the 

disease. Main vectors species are A. gambiae, A. arabiensis and A. funestus. 

The Cameroon example points out that understanding malaria transmission systems in 

Africa requires a comprehensive knowledge of the diverse ecosystems as well as, the 

systematic classification of the malaria vectorial system supporting transmission. Human 

populations in relatively near areas face a different probability of being exposed to 

Plasmodium, and this has important implications in the risks and age patterns of progression 

from malaria infection to disease, disability, and death. Such risk is closely associated with 

the distribution of malaria vectors making it essential to clearly understand which are the 

local malaria vectors and the relative contribution of each one to the overall intensity of 

malaria transmission.  
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Fig. 1.13 Distribution of epidemiological prototypes for malaria transmission in Cameroon (Adapted 

from Same-Ekobo 2005) 

 

1.2.2 Vectorial capacity 

 In most malaria endemic areas, transmission is possible due to a complex system of 

vector mosquitoes. However, as mentioned before, not all mosquito species are capable of 

sustaining Plasmodium development, and within the genus Anopheles only a few species are 

efficient malaria vectors worldwide. In order to clearly understand human malaria 

transmission, accurate knowledge of the mosquito species represented in a particular 

ecosystem and their relative efficiency as malaria vectors is essential. A number of biological 

features, such as the genetically determined preference for blood meal on a human host; the 

high reproductive rate; the long life span and the inherent ability to support parasite 

development make some Anopheles species very efficient vectors for the transmission of 

human malaria, while others completely inhospitable for Plasmodium parasites. Collectively, 

such features constitute the vectorial capacity of a mosquito population and are major 

components to consider when trying to understand human malaria transmission. 
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1.2.2.1 Accurate systematic species identification 

Progress in vector biology during the last century has shown that accurate mosquito 

species recognition is more complex than expected based solely on morphological 

observations.  

Crossing experiments based on the original definition of a species complex as a 

morphologically similar or identical population which is reproductively isolated, led to the 

division of the A. gambiae complex, initially regarded as a single species, into seven distinct 

species including two of the most efficient malaria vectors worldwide: A. gambiae sensu 

strictu and A. arabiensis (Coetzee, Craig et al. 2000). However, until today, no satisfactory 

morphological character has been found that reliably and reproducibly allows identification 

of single specimens using ordinary taxonomic methods. Instead the study of the banding 

pattern of the mosquito giant polytene chromosomes provided the first diagnostic tool for 

accurate species identification within the A. gambiae complex. This procedure became the 

starting point to uncover a complex system of polymorphic paracentric inversions that result 

in an array of different chromosomal arrangements exhibited by individual specimens 

(Coluzzi, Sabatini et al. 1979). 

The extensive study of the frequencies of alternative arrangements (i.e. karotypes) in 

natural A. gambiae populations led to the designation, in West Africa, of five “chromosomal 

forms”: Forest, Savanna, Mopti, Bamako and Bissau. Further analysis of fixed sequence 

differences between sympatric and synchronous populations of the various “chromosomal 

forms” led to the current designation of two non-panmictic molecular forms, named M and S 

(Coluzzi, Sabatini et al. 2002). Various factors were shown to correlate with the distribution 

of such molecular forms, but ecological factors such as the degree of aridity appear to reveal 

the strongest and most persistent deviations from the equilibrium in M and S distributions. 

The extreme scarcity of M/S hybrids reported from areas where both forms occur strongly 

indicates reproductive isolation within individuals of the same species, but presenting 

different molecular forms (Wondji, Simard et al. 2002). This has lead to the suggestion of 

incipient speciation within the complex (Favia, della Torre et al. 1997; della Torre, Fanello et 

al. 2001; della Torre, Costantini et al. 2002). It becomes more and more clear that the 

biological significance of such genetic subdivision, its putative effects on the vectorial 

capacity and overall relevance for malaria transmission epidemiology and control need to be 

investigated further. 
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1.2.2.2 Hematophagy, a key mosquito behavior 

Hematophagy or blood feeding is an essential behavior in order for mosquitoes to 

achieve egg production. This behavior is the base of malaria transmission as parasites take 

advantage of the mosquito as a vehicle to travel between hosts. However, not all mosquito 

species show the same behavioral traits regarding blood feeding. Some species are 

opportunistic in this behavior, and feed on any type of blood host. Others, by contrast, feed 

on a limited number of hosts or even on a single species.  

Most malaria vectors belong to the first category, but some of the most important 

vectors, such as A. gambiae and A. funestus, feed preferentially on humans (Costantini, 

Sagnon et al. 1998; Fontenille and Simard 2004). These species have evolved a strong 

association with humans by adapting to human habitation as feeding and resting grounds, 

finding shelter inside people’s dwellings and biting preferentially at times when the host is at 

sleep (Lefevre, Gouagna et al. 2009). The degree of antropophiliy, i.e the intrinsic or 

endogenous preference for feeding on human hosts, is an important character in the equation 

of malaria transmission. Closely related sibling species sharing the same ecological niche can 

exhibit widely different host preferences (Costantini, Sagnon et al. 1999). For example, of the 

seven species in the A. gambiae complex, only A. gambiae sensu strictu is highly 

antropophilic. Understanding such behaviors is essential to identify and classify the main 

malaria vectors of a particular region, as they contribute to greatly enhance malaria 

transmission.  

 

 

1.2.2.3 Mosquito-parasite compatibility 

Although both environmental and behavioral aspects can play decisive roles in 

determining vectorial capacity, they need to be evaluated together with intrinsic factors that 

influence the ability of mosquitoes to transmit Plasmodium parasites. Due to the complexity 

of the parasite life cycle in the mosquito, most parasites develop successfully only in a very 

narrow range of mosquito species. In fact, out of the 422 known Anopheline species 

worldwide, only 40 are considered to be important malaria vectors (Service 1993).  

In addition to the variation between different mosquito species, the ability of 

mosquitoes to transmit malaria parasites also varies substantially among individuals of the 

same species. Recently, the first experimental evidence that mosquito-parasite compatibility 

is at least partly determined by the specific interaction between mosquito genotype and 

parasite genotype was brought forward (Lambrechts, Halbert et al. 2005). Vector competence 
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appears to vary considerably between different combinations of parasite isolates and 

individual, genetically variable vectors, with optimal transmission requiring some degree of 

specific compatibility between the insect and the parasite genotypes. In this way, individual 

genetic variation seems to be the key factor in vector –parasite compatibility, with both 

organisms competing in an evolutionary fashion for survival.  

Indeed, drastic significant losses are observed in parasite numbers during its 

development in the mosquito, indicating that infection is a two-way interaction, with the 

mosquito host seeking to eliminate infection while the parasite fights for efficient 

transmission (Fig. 1.14) (Sinden 1999). Until quite recently, little was known about the 

molecular factors leading to such abrupt losses in mosquito. However in the last two decades, 

the mosquito immune system was identified as a major player in the appearance of refractory 

phenotypes (Richman, Dimopoulos et al. 1997). It is now fully accepted that Anopheles, like 

other insects, such as Drosophila, have an effective innate immune system, which exerts a 

powerful defence against infections by a variety of microorganisms. Similarly, this immune 

system plays an important role in the susceptibility of different Anopheles species to 

Plasmodium by limiting and regulating parasite loads, although generally not fully preventing 

parasite development. 

 

Fig. 1.14 Parasite losses in the mosquito vector (modified from (Sinden, Dawes et al. 2007)  



General Introduction |01 

- 31 - 
 

1.2.2.4 Refractory phenotypes 

Refractoriness of mosquitoes to malaria parasites takes the form of two distinct 

phenotypes: melanotic encapsulation and lytic destruction. Laboratory selection of mosquito 

strains presenting both of these refractory phenotypes has supported the role of mosquito 

immunity in controlling parasite development (Fig. 1.15).  

Melanotic encapsulation is an immune reaction that has been shown in insects and 

crustaceans and reported in many mosquito-parasite combinations. Generally, the cascade 

leading to melanotic encapsulation links recognition of invaders by circulating blood cells 

called hemocytes, followed by local activation of phenoloxidases (POs) that catalyze 

oxidation of tyrosine to dihydroxyphenylalanine (DOPA) and quinones, which will be the 

precursors of a melanin polymer that kills by enclosing the invader in a proteinaceous 

melanin capsule (reviewed in (Christensen, Li et al. 2005).  

 

 

Fig. 1.15 Refractory phenotypes of malaria vectors. A) Infected wild-type midgut; B) Lysis of 

Plasmodium parasites in the midgut of the SUAF2 strain; C) Melanized Plasmodium parasites in the 

midgut of the L3-5 strain. (adapted from (Collins, Sakai et al. 1986; Vernick, Fujioka et al. 1995) 

 

In the artificially selected L3-5 strain of A. gambiae mosquitoes, melanotic 

encapsulation blocks the development of the primate malaria parasite P. cynomolgi (against 

which the genetic line was selected) and the rodent parasite, P. berghei, as well as allopatric 

strains of human parasite P. falciparum, with encapsulation occurring as the parasites exit the 

midgut epithelium towards the midgut basal lamina (Fig. 1.15) (Collins, Sakai et al. 1986). 
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Although initially hemocytes appeared not to be involved in the process (Paskewitz, 

Brown et al. 1988), the later development of a model assay for in vivo encapsulation using 

charged Sephadex beads established that the components of the encapsulation response in 

resistant mosquitoes were present in the hemacoel rather than being a product of midgut 

epithelial cells (Vernick, Collins et al. 1989; Paskewitz and Riehle 1994). 

Furthermore, this refractory phenotype was identified in natural populations, but 

strikingly appears in very small numbers. A field study based in Tanzania found that less than 

0,5% of infected mosquitoes present encapsulated parasites (Schwartz and Koella 2002). 

Lytic destruction of parasites was first reported in a genetically selected strain of A. 

gambiae against the avian malaria parasite P. gallinaceum, the SUAF2 strain. The phenotype 

was characterized by the initial vacuolation and subsequent lysis of the parasite, while still in 

the cytoplasm of midgut cells (Vernick, Fujioka et al. 1995). Compared to melanotic 

encapsulation, where parasites appear morphologically normal until the deposition of the 

melanotic capsule is complete, ookinetes killed by lysis suffer rapid degeneration of cellular 

organelles and apparent necrosis.  
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1.3 Functional genomics approaches to Anopheles – Plasmodium 

interactions 

The dissection of the genetic and molecular basis for mosquito refractoriness to 

malaria parasites is intrinsically related to the development of genetic analysis and functional 

genomics approaches in biological research. The revolution in tools available for high-

throughput identification and characterization of genes of biological interest has greatly 

facilitated the translation of work in other non-vector insects (such as D. melanogaster) as 

well as the identification of specific components of the molecular system underlying 

mosquito resistance to malaria. 

 

 

1.3.1 Genetic mapping 

As mentioned before, the establishment of chromosomal and genetic maps and the 

identification of microsatellite markers from high quality polytene chromosomes were a 

central first step in the understanding of mosquito vectors. Linkage mapping of microsatellite 

markers from the above mentioned laboratory selected refractory strains and charged beads, 

identified several quantitative trait loci (QTL) associated with melanotic encapsulation (Fig. 

1.16) (Zheng, Cornel et al. 1997). A major QTL, Pen1, located in the chromosomal arm 2R 

accounted for 54% of the variability in encapsulation of P. cynomolgi and was also identified 

when a similar mapping protocol was applied to mosquito lines encapsulating Sephadex 

beads (Gorman, Severson et al. 1997). However, this QTL did not significantly correlate with 

the encapsulation of another simian parasite P. cynomolgi Ceylon, indicating the existence of 

distinct genetic mechanism underlying the encapsulation of both parasites. Similar strategies 

were used to map infection intensity pedigrees of field caught A. gambiae with its natural 

parasite P. falciparum. Two studies in Mali, West Africa, reported two main genetic loci, one 

which mapped to the same region as the previously identified Pen1 loci and explained nearly 

all the melanotic encapsulation observed, and another one, named Pfin1, which is located in 

the chromosomal arm 2L and was associated with the variation in parasite numbers in 

mosquitoes, explaining almost 90% of the parasite free mosquitoes (Fig. 1.16) (Niare, 

Markianos et al. 2002; Riehle, Markianos et al. 2006). The Pfin1 loci is now considered to be 

the most significant locus for malaria resistance in mosquitoes, as it was also demonstrated 

that mosquitoes from East Africa segregate the same locus when refractoriness to local 

parasites is accessed, thus indicating that common genetic factors associate to resistance to 
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malaria in Anopheles mosquitoes from both East and West Africa (Menge, Zhong et al. 2006; 

Riehle, Markianos et al. 2007). 

In such way, genetic mapping allowed the identification of a single genomic region 

where a common resistance factor or factors should be contained. The precise identification 

of such factors out of all the genes present in this region is ongoing and requires a different 

functional genomics approach. 

 

Fig. 1.16 Chromosomal localization of major QTLs controlling mosquito refractoriness to malaria 

parasites (modified from (Riehle, Markianos et al. 2006)). 

 

 

1.3.2 High-throughput sequencing and comparative genomics 

Fine mapping of the Pen1 locus and mass sequencing of expressed sequence tags 

(ESTs) prepared from immune competent cell lines represented the first large scale 

sequencing effort in understanding the A. gambiae genome (Thomasova, Ton et al. 2002). It 

culminated in October 2002 with the publication of the entire sequence of the A. gambiae 

genome (Holt, Subramanian et al. 2002). 
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The PEST strain of A. gambiae, which was derived from a cross between a laboratory 

strain and a field-collected isolate, was chosen for this sequencing project and a tenfold 

shotgun sequence coverage was achieved using genomic DNA (Mongin, Louis et al. 2004; 

Sharakhova, Hammond et al. 2007). Sequences were assembled into a final map that 

encompasses >278 million base pairs (bp) based on two different bacterial artificial 

chromosome (BAC) libraries previously assembled with DNA from the same mosquito strain 

(Hong, Hogan et al. 2003). 

After the gene set was built, comparative phylogenomic analysis based on the much 

studied model organism D. melanogaster enabled the in silico characterization of immunity 

related genes and the immunity system of the malaria vector A. gambiae. The identification 

of conserved and diversified immunity related gene sequences opened unprecedented 

opportunities to understand how the immune system of A. gambiae mosquitoes adapted to the 

challenge imposed by the malaria parasite. 

Studies in D. melanogaster are the basis for the current understanding of the innate 

immunity system. Evolutionarily ancestral to the more dynamic system of adaptative 

immunity, the innate immune system serves as a foundation for the latter (Ferrandon, Imler et 

al. 2007). Characteristically, immune responses in insects use two lines of defense: first, a 

wide variety of physical barriers, which deny easy access of pathogens to the body cavity, 

and secondly a humoral response mediated by the fat body and hemocytes. To elicit a 

immune response, the innate immune system relies on a limited number of receptors, termed  

“pattern recognition receptors” (PRR) (Janeway and Medzhitov 2002). These receptors 

recognize conserved pathogen associated molecular patterns (such as peptidoglycans (PGN), 

lipopolysaccharides (LPS), lipoproteins from microbes, as well as GPI (glycosyl phospatidyl 

inositol) anchors of parasites (Teixeira, Almeida et al. 2002) and rapidly activate signalling 

pathways and effector mechanisms, such as phagocytosis, proteolytic cascades and the 

synthesis of antimicrobial peptides (AMPs) that quickly limit the infection. Synthesis of 

AMPs is the best characterized humoral reaction and these are typically small, cationic and 

structurally diverse peptides that are diffused in the hemolymph (Bulet, Hetru et al. 1999; 

Tzou, Ohresser et al. 2000). Several families of AMP are known in A. gambiae with different 

target specificities. These include defensins, cecropins, attacin and gambicin (Waterhouse, 

Kriventseva et al. 2007). Other families have been identified in D. melanogaster but with no 

representation in the Anopheles genome, such as diptericin, drosomycin, metchnikowin and 

drosocin (Ferrandon, Imler et al. 2007). In Drosophila, the production of AMP is largely 

related to the activation of two main pathways: Toll and Imd pathway (Hoffmann 2003; 
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Ferrandon, Imler et al. 2007). Another immune signalling pathway, JAK-STAT, can trigger 

the expression of some of the same AMP that the Toll and Imd pathway, however this 

pathway seems to play a more important role in hematopoiese and the regulation of 

developmental processes (Boutros, Agaisse et al. 2002)  

Based on the knowledge of the innate immunity system in Drosophila, two main 

comparative bioinformatics studies were performed: the first study, upon release of the A. 

gambiae genome compared it to the D. melanogaster genome (Christophides, Zdobnov et al. 

2002) and the second one, compared the A. gambiae, D. melanogaster and Ae. aegypti 

genomes (Waterhouse, Kriventseva et al. 2007). These resulted in a catalog of 338 putative 

mosquito immune genes, divided in 31 families. Organization of these putative immune 

genes and gene families into sequential phases of immune responses, revealed a flexible 

system capable of adapting to new challenges, through the expansions of PRRs and effector 

AMPs, while conserving the pathway components involved in signal transduction (Fig. 1.17). 

 In summary, it was suggested that the greatest sequence divergence and diversity 

verified at the recognition and effector stages may reflect the adaptation of each species to the 

challenge by different microorganisms, while the higher number of 1:1:1 orthologs for base 

components of the signal transduction cascade reflects the evolutionary conservation of such 

pathways and suggests similar functional roles in pathogen defense.  

This type of studies has played and will continue to play an important role in the 

preliminary identification of components of different insect immune systems. With similar 

genome sequencing projects ongoing for other disease vectors (Lawson, Arensburger et al. 

2007), the pursuit of even more detailed comparative studies will bring important advances. 

Moreover, such type of comparative studies allows the identification of significantly 

expanded gene families, which may reflect strong selective pressures to adjust the innate 

immune repertoire to new ecological and physiological conditions, such as the challenge 

imposed on the mosquito innate immune system by the Plasmodium parasite.  

To further refine the identification of the particular genes that play an active role in 

the adaptation and defense against Plasmodium infection in the mosquito, additional 

functional genomics approaches are required. 
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Fig. 1.17 Evolution of immune signalling pathways in A. gambiae, D. melanogaster and Ae. 

aegypti (adapted from (Waterhouse, Kriventseva et al. 2007)). 

 

 

1.3.3 Transcriptional profiling 

Individual transcriptional profiling and high-throughput genome-wide expression 

assays were critical in obtaining a global overview of the molecular processes taking place in 

the mosquito upon Plasmodium infection. Early evidence that some mosquito immune related 

genes are transcriptionaly upregulated upon Plasmodium infection helped establishing the 

important role of the mosquito immune system in the documented parasite losses during 

sporogonic development (Richman, Dimopoulos et al. 1997; Dimopoulos, Seeley et al. 1998). 

Even though expression profiles by themselves do not constitute functional 

characterization, they are intrinsically related, and when coordinated expression patterns are 

taken as a whole, they can indicate enrichment or depletion of genes related to particular 

processes or functions, as well as shared regulatory pathways (Draghici, Khatri et al. 2003). 
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Transcriptional induction/repression is a major mechanism used by insects and other 

organisms to regulate immune responses, and in the case of mosquito-parasite interactions 

have allowed major advances in the identification of key players functionally associated in a 

dual interaction system. The first transcriptome based projects described immune ESTs from 

a mosquito hemocyte-like cell line (Dimopoulos, Casavant et al. 2000) and by whole 

mosquito subtractive hybridization (Oduol, Xu et al. 2000). These studies yielded resources 

which allowed the construction of the first Anopheles DNA microarrays containing 4000 

ESTs from the same hemocyte-like cell line (Dimopoulos, Christophides et al. 2002). Using 

labeled cDNA produced from cell lines challenged in-vitro with microbes and oxidants and 

mosquitoes challenged in vivo by sterile and septic injury, a landmark first study identified 

innate immunity as the most prominent component of the microbially activated response and 

clearly distinguished this response from the responses to injury and induced oxidative stress. 

Furthermore, this study presented the first large scale analysis of Plasmodium induced genes 

examining responses to mosquito infection with P. berghei 24 hours post blood meal (when 

the parasite is crossing the midgut epithelium) and presenting a set of 24 induced genes 

enriched in immunity related genes. Comparison of the responses to microbial elicitors in cell 

lines and of Plasmodium infection induced genes showed an extensive overlap of gene sets, 

but not completely identical responses, indicating the complexity of the response system, 

which involves characteristic and diverse genes sets. 

The same microarray platform was also used in a subsequent study to analyze gene 

expression profiles of artificially selected mosquito strains that are susceptible or resistant to 

malaria parasites by melanotic encapsulation (Kumar, Christophides et al. 2003). This study 

suggested that the resistant line may be under constitutive oxidative stress, as genes involved 

in the detoxification of reactive oxygen species represented a large part of the differential 

gene set identified when comparing the susceptible and refractory mosquito strain after an 

uninfected blood meal. However, the mechanisms by which increased expression of genes 

involved in the clearance of oxidative free radicals leads to parasite encapsulation remains 

poorly understood. 

One of the main lines of research on this question suggests that insulin related 

signalling cascades may be at least partly responsible for the regulation of mosquito 

physiological responses to oxidative stress by controlling the activity nitric oxide syntase 

(NOS) (Luckhart and Riehle 2007). Studies with A. stephensi revealed that human insulin can 

induce NO synthesis in cultured cells and in the mosquito midgut. NOS expression is induced 

in A. stephensi midgut upon parasite infection and limits malaria parasite development 
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through the induction of inflammatory levels of toxic reactive nitrogen oxides that likely 

induce parasite apoptosis in the mosquito midgut lumen (Akman-Anderson, Olivier et al. 

2007; Peterson, Gow et al. 2007). More recently, it was demonstrated that parasite GPI is an 

important early signal for parasite infection in mosquitoes leading to anti-parasite NO 

synthesis (Lim, Gowda et al. 2005) and suggested that this signalling may be mainly put 

forward through the MAPK-ERK signalling pathway (Surachetpong, Singh et al. 2009). 

The vast majority of transcriptomic studies evaluating mosquito responses to 

Plasmodium have focused primarily on the ookinete invasive stage. After some initial 

controversy on whether ookinetes migrate inter or intracellularly as they cross the midgut 

epithelia (Shahabuddin and Pimenta 1998; Han, Thompson et al. 2000), a general consensus 

has arisen that ookinete entry is always intracellular, but its subsequent migration route can 

either be intracellular or extracellular. It is also widely accepted that upon parasite 

penetration, there is extensive ookinete cell traversion, the invaded cells commit apoptosis 

and are extruded from the midgut epithelia into the lumen (Meis, Wismans et al. 1992; Baton 

and Ranford-Cartwright 2004; Vlachou, Zimmermann et al. 2004; Baton and Ranford-

Cartwright 2005). A comprehensive study used transcriptomic analysis to establish that 

during parasite invasion of the midgut epithelium, mosquito responses encompass not only 

classical innate immune responses but also local epithelial responses (Vlachou, 

Schlegelmilch et al. 2005). This study identified some of the molecular components of the 

actin-cytoskeleton and microtubule based remodeling processes that allow epithelial repair 

after parasite invasion. Also, it quantified for the first time the overall differential regulation 

of mosquito genes upon parasite infection as 7% of the over 9000 genes assessed based on a 

full genome microarray platform. 

A number of other studies based on transcriptomic profiling of infection have now 

been completed and examined other questions related to mosquito responses to Plasmodium 

infection. One study characterized the spatial variation in gene expression throughout the 

different regions of the A. gambiae midgut and found the cardia (most anterior part of the 

midgut) enriched for a variety of immune genes, including antimicrobial peptides when 

compared to other parts of the midgut (Warr, Aguilar et al. 2007). Another study concluded 

that continuous exposure to Plasmodium infection resulted in decreased permissiveness to 

infection and changes in the mosquito transcriptome regulation, suggesting a decreased 

activity of constitutive immune gene activity but a more potent specific immune response to 

Plasmodium challenge (Aguilar, Das et al. 2007). 
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Altogether, and although many questions where the use of microarray platforms can 

give an essential contribution are still open, by now, transcriptomics has already played a 

crucial role helping to identify candidate genes for more in-depth functional analysis with 

complementary  methods.  

 

 

1.3.4 Reverse genetic analysis by RNA interference (RNAi) 

The clear characterization of the functional role of specific genes in antipathogen 

defence and the unravelling of regulatory pathway in which they are involved, has been 

preferentially done in mosquitoes by targeted gene silencing via injection of double-stranded 

RNA (dsRNA) (Blandin, Moita et al. 2002; Blandin and Levashina 2008). The typical 

experimental strategy couples the finding of candidates genes from the previously described 

functional genomics approaches with the microinjection of dsRNA into the thorax of adult 

mosquitoes, followed by challenge with bacteria, malaria parasites or other pathogens, and 

subsequent examination of the mosquitoes to score the resulting phenotype (i.e. mosquito 

survival rate, prevalence/intensity of infection, melanization, etc).  

A clear example of such successful combination of functional genomics approaches 

was the discovery of a leucine rich repeat immune protein (LRIM1), which plays a crucial 

role during Plasmodium infection. LRIM 1 was found to be significantly up-regulated after 

bacterial and P. berghei infection (Dimopoulos, Christophides et al. 2002) and presents a 

structural motif similar to what is found in many immune-related molecules, including Toll 

and Toll like receptors, with however no clear orthologues in other species. In a landmark 

study (Osta, Christophides et al. 2004), the RNAi mediated gene silencing of LRIM1 was 

performed in combination with two other genes CTL4 and CTLMA2 demonstrating the 

existence of a fine balance between mosquito factors that negatively and positively affect 

parasite development (Fig. 1.18). LRIM1 led to a substantial increase in oocysts numbers 

while, on the contrary, the two C-type lectins, CTL4 and CTLMA2, which silencing alone led 

to killing and melanization of almost all parasites, protected the mosquito from LRIM1 

mediated killing, as their double knockdown led to almost no change in the intensity of 

infection. 

LRIM1 was recently found in the mosquito hemolymph as a high molecular weight 

complex together with another previously described leucine rich repeat containing protein, 

APL1-C, discovered initially from the genetic mapping study of infection intensity pedigrees 
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from field caught A. gambiae with P. falciparum in Mali (Riehle, Markianos et al. 2006; 

Fraiture, Baxter et al. 2009; Povelones, Waterhouse et al. 2009). Both genes are located in the 

same loci and when silenced yield identical phenotypes in susceptible and refractory A. 

gambiae strains, suggesting that they function in a single genetic pathway, which is disrupted 

by silencing of either gene alone.  

 

 

 

Fig. 1.18 Mosquito agonist and antagonists of Plasmodium development (adapted from (Osta, 

Christophides et al. 2004)) 

 

Furthermore, the LRIM1/APL1-C complex interacts with the C3-like complement 

protein, TEP1, promoting its cleavage or stabilization, and its subsequent localization on the 

surface of midgut-invading P. berghei parasites, targeting them for destruction. TEP1 had 

already been established as a major player in parasite killing, resulting by itself in a fivefold 

increase in the number of oocysts developing in the midgut, when silenced in susceptible 

mosquito and in complete abolishment of parasite melanization when depleted in a refractory 

strain. Importantly, TEP1 is the only molecule known so far that directly binds to the surface 

of invading ookinetes (Blandin, Shiao et al. 2004; Baxter, Chang et al. 2007). 

Other genes have been identified using similar strategies, such as WASP, an activator 

of actin nucleation and Arp2/3, both found to be upregulated during midgut epithelium 

invasion by ookinetes, whose silencing caused a marked increase in the number of oocysts 

(Vlachou, Schlegelmilch et al. 2005). In the same study, lipid metabolism and transport 

showed increased regulation upon Plasmodium infection and a key circulating lipid transport 

regulator, ApoII/I was silenced causing disruption of egg development and drastically 

decreasing oocyst numbers. 
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In summary, targeted gene silencing coupled with preliminary screening of candidate 

genes by other functional genomics approaches is providing an increasingly greater 

understanding of mosquito parasite interactions at the molecular level (Fig.1.19). However, in 

order to establish successful control of mosquito populations, such advances need to be 

integrated with other functional genomics approaches. 

 

Fig. 1.19 Anopheles immune reactions against Plasmodium parasites  

Mosquito molecules acting in a positive, agonistic (+) or negative, antagonistic (-) manner towards the 

parasite are listed in boxes. The reactions facilitated by them include parasite melanization, lysis and 

local epithelial responses. Following gamete development and fertilization (1), Plasmodium ookinetes 

(2) transverse the cytoplasm of several midgut cells before emerging basolaterally underneath the 

basal lamina (BL). There, the parasite develops into a oocyst (3), the sporozoites (4) are released and 

then invade the salivary gland. 

(Adapted from http://openwetware.org/wiki/Kafatos:Kafatos/Christophides_Lab). 
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1.3.5 Reverse genetic analysis by stable germline transformation 

Although gene silencing using RNAi has proven an extremely useful tool to 

understand mosquito-parasite interactions, it conveys several limitations such as the inability 

to directly over express genes and the specificity of silencing.  

In other organisms, as D. melanogaster, the vast majority of functional studies have 

been performed using germline transformation. Germline transformation, or insect 

trangenesis, can provide insights on molecular functions by loss of function (gene knockout), 

gain of function (gene duplication or increased gene expression) and visual tracking of 

expression (fusion of a gene or the promoter region of a gene with a reporter element to gain 

information on the localization and interaction of the protein) (reviewed in (Handler and 

James 2000)). 

Although germline transformation can be achieved by various ways, the first and most 

common is the use of mobile genetic elements called transposons, such was the P-element, 

the hermes transposon, the mariner element and the piggy-bac transposon. These transposons 

have the ability to move and rapidly propagate within a genome, as well as colonize other 

genomes through horizontal transfer. However, they present different specificities as well as 

different integration efficiencies. D. melanogaster was the first organism where this 

technique was established more than 20 years ago and together with other mutagenesis 

techniques, it allowed for genetic characterization of more than 60% of all known genes.  

For mosquitoes, although germline transformation has been achieved in Ae. aegypti, 

A. stephensi, A. gambiae and A. albinamus, technical and logistical difficulties made its use 

less frequent (Catteruccia, Nolan et al. 2000; Grossman, Rafferty et al. 2001). The use of such 

techniques is of extreme interest in the scope of mosquito-Plasmodium interactions as they 

can result in the generation of synthetic refractoriness phenotypes, through the introduction of 

genes that determine anti-pathogens activities (reviewed in (Brown and Catteruccia 2006)). In 

this way, characterization of key effector genes with the previously described functional 

approaches can provide the basis for an effective germline transformation resulting in a 

synthetic refractoriness phenotype.  

Diverse types of refractory phenotypes have been engineered up to today in 

mosquitoes, such as:  

1) The SM1 peptide that binds to the A. gambiae midgut and salivary glands has been 

transformed into A. stephensi, and its expression on the midgut lumen leads to strong 

reduction in the mosquito capacity to transmit Plasmodium. The same line of transgenic 
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mosquitoes was recently used to demonstrate that when continuously feeding on infected 

host, the synthetic refractory phenotype gave a fitness advantage to these mosquitoes when 

compared to sibling mosquitoes and resulted when almost complete replacement of the 

original population;  

2) A A. stephensi line was established expressing a bee venom phospholipase, PLA2 

resulting in a reduction of developing P. berghei oocysts and consequent parasite 

transmission;  

3) Transgenic over-expression of the antimicrobial peptide, Cecropin A, in the midgut 

of A. gambiae reduced the number of developing oocysts by 60%.  
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1.4 Adaptation of malaria laboratory models to natural transmission 

systems 

In recent years, increased attention and resources have been drawn to the mosquito or 

sporogonic stages of Plasmodium development. This relies on the fact that these stages 

represent a major bottleneck in the malaria transmission cycle, and aims to find ways to either 

create Plasmodium–resistant mosquitoes or to develop tools affecting mosquito malaria 

transmission by exploring the interactions between both organisms. 

Laboratory infections of Anopheles mosquitoes with convenient rodent model 

parasites (in particular P. berghei) were so far the most extensively used experimental setting 

to study mosquito/parasite interactions. Using this model system was established that 

successful parasite development depends on interactions with a mosquito cue to promote 

gametocytogenesis (Billker, Lindo et al. 1998), with components of the peritrophic matrix 

(Dinglasan, Devenport et al. 2009), and of the midgut and salivary glands epithelia 

(Billingsley and Rudin 1992; Shen, Dimopoulos et al. 1999; Wilkins and Billingsley 2001). 

Most importantly, parasite development relies on finely balanced interactions with 

components of the mosquito immune system that affect, positively or negatively, the 

developmental cycle in the mosquito, particularly at the bottleneck of midgut epithelial 

invasion, but not exclusively (Osta, Christophides et al. 2004; Povelones, Waterhouse et al. 

2009). The same model system also helped to identify key parasite molecular components 

required for sporogonic development and infection routes in the mosquito (reviewed by 

(Vlachou, Schlegelmilch et al. 2006)).  

However, particularly for complex diseases, such as malaria, in which three 

organisms - the human host, the Plasmodium parasite and the Anopheles vector - are 

implicated, caution is required when extrapolating results obtained in laboratory controlled 

conditions to natural systems. It remains essential to test the relevance of these findings in 

semi-natural settings, which represent the human malarial system more accurately (Boete 

2005). In this respect, it must be ascertained that the most careful experimental designs are in 

place and that possible obstacles were identified by reviewing the extensive body of 

knowledge accumulated throughout the years on the differences between laboratory and 

field-based systems. 
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1.4.1 Parasite-related factors influencing the sporogonic development of human and 

rodent malaria 

Various parasite-related factors may substantially influence the dynamics of mosquito 

infections. In frame with the scope of this thesis, such factors are reviewed in detail to obtain 

insight how intrinsic characteristics of different Plasmodium species lead to different 

requirements and outcomes of mosquito infection. 

 

1.4.1.1 Parasite density 

The effect of density of ingested parasites on subsequent Plasmodium sporogonic 

development is particularly important when comparing rodent and human parasites. P. 

berghei infections in A. gambiae mosquitoes frequently result in more than 100 oocysts 

developing in the midgut, while most field-caught or laboratory-infected mosquitoes develop 

only single-digit numbers of P. falciparum oocysts (Sinden, Alavi et al. 2004). 

Two recent comprehensive studies, one using a laboratory model and the other using 

urban and rural naturally infected populations from Cameroon, have modelled parasite 

survivorship in the mosquito, reporting similar conclusions (Paul, Bonnet et al. 2007; Sinden, 

Dawes et al. 2007). Both studies describe a sigmoid form of relationship between the number 

of ingested gametocytes and the number of oocysts developing in the midgut. Density 

dependency behaves with an initial facilitation, by which low numbers of gametocytes result 

in a higher than expected number of oocysts, followed by subsequent limitation, where, 

above a certain threshold, a negative relation between the initial number of gametocytes and 

the resulting number of oocysts starts to appear (Fig. 1.20). Both studies conclude that 

efficiency of Plasmodium development in the mosquito is intrinsically linked to its initial 

gametocyte population density.  

This sigmoid type of relationship can explain the apparent lack of clear correlation 

between the presence or absence of gametocytes in the human blood and the ability of the 

host to infect mosquitoes that has long been observed and discussed in natural or semi-natural 

malaria transmission systems (Jeffery and Eyles 1955; Rutledge, Gould et al. 1969). On one 

hand, numerous gametocyte carriers do not give positive infection in mosquitoes in spite of 

visible peripheral gametocytemia (Jeffery and Eyles 1955; Boudin, Olivier et al. 1993; 

Tchuinkam, Mulder et al. 1993), while, on the contrary, submicroscopic gametocytemia can 

lead to successful mosquito infections, and, most importantly, make a considerable 
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contribution to the dynamics of transmission (Schneider, Bousema et al. 2007; Shekalaghe, 

Bousema et al. 2007). 

Nevertheless, although some studies find no relation at all, the general assumption 

that larger numbers of gametocytes bring about an increase in infection incidence and that 

evolutionary pressure should beneficiate high gametocyte producing strains, dates from many 

years (Bishop 1955; Jeffery and Eyles 1955; Rutledge, Gould et al. 1969; Mckenzie and 

Bossert 1998; McKenzie and Bossert 1998). 

It is therefore absolutely essential to be sure that similar density of parasites is used 

when comparing results from laboratory model to natural transmission system.  

 

Fig. 1.20 Model relationships between P. falciparum gametocyte density and mosquito 

infectivity 

Model comparisons of the relationship between P. falciparum gametocyte density and proportion of 

mosquitoes infected (right) and oocyst number per infected mosquito (left) in rural (A and B) and 

urban (C and D) Cameroon. Points represent observed data. Lines represent best fit of each model 

type: L, linear (pale line); Q, quadratic (grey line); H, linear-by-linear rectangular hyperbola (black 

thin line); E, asymptotic regression (dark grey thick line); Log, Logistic (black line); G, Gompertz 

(black line) (adapted from (Paul, Bonnet et al. 2007))  
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1.4.1.2 Parasite viability 

Parasite viability is the capacity of a parasite population to transform from a 

developmental stage to the subsequent stage. It is fundamental, particularly when evaluating 

Plasmodium transmission dynamics and its dependency on gametocytemia, because even 

high gametocyte densities may result in very few parasites capable of developing in 

mosquitoes. Parasite viability results from the impact of intrinsic parasite and host-derived 

factors on the conversion rates between developmental stages. In the host, intrinsic factors 

include: gametocyte maturity (as the sum of the five gametocyte developmental stages), the 

male to female sex ratio, and the infectious capability, known as half-life. These can be 

influenced by host environmental factors, such as immunity, anaemia and antimalarial 

treatment (Talman, Domarle et al. 2004).  

Most importantly, rodent malaria P. berghei gametocytes and human P. falciparum 

show differences in their maturation times on the host that reflect on their capacity of 

developing in the mosquito, even when considering equal gametocyte densities. In fact, P. 

berghei takes only 36–48h to reach maturity, whereas P. falciparum gametocytes require 7–

10 days to develop (Babiker, Schneider et al. 2008).  

Therefore, it is fundamental to access gametocyte viability when using comparing 

results from distinct malaria transmission systems, but unfortunately, the number of tools 

available is very limited (Talman, Domarle et al. 2004). Nonetheless, technology is now 

available to: detect and quantify gametocytes at low densities (Babiker, Abdel-Wahab et al. 

1999); distinguish between male and female gametocytes; differentiate gametocytes at early 

and late stages of development; quantify gametocytes produced by different parasite 

genotypes in multi-genotype infections (Menegon, Severini et al. 2000) and determine the 

expression pattern of sexual-stage-specific genes (Niederwieser, Felger et al. 2000). 

 

 

1.4.1.3 Parasite environmental requirements 

The duration of the sporogonic cycle is mainly a consequence of the environmental 

temperature across the cycle, and temperature requirements are another major difference 

between rodent and human parasites even though some rodent parasites develop at identical 

temperatures as human ones, P. berghei, the most common laboratory model, develops only 

at a narrow range of temperatures between 19⁰C to 21⁰C. Such temperature requirement is 
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rather unusual, and probably reflects the microclimate to which its natural vector, Anopheles 

dureni, is subjected in the forest of Congo during transmission season (Sherman 1998). The 

lower temperatures required are bound to decelerate the kinetics of ookinete development and 

influence mosquito physiology, by increasing the time of digestion. 

In fact, a classification of Plasmodium species in slow and fast developers has been 

proposed which is clearly dependent on environmental temperature, and has as main criteria 

the time required by parasites to exit the midgut epithelium and start their development on the 

midgut basal lamina (Vaughan 2007). Human malaria parasites P. falciparum and P. vivax 

can be classified as slow developers together with two of the four rodent malarias, P. berghei 

and P. vinckei. The remaining two, P. chabaudi and P. yoelli, are classified as fast 

developers. The time required to exit the mosquito midgut is approximately 12 hours for fast 

developers while for slow developers, the peak of midgut invasion by ookinetes normally 

occurs around 24 hours post blood meal.  

Although a general model for the route of ookinete migration across the midgut 

epithelium has been proposed for rodent and human parasites, its precise timing is less 

determined and assumed to be asynchronous. This is because it can span a period of 12 hours 

for P. falciparum ookinetes, with some ookinetes already reaching the basal lamina at 24 

hours post blood meal, while others start invading the midgut in the following hours (Baton 

and Ranford-Cartwright 2004; Baton and Ranford-Cartwright 2005). As a consequence, slow 

developing species, such as P. berghei and P. falciparum, have to cross the chitinous 

peritrophic matrix (PM) that forms around the blood bolus in order to exit the midgut, while 

some fast developing rodent malarias, such as P. yoelli exit the midgut before formation of 

the PM (Vaughan 2007).  

Thus, although P. yoelli develops at identical temperatures as P. falciparum, and in 

this way appears to be more suitable for comparison with human parasites, P. yoelli does not 

encounter a fully formed PM when exiting the blood bolus as does the slow developing P. 

falciparum. These physiological aspects are important to consider when selecting the species 

of rodent malaria to be used as laboratory models. 

Furthermore, after crossing the midgut epithelium, parasites sit on the midgut basal 

lamina, where oocysts mature for approximately two weeks. Overall, the time required for 

complete oocyst maturation and sporozoite release is strongly dependent on environmental 

temperatures. For example, the duration of P. falciparum development from gametocyte to 
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sporozoite and their appearance in the salivary gland ranges from 9 days a 30⁰C to 23 days at 

20⁰C (Sherman 1998).  

However, while some studies describe observations of resistance to high temperatures 

in field isolates of P. falciparum parasites from Kenya, other studies using laboratory 

cultured P. falciparum (NF54) reporte that sporogony is impeded at temperatures greater than 

27C (Okech, Gouagna et al. 2004). These observations stress the importance of evaluating 

laboratory results in more natural conditions, because such results indicate that some of the 

natural parasite genotypes in nature that are adapted to survival at higher temperatures in their 

mosquito hosts may have been lost in the cultured P. falciparum strain. Parasite genotypes 

such as these can be very important for malaria transmission because they allow malaria 

transmission to continue in endemic tropical areas where temperatures rise commonly above 

32ºC.  

 

 

1.4.2 Host related factors influencing the sporogonic development of human and rodent 

malaria 

As mentioned before, the sporogonic development of Plasmodium parasites depends 

on both the density of ingested parasites as well as their temperature across development. 

Accurate control of such factors is technically challenging but should be essential to identify 

clear differences and similarities between laboratory and natural transmission systems. 

Other factors, such as host-related factors, can also influence the transfer of 

knowledge between transmission systems. They include plasma circulating factors which can 

cause transmission-blocking activity and impact the overall quality of the mosquito blood. 

Specific factors related to the immune status of the human host may lead to the 

activation of mosquito responses in natural transmission systems which are difficult to 

replicate in laboratory systems. As most host factors taken up by the mosquito during the 

blood meal are active during pre-ookinete development in the mosquito midgut, it is 

reasonable to hypothesize that such factors may not only have a direct impact on parasite 

survival but also an indirect impact by causing an early activation of the mosquito immune 

system (Drakeley, Mulder et al. 1998; Margos, Navarette et al. 2001; Boudin, Van Der Kolk 

et al. 2004).  

Little research has been done regarding this question, however recent studies found 

that chloroquine treatment, which substantially alters the quality of the blood meal and 
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parasite density, down-regulated the expression of genes involved in immunity, apoptosis, 

adhesion, cytoskeleton and oxidative stress and consequently impaired mosquito responses to 

Plasmodium infection (Abrantes, Lopes et al. 2005; Abrantes, Dimopoulos et al. 2008). 

However, this study used the rodent model parasite P. berghei and there is no evidence for 

the same effect of chloroquine treatment on P. falciparum infection (Abrantes, Dimopoulos et 

al. 2008). Also, this study did not account for the estimated differences in parasite densities 

resulting from chloroquine treatment, therefore is difficult to single handedly attribute the 

increased infectivity of chloroquine-treated parasite to suppression of the mosquito immune 

system. Nonetheless, this study raises important questions concerning the role of blood 

circulating factors in the regulation of mosquito responses to infection and the effect of 

antimalarial treatment on transmission, more specifically on mosquito responses to infection. 

 

 

1.4.3 Mosquito-related factors influencing the sporogonic development of human and 

rodent malaria  

 

 

1.4.3.1 Mosquito physiology 

Various physiological factors can influence mosquito susceptibility to infections such 

as age and nutritional status and are important to consider when evaluating the adaptation of 

laboratory and natural transmission systems. 

 Nutritional deficiency has a substantial impact on Plasmodium development in adult 

mosquitoes, mainly as a consequence of sugar availability. Semi field studies evaluating the 

impact of sugar availability on Plasmodium transmission by mosquitoes suggested a 

considerable effect due to increased mosquito life expectancy, which allows mosquitoes to 

fully support the long time period required by malaria parasites to complete their sporogonic 

development (Okech, Gouagna et al. 2003; Okech, Gouagna et al. 2004; Manda, Gouagna et 

al. 2007). Equally, other studies revealed even more direct effects of sugar availability and 

consequent glucose concentration on both the efficiency of melanotic encapsulation by the 

L35 refractory strain as well as in supporting higher number of developing oocysts (Boete, 

Paul et al. 2002; Koella and Sorense 2002; Lambrechts, Chavatte et al. 2006).  
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1.4.3.2 Mosquito microbiota 

Microorganisms acquired by the mosquito during its larval development have a 

significant impact in the transcriptomic responses of mosquitoes to infection and 

consequently impact parasite development in the mosquito. As the mosquitoes spend a large 

part of their life as larvae in an aquatic habitat, they come in contact with different soil 

microorganisms, interact with them, and they move on to constitute a major part of the 

mosquito midgut microbiota, having a significant impact in its physiology (Boete 2009). 

A recent study suggested that soil microbes influence Anopheles transmission of field 

isolates of P. falciparum, because mosquitoes raised in autoclaved soils (i.e. germ-free) 

presented reduced oocyst intensities (Okech, Gouagna et al. 2007). This result is contradicted 

by a wealth of older and more recent studies suggesting that increased microbial activity in 

the mosquito midgut significantly reduces the number of oocysts developing (Beier, Pumpuni 

et al. 1994; Toure, Mackey et al. 2000). Using laboratory-cultured P. falciparum to infected 

antibiotic-treated mosquitoes, another recent study showed that aseptic mosquitoes are more 

susceptible to Plasmodium infection, presenting higher numbers of ookinetes able to 

transverse the midgut (Dong, Manfredini et al. 2009). Subsequent rechallenge with bacteria 

previously isolated from the same mosquitoes reduced the infection levels to normal, 

suggesting that the observed increase is due to the presence of such bacteria and not  a 

consequence of antibiotic treatment. 

Together both of these studies highlight the influence of other microorganism 

interacting with mosquitoes in its transmission of malaria, but they appear to not be in 

concordance with each other. The first (Okech, Gouagna et al. 2007) suggests that the 

presence of microorganisms benefit parasite development by leading to higher number of 

developing oocysts and the second (Dong, Manfredini et al. 2009) that the presence of 

microorganisms is detrimental for parasite development because it increases antimicrobial 

activity from the mosquito which has an antagonistic effect on parasite development.  

In this way, it seems now evident that various environmental aspects need to be taken 

in account when evaluating the adaptability of model systems to natural transmission systems 

and particularly when evaluating mosquito’s transcriptomic responses to different parasite 

species in natural and laboratory conditions (Cohuet, Osta et al. 2006; Boete 2009). Most 

importantly, the mosquito microbiota should be taken in consideration, as more and more 

evidence accumulates that mosquitoes mainly employ their antimicrobial defense system to 

fight malaria parasites (Dong, Aguilar et al. 2006; Boete 2009). 



General Introduction |01 

- 53 - 
 

Furthermore, if susceptibility to infection is influenced by the presence of other 

microorganisms in the mosquito midgut, which mosquitoes mainly acquire during as a result 

of placton feeding during their larval development or trough the blood meal, then mosquitoes 

from different regions may co-evolve with different microorganisms. Consequently, 

mosquitoes of the same species may have evolved to tolerate the combination of particular 

genotypes of parasite and particular microorganisms. Together these aspects add another 

dimension to the problem of adaptability of laboratory systems to natural systems, as even 

within relatively close geographic locations, mosquitoes of the same species can present 

different susceptibilities to Plasmodium, which are not only the reflection of interaction with 

particular parasite genotypes but as well, particular microorganisms that they have also 

acquired during their development. 

Moreover, when considering the interactions with microorganisms acquired through 

the blood meal, it becomes important to evaluate the plasticity of feeding behavior on the 

molecular responses to Plasmodium infection. Even though the major malaria vectors A. 

gambiae or A. funestus are mainly anthropophilic, other vector such as Anopheles arabiensis 

commonly bite domestic animals, which leads to interaction with other microorganisms and 

parasites (Costantini, Sagnon et al. 1999).  

 

 

1.4.4 Co-evolution and co-adaptation of mosquito molecular responses to Plasmodium 

infection 

Both environmental temperature requirements and parasite density are essential 

factors to consider when evaluating the adaptability between laboratory and natural malaria 

transmission systems. More than just impacting parasite survival in the mosquito, they impact 

mosquito physiology and consequently, the responses of mosquitoes to infection. How 

mosquitoes responses variete in the context of parasite infection due to changes in either 

temperature or density and whether parasites regulate these factors to avoid mosquito 

responses remain open questions. Such questions are reviewed here taking in consideration 

how they can lead to co-evolution and co-adaption between both organisms and influence the 

results from laboratory based transmission models and natural malaria transmission systems. 

To firmly establish a co-evolutionary relationship between mosquitoes and 

Plasmodium parasites, two main criteria need to be fulfilled: first, evidence for different 
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susceptibility and refractoriness to infection in particular mosquito/parasite combinations; 

and second, evidence for a cost to host fitness posed by Plasmodium infection. 

Support for the first criteria can be found in one of the longest standing premises of 

malaria research, which states that transmission of human malaria parasites is restricted to 

mosquitoes of the genus Anopheles and that not all Anopheles species are equally susceptible 

to infection. Furthermore, based on such premises, theory predicts that vector susceptibility to 

infection can range from total susceptibility, where all individuals support sporogonic 

development, to total refractoriness, where no individual supports parasite development 

(Vaughan 2007). 

 In fact, susceptibility is a relative attribute ascribed to a specie based on comparison 

with other species, and by now several completely refractory Anopheles strains have been 

selected (Collins, Sakai et al. 1986; Vernick, Fujioka et al. 1995), and synthetic refractoriness 

and susceptibility achieved (Osta, Christophides et al. 2004). Finally, refractoriness was 

established as the main evolutionary force driving mosquito/parasite interactions (Riehle, 

Markianos et al. 2006). 

However, to understand at the molecular level why vector susceptibility is generally 

somewhere between extreme refractoriness and extreme susceptibility, and why phenotypic 

manifestations of refractoriness are usually only sufficient to alter the dynamics of parasite 

development, the first criteria for co evolution needs to be addressed from two different 

perspectives based on the mosquito responses to infection: first, understanding how the 

various molecular components of the mosquito response to infection can have different 

functions in different genetic backgrounds (between closely related species, different strains 

of the same mosquito specie or even different genotypes of the same mosquito strain); and 

second, how different species or strains of Plasmodium may elicit different molecular 

responses in the same mosquito specie. 

 

 

1.4.5 Interspecific interaction between mosquito molecular components, distinct genetic 

backgrounds and Plasmodium infections 

The serine protease inhibitor SRPN6 and several important modulators of parasite 

melanization from the Clip domain serine proteases (CLIPs) gene family in A. gambiae 

mosquitoes are examples of components of mosquito responses to Plasmodium infection, 

which show a functional difference depending on the mosquito species. SRPN6, which is an 
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active component of the P. berghei killing mechanism in A. stephensi, only acts on parasite 

clearance but not directly in parasite killing in A. gambiae mosquitoes (Abraham, Pinto et al. 

2005; Pinto, Kafatos et al. 2008). Similarly, some A. gambiae CLIPs are active against P. 

berghei in the refractory L3-5 strain but not against the same parasite specie in a susceptible 

mosquito strain, while other members present the opposite effect, indicating that 

refractoriness in both A. gambiae strains is supported by different regulatory networks (Volz, 

Osta et al. 2005; Volz, Muller et al. 2006). 

In fact, some of the most significant observations emphasizing the importance of 

specificity in vector/parasite interactions come from the A. gambiae refractory L3-5 strain 

(Collins, Sakai et al. 1986; Paskewitz, Brown et al. 1988; Vernick, Collins et al. 1989). This 

strain possesses genetic traits that confer refractoriness to the simian P. cynomolgi parasite, 

the rodent P. berghei parasite and even New World and Asian strains of P. falciparum, but 

not to sympatric African P. falciparum isolates (Fig. 1.21). 

 

 

Fig. 1.21 Refractoriness of the A. gambiae L3-5 strain  

Measurement of the refractoriness of the A. gambiae L3-5 strain selected for refractoriness against a 

strain of P. cynomolgi (first bar) against several other Plasmodium species (adapted from (Collins, 

Sakai et al. 1986) and (Boëte 2006); 

 

The different efficiency of melanization exhibited by the L3-5 strain, together with 

the functional difference found for members of the CLIP family and SRPN6 indicate that, at 
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least for melanotic encapsulation, there must be a component of parasite specificity and raise 

the hypothesis that, particularly when dealing with its sympatric Plasmodium specie, P. 

falciparum, melanotic refractoriness might be less preferred when compared to other 

mechanisms of refractoriness. Further evidence for this hypothesis is driven by two 

observations: first, less than 1% of naturally infected mosquitoes exhibit melanized parasites, 

even though mosquitoes are physiologically competent for melanotic encapsulation 

(Schwartz and Koella 2002); and second, silencing of one of the major inhibitors of 

melanization, SRPN2, which results in increased systemic melanization and almost complete 

blockade of P. berghei development in susceptible mosquitoes, does not affect the sporogonic 

development of field isolates of P. falciparum (Michel, Budd et al. 2005; Michel, 

Suwanchaichinda et al. 2006) . 

However, even for refractoriness by melanotic encapsulation, some molecular 

components of mosquito responses to Plasmodium infection appear to be conserved across 

different mosquito species. Recently, it was shown by gene silencing that LRIM1, APL1and 

TEP1, which are essential antagonists of P. berghei infection density in A. gambiae, also 

control refractoriness to the same rodent parasite in the non-vector mosquito Anopheles 

quadriannulatus (Habtewold, Povelones et al. 2008). When A. quadriannulatus mosquitoes, 

which are less susceptible to cultured P. falciparum infection than A. gambiae mosquitoes, 

were infected with P. berghei, they revealed a phenotypical response identical to the one 

presented by the A. gambiae L3-5 strain, with clearance and melanization of ookinetes in the 

mosquito midgut controlled by a partially dominant genetic trait. Thus, it was suggested that 

even if evolutionary co-adaptation may exist between A. gambiae and P. falciparum 

parasites, which may have lead to the development of specific response mechanisms executed 

by newly evolved components, other species such as A. quadriannulatus may still rely on the 

same key ancestral molecules of mosquito immune system to respond against parasite 

infection. Nervertheless, it still remains to know if this genetic trait is also responding to 

infection with human parasite P. falciparum. 

More evidence for co-evolution has accumulated from experiments using RNAi 

mediated gene silencing, where results show that both negative regulators of P. berghei 

killing, CTL4 and CTLMA2, and the positive regulator, LRIM1, have no effect on the 

number of developing P. falciparum oocysts in A. gambiaes mosquitoes (Cohuet, Osta et al. 

2006). Such observation is in striking contrast with the marked increase in developing P. 

berghei oocysts registered upon silencing of LRIM1 and the increased melanization of 
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ookinetes verified for CTL4 and CTLMA2 in the same mosquito/parasite combination (Osta, 

Christophides et al. 2004; Povelones, Waterhouse et al. 2009).  

Equally, previous small scale transcriptomics studies (Bonnet, Prevot et al. 2001; 

Tahar, Boudin et al. 2002) revealed important differences in the transcriptional activation of 

immune-related genes upon infection with field isolates of P. falciparum and laboratory P. 

berghei and more recently, a comparative microarray analysis of mosquito responses to P. 

berghei infection and laboratory cultured P. falciparum also revealed distinct transcriptional 

responses (Dong, Aguilar et al. 2006). Such differences were mainly characterized by a 

stronger induction of immune-related genes by P. falciparum than by P. berghei during 

ookinete invasion of the midgut epithelium, although parasite density was much higher in P. 

berghei infections.  

Finally, the most recent approach to evaluate the evolutionary pressures exerted by 

Plasmodium on the mosquito immune system aims to understand the polymorphism of genes 

involved in mosquito responses to infection. So far only the gene coding for TEP1, a major 

effector of parasite killing in the mosquito has shown evidence for natural selection, which 

could correlate with an altered vectorial capacity of mosquitoes (Little and Cobbe 2005; 

Obbard, Callister et al. 2008). Studies on the genetic polymorphism exhibited by the TEP1 

locus revealed the existence of two differentiated alleles, TEP1s and TEP1r, which present 

significantly reduced diversity (Blandin, 2004). However, evidence was found that these 

alleles have originated from gene conversion and not balancing selection, which emphasizes 

the functional relevance of the polymorphism but does not provide direct evidence on the 

nature of selective force driving this change. In any case, regardless of the cause, these alleles 

appear to be segregated in natural populations and such evolution could alter vectorial 

capacity, because different TEP1 alleles are established to alter susceptibility by exhibiting 

different kinetis of binding to Plasmodium parasites.  

All other studies evaluating the genetic polymorphisms of mosquito immune-related 

genes have so far not detected a pattern of directional selection in any of the genes as yet, but 

only a strong purifying selection when compared to other non-vector mosquito species 

(Slotman, Parmakelis et al. 2007; Cohuet, Krishnakumar et al. 2008; Parmakelis, Slotman et 

al. 2008; Lehmann, Hume et al. 2009). 

 

1.4.6 Parasite infection mediated fitness costs 

Another aspect in the mosquito-Plasmodium relationship with important 

consequences on the adaptability of laboratory models to the natural transmission systems 
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relates to the ability of the mosquito host to tolerate parasite infection. Although resistance 

was established as the main evolutionary force behind mosquito-parasite interactions (Riehle, 

Markianos et al. 2006), co-evolution requires the existence of fitness cost for the host, which 

leads to an essential balance between resistance and tolerance to infection.  

 

 

1.4.6.1 Parasite-related fitness costs 

There is broad evidence indicating that Plasmodium infection as well as activation of 

the mosquito immune system upon Plasmodium infection may impose a fitness cost on 

mosquitoes. Studies evaluating direct mosquito mortality as a consequence of Plasmodium 

have lead to mixed results (Ferguson and Read 2002; Ferguson, Mackinnon et al. 2003), but 

agreed that increased mortality is mainly associated with higher parasite densities (Lyimo and 

Koella 1992). 

Several studies correlated the development of oocysts with reduced mosquito 

fecundity due to alterations in the use of the yolk protein vitellogenin by the ovaries of 

infected and uninfected mosquitoes (Hogg and Hurd 1995; Hogg, Thomson et al. 1996; 

Hogg, Carwardine et al. 1997; Hogg and Hurd 1997). The egg batches produced by infected 

mosquitoes appear to be reduced in comparison with uninfected mosquitoes due to follicule 

resorption in the ovaries, after they have undergone apoptosis (Ahmed, Maingon et al. 2001; 

Hopwood, Ahmed et al. 2001).  

The metabolic cost of infections is further reinforced by the demonstration of a 

molecular link between lipid metabolism in mosquitoes and the immune response to malaria 

parasite. Apolipophorin II/I, which was identified was a major transcriptionally regulated 

gene upon ookinete traversal of the midgut epithelium, is linked to the lipid transport system 

in insect hemolymph and upon silencing leads to a drastic reduction on the numbers of oocyst 

developing in mosquitoes, for both rodent and avian Plasmodium (Vlachou, Schlegelmilch et 

al. 2005; Atella, Silva-Neto et al. 2006). The silencing of this component of lipid transport 

system also causes abrupt follicule resorption in the ovaries with consequent decreased 

fecundity (Vlachou, Schlegelmilch et al. 2005). Recently, the first evidence for lipid uptake 

by the parasite during its sporogonic development was brought forward and linked the 

transcriptional upregulation of Apolipophorin I/II observed after infection with Plasmodium 

infection. Apolipophorin I/II appears to be a key factor involved in the digression of 

mosquito lipids from their use in egg development to be used on incorporated in oocysts 

during their development in the midgut basal lamina (Atella, Bittencourt-Cunha et al. 2009). 
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This is up to today, one of the major molecular evidences of active metabolic diversion by 

Plasmodium parasites while developing in their invertebrate hosts. 

Additional evidence for a fitness cost as a consequence of Plasmodium infection 

relates to the sporozoite stage of Plasmodium, as sporozoite-infected mosquitoes spend more 

time probing for a blood meal (Rossignol, Ribeiro et al. 1984; Rossignol, Ribeiro et al. 1986; 

Li, Sina et al. 1992), probe more often and bite more people than uninfected mosquitoes 

(Koella, Sorensen et al. 1998; Anderson, Koella et al. 1999). This is probably a consequence 

of reduced production of Apyrase in the mosquito salivary glands, which is an essential 

vasodilator and anti-coagulant molecule injected by mosquitoes during feeding to help blood 

flow (Rossignol, Ribeiro et al. 1986). The increased probing time results in increased 

feeding-associated mortality in nature, as it alters feeding behavior of mosquitoes making 

then more susceptible to human defence measures, like squashing (Anderson, Knols et al. 

2000).  

 

 

1.4.6.2 Infection resistance-related fitness costs 

The fitness cost of resistance to Plasmodium is another category in itself. Mounting an 

immune response may carry a metabolic cost and compromise the amount of resources 

available for the mosquitoes to defend themselves against other microorganisms. Collateral 

damage caused by immune effectors such as reactive oxygen species, which are produced in 

responses to Plasmodium infection, may lead to an effective trade-off between the cost of 

infection and the cost of resistance (Luckhart, Vodovotz et al. 1998; Kumar, Christophides et 

al. 2003; Peterson, Gow et al. 2007). Also, resources required for melanotic encapsulation 

might compete with other critical functions such as eggshell formation and cuticle tanning 

(Ferdig, Taft et al. 2000; Christensen, Li et al. 2005). However, little research is available 

regarding this question. 

A related aspect that needs to be taken into consideration is the possibility that the 

lack of robust natural resistance to Plasmodium infection by mosquitoes results from parasite 

modulation of host defences. This is a common strategy used by other protozoa and the first 

lines of evidences for the use of such strategy by Plasmodium are now starting to appear.  

Direct and indirect immuno-suppression of melanotic encapsulation by P. 

gallinaceum was recently demonstrated in Ae. aegypti, indicating that Plasmodium parasites 

can manipulate the mosquito immune response, in order to survive while reducing vector 

mortality associated with this oxidative reaction (Fig.1.22) (Boete, Paul et al. 2004). 
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Immuno-suppression at the ookinete stage was directly attributed to the parasite, as a 

decrease in the rate of melanotic encapsulation was observed, while indirect 

immunosuppression was attributed to Plasmodium mediated modifications of the blood from 

the infected host because a bloodmeal containing dead parasites caused a drastic reduction in 

the rate of melanotic encapsulation. Both observations raise interesting questions regarding 

mosquito-parasite interactions and reinforce the hypothesis that soluble immune elicitors 

produced by the parasites, the nature of the blood meal or even immune signalling molecules 

from the vertebrate host might influence mosquito immune signalling pathways.  

 

 

Fig. 1.21 Immunosuppression in A. aegypti by P. gallinaceum. 

Each panel represents the melanization response of CM-25 sephadex beads in mosquitoes at different 

time after an infectious or uninfectious (control) blood meal. The melanization ability is determined 

according to the degree of melanization of the bead (none, patchy and complete) (adapted from 

(Boete, Paul et al. 2004) and (Boëte 2006)). 

 

Furthermore, recent findings suggest that blood hyperinsulinemia observed in 

Plasmodium infected vertebrates is sensed by the mosquito while ingesting the blood meal, 

leading to changes in the mosquitoes responses to infection that result in increased infectivity 

for Plasmodium parasites and reduced fecundity for mosquitoes (Luckhart and Riehle 2007; 

Kang, Mott et al. 2008; Surachetpong, Singh et al. 2009).  

Overall these results start to shed some light on how mosquito processes such as 

immunity, reproduction and others are influenced by its contact with Plasmodium parasites 

and how both organisms coped with each other’s requirements. However, further research is 

required to extrapolate some of these results into natural transmission systems of malaria, as 

for example, identical experiments to demonstrate direct and indirect immunosuppression by 
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human malaria parasites in their sympatric vectors did not produce the same results 

(Lambrechts, Morlais et al. 2007). In fact, when using A. gambiae mosquitoes and field-

isolates of P. falciparum, experiments yielded exactly the opposite results from the ones with 

the laboratory model system using P. gallinaceum and Ae. aegypti. The results showed not an 

immuno-suppression of melanotic refractoriness but rather an enhancement of this response. 

Thus, once again this study highlights the importance of validating results from 

laboratory models in natural transmission systems and suggests that rather than evolving 

towards a costly strategy of immunosuppression, Plasmodium parasites most probably rely on 

immune evasion, at least for melanotic refractoriness.  

However, although this study indicates that Plasmodium parasites most probably rely 

on immune evasion rather than immunosuppression, at least for melanotic refractoriness, the 

same might not hold true for other refractory mechanisms. For example, the increased NOS 

activity of mosquitoes in response to infection observed in laboratory models, and linked to 

insulin-mediated signalling, was not confirmed in the same semi-field transmission system 

using field isolates of P. falciparum and sympatric Anopheles mosquitoes (Tahar, Boudin et 

al. 2002). On the opposite, NOS activity appeared to be reduced upon infection, which may 

be interpreted as a consequence of the hyperinsulinemia in the host blood caused by 

Plasmodium infection, which is commonly associated with immuno-suppression (Luckhart 

and Riehle 2007; Kang, Mott et al. 2008). In this way, although immune suppression in 

natural transmission systems does not appear to affect melanotic refractoriness, it cannot also 

be completely excluded. 
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Most of our knowledge about Anopheles/Plasmodium interactions to date is gathered 

from the use of model systems, such as the rodent malaria P. berghei. Research has focused 

mainly on the greatest bottle neck during Plasmodium sporogonic development in mosquitoes 

to identify genes involved in the finely balanced trade-off imposed by infection. However, it 

has recently become clearer that effective transmission in the field may require a fine 

compatibility between vectors and parasites, which most probably is a product of co-

evolution and co-adaptation between the interacting organisms. Therefore, to identify 

molecular interactions suitable for developing proper interventions capable of interrupting the 

human malaria cycle, it is important to combine the comprehensive understanding of model 

systems with knowledge obtainable from more natural settings, representative of mosquito 

infections by P. falciparum parasites circulating in malaria patients in Africa.  

The first objective of this thesis was to use a genome-wide transcriptomic approach to 

analyse and compare A. gambiae midgut responses to various developmental stages of P. 

berghei, followed by a detail functional characterization of the transcriptional programs 

identified and assessment of their role upon infection by RNAi gene silencing. 

The second objective was to analyse and compare known mosquito midgut invasion 

responses and their consequences, using endemic populations of P. falciparum and laboratory 

P. berghei. 

The third and last objective was to analyse the transcriptome of the A. gambiae 

midgut upon various infection intensities of sympatric African P. falciparum isolates, 

followed by the identification of similarities and differences to the responses mediated by 

infections with rodent P. berghei, as well as the characterization of their functional role. 
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*This chapter contains results published in: 

 
Waterhouse, R. M., E. V. Kriventseva, et al. (2007). "Evolutionary dynamics of immune-related genes  

and pathways in disease-vector mosquitoes." Science 316(5832): 1738-43. 

 

The manual curation and phylogenomic analysis of A. gambiae Scavenger receptors were 

carried in collaboration with R. Waterhouse and D. Vlachou are included here for 

completeness. 
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3.1 Abstract 

 

 

The malaria parasite Plasmodium must complete a complex sporogonic life cycle 

within Anopheles mosquitoes before it can be transmitted to the human host. Plasmodium 

ookinete invasion of the Anopheles midgut has long been established as the most critical step 

during its sporogonic life cycle, leading to massive losses in parasite numbers, mainly due to 

the activation of mosquito immune and local epithelial responses. However little is known on 

mosquito responses to other stages of the sporogonic cycle.  

This study presents the first comprehensive genome-wide transcriptomic analysis of 

mosquito responses to six major developmental stages of P. berghei in the mosquito A. 

gambiae, from early pre-ookinete stages, to ookinete invasion of midgut epithelia and three 

distinct oocyst developmental stages including the budding off of sporozoites. The results 

reveal that all studied developmental stages can induce significant changes in the mosquito 

transcriptome, albeit to different intensities. Importantly, a significant set of genes involved 

in the regulation of the cellular oxidative state and the immune response is found to be 

consistently activated, indicating that some components of these biological processes are 

under constant increased expression for an effective mosquito response. Furthermore, the 

relationships between the transcription patterns of immune-related genes are investigated 

with the isolation and characterization of putative immune-related gene co-expression 

networks by functional holography and the identification of potential activators, modulators 

and effectors of the predicted pathways. Comparative genomic analysis and RNA dependent 

gene silencing are used to explore the A. gambiae family of scavenger receptors, showing that 

some members of this family are important parasite agonists, decreasing the number of 

ookinetes being targeted for melanisation upon invasion of the mosquito midgut, however 

having no significant effect on oocyst survival.  

This work provides a major contribution to the understanding of temporal specificity 

in mosquito responses during sporogonic Plasmodium development, an essential step to 

identify molecular interactions potentially suitable for developing novel interventions to 

interrupt the human malaria cycle. 
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3.2 Introduction 

 

 

Plasmodium, the causative agent of malaria, relies on the hematophagous behaviour 

of Anopheles mosquitoes for transmission between human hosts. The midgut of female 

Anopheles mosquitoes, which carries out a variety of essential functions for the digestion of a 

blood meal and subsequent egg production, is both the entry point and a critical site for 

Plasmodium sexual development (Beier 1998). A key concept that emerged in recent years is 

the additional challenge posed by the development of Plasmodium on the local and systemic 

mosquito biological processes (reviewed in (Vlachou and Kafatos 2005)). Mosquitoes 

respond to Plasmodium development by triggering transcriptional programmes for immune 

and stress responses, apoptosis, tissue healing and other physiological systems, establishing a 

delicate balance between positive and negative factors affecting the parasite’s development 

(Kumar, Christophides et al. 2003; Osta, Christophides et al. 2004; Vlachou, Schlegelmilch et 

al. 2005). It is now accepted that particular key components of the mosquito innate immune 

system are largely responsible for the strong bottleneck experienced by Plasmodium and act 

as a determinant of vector competence, leading to a major reduction in parasites numbers. 

Plasmodium development in the mosquito starts soon after blood feeding, when 

ingested parasite gametocytes produce male and female gametes that cross-fertilize forming 

the zygotes. Still in the gut lumen, the zygotes transform into motile ookinetes which cross 

the midgut epithelium approximately one day after blood feeding. At this point, processes 

related to mosquito immune reactions such as lysis and melanization have a major impact on 

parasite development, drastically reducing the numbers of ookinetes that successfully develop 

to the next parasite stage, the oocyst, on the basal side of the epithelia. For approximately two 

weeks, a time that depends on the parasite–mosquito species combination, multiple nuclear 

divisions occur within each oocyst, followed by membrane partitioning and budding off of 

haploid sporozoites. Upon oocyst burst, thousands of sporozoites are released into the 

hemacoel, many of which reach and infect the salivary gland lobes. Sporozoites then migrate 

to the salivary ducts, from where they can be injected into a new vertebrate host upon the 

next mosquito bites. 

A variety of studies, including microarray-based gene expression analysis, have 

investigated the impact of Plasmodium infection on the female mosquito (Chapter 1). These 

studies have established the immune response capacity of mosquitoes and identified key 

players in mosquito-parasite interactions. However, these studies have largely focused on the 
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mosquito responses during parasite invasion of midgut epithelia, where major reorganization 

of the cytoskeleton appears to be the predominant response of midgut cells (Vlachou, 

Zimmermann et al. 2004; Vlachou, Schlegelmilch et al. 2005). Knowledge on the mosquito 

midgut transcriptional responses to parasite stages other than the invading ookinete stage is 

still relatively scarce. One of such studies (Srinivasan, Abraham et al. 2004), using a 

microarray-based analysis to address midgut responses to P. berghei infection, identified only 

a few transcripts belonging to known immunity genes responding to infection, which is in 

sharp contrast with most studies (Dimopoulos, Christophides et al. 2002; Vlachou, 

Schlegelmilch et al. 2005). However, the limited library of EST clones on which this study 

was based and the use a highly permissive mosquito species, A. stephensi, may account for 

these differences and highlights the importance of analyzing mosquito responses to the other 

parasite developmental stages. 

The current study used a time-series experimental design to analyze and compare A. 

gambiae midgut responses to six developmental stages of P. berghei using DNA microarrays. 

Comparison of transcript abundance in infected versus non-infected midguts identified 

continuous and stage-specific transcriptional programmes triggered by parasite infection 

through temporal co-clustering of expression profiles. Further functional annotation of these 

transcriptional programmes identified a specific set of immunity-related genes activated 

throughout all stages of parasite development. 
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3.3 Results 

 

 

3.3.1 Experimental design 

Matched groups of A. gambiae (Yaoundé strain) mosquitoes (Tchuinkam, Mulder et 

al. 1993) were fed either on P. berghei (GFP-CON strain) infected Balb/C mice (Franke-

Fayard, Trueman et al. 2004) or control non-infected mice. Mosquitoes were sampled and 

dissected at 6 successive time periods: 1-3 hours post-infection (hpi) (a time that corresponds 

to zygote development); 22-25 hpi (during invasion of the midgut epithelia by motile 

ookinetes); 48-50 hpi (early oocyst development in the basal side of the midgut); 5 days post-

infection (dpi) (mid oocyst development encompassing sporoblast formation); 10 dpi (late 

oocyst development including sporozoite budding off from sporoblasts) and 14-15 dpi 

(release of sporozoites from oocysts into the hemacoel) (Fig. 3.1). Selection of time periods 

took into account not only the major morphological changes experienced by the parasite, but 

also the density fluctuations during its sporogonic development (Sinden, Alavi et al. 2004; 

Vaughan 2007). 

Competitive two-dye hybridizations on MMC2 microarrays were performed using 

infected and control RNA samples from three independent biological infections presenting 

similar parasite loads and prevalence, as shown in Table 3.1. Technical replicates were also 

included for selected samples. 

 

 

Table 3.1 A. gambiae infections with P. berghei  

# inf 
# of 

midguts 

Oocyst 

range 

Oocysts/midgut 

[Arithmetic mean] 

Oocysts/midgut 

[Gmean (± dSE)] 
Prevalence 

A 10 0-123 32.1 10.5 (±0.6) 71% 

B 17 0-147 25.9 4.6 (±0.6) 53% 

C 27 0-193 40.7 7.6 (±0.6) 63% 
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Fig. 3.1 Plasmodium development in the mosquito and sampled stages for microarray 

analysis of midgut responses 

Mosquito midgut samples from six developmental time periods of Plasmodium development were 

collected as indicated in the boxes, in hours post-infection (hpi) or days post-infection (dpi). These 

included: T1 - fertilization and zygote formation (1-3 hpi); T2 - invasion of midgut epithelia by motile 

ookinetes (22-25 hpi); T3 – oocyst formation in the basal side of the midgut (48-50 hpi); T4 – 

sporoblast formation within the oocysts (5 dpi); T5 – budding off of sporozoites from sporoblasts (10 

dpi) and T6 – release of sporozoites from the oocysts into the hemacoel (14-15 dpi). Time periods up 

to 48-50 hpi (T1-T3) were considered early parasite developmental stages and the following stages 

(T4-T6) were considered late parasite developmental stages. Selected time periods represent 

morphologically distinct stages of the parasite sporogonic development. The diagram is modified 

from Vlachou et al. (2006). 
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3.3.2 Midgut responses to P. berghei development 

Significant differential regulation by P. berghei infected blood was detected in 

midguts for 1502 mosquito genes, in at least one of the developmental stages assessed. In 

total, these genes correspond to approximately 11.4% of the A. gambiae genome, according 

to the Ensembl release V49 (AgamP3.3 March 2008). Out of the 1502 mosquito genes 

registering expression values, 1061 genes presented at all developmental stages, which were 

analyzed thereafter. 

To evaluate the independent impact of the various parasite developmental stages on 

midgut gene expression, the overall number of up and down regulated genes and the 

corresponding fraction of the total predicted number of genes in the genome was compared 

between developmental stages (Fig. 3.2A and B). Major transcriptional changes were 

observed during ookinete invasion of the midgut epithelia (T2) and early oocyst development 

in the basal lamina (T3). 

 

 

Fig. 3.2 Transcriptional responses of the A. gambiae midgut to different P. berghei 

developmental stages. 

A) Fraction of the predicted A. gambiae genome showing transcriptional regulation at the various 

stages of parasite developments (Ensembl release V49 (AgamP3.3 March 2008)). B) Total number of 

differentially regulated genes showing up- or down-transcriptional regulation in A. gambiae midguts 

at the various P. berghei developmental stages analyzed. 
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In the T2 and T3 time points, 5.2% and 3.6% of the predicted Anopheles genome 

showed differential transcriptional regulation, respectively (Fig. 3.2 A). Smaller changes and 

little variation was observed in the midgut transcriptome for the rest of the developmental 

stages ranging from 0.9% of the predicted A. gambiae genome in T4 to 1.7% in T6 (Fig. 3.2 

A). Up-regulation was the most prominent transcriptional change, particularly in T2, T3, T4 

and T6, while in T1 and T5 no significant differences in the numbers of up- and down-

regulated genes were observed (Fig. 3.2 B). Although, the highest numbers of up-regulated 

genes were found in T2 and T3 (392 and 258, respectively), the most significant differences 

in the numbers of up and down regulated genes were found at T4 and T6 (Fig. 3.2 B). 

 

Table 3.2 Differential gene expression during P. berghei development in the A. gambiae 

midgut 

 T2 T3 T4 T5 T6 

T1 217 (110) 376 (147) 121 (32) 99 (23) 115 (30) 

T2  332 (189) 216 (107) 187 (93) 161 (82) 

T3   288 (91) 285 (99) 237 (80) 

T4    48 (2) 39 (2) 

T5     47 (2) 

Numbers represent differentially expressed mosquito genes in each pair-wise comparison (ANOVAs 

Tukey-test, P≤0.05). The number of genes that display at least two-fold difference is shown in 

parenthesis. 

 

T2 (ookinete invasion) and T3 (early oocyst development) were found to be the most 

transcriptionally distinct developmental stages: 161-332 and 237-376 genes specifically 

expressed genes were unique in T2 and T3, respectively, in pair-wise comparisons with each 

of the other developmental stages (ANOVAs Tukey-test, P≤0.05) (Table 3.2). Surprisingly, 

early oocyst formation showed a greater specificity of differentially regulated genes than 

ookinete invasion, indicating that although the total numbers of genes regulated at this stage 

is smaller than those recorded for the ookinete stage, the genes undergoing transcriptional 

changes during this stage are distinct when compared to other stages. In particular, almost no 

overlap was found between the transcriptionally induced gene sets at T1 and T3, in contrast 

to T2 that shares considerable overlap with both T1 and T3. Most importantly, mid to late 

oocyst development, as well as sporozoites release from the oocyst (T4, T5, and T6) are 
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largely indistinct (39-48 differentially regulated genes between developmental stages), 

indicating that, even though there is a continuous increase in the number of significantly 

regulated genes from T4 to T6 (Fig. 3.2 A), the vast majority of genes remains the same. 

 

 

3.3.3 Temporal gene co-expression of mosquito midgut responses to P. berghei 

development 

The expression profiles of 1044 differentially expressed genes were assembled by 

weighted hierarchical clustering (following a Pearson correlation coefficient score) into eight 

clusters of temporal co-expression and grouped into broad transcriptional programmes (Fig. 

3.3). Although a significant fraction of genes (clusters 1, 2 and 3) were differentially 

regulated in both early and late parasite developmental stages (25% or 268 genes), the 

majority of genes were differentially regulated uniquely in the early stages of parasite 

development (66.8% or 697 genes; clusters 4, 5, and 6). Additionally, a small set of genes 

(clusters 7 and 8) presented differential regulation only at the late stages of parasite 

development (7.6% or 79 genes). 

In detail, 362 genes showed up-regulation (cluster 4) and 265 showed down-

regulation (cluster 6) only during early stages of parasite development, while 120 genes were 

found to be consistently up-regulated (cluster 1) and 85 genes were consistently down-

regulated (cluster 3) across both early and late developmental stages. Approximately 6% of 

the total number of differentially regulated genes showed mixed transcriptional responses, i.e. 

significantly activated in one particular stage and significantly repressed in another stage 

(clusters 2 and 5). Mixed transcriptional responses were observed for genes differentially 

regulated only at the early developmental stages (cluster 5) or at both early and late 

developmental stages (cluster 2) but not for genes differentially regulated only at late parasite 

developmental stages (clusters 7 and 8). 
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Fig. 3.3 Clusters of temporal co-expression for Anopheles midgut responses to P. berghei 

development. 

Differential expression profiles for 1044 genes were organized by weighted hierarchical clustering 

following a Pearson correlation coefficient score into 8 co-expression clusters (C1-C8). A) Eisengram 

of temporal co-expression clusters highlighting transcriptional programmes according to early and late 

parasite sporogonic developmental stages. B) Mean log2 expression ratios of genes within each 

temporal co-expression cluster are indicated by grey lines and mean expression profile of all genes 

within the given cluster is indicated with a single green line. Red dotted lines indicate the established 

cut-off for significant expression (0.8 on a log2 scale). Cluster designation is shown on the side of the 

eisengram or above each panel. The number of genes comprising each cluster is shown above each 

panel. 
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3.3.4 Functional classes of co-expressed genes 

To visualize temporal variations in the activation or repression of whole biological 

processes due to P. berghei development in the A. gambiae midgut, differentially regulated 

genes were grouped by functional categories (as reflected by associated Gene Ontology (GO) 

terms or InterPro domain signatures). For each category, the percentage of genes displaying 

top or bottom expression (above the 75 percentile or below the 25 percentile of expression) at 

each developmental stage was determined. Bottom percentages were subtracted from top 

percentages, and the resulting data sets, representing the expression tendency of each 

functional category, were subjected to weighted hierarchical clustering following a Pearson 

correlation score (Fig. 3.4). To complement the functional analysis of expression, the clusters 

of temporal co-expression described above (Fig. 3.3) were queried for over-representation of 

individual functional categories to highlight particular processes or functional domains that 

are present in higher than expected numbers within clusters of genes showing similar 

expression profiles.  

Overall, the combination of both methods for functional analysis revealed that 

regulation of the cellular oxidative state, together with immune-related responses, 

cytoskeleton reorganization and cellular signalling were the most transcriptionally altered 

biological processes in the mosquito midgut upon P. berghei infection (Tables 3.3 and 3.4). 

Genes containing a Cytochrome P450 protein domain, involved in the regulation of 

the cellular oxidative state, were significantly over-represented during both early and late 

parasite development (cluster 1 in Table 3.4) and tended to present top expression in all 

developmental stages except T1 and T3 (Fig. 3.4). Similarly, genes associated with 

monooxygenase activity, which represents the most common reaction catalyzed by 

Cytochrome P450 proteins (Werck-Reichhart and Feyereisen 2000), and oxidoreductase 

activity, were over-represented during the same developmental stages and showed the same 

tendency of expression at all stages (cluster 1 on Table 3.3). Other terms and domains related 

to redox metabolism and detoxification, such as caspase, glutathione S-transferase and 

thioredoxin, showed a more limited activation pattern, with top expression restricted to early 

parasite developmental stages (Fig. 3.4). 

Similar results were obtained for terms associated with immune response and defence 

against bacteria, which were significantly over-represented within upregulated genes during 

early stages of parasite development, and for protein domains associated with known 

immune-related genes, such as Leucine-Rich Repeat (LRR), C-type lectin, cecropin and 

immunoglobulins, which were over-represented both during early and late parasite 
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development (Vizioli, Bulet et al. 2000; Kim, Koo et al. 2004; Osta, Christophides et al. 

2004; Povelones, Waterhouse et al. 2009) (Fig. 3.4 and tables 3.3 and 3.4). 

Functional classes related to cellular signalling and cytoskeleton remodelling 

exhibited increased expression or were over-represented in clusters of co-expressed genes 

that were upregulated especially during early stages of parasite development. G protein-

coupled receptor (GPCR) signalling pathways as well as terms associated with this and other 

complementary processes such as neurotransmitter ligand-binding and RAS small GTPase 

made up for a vast group of functional categories presenting top expression during early 

stages of parasite development (Fig. 3.4). In particular, gamma aminobutyric acid A (GABA) 

receptors, which are important in regulating neuronal excitability, muscular response and also 

implicated in insecticide resistance, were significantly over-represented within the group of 

genes upregulated during early parasite development, although their role in response to 

infection is not clear (Cluster 4, Tables 3.3 and 3.4). These terms may be additionally 

involved in the modulation of mosquito responses during parasite invasion of the midgut 

epithelia (Brooke, Hunt et al. 2006). 

Biological process related to remodelling and/or reorganization of the actin 

cytoskeleton were also among those regulated during the early stages of parasite 

development, in agreement with earlier studies (Vlachou, Schlegelmilch et al. 2005; Mendes, 

Schlegelmilch et al. 2008). Over-representation was observed for genes associated with the 

term cortical actin cytoskeleton organization and presenting actin-binding protein domains 

(Cluster 4, Tables 3.3 and 3.4). Importantly, analysis of the temporal variation of expression 

for terms associated with this functional class showed activation during the ookinete stage of 

parasite development (T2) (Fig. 3.4). 

In summary, these results show that immune-related processes and regulation of the 

cellular oxidative status, for which there is now an unambiguous body of evidence for their 

role in reducing mosquito vectorial capacity and controlling parasite development are 

modulated throughout all stages of parasite development and not only during the very critical 

early stages. On the contrary, intracellular signalling, mainly through GPCR signalling 

pathways, and reorganization of the actin cytoskeleton show transcriptional regulation 

restricted to the early stages of parasite development, most particularly during invasion of the 

midgut epithelia by ookinetes indicating temporal and local specificity of these mechanisms. 
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Fig. 3.4 Coordinated temporal expression of functional gene groups. 

Weighted hierarchical clusters for the analysis of Gene Ontology terms (A) and InterPro domains (B) 

are presented for the various developmental stages of P. berghei development in A. gambiae 

mosquitoes. Functional categories for selected terms and domains are highlighted in different colours 

as shown in the colour-coding key at the bottom of the figure.  
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Table 3.3 Over-representation of Gene Ontology (GO) terms within temporal co-expression 

clusters. 

Cluster GO Class GO No. GO Description Pvalue  

 molecular function GO:0004553 hydrolase activity 7E-05 * 

 molecular function GO:0005529 sugar binding 8E-05 * 

C1 molecular function GO:0004568 chitinase activity 5E-04  

 molecular function GO:0016491 oxidoreductase activity 8E-04  

 molecular function GO:0004497 monooxygenase activity 0.001  

 molecular function GO:0000287 magnesium ion binding 3E-04 * 

 biological process GO:0030154 cell differentiation 9E-04  

C2 biological process GO:0006096 glycolysis 0.003  

 molecular function GO:0004601 peroxidase activity 0.009  

 molecular function GO:0016491 oxidoreductase activity 0.015  

 molecular function GO:0004252 serine-type endopeptidase activity 2E-04 * 

C3 cellular component GO:0000785 chromatin 0.001  

 biological process GO:0006508 proteolysis 0.012  

 molecular function GO:0016787 hydrolase activity 0.034  

 molecular function GO:0004890 GABA-A receptor activity 0.001  

 biological process GO:0006955 immune response 0.003  

C4 biological process GO:0007017 microtubule-based process 0.016  

 biological process GO:0042742 defense response to bacterium 0.017  

 biological process GO:0030866 cortical actin cytoskeleton organization 0.041  

 molecular function GO:0004579 protein glycotransferase activity 4E-04 * 

 molecular function GO:0016853 isomerase activity 0.001  

C5 cellular component GO:0005783 endoplasmic reticulum 0.003  

 cellular component GO:0016021 integral to membrane 0.013  

 molecular function GO:0005215 transporter activity 0.022  

 biological process GO:0006508 proteolysis 2E-04  

 biological process GO:0006094 gluconeogenesis 0.004  

C6 molecular function GO:0004252 serine-type endopeptidase activity 0.011  

 molecular function GO:0004182 carboxypeptidase A activity 0.015  

 biological process GO:0006633 fatty acid biosynthetic process 0.041  

 molecular function GO:0004246 peptidyl-dipeptidase A activity 1E-03  

 molecular function GO:0004866 endopeptidase inhibitor activity 0.005  

C7 cellular component GO:0016020 membrane 0.026  

 biological process GO:0006508 proteolysis 0.027  

 molecular function GO:0050660 FAD binding 0.004  

C8 molecular function GO:0005488 binding 0.024  

 

Prevalence of Gene Ontology (GO) terms was ranked for each gene cluster identified in Fig. 4.3. 

Over-representation of a particular term was established with hypergeometric distribution by 

significant deviation from the expected prevalence in all evaluated genes. Up to five of the most 

overrepresented GO terms in each cluster with a minimum P-value of <0.05 are shown. Asterisks 

indicate significant over-representation after Bonferroni False Discovery Rate correction. 
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Table 3.4 Over-representation of InterPro protein domains within temporal co-expression 

clusters. 

Cluster 

InterPro 

No. InterPro Description Pvalue   

 IPR008072 Cytochrome P450, E-class, CYP3A 1E-05 * 

 IPR003591 Leucine-rich repeat, typical subtype 9E-05 * 

C1 IPR001304 C-type lectin 1E-04 * 

 IPR002402 Cytochrome P450, E-class, group II 3E-04  

 IPR001223 Glycoside hydrolase, family 18, catalytic domain 6E-04  

 IPR004142 Ndr 3E-04 * 

 IPR011701 Major facilitator superfamily MFS-1 5E-04 * 

C2 IPR000960 Flavin-containing monooxygenase FMO 6E-04  

 IPR003172 MD-2-related lipid-recognition 0.001  

 IPR001609 Myosin head, motor region 0.005  

 IPR001314 Peptidase S1A, chymotrypsin 4E-05 * 

 IPR001254 Peptidase S1 and S6, chymotrypsin/Hap 5E-05 * 

C3 IPR008139 Saposin B 0.002  

 IPR000449 Ubiquitin-associated/translation elongation factor EF1B, N-terminal 0.008  

 IPR004843 Metallophosphoesterase 0.031  

 IPR006028 Gamma-aminobutyric acid A receptor 0.003  

 IPR000875 Cecropin 0.018  

C4 IPR001611 Leucine-rich repeat 0.027  

 IPR006662 Thioredoxin-like subdomain 0.027  

 IPR002108 Actin-binding, cofilin/tropomyosin type 0.028  

C5 IPR005819 Histone H5 0.007  

 IPR002048 Calcium-binding EF-hand 0.031  

 IPR003135 ATP-grasp fold, ATP-dependent carboxylate-amine ligase-type 0.001  

 IPR002433 Ornithine decarboxylase 0.001  

C6 IPR000834 Peptidase M14, carboxypeptidase A 0.006  

 IPR001314 Peptidase S1A, chymotrypsin 0.015  

 IPR002398 Peptidase C14, caspase precursor p45 0.023  

 IPR001548 Peptidase M2, peptidyl-dipeptidase A 1E-03  

 IPR002890 Alpha-2-macroglobulin, N-terminal 0.002  

C7 IPR006689 ARF/SAR superfamily 0.014  

 IPR006688 ADP-ribosylation factor 0.025  

 IPR002018 Carboxylesterase, type B 0.031  

C8  No over-represented domains   

 

Prevalence of InterPro protein domains was ranked for each identified gene cluster as present in Fig. 

4.3. Over - representation for a particular term was established with hypergeometric distribution by 

significant deviation from the expected prevalence in all evaluated genes.  Up to five of the most 

overrepresented InterPro in each cluster with a minimum P-value of <0.05 are shown. Asterisks 

indicate significant overrepresentation after Bonferroni False Discovery Rate correction. 
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3.3.5 Mosquito midgut-immune related responses to P. berghei development 

The analysis of differentially regulated genes suggested significant upregulation of 

genes implicated in immune-related responses. To further characterize transcriptionally 

regulated genes related to immune response processes, information from established 

databases (Waterhouse, Kriventseva et al. 

2007)) was combined with manual 

annotation and used to identify putative 

immune-related genes within the complete 

set of differentially expressed genes. A total 

of 88 genes were classified as immune-

related genes, of which 13 are known 

components of the NF-kappaB pathways, 

Toll/REL1 and Imd/REL2, 18 are putatively 

associated with the melanization response, 

32 belong to previously characterized gene 

families with immune-related functions, and 

13 encode proteins with a Leucine-Rich 

Repeat (LRR) domain that found in some of 

the best characterized Plasmodium 

antagonists in the mosquito (Fig 3.5) 

 

 

 

 

 

Fig. 3.5 Temporal expression profiles of A. 

gambiae immune-related genes involved in 

the midgut response to P. berghei 

development. 

The expression profiles for 88 immune-related 

genes were clustered by a weighted hierarchical 

method.  
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Overall, the majority of immune-related genes were upregulated either in both early 

and late stages (21 genes (23.6%)) of parasite development or specifically in early stages (32 

genes (36.4%)). Only 19 of the 88 putative immune-related genes (21.5%) presented 

significant downregulation in mosquito midguts upon P. berghei infection.  

Importantly, the intracellular inhibitor of the Toll/REL1 pathway, CACT, was found 

within the group of genes significantly downregulated during the early stages of oocyst 

development on the midgut basal lamina, with no significant changes in expression in the 

other developmental stages analyzed (Fig. 3.5). CACT depletion has previously been 

associated with increased expression of immune-related genes and completes abortion of P. 

berghei development (Frolet, Thoma et al. 2006). 

 

 

3.3.6 Identification and functional holographic projection of immune-related 

transcriptional modules responding to P. berghei development in the mosquito midgut 

Transcriptional activation of immune-related genes is the end result of a sequential 

pathway initiated upon molecular recognition of microbial patterns leading to the production 

of immune signals that are modulated and/or transduced before activating effector 

mechanisms (Waterhouse, Kriventseva et al. 2007). The sequential manner in which signals 

are transduced and modulated across the various phases of such pathways implies active 

regulation of various genes, of which products are essential to transduce and/or modulate a 

signal onwards to the next phase of the cascade. The activation of a particular gene involved 

in such signalling cascades is therefore intrinsically related to the previous activation of other 

gene(s) involved in an earlier phase of the cascade, and leads to the transcriptional activation 

of others. It is therefore possible to hypothesize that by quantifying the relationship between 

the activation of various immune-related mosquito genes upon infection with P. berghei 

using methods such as gene-to-gene correlations, strong relationships between differentially 

expressed immune-related genes can be identified, thereby allowing the prediction of related 

components forming transcriptional modules of a putative signalling pathway (Priness, 

Maimon et al. 2007). 

To quantify and isolate putative immune-related transcriptional modules, a new 

method was used that is based on clustering of immune-related genes according to Pearson 

correlation coefficients calculated from pair-wise comparisons of individual expression 

profiles against the expression profiles of all the other genes. This method preserves the 

continuous nature of the gene co-expression information and, upon sorting based on the 
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strength of connectivity between such genes, allows the identification of putative 

transcriptional modules embedded within the similar gene expression profiles (Fig 3.6 A) 

(Emilsson, Thorleifsson et al. 2008; Madi, Friedman et al. 2008). 

Using this clustering method and considering 0.05 as the threshold of significance for 

Pearson correlation coefficients between genes, 11 putative transcriptional modules were 

identified, representing associations that were not previously revealed by temporal co-

expression clustering for parasite developmental stages (Fig. 3.6 A, B and C). Intriguing data 

arising from this analysis were the striking similarities in the content of some of the 

transcriptional modules, and the strong association between the expression profiles of genes 

predicted to span across the different phases of immune activation and response. 

In particular, two of the identified transcriptional modules (modules C and E) showed 

a remarkably similar composition, each encompassing an immuglobulin domain-containing 

gene, one or more members of the galectin gene family, several LRR-containing genes, a Toll 

receptor gene and one member of the PPO gene family. The products of these genes are 

predicted to be functionally active in different phases of the immune activation and response 

(Christophides, Zdobnov et al. 2002; Waterhouse, Kriventseva et al. 2007).  

Members of the immunoglobulin superfamily were previously implicated in mosquito 

defence against both bacteria and Plasmodium, possibly playing a role in the recognition of 

these pathogens (Garver, Xi et al. 2008). Toll and Toll-like receptors are known 

transmembrane receptors of incoming immune signals in mammals and insects while genes 

containing LRR domains (in addition to Tolls) and Galectins are also involved in recognition 

of pathogen structures (Luna, Wang et al. 2002). PPOs are enzymes implicated in final steps 

of the melanization response (Muller, Dimopoulos et al. 1999; Volz, Muller et al. 2006). 

Similarly, two other transcriptional modules (J and K) containing antimicrobial 

peptides (AMPs) were identified. Each module comprises four genes, of which at least two 

are putative or demonstrated AMPs: Kininogen domain-containing 1 and 2 (KIN1 and 2); 

Cecropin 2 (CEC2); Cecropin and LRR domain-containing gene; and Gambicin 1 (GAM1). 

The rest of the genes encode a Fibrinogen-related protein (FREP27 and FREP11) and a 

caspase (CASPS4). FREP is the largest pattern recognition gene family in A. gambiae, and 

some of its members have a documented role in defence against bacteria and P. berghei or P. 

falciparum infections (Dong and Dimopoulos 2009).  
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Fig 3.6 Transcriptional modules of immune-related genes showing differential expression 

upon P. berghei infection. 

A) Gene-to-gene correlation matrix representing clustered associations between 88 differentially 

expressed immune-related genes. The upper left panel shows all associations coloured based on 

associated Pearson correlation value and the lower left panel shows gene-to-gene associations with 

significant positive and negative Pearson correlations indicated in red and green, respectively (P value 

< 0.05). B) Expression profiles of immune-related genes sorted by the gene-to-gene correlation 

matrix. Individual immune-related transcriptional modules are presented with different colours. 
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The association of members of the FREP family with AMPs such as KIN, CEC and GAM, 

which have already been shown to be transcriptionally responsive in mosquito midguts to 

both P. berghei and P. falciparum, may indicate that transcriptional activation of these 

effectors is triggered by FREP-mediated pathogen recognition. Identical association between 

members of the FREP gene family and Galectins and PPO effectors in modules C and E, is 

consistent with this observation.  

CACT, the negative regulator of the Toll/REL1 pathway is found in an two-member 

transcriptional module together with FREP8 (Module I). CACT has an essential function as 

the intracellular inhibitor of the Toll/REL1 pathway and its specific depletion completely 

aborts P. berghei development. It has previously been demonstrated that CACT controls the 

expression of several AMPs and therefore is in a crucial regulatory position on the overall 

phases of immune response (Frolet, Thoma et al. 2006). The presence of this gene in a 

defined module together with FREP8 underlines the potential of this method to define very 

particular functional associations between differentially regulated genes. 

The majority of genes associated with the protease cascade that controls melanisation, 

CLIPAs and CLIPBs, were grouped in a single transcriptional module (Module F). Only 

CLIPB17 is found in a distinct transcriptional module (Module D), thereby suggesting a 

probable functional difference with respect to the other CLIPs. This is consistent with the 

known contribution of CLIPB17 in the defence against Plasmodium, as this is the only CLIP 

analyzed so far that significantly promotes melanization in a refractory strain of Anopheles 

mosquitoes (Volz, Osta et al. 2005; Volz, Muller et al. 2006). The same transcriptional 

module D includes apoptosis-related genes, such as an Inhibitor of Apoptosis (IAP2) and a 

caspase (CASPS3). IAPs are direct inhibitors of caspases, the apoptosis executioners and 

modulators. This module also encompasses a highly upregulated serpin gene (SRPN10A), 

which codes for a protein translocated to the nucleus during early parasite invasion of midgut 

cells (Danielli, Kafatos et al. 2003; Danielli, Barillas-Mury et al. 2005). It has been 

hypothesized that this subcellular localization profile of SRPN10A may be associated with 

the apoptosis of the invaded cells. The correlation between the various members of this 

transcriptional module and their link to apoptosis of parasite-invaded cells is a strong 

indicator of the role of this module in regulating apoptosis upon parasite invasion of midgut 

epithelial cells.  

Two other interacting genes known to negatively control P. berghei melanisation in A. 

gambiae, CTL4 and CTLMA2, were also grouped together in the transcriptional module A, 

together with two members of the LRIM and Thioester-containing gene families. Members of 
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these families have been demonstrated to interact and possibly contribute to the same genetic 

pathway, which represents the major parasite killing mechanism in mosquitoes (Osta, 

Christophides et al. 2004; Fraiture, Baxter et al. 2009; Povelones, Waterhouse et al. 2009). 

This module includes additional genes with well-established roles in parasite and bacterial 

recognition such as the Peptidoglycan Recognition Protein PGRPLB1/2, FREP44, and an 

immunoglobulin superfamily gene (Meister et al., 2009; (Garver, Xi et al. 2008; Dong and 

Dimopoulos 2009). Genes putatively involved in signal transduction, such as CD9, CD37, 

CD63 protein domain-containing genes and an endoglin gene are also found in this 

transcriptional module, as well as the putative effector of apoptosis, caspase CASPS7.  

Finally, members of the SCR family are found in modules B and G. In the latter, they are in 

association with an immunoglobulin-encoding gene. Interestingly, these modules show very 

different activation patterns, particularly at T2, one being activated (module B) and the other 

repressed (module G).  

The modules A, B or G, clearly illustrate the potential of this method to identify gene 

association across sequential immune response phases, highlighting possible novel essential 

players involved in parasite killing and separating them into groups with identical 

composition, in terms of gene families and function according to their temporal activation 

pattern. 

To deepen this analysis, a method for functional holography was used to further 

translate the identified transcriptional modules into putative networks of co-expressed 

immune-related genes (Fig. 3.7). Through the collective normalization of the Pearson 

correlation matrices and subsequent evaluation of the significance of gene-to-gene 

associations (Fig. 3.7 B), it was possible to further restrict the previously identified 

transcription modules to the most densely interconnected genes and topologically overlap 

them in a multidimensional space (Fig 3.7 A and C) (Madi, Friedman et al. 2008). In this 

way, it was possible to further pinpoint sub-groups of genes within a module which are 

predicted to be activated in the same immune phase, differentiating them from other members 

of the same module, and putatively the same signalling pathway which require previous or 

subsequent activation. More precisely, the Principal Component Analysis (PCA) algorithm 

was applied for dimensional reduction of the normalized correlation matrix (Fig. 3.7 B). This 

method revealed networks of gene co-expression, which were subsequently projected on a 

reduced three-dimensional space, whose axes are the three leading principal components of 

the PCA (Fig 3.7 A). 
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Fig. 3.7 Holographic representation of immune-related transcriptional modules responding to 

P. berghei infection. 

A) Functional relation for each module as revealed in the 3D PCA space. Genes in each 

transcriptional module are represented by the same colour and linked when presenting a strong 

positive correlation (Pearson’s P < 0.01). B) Matrix of normalized correlations for all immune-related 

genes analyzed used as basis for the functional holographic representation in A. C) Description of the 

immune-related genes present in each transcriptional module. 
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Lastly, strong connectivity between genes was determined by Pearson correlation 

analysis using a significance P value < 0.01 as a threshold. Connection lines were drawn 

between genes based on the strength of the expression correlation. Overall, using weighted 

gene-to-gene co-expression clustering and topological overall by functional holography, 

hidden complex relations between immune-related genes could be exposed, and putative 

networks were revealed. This analysis provides a more detailed view of the relationship 

between the activation and repression of immune-related genes in the mosquito midgut upon 

P. berghei infection and allows a more educated selection of putative candidates for further 

functional analysis. 

 

 

3.3.7 The role of Scavenger immune receptors in mosquito defence against P. berghei 

infection 

One immune-related gene family found to be upregulated in mosquito midguts upon 

P. berghei infection was the family of scavenger immune receptors (SCRs). These proteins, 

originally defined by their ability to bind modified forms of low-density lipoprotein (Krieger 

and Herz 1994), can function as pattern recognition receptors for infectious non-self and 

modified self (Gough and Gordon 2000; Peiser and Gordon 2001; Greaves and Gordon 

2009). The multidomain SCRs vary markedly in structure, including molecules with 

collagenous, cysteine-rich, C-type-lectin or other domains. Related molecules have been 

discovered in D. melanogaster, where they have been implicated in the clearance of apoptotic 

cells and in innate immunity (Pearson, Lux et al. 1995; Ramet, Pearson et al. 2001; Philips, 

Rubin et al. 2005).  

A. gambiae SCRs and their homologs in D. melanogaster and Ae. aegypti were 

identified using comparative bioinformatic analysis and manual annotation. These were 

subsequently divided into three major classes named A, B and C according to their protein 

features and functional homology to known SCRs in other species (Fig. 3.8 and 

Supplementary Fig. 7.1). 

Class A SCRs (SCRAs) contribute to host defence by binding polyanionic ligands 

such as lipopolysaccharide (LPS) and lipoteichoic acid (LTA). They have been implicated in 

the recognition and phagocytosis of unopsonized microorganisms (Peiser, Gough et al. 2000; 

Peiser, de Winther et al. 2002) as well as opsonized pathogens. Some members of this 

subfamily contain a Scavenger Receptor Cysteine-Rich (SRCR) domain, which in the human 
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protein MARCO binds both Gram+ and Gram- bacteria (Mukhopadhyay, Chen et al. 2006; 

Gomes, Palma et al. 2009) However, they do not influence mouse susceptibility to rodent 

malaria (Cunha-Rodrigues, Portugal et al. 2006). Phylogenetic analysis identified five SRCR-

containing proteins in Ae. aegypti, D. melanogaster and A. gambiae (Supplementary Fig. 

7.1). 

Class B scavenger receptors (SCRBs, Fig 3.8A) are thought to be a novel class of 

SCRs characterized by a CD36 domain. SCRBs have diverse ligand-binding properties 

including oxidized low density lipoproteins (LDLs), long chain fatty acids, anionic 

phospholipids, collagen types I, IV and V, thrombospondin (TSP), P. falciparum-infected 

erythrocytes and apoptotic cells. The interaction between the CD36-binding domain of P. 

falciparum erythrocyte membrane protein 1 (PfEMP-1) and the CD36 receptor is essential for 

parasite survival and adhesion, and may be involved in modulation of the host's response 

(McGilvray, Serghides et al. 2000; Serghides, Smith et al. 2003; Ndungu, Sanni et al. 2006; 

Patel, Lu et al. 2007; Rodrigues, Hannus et al. 2008). Croquemort, a D. melanogaster 

hemocyte cell-surface receptor, is a member of the SCRB family and can bind apoptotic cells 

(Franc, Dimarcq et al. 1996; Franc, Heitzler et al. 1999). In addition, the fruit fly Peste (Pes) 

is another CD36 family member required for the uptake of mycobacteria, but not E. coli or S. 

aureus, which suggests a conserved role for SCRBs in pattern recognition and innate 

immunity (Philips, Rubin et al. 2005). Interestingly, there is a large expansion of the insect 

SCRB family compared to mammals. A total of 13 SCRBs were identified in the fruit fly and 

in mosquitoes, whereas only 3 CD36-containing proteins have been identified in human. 

Similar to their mammalian homologs, insect SCRBs are transmembrane proteins with two 

short transmembrane domains adjacent to their short N- and C-termini. Phylogenetic analysis 

revealed eight orthologous trios and two mosquito orthologous pairs. One mosquito-specific 

phylogenetic clade (SCRBQ) includes six SCRBs, all of them being 1:1 orthologs. These 

genes are closely related to three D. melanogaster SCRBs, including Croquemort. D. 

melanogaster Peste appears to have been lost in mosquitoes (Fig. 3.8A). 

The third class of SCRs (SCRC) is specific for insects and originally founded by the 

D. melanogaster SR-CI, SR-CII, SR-CIII and SR-CIV proteins (Fig. 3.8B) (Pearson, Lux et 

al. 1995; Ramet, Pearson et al. 2001). Like Croquemort, D. melanogaster SR-CI appears to 

be hemocyte-specific and recognizes a broad range of polyanionic ligands, much like the 

mammalian SCRAs (Pearson, Lux et al. 1995). Nevertheless, there is no significant sequence 

homology between insect SCRAs and SCRCs. SCRCs are transmembrane or extracellular 

multidomain proteins that contain several functional domains, including two complement-
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control protein (CCP) domains, followed by a Meprin A5 antigen and RPTP Mu (MAM 

domain) and usually a somatomedin-B-like (BO) domain. They are thought to function as 

PRRs in phagocytosis and innate immunity. The CCP domain, together with the MAM 

domain, can bind bacteria in vitro (Pearson, Lux et al. 1995; Ramet, Pearson et al. 2001). 

AgSCRC1, the only A. gambiae member of this class, resembles the D. melanogaster SR-CI 

and SR-CII but has two transmembrane domains at its N- and C-termini. Two SCRCs 

(AaSCRC1 and AaSCRC2) were identified in Ae. aegypti mosquitoes. Both contain two CCP 

domains and one C-terminal transmembrane domain, similar to their D. melanogaster 

homologs, but neither has a MAM domain. 

 

 

Fig. 3.8 Scavenger receptors of A. 

gambiae mosquitoes 

Phylogenetic trees of class B (A) and C (B) 

Scavenger receptors. Aa, Ae. aegypti; Ag, 

A. gambiae ; Dm, D. melanogaster. 
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Reverse genetic analysis was performed for most of the A. gambiae SCRB and SCRC 

genes to assess their functional significance during P. berghei development. Transcripts of 

the selected genes were specifically targeted with double-stranded RNAs (dsRNAs) prior to 

experimental infection with P. berghei, and the effect of transcript depletion was assessed by 

scoring the number of developing oocysts and melanised ookinetes 8 to 10 days post-

infection.  

 

 

Fig. 3.9 Effect of A. gambiae scavenger receptors on P. berghei development 

Oocyst (A) and melanized ookinetes (B) densities in A. gambiae midguts infected with P. berghei in 

paired gene knockdowns (Kd) (red (C) and white (D) columns) and LacZ- treated controls (grey 

columns). The fold difference between mean parasite densities of control and Kd are presented on top 

in bold (green indicates statistical significance), together with the P value calculated by Residual 

Maximum likelihood (REML) variance. The number of biological replicate experiments (n) and the 

total number of midguts (N) are also indicated above each data set. Bars indicate the associated 

standard error. 

 

None of the 7 SCRB or the SCRC targeted transcripts had a clear phenotypic effect on 

oocyst development, by increasing or reducing the number of developing oocysts (Fig. 3.9A). 

However, four of the SCRB targeted genes (SCRB3, SCRB8, SCRB10 and SCRB16) 

presented a statistically significant effect on the number of melanised ookinetes (Fig. 3.9B). 

Depletion of their transcripts strongly inhibited the efficiency of parasite melanisation, as the 

number of melanized ookinetes observed in the midgut epithelia of P. berghei infected 

mosquitoes is significantly reduced, by 2.5 to 4 fold. SCRB16 showed the strongest effect, 
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strongly reducing the density of melanised P. berghei ookinetes by approximately 4 fold 

(P<0.05) when compared to identically treated LacZ dsRNA-injected mosquitoes.  

In summary, although tested SCRs do not have a phenotypic effect on the number of 

developing oocyst, SCRBs appear to have a protective effect for P. berghei ookinetes, 

reducing their risk of melanisation during or shortly after invasion of midgut epithelial cells. 
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3.4 Discussion 

High-throughput techniques for gene expression profiling and functional 

characterization have in recent years dramatically increased the knowledge of molecular 

interactions between mosquitoes and malaria parasites. Such techniques established innate 

immunity as a major mechanism mediating parasite losses in the mosquito and allowed the 

identification of a large number of mosquito genes involved in anti-parasitic responses. 

Most of the previous transcriptomic studies focused specifically on mosquito midgut 

gene expression during the period of ookinete invasion. As this period represents the weakest 

link in the malaria parasite transmission cycle, it is obvious why it attracted most of the 

attention. However, the development of Plasmodium in the mosquito is complex, spanning 

various morphologically different developmental stages interacting with different mosquito 

compartments. Thus, it is important to investigate the spatial and temporal specificity of 

mosquito responses to the various stages of parasite development. 

This study provides the most extensive set of transcriptomic data on mosquito 

responses during Plasmodium development so far. It exploits the conservation and the 

specificity of parasite-mediated transcriptional changes in the mosquito midgut across early 

and late stages of parasite development to provide information on functional processes and 

genetic networks that may be affected by or affect parasite development. 

By evaluating six morphologically and temporally distinct stages of parasite 

development in the mosquito midgut, the relative impact of each stage on midgut 

transcriptional regulation is assessed. This study reveals that although ookinete invasion of 

the midgut epithelia and early oocyst development on the midgut basal lamina produce the 

most significant changes in the mosquito transcriptome, other developmental stages (the pre-

ookinete stages and the later stages of oocyst development followed by sporozoite release) 

also induce significant transcriptional responses. The set of differentially regulated genes in 

early parasite developmental stages, including ookinete invasion of the midgut epithelia, 

appears to be very specific for these stages, while genes regulated in later stages are more 

consistently regulated across all stages.  

A temporal co-expression clustering method allowed the identification of a significant 

set of genes consistently activated throughout both early and late parasite developmental 

stages, and subsequent functional analysis revealed that this cluster was particularly enriched 

in genes related to the regulation of the cellular oxidative state and the immune response.  
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Regulation of the cellular oxidative status is extremely important as parasite-invaded 

midgut cells undertake a series of responses that normally result in apoptosis (Han and 

Barillas-Mury 2002; Vlachou, Zimmermann et al. 2004; Vlachou, Schlegelmilch et al. 2005; 

Molina-Cruz, DeJong et al. 2008). These cells present enhanced nitric oxide synthase (NOS) 

activity (Luckhart, Vodovotz et al. 1998) that can limit malaria parasite development through 

the formation of inflammatory levels of toxic reactive nitrogen oxide (NO). They also show 

strong peroxidase activity, which leads to the production of superoxide anion (O2
-
), thereby 

causing degeneration of the invaded cells and possibly damaging the parasite (Kumar, Gupta 

et al. 2004; Kumar and Barillas-Mury 2005). In refractory L3-5 mosquitoes, early 

transcriptional induction of superoxide dismutase and maintenance of a continuous state of 

oxidative stress, leading to high hemolymph levels of reactive oxygen species can partly 

explain the extensive parasite killing and melanisation observed (Kumar, Christophides et al. 

2003). However, apoptosis and the resulting state of oxidative stress need to be extremely 

tightly controlled, as they can be detrimental for mosquito fitness, particularly by reducing 

fecundity (Ahmed and Hurd 2006; DeJong, Miller et al. 2007). 

In fact, the melanisation mechanism, although sometimes observed in nature, does not 

appear to be the preferred mechanism of parasite killing in natural mosquito/parasite 

combinations. Artificially-enhanced melanisation, through the depletion of SRPN2, CTL4 or 

CTLMA2, does not affect the development of P. falciparum in semi-natural infection 

conditions (Michel et al, 2006). Furthermore, melanised parasites are only very rarely found 

in field-collected mosquito populations (Schwartz and Koella 2002; Michel, 

Suwanchaichinda et al. 2006). 

Even though, production of reactive oxygen species (ROS) may not be simply related 

to the melanisation response. One of its other possible functional roles could be to cause 

damage to the parasite surface, rendering it visible to the mosquito immune system, which 

could in turn respond through other mechanisms such as lytic degradation (Vlachou and 

Kafatos 2005). Recently, studies have demonstrated that the parasite 

glycosylphosphatidylinositol (GPI) is an important early signal of parasite infection in 

mosquitoes, leading to anti-parasitic NO synthesis (Lim, Gowda et al. 2005; Peterson, Gow et 

al. 2007). It has been suggested that NO signalling may be mainly put forward through 

insulin-related signalling cascades (Kang, Mott et al. 2006; Luckhart and Riehle 2007).  

These observations may explain the early onset of the transcriptional regulation of 

genes related to redox metabolism and cellular signalling described in the present study. 

Neuropeptide-mediated signal transduction mechanisms were found to be largely upregulated 
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during the early stages of parasite development and particularly during invasion of the midgut 

epithelia. Such mechanisms can be involved in the modulation of the initial signalling of 

parasite infection and in the onset of cascades leading to the activation of effectors, such as 

the production of ROS. However, in order to maintain the high state of oxidative stress that is 

detrimental to the parasite while controlling the negative impact of this activated state, a 

constant transcriptional regulation of various components of the redox metabolism may be 

necessary during all stages of parasite development, as this study reveals by the continuous 

transcriptional upregulation of various redox metabolism-related genes. 

The results of this study also reveal a tightly regulated transcriptional mechanism that 

is related to cytoskeleton remodelling. Previous studies have documented cellular responses 

to the invasion of the midgut epithelia and functionally implicated activators of actin 

nucleation and actin-related protein complexes in the defence against parasites (Vlachou, 

Zimmermann et al. 2004; Vlachou, Schlegelmilch et al. 2005; Shiao, Whitten et al. 2006). A 

major activator of this process, the actin nucleator WASP, was found to be transcriptionally 

upregulated in different mosquito/parasite combinations including in semi-natural conditions 

using Central African populations of P. falciparum parasites. WASP was also shown to 

mediate killing of parasites at the level of midgut penetration by ookinetes (Vlachou, 

Schlegelmilch et al. 2005; Mendes, Schlegelmilch et al. 2008). Similarly, this study shows 

that genes involved in cytoskeleton reorganization are transcriptionally regulated specifically 

during the ookinete stages of parasite development, which is consistent with their activation 

due to massive remodelling of the midgut epithelium following parasite invasion. Whether 

such activation is an active parasite killing mechanism or just serves to maintain epithelial 

integrity still needs to be resolved (Shiao, Whitten et al. 2006; Mendes, Schlegelmilch et al. 

2008). 

Furthermore, this study provides an extensive analysis of the transcriptional 

regulation of mosquito immune-related genes during P. berghei infection. As established in 

previous studies, Plasmodium infection leads to a significant upregulation of genes 

implicated in immune responses, which play essential roles in limiting parasite development 

(Richman, Dimopoulos et al. 1997; Dimopoulos, Christophides et al. 2002; Kumar, 

Christophides et al. 2003; Vlachou, Schlegelmilch et al. 2005; Dong, Aguilar et al. 2006; 

Mendes, Schlegelmilch et al. 2008). Evidence is brought forward in this study that such 

transcriptional activation is continuous throughout the various parasite developmental stages, 

and detailed expression profiles of numerous immune-related genes are presented. The use of 

comprehensive expression analysis methods to identify immune-related gene co-expression 
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networks and transcriptional modules provides further insight into the relationships between 

the transcription patterns of these genes. Several transcriptional modules of strongly 

associated genes were identified, grouping together genes that are putatively active in 

different phases of the sequential cascades of immune activation and response. By 

coordinating information on previously established immune-related parasite antagonists and 

their relationships with new putative immune-related genes from the same transcriptional 

modules, it becomes possible to hypothesize on potential activators and modulators, as well 

as to identify other putative effectors of the same genetic immune pathway. These data can 

guide a more educated selection of candidates for functional analysis and provides inside 

information on the network complexity. Interestingly, application of this method identified 

transcriptional modules that included well-known interacting partners, such as CTL4 and 

CTLMA2, and established their close relationship with an as yet functionally uncharacterized 

thioester-containing protein and a member of the LRIM family. Since the interactions of 

CTL4 and CTLMA2 with members of the TEP and LRIM families was recently 

demonstrated at the biochemical level (Osta, Christophides et al. 2004; Fraiture, Baxter et al. 

2009; Povelones, Waterhouse et al. 2009), these results may indicate that other members of 

the same families also participate in this pathway. 

This method also allowed a more precise classification of immune-related genes 

involved in particular immune cascades, such as those controlling parasite melanisation. The 

best-known regulators of this reaction are proteins belonging to the CLIP family, which were 

indeed classified in distinct, independent transcriptional modules (Volz, Osta et al. 2005; 

Volz, Muller et al. 2006; Waterhouse, Kriventseva et al. 2007). Moreover, the well 

characterized negative regulator of the Toll/REL1 pathway, CACT, was sorted in a clearly 

distinct module, reinforcing the analytical power of this approach (Frolet, Thoma et al. 2006). 

Finally, the transcriptional modules were disposed spatially to further evaluate the distance 

between the transcriptional patterns of various modules and clarify the relationships between 

the various interacting gene members.  

Some the genes that were transcriptionally upregulated during Plasmodium infection 

in the current as well as in previous studies belong to the SCR family of innate receptors 

(Vlachou, Schlegelmilch et al. 2005; Dong, Aguilar et al. 2006). SCRs have been extensively 

studied in insects and humans and were characterized as protective in the context of pathogen 

and human malaria infections (Serghides, Smith et al. 2003). To facilitate the phenotypic and 

functional characterization of these receptors all the members of the SCR family were 

manually annotated and subjected to comparative bioinformatic analysis to identify homologs 
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in other insect species. This analysis resulted in the identification of 13 members of the SCR 

gene family in A. gambiae, which were divided in three distinct families based on their 

protein domain organization. Phylogenetic analysis using the D. melanogaster and the 

recently sequenced Ae. aegypti genomes revealed eight 1:1:1 orthologous trios and two 1:1 

orthologous pairs. Seven A. gambiae genes belonging to the class B of SCRs and the only A. 

gambiae SCR member of the class C were functionally analyzed by RNAi for their role in 

mosquito/parasite interactions. The results show no significant effect of SCRs on the number 

of developing P. berghei oocysts in mosquito midguts, however, a significant decrease in the 

number of ookinetes targeted for melanisation upon invasion of the mosquito midgut can be 

observed following silencing specific SCRBs. This effect does not appear however sufficient 

to impact the general dynamics of parasite infection. 

Overall, the results from this reverse genetic analysis reinforce the notion that specific 

mosquito reactions and transcriptionally-regulated factors impacting the parasite development 

at a particular developmental stage may not impact the overall infection levels and the 

dynamics of transmission. Small reductions in parasite numbers at early stages of the 

infection may be overcome by the amplification of the parasite in later stage, suggesting that 

immune reactions against more than one developmental stages may be necessary to block 

transmission. Even single-digit numbers of midgut-invading parasites are sufficient to assure 

transmission in nature as one single oocyst developing on the midgut basal lamina can 

generate approximately 700 to 800 sporozoites that invade the mosquito salivary glands 

(Alavi, Arai et al. 2003). This may be particularly important since the mechanisms found to 

be involved in the invasive ookinete stage appeared to be highly specific and not represent a 

continuous response throughout all developmental stages. Furthermore, even well-established 

parasite-mediated responses such as increased oxidative stress and immune-related response 

must be carefully evaluated with respect to the particular special and temporal activation 

patterns of their functional components, since they most probably present a fitness cost to the 

mosquito and for this reason require extremely well-controlled regulation. 
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*This chapter contains results published in: 

 

Mendes, A. M., T. Schlegelmilch, et al. (2008). "Conserved mosquito/parasite interactions 

 affect development of Plasmodium falciparum in Africa." PLoS Pathog 4(5): e1000069. 

 

The RNAi experiments with laboratory infections of A. gambiae with the rodent malaria 

parasite, P. berghei, were carried in collaboration with T. Schlegelmilch are included here for 

completeness. 
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4.1 Abstract 

 

 

In much of sub-Saharan Africa, the mosquito Anopheles gambiae is the main vector 

of the major human malaria parasite, Plasmodium falciparum. Convenient laboratory studies 

have identified mosquito genes that affect positively or negatively the developmental cycle of 

the model rodent parasite, P. berghei. This study uses reverse genetics to explore whether 

five disparate mosquito gene regulators of P. berghei development are also pertinent to A. 

gambiae/P. falciparum interactions in semi-natural conditions, using field isolates of this 

parasite and geographically related mosquitoes. Gene silencing established that two genes 

affect similarly both parasites: infections are hindered by the intracellular local activator of 

actin cytoskeleton dynamics, WASP, but promoted by the hemolymph lipid transporter, 

ApoII/I. Since P. berghei is not a natural parasite of A. gambiae, these data suggest that the 

effects of these genes have not been drastically altered by constant interaction and co-

evolution of A. gambiae and P. falciparum.  

These are the first mosquito genes whose significant effects on P. falciparum field 

isolates have been established by direct experimentation. Importantly, they validate for semi-

field human malaria transmission the concept of parasite antagonists and agonists. 
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4.2 Introduction 

 

 

Sub-Saharan Africa is the major and most persistent focus of malaria, one of the most 

devastating scourges of humankind. There, P. falciparum is by far the most important human 

malaria parasite and A. gambiae its most important vector. Laboratory infections of A. 

gambiae by the convenient rodent model parasite, P. berghei, elicit broad responses 

encompassing multiple mosquito genes; some belong to classical innate immunity and act 

systemically, while others participate in local epithelial responses (Blandin, Shiao et al. 2004; 

Osta, Christophides et al. 2004; Michel, Budd et al. 2005; Vlachou, Schlegelmilch et al. 

2005; Dong, Aguilar et al. 2006; Volz, Muller et al. 2006). Extensive laboratory experiments 

with this parasite have established that the outcome of infection depends on finely balanced 

factors that affect, positively or negatively, the developmental cycle in the mosquito, mostly 

at the bottleneck of invading the midgut epithelium. However, to identify molecular 

interactions potentially suitable for developing novel interventions to interrupt the human 

malaria cycle, it is now important to analyze the invasion response and its consequences in 

more natural settings. Here is presented an analysis of invasion responses and their 

consequences, using endemic populations of P. falciparum, the human malaria parasite, and a 

strain of A. gambiae established from mosquitoes collected in the same area.  

The importance of field-based analysis of malaria transmission is underlined by recent 

studies of vector/parasite interactions. Anopheles mosquitoes are largely inhospitable to 

Plasmodium (Sinden, Alavi et al. 2004), and most species host few, if any, Plasmodium 

species in nature. Only a small number of Anopheles/Plasmodium species combinations have 

evolved to support effectively this parasitism. Even these Anopheles vectors eliminate most 

of the input parasites. Further, the level of A. gambiae resistance to P. falciparum apparently 

depends on specific genotype*genotype interactions: certain mosquitoes resist one subset of 

parasite genotypes while others resist a different subset (Lambrechts, Halbert et al. 2005). 

Therefore, effective transmission may require specific compatibility between vector and 

parasite genotypes; conclusions from a particular combination may not apply to other 

combinations.  

Consistent with this concept, several different, operationally defined mosquito 

quantitative trait loci (QTLs) are associated with resistance against specific parasite species 

or genotypes (Vernick, Oduol et al. 2005; Menge, Zhong et al. 2006). For instance, the 
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genetically selected A. gambiae L3-5 strain possesses genetic traits that confer refractoriness 

to the simian P. cynomolgi parasite and numerous other species of Plasmodium, including 

non-African P. falciparum isolates, but not (or only very poorly) to its sympatric African P. 

falciparum isolates (Collins, Sakai et al. 1986). This observation suggests that sympatric 

mosquito/parasite populations may have co-evolved in permitting significant transmission 

intensities in the field. Further, the A. gambiae LRIM1 gene promotes and CTL4 inhibits P. 

berghei lysis and melanization (Osta, Christophides et al. 2004); the same LRIM1/CTL4 

module apparently does not affect the outcome of sympatric A. gambiae/P. falciparum 

infections (Cohuet, Osta et al. 2006). Such data suggest that vector immunity may have been 

co-adapted during co-evolution with the parasite (Koella and Boete 2003). Nonetheless, P. 

falciparum clearance and melanization have been observed in infected wild A. gambiae in 

Africa, and thus constitute low frequency but natural phenotypes, in sympatric combinations 

(Schwartz and Koella 2002; Riehle, Markianos et al. 2006). Mosquito loci that regulate the 

infection load or parasite melanization in the field have been mapped (Vernick, Oduol et al. 

2005; Riehle, Markianos et al. 2006) further suggesting that resistance is a default outcome of 

infection but is compromised in sympatric interactions. 

Major cytoskeletal reorganization is a predominant response of parasite-invaded 

midgut cells (Baton and Ranford-Cartwright 2005; Vlachou and Kafatos 2005), and is 

accompanied by transcriptional regulation of genes implicated in cytoskeletal dynamics 

(Vlachou, Schlegelmilch et al. 2005). For example the gene encoding WASP, a local 

activator of actin cytoskeleton reorganization, is upregulated in the midgut epithelium during 

P. berghei invasion, and its silencing significantly increases P. berghei infection loads 

(Vlachou, Schlegelmilch et al. 2005). In contrast, P. berghei upregulates the mosquito 

precursor of Apolipophorin II/I (ApoII/I), a key circulating lipid transport regulator which 

appears to benefit both vector and parasite: its silencing disrupts mosquito egg development 

and drastically decreases parasite oocyst numbers (Vlachou, Schlegelmilch et al. 2005).  

This work examines whether local epithelial and systemic but not-classical immune 

responses of A. gambiae are pertinent to interactions between field isolates of P. falciparum 

and mosquitoes of a strain derived from a sympatric A. gambiae population. It provides 

evidence that in this strain both WASP and ApoII/I gene silencing impacts development of P. 

falciparum and P. berghei in the same direction. The conservation of these mosquito 

reactions against two distantly related parasite species allows to further investigate the 

mechanism of action of these two genes in the tractable laboratory model setting. Therefore, 

it appears that WASP-mediated actin reorganization in the invaded epithelium is detrimental 
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to both parasites whereas lipid transport by ApoII/I is beneficial, to both mosquito egg and 

Plasmodium development, in human as well as rodent malaria infections. Thus, despite the 

existence of genotype*genotype specific interactions (Lambrechts, Halbert et al. 2005), some 

important aspects of mosquito/parasite interactions are evolutionarily conserved. Further, the 

model laboratory transmission system can provide leads concerning genetic regulators; these 

must then be validated by translational research in more demanding, field-based systems of 

human malaria transmission. 
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4.3 Results 

 

 

4.3.1 Selection of candidate genes for expression profiling and silencing 

Four A. gambiae genes representing diverse systemic or local epithelial responses 

elicited by P. berghei infections were selected for assessing in well-controlled experiments 

their involvement in transcriptional responses to infection by sympatric P. falciparum isolates 

and their RNAi-mediated silencing effect on parasite infectivity. As described in the 

introduction, ApoII/I and WASP are transcriptionally induced by P. berghei but have opposite 

effects on parasite development in the vector (Vlachou, Schlegelmilch et al. 2005). Two other 

genes were also identified as being transcriptionally induced during infection, but, their 

silencing had no effect on parasite infectivity (Vlachou, Schlegelmilch et al. 2005): CATHB 

encodes the proapoptotic enzyme Cathepsin B and was tested in light of observed apoptosis 

of parasite-invaded cells (Baton and Ranford-Cartwright 2005; Vlachou and Kafatos 2005), 

while KIN1 encodes a histidine-rich putative antimicrobial peptide produced under NF-B 

control (Meister, Kanzok et al. 2005). KIN1 is transcriptionally induced by bacteria and P. 

falciparum laboratory strain infections (Dimopoulos, Christophides et al. 2002; Dong, 

Aguilar et al. 2006), suggesting involvement in immunity. Finally, we tested a fifth gene, 

ApoIII, which encodes a polypeptide known to combine with ApoI and ApoII to form the 

insect lipophorin (Weers and Ryan 2006) and thus may also be involved in a systemic 

response to Plasmodium. 

 

 

4.3.2 Parasitological survey 

A. gambiae were infected with P. falciparum isolates that were collected during two 

high malaria transmission seasons, May 2005 and 2006, during a parasitological survey of 

3081 primary school, 5-11 year old pupils. This survey was conducted in Mfou, a town 30 

km outside Yaoundé, Cameroon. It identified an average of 51% P. falciparum infection 

prevalence and 5.9% gametocyte prevalence (% of blood samples with detectable asexual 

parasite blood stages or gametocytes, respectively; Table 4.1).  
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Table 4.1. Summary of P. falciparum parasitological survey in Mfou, Cameroon 

   ABS  Prevalence (%) 

Season School Screened (+) (-) Gametocytes Total Gametocytes 

May-05 Annex Public 714 378 336 43 52.9 6.0 

 Bilingual 178 117 61 15 65.7 8.4 

 Mekoumba 132 56 76 4 42.4 3.0 

 Subtotal 1024 551 473 62 53.8 6.1 

May-06 Annex Public GrII 764 402 462 43 106.0 11.5 

 Bilingual 180 65 115 10 36.1 5.6 

 Mekoumba 196 126 70 5 64.3 2.6 

 Public 654 239 415 28 71.5 8.3 

 Nkilzok 177 112 65 13 63.3 7.3 

 Adoum 86 52 34 10 60.5 11.6 

 Subtotal 2057 996 1061 109 48.4 5.3 

Total  3081 1547 1534 171 51.0 5.9 

 

 

4.3.3 A. gambiae infections with P. falciparum in Africa 

Blood samples were donated by 23 naturally infected gametocyte-carrier volunteers 

and used to infect Yaoundé mosquitoes in a series of experiments as explained below. In the 

first experiment we assayed whether the gametocyte density in the blood (gametocytaemia) 

affects the density of mosquito infection, and thus the subsequent gene expression profiles 

and our gene silencing experiments. Three to five-day old female mosquitoes were allowed to 

feed via a membrane on infected blood. Non-blood-fed mosquitoes were removed 24h later, 

and the mean oocyst density (oocysts per midgut) and infection prevalence (% midguts 

exhibiting at least one oocyst) were determined 8-10 days post infection (Table 4.2). 

Gametocytaemia could not be confirmed in two of the experiments (infections 1 and 18; N/C 

in Table 4.2), which were thus excluded from the analysis.  

To investigate the relationship between gametocyte and oocyst densities we fitted a 

linear model using oocyst density as the response variable and gametocyte density as the 

explanatory variable. The oocyst density was log-transformed so that its distribution would 

better resemble a normal distribution. Indeed, a significant slope coefficient (P<0.05) for the 

gametocyte density was detected, revealing a correlation between input gametocyte and 

output oocyst numbers. However, residual analysis revealed that the fit of the model was 
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suboptimal (R
2
 = 0.029); further investigation of the relationship between the two variables 

would be interesting but is beyond the scope of this study. 

 

Table 4.2. Mosquito infections with P. falciparum gametocyte carriers 

Infection ABS 

Gametocytes 

(per µl 

blood) 

# of 

midguts 

Oocyst 

range 

Oocysts/ 

Midgut 

[Arithmetic 

mean] 

Oocysts/ 

Midgut 

[Gmean 

(±dSE)] 

Prevalence 

(%) 

1 + N/C 22 0-17 6.5 4.90 (±0.27) 90.9 

2 +++ 12 93 0-23 11 6.30 (±0.22) 82.7 

3 + 50 12 0-32 9.7 4.68 (±0.78) 75 

4 +++ 166 10 0-99 30.6 9.95 (±1.76) 70 

5 - 7 14 0-6 1.57 1.10 (±0.25) 64.5 

6 + 10 32 0-11 2.2 1.27 (±0.23) 56.3 

7 - 221 32 0-159 34.8 7.06 (±1.21) 56 

8 + 14 30 0-7 1.1 0.73 (±0.16) 53 

9 + 10 23 0-9 2.1 1.14 (±0.28) 52 

10 + 6 35 0-6 1.1 0.71 (±0.14) 48.6 

11 +++ 36 15 0-15 4.7 1.53 (±0.59) 47 

12 - 168 36 0-23 2.8 1.03 (±0.28) 44.4 

13 +++ 6 61 0-11 1.7 0.7 (±0.16) 36 

14 - 107 33 0-12 1.2 0.53 (±0.20) 27.3 

15 + 60 31 0-3 0.3 0.20 (±0.08) 19.4 

16 +++ 88 22 0-2 0.2 0.16 (±0.08) 18 

17 - 23 13 0-2 0.5 0.18 (±0.14) 15.4 

18 - N/C 41 0-2 0.2 0.12 (±0.06) 12.2 

19 +++ 9 19 0-1 0.1 0.04 (±0.04) 5 

20 + 12 30 0 0 0 0 

21 - 16 20 0 0 0 0 

22 + 8 8 0 0 0 0 

23 ++ 11 20 0 0 0 0 

Experiments are sorted based on mosquito infection prevalence (% of mosquito midguts showing at 

least one oocyst). The calculation of gametocytes per µl of blood assumes a standard WBC (White 

Blood Cell) count of 8000 per µl. ABS shows the density of asexual blood stages (+, 1-50 ABS; ++, 

51-500 ABS; +++, 501-5000 ABS). Geometric (Gmean) and arithmetic mean oocyst number per 

midgut are presented. Midguts from blood-fed mosquitoes lacking oocysts were included in these 

calculations. Gametocyte presence could not be confirmed for two of the carriers (N/C) on the day of 

blood sampling. 
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To investigate the relationship between the gametocyte and mosquito infection 

prevalence, a logistic regression model was fitted using data obtained from infections 2 to 17 

and 19, excluding the two infections with N/C gametocytaemia and no detected oocysts, as 

shown in Table 4.2. In this analysis, the mosquito infection prevalence (absence or presence 

of infection) was used as the response variable and the gametocyte density as the explanatory 

variable. No significant association was detected between input gametocyte density and 

infection prevalence (coefficient P = 0.63586). 

 

4.3.4 Effects of gene silencing on P. falciparum and P. berghei infection intensities 

Blood from the gametocyte carriers to infect Yaoundé mosquitoes was used to 

examine the effect of silencing the five candidate genes on P. falciparum infectivity. For each 

gene, two groups of over 50 freshly emerged adult female mosquitoes taken from the same 

rearing culture were randomly apportioned to small cages. One, the experimental group, was 

injected with double-stranded RNA (dsRNA) corresponding to the examined gene and the 

other (control) group was injected with dsRNA of the LacZ gene as described previously 

(Blandin, Moita et al. 2002; Vlachou, Schlegelmilch et al. 2005). After injection, the two 

groups were housed identically to eliminate all possible confounding factors. Three to four 

days later, both groups were allowed to feed via a membrane on the same infected blood 

source, and the oocyst density was determined at day 8-10 post blood feeding (Table 5.3). 

Three to five independent biological replicates were performed for each gene. Each replicate 

used a different mosquito batch and blood from a different carrier. 

The oocyst density data from all replicates were log-transformed to achieve normality 

and analyzed by the Residual Maximum Likelihood (REML) variance components analysis 

by fitting a mixed effect model. In this analysis, the kd-control status was treated as a fixed 

effect and introduced a random effect for the biological replicate (Figure 5.2A and Table 5.3). 

The difference in infection prevalence between gene kd and control mosquitoes was analyzed 

using the Chi-square goodness-of-fit test. Relative to their matched controls, WASP gene 

silenced (kd) mosquitoes showed drastic enhancement of P. falciparum infection prevalence 

(80.9% vs. 44.9%; P<0.001) and a highly significant increase in oocyst density (3.7 fold 

increase; P<0.001). In sharp contrast, the ApoII/I kd uniquely decreased the P. falciparum 

oocyst density (-1.6 fold, P<0.001); this silencing also reduced mosquito fitness as it blocked 

egg development, a phenotype consistent with the proposed function of ApoII/I as the major 

lipid carrier in the mosquito hemolymph (Marinotti, Capurro Mde et al. 2006). Silencing the 

other three genes did not have any significant effect on P. falciparum infection prevalence or 
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oocyst density. ApoIII silencing also had no effect on mosquito egg development, despite its 

known involvement, together with ApoII/I, in the insect lipophorin. 

 

 

Fig 4.1 Effect of RNAi gene silencing on Plasmodium oocyst densities 

Oocyst density in A. gambiae midguts infected with P. falciparum field isolates (A) and P. berghei 

(B) in paired gene kd (blue columns) and LacZ dsRNA-treated controls (grey columns). The 

geometric means ± standard errors of the pooled data from various biological replicate experiments 

(n) are shown. Analysis of data was performed with the Residual Maximum Likelihood (REML) 

variance components analysis by fitting a mixed effect model. The total number of midguts (N) in 

each dataset and P-values are indicated above each dataset. Silencing of ApoII/I and WASP affect both 

the P. falciparum and P. berghei oocyst densities.  

 

A parallel analysis of P. berghei infection of Yaoundé mosquitoes showed that 

silencing WASP and ApoII/I (but not the other three genes) significantly affects infection 

loads, in the same direction as for P. falciparum (Figure 5.2B and Table 5.3). The WASP kd 

strongly increased P. berghei oocyst density 2.5-fold (P<0.001), whereas ApoII/I kd reduced 

the density 4.7-fold (P<0.001) and also limited the prevalence, from 85.3% to 61.2% 

(P<0.001). Earlier, similar results for P. berghei in G3 strain mosquitoes had been reported 

(Vlachou, Schlegelmilch et al. 2005). 

Meta-analysis of the standardized mean difference of the various biological replicates 

fully corroborated the above results, confirming the agonist nature of ApoII/I and the 

antagonist nature of WASP, in both P. falciparum and P. berghei infections. The forest plots 

for the meta-analysis are shown in Figure 4.3.  
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Fig. 4.3 Forest plots of meta-analysis for standardized mean difference of gene silencing 

effect on parasite development  

The standardized mean difference for the various biological replicates (red lines), as well as the total 

standardized mean difference (blue lines) for each dataset are presented with 95% Confidence Interval 

(CI). The total standardized mean difference is given both for the fixed effect model (upper blue line) 

and the random effect model (lower blue line). Note that the effect of gene kd on parasite 

development is significant when P values for both models are significant, thus demonstrating no 

heterogeneity of the data between replicates. The total number of midguts (N) in each dataset is 

shown.  
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4.4 Discussion 

 

In recent years, molecular interactions between mosquitoes and malaria parasites have 

received considerable attention, as vector mosquitoes represent a major bottleneck in the 

malaria transmission system. Such interactions have been studied mainly in laboratory 

models, and have identified several mosquito genes, often immune-related, which affect the 

infection outcome, positively or negatively. Studies involving the major vector of human 

malaria, A. gambiae, have been of special interest, but mostly utilized rodent parasites, or 

laboratory cultures of the human, P. falciparum parasite. In natural, sympatric parasitism 

systems, immune interactions may be shaped by selection acting on the vector, the parasite, 

or both and, as such, these effects may be specific to the parasite species. Indeed, the limited 

studies on interactions between geographically related A. gambiae/P. falciparum have 

suggested considerable differences between naturally interacting populations and laboratory 

models (Tahar, Boudin et al. 2002; Cohuet, Osta et al. 2006). The present study begins to 

explore the significance of genes that do not belong to the classical immune repertoire, but 

have been implicated in local epithelial or systemic responses of A. gambiae to P. berghei. 

The study area was a rain forest locale with continuous malaria transmission and 

exposure peaking during rainy seasons, April to mid-June (when the study was conducted), or 

September to late November. To by-pass the daunting difficulties of direct experimentation 

under natural transmission conditions, an approach was adopted where field isolates of P. 

falciparum are used to infect a geographically related laboratory colony (Yaoundé) of M 

molecular form A. gambiae. Although this colony was established in 1988 (Tchuinkam, 

Mulder et al. 1993), it retains considerable genetic diversity, substantially higher than 

typically inbred laboratory strains of A. gambiae. Retention of genetic diversity may be due 

to the population size of this strain which has always been maintained at a high level, thus 

mitigating unintended selection processes. 

Transcriptional responses of a mosquito gene to a parasite are considered indicative of 

a role during infection, although constitutively expressed genes may also be implicated in 

vector/parasite interactions. Previous studies identified drastic differences and limited 

similarities between mosquito transcriptional responses to P. berghei vs. laboratory (Dong, 

Aguilar et al. 2006) or field isolates of P. falciparum (Tahar, Boudin et al. 2002; Cohuet, 

Osta et al. 2006). These studies mostly focused on the mosquito immune system and 

differences were interpreted as due to A. gambiae/P. falciparum co-adaptation. Guided by a 
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previous detailed microarray study of midgut responses to P. berghei (Vlachou, 

Schlegelmilch et al. 2005), focus was directed on to five genes, of which only one belongs to 

the mosquito immune repertoire (KIN1).  

ApoI and II are cleaved from a common ApoII/I precursor and are integral 

components of the mosquito lipophorin, a versatile and reusable shuttle system for lipid 

transport (Atella, Silva-Neto et al. 2006). Lipophorin transports dietary lipids from the gut via 

hemolymph to storage sites such as the fat body, muscles, ovaries and other tissues 

(Rodenburg and Van der Horst 2005). It also binds and delivers lipid-linked morphogens and 

glycophosphatidylinositol (GPI)-linked proteins to target cells of developing embryos 

(Panakova, Sprong et al. 2005). These functions are consistent with the apical localization of 

ApoII/I protein at the follicular epithelium, and the prevention of ovarian maturation by 

ApoII/I depletion. ApoIII, the third polypeptide in lipophorin, is thought to counterbalance 

the increased hydrophobicity due to lipid binding and thus may stabilize lipophorin particles. 

ApoII/I is an exemplar protein that benefits both the mosquito vector and the parasite: 

its depletion compromises egg production, ookinete invasion of the midgut and early oocyst 

development. The importance of this gene is highlighted by its requirement for development 

of the avian (Cheon, Shin et al. 2006) as well as human and rodent (Vlachou, Schlegelmilch 

et al. 2005) Plasmodium parasites. Indeed, ApoII/I is the first mosquito gene with a 

confirmed positive role in development of geographically-related P. falciparum field isolates. 

It validates the concept of mosquito agonists for human as well as rodent and avian parasites, 

and may prove to be a universal Plasmodium agonist. 

Future studies are required to establish the mechanism whereby this important 

lipoprotein promotes ookinete migration and development. An attractive hypothesis is that 

ApoII/I sequesters lipids from the hemolymph and releases them to the developing oocyst 

where sporogonic proliferation and massive membrane formation occur. ApoII/I is also 

immune-induced in Drosophila hemolymph (Vierstraete, Verleyen et al. 2004), detected in 

clotting assays (Scherfer, Karlsson et al. 2004), and present in immune-activated haemocytes 

(Bartholomay, Cho et al. 2004). Furthermore, in the fat body of Ae. aegypti, ApoII/I is 

regulated by the Toll/Rel1 immune pathway (Cheon, Shin et al. 2006). Thus, it may also be 

involved in systemic non-classical immunity.  

ApoIII strongly resembles the N-terminal domain of human Apolipoprotein E which is 

involved in lipid transport, lipopolysaccharide detoxification, phagocytosis and pattern 

recognition (Weers and Ryan 2006). Although ApoIII is a known partner of ApoII/I in the 

insect lipophorin, its depletion does not affect Plasmodium development in susceptible 
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mosquitoes. 

In contrast to ApoII/I, WASP is a parasite antagonist, as its local induction in the 

midgut reduces mosquito infection by P. berghei and more so by P. falciparum. Similarly, 

ApoII/I is induced more strongly in P. falciparum infected midguts, but protects P. berghei 

better. The levels of induction of WASP and ApoII/I do not directly correlate with their 

functional potency. Whether such discrepancies reflect co-adaptation of naturally interacting 

species or other evolutionary processes remains to be determined. 

WASP is thought to play a key role in actin cytoskeleton rearrangements in epithelial 

cells. Previous in vivo imaging studies of midgut invasion by P. berghei revealed extensive 

actin-based motility of the damaged epithelium and an actin-rich structure surrounding 

ookinetes as they exit the epithelial cell layer (Vlachou, Zimmermann et al. 2004). A similar 

fibrillar organelle-free structure was observed previously around P. gallinaceum ookinetes in 

a refractory, lytic strain of A. gambiae (Vernick, Fujioka et al. 1995). Depletion of positive 

regulators of actin polymerization, such as WASP, increases P. berghei density, whereas 

depletion of negative regulators decreases the density; therefore was proposed that this actin-

rich structure which was named “parasite hood” might be a defense reaction against invading 

parasites (Vlachou, Schlegelmilch et al. 2005). Recently another study renamed this structure 

“organelle-free actin zone” and reported that it is required for the clearance of dead parasites 

(Shiao, Whitten et al. 2006). However, this conclusion cannot explain the observed 

differences in live parasite density that follow silencing of actin cytoskeleton regulators. The 

formation, regulation and role(s) of this actin-based structure require further investigation. 

Although WASP silencing has a similar effect on the P. falciparum infection load, no 

conclusive evidence has been reported to date as to whether P. falciparum is also associated 

with a hood or causes damage to the invaded epithelium similar to that reported for P. 

berghei (Baton and Ranford-Cartwright 2005). 

P. falciparum is the deadliest human parasite. Its association with A. gambiae exacts a 

devastating toll in Africa. Through several thousand years of A. gambiae/P. falciparum co-

evolution, the parasite apparently adapted to reduce the burden on the vector by limiting 

infection intensity (Koella and Boete 2003), while securing successful transmission to 

humans. Presumably, the vector also adapted to reduce infection loads thus avoiding the 

fitness cost of immune system activation (Koella and Boete 2003). Indeed, recent studies 

showed that several A. gambiae genes act as positive or negative regulators of immune 

reactions against P. berghei (a parasite that this mosquito has never encountered in nature), 

but do not affect sympatric P. falciparum infections (Cohuet, Osta et al. 2006; Michel, 
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Suwanchaichinda et al. 2006). During co-evolution, parasites may also have developed 

specific mechanisms to modulate activation levels of the vector immune system. These 

diverse possibilities merit further analysis.  

The present study, encompassing both high and low infection densities, demonstrates 

that genes implicated in local epithelial or systemic (but non-classical immune) responses can 

have similar effects but different activity levels against two different parasite species. These 

reactions may have some margin for adjustment in sympatric vector/parasite combination, but 

adjustment is probably limited for responses that are essential for the vector, e.g. to 

reconstitute the damaged midgut epithelium after parasite invasion (WASP) or to support 

reproduction (ApoII/I). Therefore, unlike widely adjustable immune responses that require 

investigation in natural interacting species, essential vector responses may be studied 

conveniently in model vector/parasite systems. Moreover, such conserved, robust and not 

widely adjustable interactions may be ideal for development of novel malaria control 

strategies. 
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5.1 Abstract 

 

 

Despite efforts in control and prevention, malaria remains one of the world most 

devastating infectious diseases. Comprehensive laboratory studies, mainly using rodent 

models, have determined that successful transmission of the malaria parasite, Plasmodium, by 

its most important African mosquito vector, Anopheles gambiae, depends on a finely 

balanced interaction between both ,which clearly limits vectorial capacity. However, recent 

evidences suggest that data from model laboratory transmission need to be carefully 

evaluated before being translated to human malaria transmission. 

In this study, the molecular relationships between geographically related A. gambiae 

mosquitoes and African Plasmodium populations are investigated at the global transcriptome 

level and functionally by RNAi mediated gene silencing. For the first time, shared and 

species-specific mosquito responses are compared between field isolates of Plasmodium 

falciparum and laboratory Plasmodium berghei as well as between different infection 

intensities and developmental stages of both parasites. Results reveal a major transcriptional 

suppression occurring specifically in low intensity infections with P. falciparum parasites, 

which cannot be observed for either high or low infection intensities of P. berghei. 

Comparative genomic analysis of genes specifically induced by low intensity P. falciparum 

infections shows a rapid evolution and increased co-localization to a major genomic region 

previously associated with mosquito resistance to infection with human Plasmodium, 

indicating that both organisms have co-evolved and co-adapted to maximize survival and 

minimize impact on fitness.  

Functional analysis provides the first evidence for an essential role of G-coupled 

protein receptor mediated signalling on the species- and infection intensity-dependent 

regulation of anti-parasitic responses in Anopheles midguts as well as a clear distinction in 

the transcriptional activation of regulators of the cellular oxidative status. Furthermore, this 

study indicates that immune-related responses are not directly influenced by the Plasmodium 

species causing the infection or its intensity. 
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5.2 Introduction 

 

 

Malaria is a devastating parasitic disease transmitted by mosquitoes. To date it 

remains an enormous public health burden, especially in sub Saharan Africa where, the 

deadliest parasite is P. falciparum and its most important vector A. gambiae. A better 

understanding of the physiological and molecular interactions between these two organisms 

could lead to novel control strategies to complement or replace current control methods. 

Extensive laboratory studies dealing mainly with A. gambiae and its interaction with the 

rodent malaria parasite P. berghei have in recent years explored the increasing availability of 

genomic data  and high throughput technologies for gene expression profiling and functional 

characterization to generate new knowledge (Blandin, Shiao et al. 2004; Osta, Christophides 

et al. 2004; Michel, Budd et al. 2005; Vlachou, Schlegelmilch et al. 2005; Dong, Aguilar et 

al. 2006). It is now established that parasite differentiation within mosquitoes is a very 

vulnerable stage of the transmission cycle mainly as a consequence of mosquito immune 

responses that could probably explain the frequent complete failure of the parasite to 

accomplish its cycle. Moreover, transmission by a given vector species is usually restricted to  

only one or very few specific parasite species, suggesting that parasite infections in 

mosquitoes are the exception rather than the rule and that probably only a small number of 

Anopheles/Plasmodium combinations have evolved to effectively support this parasitic 

relationship (Sinden, Alavi et al. 2004).  

Indeed, several quantitative trait loci (QTL) have been associated with resistance 

against parasite infection, explaining most of the variation in infection levels observed in 

naturally infected mosquitoes and genetically selected strains that  show specific 

refractoriness to some Plasmodium species but not to others (Vernick, Oduol et al. 2005). 

Furthermore, even in successful vector/parasite combinations, the level of resistance depends 

on the specific genotype-by-genotype interactions, with some mosquitoes being able to resist 

particular parasite genotypes while being susceptible to others (Lambrechts, Halbert et al. 

2005). Together these observations suggest that sympatric mosquito/parasite populations may 

have coevolved and vector immunity has co-adapted permitting significant transmission 

intensities in the field (Boete 2005).  

Recent studies of vector/parasite interactions have revealed that several mosquito 

genes similarly affect P. berghei and P. falciparum, however this conservation is far from 

explaining the majority of vector/parasite interactions in natural settings. (Cohuet, Osta et al. 
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2006; Dong, Aguilar et al. 2006; Michel, Suwanchaichinda et al. 2006; Garver, Dong et al. 

2009). In fact, A. gambiae is not a natural vector for P. berghei and most probably both 

species never encounter each other in the wild. Furthermore, A. gambiae is extremely 

permissive to P. berghei infection, which frequently results in much higher oocyst rates 

developing than what is normally found in nature for P. falciparum infections (Schwartz and 

Koella 2002; Sinden, Alavi et al. 2004). The impact of parasite density on mosquito 

responses to infection is not clear, and very few studies have considered the infection 

intensity in the analysis of their results. However, evidence is now accumulating that 

Plasmodium density affects mosquito mortality and influences signalling pathways involved 

in infection responses (Sinden, Dawes et al. 2007; Dawes, Churcher et al. 2009; Dawes, 

Zhuang et al. 2009; Surachetpong, Singh et al. 2009). 

In this study, the molecular relationships between geographically related A. gambiae 

mosquitoes and African Plasmodium populations are investigated at the global transcriptome 

level and functionally by RNAi mediated gene silencing. For the first time, shared and 

species-specific mosquito responses are compared between field isolates of P. falciparum and 

laboratory P. berghei as well as between different infection intensities of both parasites. The 

results show that a major transcriptional suppression occurs specifically when A. gambiae 

mosquitoes are infected with low densities of P. falciparum parasites affecting specific 

functional processes, such as the regulation of the cellular redox homeostasis, but not directly 

the innate immune response to infection. Furthermore, the restricted gene set transcriptionally 

induced upon infection with African isolates of P. falciparum is significantly enriched in 

mosquito genes associated with a major genomic locus of resistance to African Plasmodium 

parasites. Nonetheless, high intensity infections by P. berghei and P. falciparum appear to 

result in similar transcriptional induction of mosquito genes, indicating that A. gambiae 

responses to infection are influenced by both, the parasite species and the infection intensity. 

Functional analysis identifies signalling trough G-coupled protein receptors of the Rhodopsin 

family as an essential process impacting Plasmodium development with four selected GPCR 

genes revealing differential effects on oocyst development which are dependent on the 

parasite species and the infection intensities. In addition, two immune response related genes, 

SPZ1 and Caspar, which are key components of the Toll and Imd signalling pathways 

respectively, are shown to equally affect Plasmodium infections. 
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5.3 Results 

 

5.3.1 Experimental design, mosquito infections and microarray analysis 

To assess the impact of rodent and human malaria parasites on mosquito responses to 

infection, similar experimental designs were established for infections with field isolates of P. 

falciparum from Cameroon, Central Africa, and rodent P. berghei parasites in laboratory 

conditions.  

 

Fig. 5.1 Schematic illustration of the experimental 

design. 

P. falciparum isolates were sampled in a parasitological 

survey of primary schools conducted in the area of Mfou, 

Yaoundé, Cameroon. Blood samples were donated by 

volunteering asymptomatic children carrying gametocytes.  

To eliminate transmission-blocking immunity, serum from 

Plasmodium-infected blood samples was replaced by non-

immune serum. Mosquitoes in the test group were fed via 

a membrane with blood immediately after serum 

replacement (red arrows), whereas the control group was 

fed on blood incubated at 42-43⁰C for 12 min for 

gametocyte inactivation (green arrows). For expression 

profiling, midguts were dissected for test and control 

groups at three post infections stages:  T1 – pre-ookinete 

stages (1-3 hpi); T2 - invasion of midgut epithelia by 

motile ookinetes (22-25 hpi); T3 – oocyst formation on the basal side of the midgut (48-50 hpi). 

Similar designs were used for infections with P. berghei.  

 

Anopheles mosquitoes of the Yaoundé strain (Tchuinkam, Mulder et al. 1993), 

maintained in identical conditions prior to infection were allowed to feed through a 

membrane feeding apparatus on blood infected with either of the Plasmodium species (Fig. 

5.1). The Yaoundé strain was recently shown to have remained highly polymorphic (Mendes, 

Schlegelmilch et al. 2008), even after being maintained in laboratory settings for over twenty 

years, and can therefore be considered a reasonable approximation to natural mosquito 

populations from the Yaoundé area in Cameroon. A parasitological survey was conducted in 

primary schools of the Mfou area to identify naturally infected asymptomatic P. falciparum 



Anopheles gambiae / Plasmodium falciparum interactions |05 

 

- 116 - 
 

gametocyte carriers within volunteer children aged 5-11 years. Blood samples were collected 

and transmission-blocking factors possibly enclosed in the serum of the infected blood were 

removed by replacement with non-immune serum as established from previous studies 

(Mulder, Tchuinkam et al. 1994; Drakeley, Mulder et al. 1998). Gametocyte density in the 

blood (gametocytemia) was assessed immediately before blood collection. For expression 

profiling, six independent biological replicates were performed for each parasite, each 

replicate using a pool of 30-50 mosquitoes aged 3 to 5 days and blood from different human 

or mouse carrier, respectively (Table 5.1 and Fig. 5.2). 

 

Table 5.1 A. gambiae infections with P. falciparum isolates and P. berghei lab strain 

     Oocyst/Midgut  

# inf. ABS Gametocytes  
# of 

midguts 

Oocyst 

range 

Arithmetic 

mean 
[Gmean (±dSE)] Prevalence 

P. falciparum isolates  

1 + 124 37 0-170 68.6 46.7 (±0.36) 97% 

2 +++ 145 45 0-250 40.3 5.3 (±1.09) 49% 

3 + 140 70 0-90 19.4 6.9 (±0.47) 70% 

4 + 45 38 0-21 4.5 1.8 (±0.35) 51% 

5 + 10 23 0-9 2.1 1.1 (±0.28) 52% 

6 + 14 30 0-7 1.1 0.7 (±0.16) 53% 

P. berghei    

1 10.6% 1.9% 18 0-201 45.1 14.2 (±0.54) 84% 

2 22.4% 1.76% 34 0-104 34.6 14.1 (±0.49) 85% 

3 12% 1.88% 17 0-337 30.2 10.3 (±0.46) 87% 

4 13.8% 0.59% 22 0-39 9.9 3.9 (±0.43) 64% 

5 8.9% 0.84% 19 0-45 8.2 2.5 (±0.42) 63% 

6 12.4% 0.81% 27 0-36 5.0 2.1 (±0.35) 59% 

Experiments are listed based on the arithmetic mean of oocyst numbers per midgut from highest to 

lowest. The number of P. falciparum gametocytes is presented per μl of host blood, assuming a 

standard white blood cell (WBC) count of 8000 per μl. For P. falciparum, ABS column shows a 

rough estimation of the density of P. falciparum asexual blood stages (+,1-50 ABS; ++, 51-500 ABS; 

+++, 501-5000 ABS). Calculation of ABS and gametocytes percentages for P. berghei is shown as a 

percentage of counted red blood cells. Geometric means (Gmean) of oocyst numbers per midgut are 

presented, as well as infection prevalence in mosquitoes (% of mosquitoes showing at least one 

oocyst). Midguts from blood-fed mosquitoes lacking oocysts were included in these calculations. 
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Control for blood feeding-related changes in gene expression was established by 

simultaneous feeding of additional 30-50 mosquitoes from the same rearing culture on blood 

originating from the same human gametocyte carrier or infected mice but depleted from 

infective gametocytes by exposure to heat (42⁰C). This process allowed for the inactivation 

of gametocytes while keeping the blood factors specific to each carrier or mice similar for 

both test and control groups. Subsequently, Anopheles midguts were sampled simultaneously 

at three time periods after blood feeding: 1 to 3 hpi (T1) representing the pre-ookinete stages, 

following gamete fertilization and zygote production in the gut bolus; 22 to 25 hpi (T2), 

during ookinete invasion of the mosquito midgut epithelium; and 48 to 52 hpi (T3), for the 

early stages of oocyst development on the basal side of the midgut. The numbers of oocysts 

developing in mosquito midguts were quantified by microscopic examination 8-10 days post 

blood feeding in midguts stained with 2% mercurochrome. 

Levels of infection in mosquitoes varied substantially between the biological 

replicates of both parasite species, as illustrated in Table 5.1 and Fig. 5.2 A. Oocyst 

distributions ranged from 0 to 7 in the lowest P. falciparum infection and 0 to 170 oocysts in 

the most intense P. falciparum infection. Identical variation was also verified for P. berghei 

infections, where the least intense infection ranged from 0-36 oocysts per midgut and the 

most intense infection ranged between 0 to 201 oocysts per midgut (Table 5.1 and Fig. 5.2 

A). All the biological replicates used for the expression profiling experiments reported in this 

study showed a significant linear correlation slope which could be fitted between the density 

of gametocytes present in the host blood before feeding and the intensity of mosquito 

infection, measured  8-10 days post-feeding, as the number of oocysts developing on the 

mosquito midgut Fig. 5.2 B). However, in both P. falciparum and P. berghei infections, 

gametocytemia alone could not explain the variation in oocyst density, as residual analysis 

produced suboptimal results (R
2
=0.082 for P. falciparum infections and R

2
=0.027 for P. 

berghei infections). The linear correlation between initial gametocyte density in infected 

blood and subsequent number of developing oocysts in mosquito midguts allowed a clear 

distinction of biological infections into two groups, each presenting similar rates of 

conversion from gametocytes to oocysts, with one group presenting considerably higher 

parasite infection intensities than the other one. 
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Fig. 5.2 A. gambiae infections with Plasmodium used for expression profiling experiments. 

A) Intensity of infections recorded for biological replicates used for expression profiling. Oocysts 

developing in A. gambiae were quantified by microscopic examination of mosquito midguts stained 

with 2% mercurochrome 8-10 days post blood feeding. Biological replicates are sorted according to 

decreasing mean oocyst densities. High and low intensity parasite infections are indicated by dark and 

light grey dots, respectively. Red bars indicate the arithmetic mean of oocysts counted in mosquito 

midguts for each infection, while black bars indicate standard error. B) Correlation between 

gametocytemia and oocyst density. Gametocytemia was plotted against the log10-transformed mean 

oocyst number observed 8-10 days post feeding. For P. falciparum infections, gametocytemia is 

presented as gametocytes per μl of host blood, assuming a standard WBC count of 8000 per μl of 

blood, while for P. berghei infections, gametocytemia is presented as the proportion of gametocytes 

per red blood cells. Two distinct groups of infections can clearly be distinguished for each parasite 

species. C) Conditional tree analysis with Pearson correlation coefficient of infected midguts based on 

total gene expression patterns. The left part of the figure shows tree analysis for P. falciparum 

infected samples while the right part shows the analysis of P. berghei infected samples. Note the 

cohesive clustering of samples according to infection intensity, for the majority of time points. 

 

Whole genome expression ratios were assessed using the MMC2 microarray platform 

for mosquito midgut samples from the previously described biological replicates. A total of 

17 hybridizations for P. falciparum samples and 15 for P. berghei samples were performed (2 
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or 3 biological replicates per time point) resulting in a total of 6704 genes registering 

expression values in at least one of the experimental conditions. 

In order to evaluate the degree of similarity between gene expression profiles 

registered for the various biological replicates and time points, overall gene expression 

profiles were hierarchically clustered following a Pearson correlation score. The results 

showed that midgut gene expression profiles tended to cluster according to developmental 

stages at a first level, followed by infection intensity at a second level (Fig 5.2 C). 

This observation prompted for the selection of a more exhaustive microarray analysis 

method that would better reflect the differences and similarities in the expression profiles 

registered for the various biological replicates and time points. In this way, expression data 

for all biological replicates of infections with both parasites species was pooled according to 

time points into three distinct datasets: a first dataset where all six biological replicates for 

each Plasmodium species were pooled, regardless to infection intensity; a second dataset 

pooling only the three biological replicates presenting the highest infection intensities; and a 

third dataset consisting only of the three biological replicates showing the lowest infection 

intensities. It was hypothesized that comparison of datasets sorted based on infection 

intensity to the dataset encompassing all the replicates would allow the identification of 

mosquito genes responding to Plasmodium infection (a) regardless of its intensity and, (b) in 

an intensity dependent manner. 

In each of the expression datasets, significant differences in gene expression between 

midguts of mosquitoes fed on infective or non infective blood were evaluated in a dual 

manner, as shown in figure 5.3. First, to identify differentially regulated genes at any time 

point, an expression ratio cut-off of 1.63-fold (0.7 in log2 scale) was selected. In this manner, 

1987 genes were found to be differentially regulated in at least one time point. Interestingly, a 

higher number of genes were found to be differentially regulated when the analysis accounted 

for the intensity of infection rather than a pool of all the biological replicates together 

independently of the infection intensity (Fig. 5.3A). This observation further highlights the 

importance of infection intensity when analyzing mosquito responses to Plasmodium 

infection. Second, to extend this analysis and include genes that were differentially regulated 

to a lesser extent in a particular time point, but transiently and significantly when compared 

to their expression levels at other time points, one way ANOVA statistical tests were 

performed across time points at various cut-off values for genes presenting expression ratios 

between 1.41 and 1.63 fold at any of the time periods considered in each independent dataset 

(Fig.5.3 B). As reflected in figure 5.3, cut-off values for both evaluation methods were 
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selected after careful analysis of a range of different values. In this way, the cut-off values 

were chosen so that the total number of differentially regulated genes identified would be in 

median range between the most permissive and the most stringent cut-offs. An additional set 

of 426 genes were identified as differentially expressed between time points, at a cut-off 

value of P≤0.025 which were combined with the 1987 previously identified genes (Fig. 5.3 

A) in the list of genes  used for downstream analysis. 

 

 

Fig. 5.3 Comparison of various thresholds for the identification of differentially regulated 

genes upon Plasmodium infection. 

Graphs show the number of genes found to be differentially regulated at various expression ratio cut-

offs and different ANOVA P-values for each independent microarray analysis.  A) An expression 

ratio cut-off of >0.7 log2 (1.74 folds) was selected to analyze genes differentially regulated at any of 

the three time points. B) For genes showing expression ratios between 0.5 and 0.7 log2, transient 

variation across the three time points was assessed for each independent expression dataset by one-

way ANOVA and a p-value cut-off of <0.025 was selected. 

 

 

5.3.2 Overall temporal and functional dynamics of Anopheles responses to Plasmodium 

The number of differentially regulated genes was quantified across developmental 

stages and compared for the six datasets. 

The combined analysis of all biological replicates independently of infection intensity 

indicated that P. falciparum infection led to the differential regulation of 239 genes (~1.8% of 

the registered mosquito transcriptome) at any of the three time points. With similar 
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experimental conditions, P. berghei elicited a slightly stronger response with 359 genes being 

differentially regulated at any of the time points (~2.7% of the registered mosquito 

transcriptome). Out of these, expression values in all three time points were available and 

thus could be compared for 191 genes differentially regulated in P. falciparum infections and 

248 genes in P. berghei infections (Fig. 5.4 A, upper graphs). When analysis was restricted to 

only biological replicates with high or low infection intensities, a significantly higher number 

of genes was identified as differentially regulated for both Plasmodium species. In biological 

replicates presenting high infection intensities, the total number of differentially regulated 

genes was similar for both parasite species, while for biological replicates of low infection 

intensity, midguts infected with P. falciparum showed a significantly higher number of 

differentially regulated genes than those infected with P. berghei (Fig. 5.4 B and C, upper 

graphs). Indeed, in P. falciparum infections of high intensity, 647 genes (~4% of the total 

number of genes used in this analysis) were found to be differentially regulated in Anopheles 

midguts (of which 557 presented values in all time points) and 658 genes in P. berghei 

infected midguts (5.0% of the mosquito transcriptome, of which 519 presented values for T1, 

T2 and T3, corresponding to ~4% of the mosquito transcriptome). On the contrary, in 

infections of low intensity, P. falciparum led to the differential regulation of 1135 genes 

(8.6% of the total, of which 972 genes presented values in all time points), while P. berghei 

led to differential regulation of 739 genes (5.6% of the total, of which 538 genes presented 

values in all time points). 

When time points of each dataset were analyzed independently, the results indicated 

that for both parasite species, independently or not of infection intensity, ookinete invasion of 

the midgut epithelium (T2) is the developmental stage leading to the strongest differential 

regulation of midgut expressed genes. Moreover, the identified fractions of the total number 

of genes differentially regulated in this developmental stage are in agreement with previous 

published studies and reinforce the well established notion that this stage is the most critical 

during parasite development in its mosquito host (Vlachou, Zimmermann et al. 2004; 

Vlachou, Schlegelmilch et al. 2005).  

However, the extension of the analysis to earlier and later developmental stages, as 

well as to various infection intensities, showed that the relative difference between the 

number of genes induced at the ookinete stage (T2) and the other developmental stages 

analyzed, the pre-ookinete stages (T1) or the early oocyst stage (T3), is not very significant 

when the analysis is restricted to high intensity infections. On the contrary, when evaluating 

the transcriptome responses to infection either independently of the infection intensities or 



Anopheles gambiae / Plasmodium falciparum interactions |05 

 

- 122 - 
 

restricted to low infection intensities, the major differential regulation of genes occurs during 

ookinete invasion of the midgut epithelium, with a much smaller fraction of genes being 

differentially regulated at earlier and later Plasmodium developmental stages, for both 

Plasmodium species. This observation indicates that, even though ookinete invasion of the 

midgut epithelium is the stage where Plasmodium has the highest impact on the mosquito 

midgut transcriptome, high intensity infections lead to the differential regulation of genes in 

response to infection in a more continuous manner that extends to oocyst formation, while in 

low intensity infections transcriptional responses to infection are mainly due to ookinete 

invasion of the midgut epithelium. 

 

 

Fig. 5.4 Differentially regulated genes in Anopheles midgut upon Plasmodium infection 

Total numbers of differentially regulated genes are presented for each Plasmodium species and 

developmental stage (upper graphs). Results are grouped according to infection intensity , either 

encompassing all biological replicates regardless of intensity (A), or restricted to high (B) and low (C) 
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infection intensities. The corresponding fraction of the predicted A. gambiae genome, based on the 

Ensembl release V49 (AgamP3.3 March 2008), is indicated for each infection condition, together with 

the distribution of genes in various functional classes (lower graphs). 

 

 

To understand the relative contribution of particular functional classes to the 

transcriptional responses instigated by various intensities of infection information from 

established databases (Waterhouse, Kriventseva et al. 2007) and manual annotation were 

used to group the differentially regulated genes into functional classes. Functional class 

distributions were evaluated for the various groups of differentially regulated genes identified 

for infections with both Plasmodium species, at the various time points and infection 

intensities (Fig. 5.4, lower panels). This analysis showed that, even though the total number 

of differentially regulated genes at the various time points and infections intensities analyzed 

varied significantly, the overall distribution of functional classes among differentially 

regulated genes is remarkably similar. Nevertheless, it is important to note that the cross 

developmental regulation of genes belonging to certain functional classes, such as immunity, 

presented a rather unexpected dynamics by comprising a relatively bigger fraction of the 

differentially regulated genes during the pre-ookinete stages than during ookinete invasion of 

the midgut epithelium. This result was particularly evident at low intensity infections with 

both parasites. 

 

 

5.3.3 Relationship between Anopheles midgut responses to different Plasmodium 

species and infection intensities 

To investigate the overall degree of similarity between Anopheles midgut responses to 

African isolates of P. falciparum and laboratory P. berghei, gene expression ratios registered 

for both types of infections were plotted against each other for the various developmental 

stages (Fig. 5.5). The results indicated that P. falciparum and P. berghei infections lead to 

similar transcriptional bias for differentially regulated genes upon high intensity infections, as 

a positive medium linear correlation can be fitted across ratios for all three developmental 

stages analyzed (Pearson correlation scores for T1, T2 and T3 were: 0.255; 0.188 and 0.330, 

respectively). In contrast, in low infection intensities, the two Plasmodium species show 

responses unrelated to each other, particularly during pre-ookinete stages (T1) and ookinete 

invasion of midgut (T2) (Pearson scores for T1 and T2:0.034; -0.044, respectively). When 
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infections with both Plasmodium species are analyzed independently of infection intensity, 

the relationship between gene responses for both Plasmodium species shows a medium linear 

correlation particularly for ookinete invasion and early oocyst development. However, the 

small number of genes accounted in this analysis due to the variation within replicates 

substantially decreased the confidence in this result. 

 

 

Fig. 5.5 Comparison of Anopheles transcriptional responses to different Plasmodium species. 

Scatter plot comparisons of expression values for differentially regulated genes upon P. falciparum (X 

axis) and P. berghei (Y axis) infections in the six datasets and at the different time points. The total 

number of differentially regulated genes (n) with expression ratios superior to 0.7 log2 at a particular 

developmental stage are presented for each dataset and indicated in the lower right corner. Red lines 

represent the best linear distribution fit, together with 95% freedom interval (black doted lines). 

Pearson correlation scores between expression ratios of both datasets are presented in the lower right 

corner of each panel.  
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Similar analysis was performed to compare the Anopheles midgut responses to high 

and low intensities of infection for each Plasmodium species (Fig. 5.6). The results indicate 

that P. falciparum infection leads, at every time point, to a substantially different 

transcriptional response according to infection intensity. The response to P. berghei infection 

varies less with different infection intensities, except at T3, where the responses to P. berghei 

high and low intensities varied substantially. During ookinete invasion of the midgut 

epithelium, when the highest number of genes is regulated, the correlation between 

expression ratios for genes responding to P. falciparum infection was approximately null 

(Pearson score: 0.082), indicating no correlation between expression ratios for differentially 

regulated genes upon different infection intensities. This is in strong contrast to the 

comparison between high and low infection intensities of P. berghei at the same 

developmental stage, in which a high positive linear correlation was detected (Pearson score: 

0.482), indicative of strongly dependent differential regulation genes on the infection 

intensity. 

In other Plasmodium developmental stages, such as the pre-ookinete stages (T1), the 

relationship between Anopheles midgut gene expression and infection intensities for both 

Plasmodium species, showed an even more distinct behaviour. Transcriptional responses to 

P. falciparum pre-ookinete stages showed a decreasing linear correlation (Pearson score: -

0.267), indicative of an opposite transcriptional response of genes responding to low and high 

infection intensities of P. falciparum. For same time point, P. berghei infection mediated 

gene regulation revealed an increasing linear correlation (Pearson score: 0.297) indicative of 

a similar response to both infection intensities. Both P. falciparum and P. berghei infections 

appear to cause transcriptional changes during early oocyst development (T3), which are 

independent of the infection intensities as the linear correlations for expression ratios 

registered at T3, were close to zero (Pearson scores: -0.090 and 0.104 for P. falciparum and 

P. berghei, respectively). 
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Fig. 5.6 Comparison of Anopheles transcriptional responses to different Plasmodium 

infection intensities. 

Scatter plot comparisons of expression values for differentially regulated genes upon high (X axis) 

and low (Y axis) intensity infections with P. falciparum (upper panels) or P. berghei (lower panels). 

The total number of differentially regulated genes (n) in each dataset with expression ratios superior 

to 0.7 log2 in a particular developmental stage are presented and indicated on the lower right corner of 

each panel. Red lines represent the best linear distribution fit, together with 95% freedom interval 

(black doted lines). Pearson correlation scores between expression ratios of both datasets are 

presented in the lower right corner of each panel. 

 

 

5.3.4 Plasmodium infection-related transcriptional bias in Anopheles midguts 

The transcriptional bias (the distribution of up- and down-regulated genes within a set 

of differentially regulated genes) was analyzed for the various datasets identified (Fig. 5.7). 

The results for Anopheles midgut responses to P. berghei infection, in any of the datasets 

considered, were in accordance with previous studies (Vlachou, Schlegelmilch et al. 2005). 

They indicated that between 60 and 73% of the transcriptionally regulated genes were up-

regulated in the midgut during infection and 24-28% down-regulated. However, in the 

context of P. falciparum intensity independent, the results indicated that gene transcription 

were mostly down-regulated upon infection: ~70% of the differentially regulated genes were 
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down-regulated and only ~25% of the differentially regulated genes were up-regulated. These 

results are in strong contrast to what was expected based on previous studies using laboratory 

strains of P. falciparum (Dong, Aguilar et al. 2006).  

 

 

Fig. 5.7 Transcriptional bias of differentially regulated genes upon Plasmodium infection. 

Expression profiles of differentially regulated genes are analyzed according to infection intensity. 

Eisengrams representing up- (yellow) and down- (blue) regulated genes for density independent (A), 

high parasite density (B) and low parasite density (C) microarray analysis of Anopheles midguts. The 

total numbers of genes up- and down-regulated at the various developmental stages for each dataset 

are shown on the side, together with the corresponding fraction of the total number of genes 

differentially regulated in that dataset (between brackets). Genes showing versatile regulation across 

developmental stages for a particular data set are represented in black. 

 

Such striking difference was further highlighted when the analysis is restricted to low 

intensity P. falciparum infections, where the fraction of down-regulated genes was over 2 

folds higher than the fraction of up-regulated genes (Fig. 5.6 C). Most importantly, this 

difference was not observed when the analysis focused on Anopheles midgut responses upon 

high intensity P. falciparum infections. In this case, the distribution of induced and 

suppressed genes was similar to what it had been previously shown in other studies, with 

66% of the genes showing up-regulation and 28% showing down-regulation (Dong, Aguilar 

et al. 2006). Furthermore, in all datasets, a relatively small percentage of genes showed a 

versatile behaviour across the analyzed developmental stages, being significantly up-
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regulated at one time period and down-regulated at another. The fraction of genes showing 

this behaviour ranged from 1%, in the density-independent analysis of responses to P. 

falciparum infection, to 12% in low intensity P. berghei infections. 

Additionally, further analysis was carried out to evaluate the distribution of induced 

and suppressed genes within the most relevant functional classes, such as immunity-related 

genes, regulation of the cellular oxidative status, apoptosis and detoxification, and 

cytoskeleton organization (Fig. 5.8). Pronounced differences between the fractions of up- and 

down-regulated genes within functional classes were noted, however such changes did not 

clearly reflect what was previously observed for the overall transcriptional responses (Fig. 

5.7). When low intensity P. falciparum infections were considered separately, the majority of 

immunity-related genes were found to be up-regulated (25 genes, 56%, Fig. 5.8 A). This was 

in clear contrast with what was observed for that complete dataset, in which case more than 

half of the differentially regulated genes appeared to be down-regulated (649 genes, 67%, 

Fig. 5.7 C). Furthermore, while the overall dynamics of transcriptional responses showed a 

clear difference in fractions of induced and repressed genes between responses to P. 

falciparum and P. berghei (Fig. 5.7 C), no significant differences were observed when 

differential regulation of immunity-related genes is considered separately in low intensity 

infections (56% up-regulated and 38% down-regulated genes upon P. falciparum infection 

versus 66% up-regulated and 23% down-regulated genes upon P. berghei infection) (Fig. 5.8 

A). This observation indicates that the general suppression of mosquito responses in low 

intensity P. falciparum infections does not apply to immunity-related genes. 

On the opposite, suppression of gene expression was evident for genes related to regulation 

of the cellular oxidative state, which appeared to be mostly suppressed in low intensity P. 

falciparum infections (50 genes, 86%) but not in high intensity infections (8 genes, 28%) 

(Fig. 5.8 B). Equaly, genes related to cytoskeleton remodulation showed a similar 

suppression dynamics although to a lesser extent (Fig. 5.8 C). 
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Fig. 5.8 Transcriptional bias for differentially regulated genes of selected functional classes. 

Eisengram for differentially regulated genes associated with immunity and putative immunity (A), 

redox processes and apoptosis (B) and cytoskeleton remodulation (C). Fractions of up (yellow), down 

(blue) and inconsistent regulation across developmental stages are shown. 

 

 

5.3.5 Phylogenomic analysis of Anopheles midgut responses to Plasmodium 

The different degrees of susceptibility and refractoriness exhibited in the context of 

particular mosquito/parasite combinations have long been suggested as evidence for co-
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evolution and co-adaptation of mosquito molecular responses to Plasmodium infection 

(Collins, Sakai et al. 1986; Niare, Markianos et al. 2002; Boete 2005). To further compare the 

nature of induced and suppressed transcriptional responses in Anopheles midguts by the 

different Plasmodium parasites and infections intensities, a comparative genomics approach 

was used to evaluate the relative evolutionary pressure on the various datasets. The genomes 

of A. gambiae, Ae. aegypti and D. melanogaster were compared to investigate whether genes 

differentially regulated upon Plasmodium infection of A. gambiae midguts differed in their 

evolutionary rate compared to the overall midgut transcriptome (Fig. 5.9). 

This analysis showed a significant statistical difference (as evaluated by 

hypergeometric distribution) between the frequencies of genes unique in A. gambiae (i.e. 

genes with no identifiable orthologues in the other two insect genomes, as established by the 

Ensembl Anopheles genome release 54, May 2009), within up- and down-regulated genes 

and the overall transcriptome registered during ookinete invasion of midgut epithelium for 

the various datasets. During ookinete invasion of the midgut, a higher than expected 

frequency of unique genes was observed amongst up-regulated genes in all datasets related to 

P. falciparum infection, particularly for up-regulated genes responding to low intensity 

infections or independently of the infection intensity. 

 

Fig. 5.9 Relationships between differential 

regulation upon infection, gene content and 

sequence divergence. 

Percentages of up- (yellow) and down-regulated 

(blue) genes identified during P. falciparum (A) 

or P. berghei (B) ookinete invasion of the 

Anopheles midgut epithelium (T2) that are either 

unique (left panels) or have identifiable 

orthologues (right panels), when comparing the 

genomes of A. gambiae with Ae. aegypti and D. 

melanogaster. Differences in the percentage of 

either unique or orthologous sequences 

compared to those observed in the overall 

transcriptome of particular dataset (grey) were 

statistically evaluated using hypergeometric 

distribution (P<0.05,*) and Bonferroni corrected 

 hypergeometric distribution (P<0.05, **).          1 
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In contrast, down-regulated genes showed both a significant depletion in unique genes 

and a higher frequency of genes with identifiable orthologues in the genomes of Ae. aegypti 

and D. melanogaster. This observation was more pertinent for responses to P. falciparum low 

intensity infections and for intensity independent responses, and was associated with a very 

significant depletion of genes with identifiable orthologues among up-regulated genes. On the 

contrary, genes down-regulated upon P. berghei invasion of the midgut epithelium showed 

consistent under-representation of genes with identifiable orthologues in Ae .aegypti and D. 

melanogaster, as well as an over-representation of unique genes, for all three datasets. 

Overall, these results indicate that Anopheles genes showing induced transcription in the 

midgut after infection with African isolates of P. falciparum, especially those induced by low 

intensity infections evolve more rapidly or under positive adaptative selection compared to 

other genes, including the ones induced by P. berghei infection. 

 

 

5.3.6 Enhanced chromosomal co-localization of transcriptionally biased genes 

In recent years, genetic mapping experiments allowed the identification of major 

factors providing resistance to infection by P. falciparum in natural Anopheles populations 

(Niare, Markianos et al. 2002; Riehle, Markianos et al. 2006; Riehle, Markianos et al. 2007). 

Notably, a relatively small genomic region named Pfin, localized on chromosome 2L, was 

previously associated with major variations observed in the intensity of mosquito infection by 

human Plasmodium (Riehle, Markianos et al. 2006). To assess the putative co-localization of 

differentially regulated genes to the Pfin1 QTL, the percentage of Pfin-localized genes 

amongst up- and down-regulated genes was examined and compared to the expected 

frequency for the overall transcriptome (Fig. 5.10).  

This analysis showed that up-regulated genes in Anopheles midguts during ookinete 

invasion by P. falciparum were commonly overrepresented in Pfin-linked genes, albeit to a 

level that was not statistically significant. Even though overrepresentation was not 

outstanding, a similar tendency was not found for P. berghei induced genes. Conversely, 

while down-regulated genes upon P. falciparum infections were significantly depleted in 

Pfin-linked genes and presented a significantly higher proportion of genes located outside this 

region, down-regulated genes upon P. berghei infection showed the opposite tendency. These 

observations were common to all datasets, but more clear when transcriptome responses were 

considered in an infection intensity independent manner or restricted to low intensity 

infections. 
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As a whole, these results indicate that genes located in this genomic region constitute 

a large fraction of the genes up-regulated in mosquito midguts upon P. falciparum infection 

and are significantly less inhibited in response to infection than would be expected. 

Furthermore, Pfin-linked genes tend to show under opposite regulatory patterns in their 

response to P. falciparum or to P. berghei infections. 

 

Fig. 5.10 Association between differential 

regulation upon Plasmodium infection and 

the Pfin genetic locus (Riehle, Markianos et 

al. 2006). 

Percentages of up- (yellow) and down-

regulated (blue) genes identified during P. 

falciparum (A) or P. berghei (B) ookinete 

invasion of the Anopheles midgut epithelium 

(T2) that are either located within (right panels) 

or outside (left panels) the Pfin1 QTL region. 

Differences in the percentages were compared 

to the frequency observed for the whole 

transcriptome registered in a particular dataset 

(grey) and statistically evaluated using 

hypergeometric distribution (P<0.05, *) and 

Bonferroni corrected hypergeometric 

distribution (P<0.05, **). 

 

 

 

5.3.7 Major functional determinants of midgut responses to different Plasmodium species 

To identify major functional classes of genes playing a determinant role in Anopheles 

midgut responses independently of infection intensity for each of the Plasmodium species, 

overrepresentation of functional classes, as reflected by Gene Ontology (GO) or Interpro 

domains (IPR), was investigated for the groups of genes showing either up- or down-

regulation in any of the datasets. Based on a hypergeometric distribution test, several GO 

terms and IPR domains were found to be over-represented among up- and down-regulated 

genes, some with functional relation to each other (Fig. 5.11). The most relevant group 

identified within up-regulated genes upon P. falciparum infections was related to signal 

transducer activity and most particularly signalling through G-protein coupled receptors 

(GPCRs) of the Rhodopsin type. 
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Fig. 5.11 Functional analysis of Anopheles responses to different Plasmodium infections. 

Top over-represented GO terms and IPR domains for differentially regulated genes upon invasion of 

the midgut epithelium (T2) are presented for intensity independent P. falciparum and P. berghei 

infections. Significant over-representation was statistically evaluated by hypergeometric distribution 

(P<0.05). Upper panels show overrepresented GO terms and IPR domains within up-regulated genes 

(yellow) from the various datasets, while lower panels show over-represented GO terms and IPR 

domains within down-regulated genes (blue). 

 

Equally, within up-regulated genes upon both P. berghei and P. falciparum infections, 

various immunity-related GO terms and IPR domains showed higher than expected 

frequencies when compared to their overall distribution across the overall transcriptome 

registered when dataset for the various infection intensities were merged. Particularly in P. 

berghei infected midguts, genes involved in the recognition and catabolic processing of 

peptidoglycans, as well as genes containing Leucine Rich Repeats (LRRs) were clearly 

overrepresented. Also within up-regulated genes upon P. falciparum infection, immunity-

related IPR domains such as C-type lectin, which are known modulators of mosquito 

defences against Plasmodium (Osta, Christophides et al. 2004; Cohuet, Osta et al. 2006) 

appear to be overrepresented and therefore present an increased functional relevance in the 
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Anopheles response against human Plasmodium. Noteworthy for the analysis of suppressed  

gene expression during P. falciparum infections is the high frequency of genes involved in 

oxidoreductase activities, substantiating the characteristic down-regulation of genes related to 

oxidative stress observed in the response to low but not to high intensity P. falciparum 

infections (Fig. 5.8). 

 

 

5.3.8 GPCR-coupled signalling in response to Plasmodium infections 

The identification of major functional classes of genes regulated upon infection with 

P. falciparum or P. berghei led to an extensive reverse genetic analysis, with the objective of 

assessing the phenotypical impact of the specific silencing of some of the most highly 

regulated genes within these functional classes.  

Signal transduction via GPCRs was one of the biological processes found to be 

differentially regulated during P. falciparum infections, whether depending or not of the 

infection intensity. GPCR genes constitute one of the largest gene families in all animal 

genomes, sometimes comprising up 1 or 2% of the whole genome. They are structurally 

characterized by the presence of a central domain encoding seven transmembrane α-helices. 

They have a key function in cell communication by bridging extracellular signalling ligands, 

hormones or neurotransmitters, to downstream intracellular effector proteins, as well as 

amplifying and integrating other cellular signals. GPCRs act as receptors for light, odorant 

substances, chemokines, neurotransmitters and neurohormones, thereby playing an essential 

role in the regulation of important physiological processes such as development, 

reproduction, feeding, behaviour and immunity-related responses (reviewed in (Broeck 2001; 

Liebmann 2004)). The analysis of the sequenced Anopheles genome revealed 276 genes that 

could be annotated to code for GPCRs (Hill, Fox et al. 2002). These were grouped into 

families according to a commonly established classification: Rhodopsin-like (family A), 

Secretin-like (family B), Metabotropic glutamate-like (family C) and atypical receptors 

(family D). In addition, in Anopheles, a fifth family (family E) was established consisting of 

highly divergent insect chemosensory receptors that constitute the majority of A. gambiae 

GPCRs (Xu, Zwiebel et al. 2003). Although all families have an identical seven 

transmembrane topology, they differ in amino acid residues at characteristic positions. For 

example, the Rhodopsin-like receptors (family A), have a conserved Asp-Arg-Tyr (DRY) 

triad just after the third transmembrane α-helix, while this motif is lacking in members of 

other GPCR families (Hauser, Cazzamali et al. 2006).  
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Based on the functional analysis which exposed Rhodopsin-like receptors as 

significantly enriched within up-regulated genes upon P. falciparum infection, the 

transcriptomic data for ookinete invasion of Anopheles midguts with both Plasmodium 

species and across various infection intensities was queried for the regulatory patterns of 

genes containing the IPR protein domain IPR000276 characteristic of Rhodopsin-like GPCRs 

(Fig. 5.12 A). Data available for 40 previously annotated GPCRs putatively belonging to 

family A was used as a basis to select candidate genes for further functional characterization 

by evaluating the phenotypical impact of their silencing. Four of the highest expressed 

Rhopdopsin-like GPCRs were selected, including two putative gastrin/bombesin receptors 

(GPGR1 and GPGR2, AGAP003631 and AGAP11452, respectively), a putative 

gastrin/cholecystokinin receptor (GPRCCK1, AGAP001022) and a putative neuropeptide Y 

receptor (GPRNPY3, AGAP012378) (Fig. 5.12 B).  

 

Fig 5.12 Expression of Rhodopsin-

like GPCRs (IPR000276) during 

ookinete midgut invasion (T2). 

(A) Eisengrams displaying expression 

ratios during P. falciparum (left) and 

P. berghei (right) o invasion of the 

midgut epithelium (T2) (I: density-

independent analysis; H: high intensity 

infections, L: low intensity infections) 

for 40 genes containing the IPR 

domain IPR000276. Candidates 

selected for phenotypical analysis by 

RNAi mediated silencing are indicated 

in red. (B) Protein domain structure of 

candidates selected for functional 

analysis. 

 

In mammals, all of these receptors are major sources of negative feedback signals for 

feeding behaviour. However, they have also been shown to play many other physiological 

roles, ranging from the stimulation of digestion to increasing water secretion and smooth 

muscle contraction (Dufresne, Seva et al. 2006; Petronilho, Roesler et al. 2007). Similarly, in 

insects, they were associated with diuretic effects on the malphigian tubules, the functional 
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equivalent of kidneys in insects, and with contraction of the hindgut (Hewes and Taghert 

2001). Importantly, there is increasing evidence that such GPCRs have a major role in the 

fine tuning of immunity-related responses and are essential in stress-induced 

immunosuppression (Styer, Singh et al. 2008; Aballay 2009). 

The effects of gene silencing on either P. falciparum or P. berghei infections was 

examined by RNA interference (RNAi), as described previously (Blandin, Moita et al. 2002; 

Vlachou, Schlegelmilch et al. 2005). Two groups of mosquitoes, one injected with double-

stranded RNA (dsRNA) specific for the selected candidate gene and one injected in a similar 

way with control dsRNA directed against the E. coli LacZ gene, were compared. Both groups 

of mosquitoes were allowed to feed on blood from the same P. falciparum gametocyte carrier 

or on the same mouse infected with P. berghei. Several independent biological replicates 

were performed, each using a different mosquito batch and blood from a different P. 

falciparum gametocyte carrier or P. berghei-infected mouse, respectively. Mosquito midguts 

were dissected eight to ten days post infection, and the number of oocysts developing in each 

individual midgut was counted using microscopy. The oocyst data from all replicates were 

log transformed to achieve normality and the difference in oocyst density between the LacZ 

control group and each individual candidate gene knockdown (Kd) was analyzed by the 

Residual Maximum Likehood (RELM) variance method fitting a mixed effect model, where 

the Kd control status had a fixed effect and a random effect was introduced for the biological 

replicates, as described previously (Chapter 4, (Mendes, Schlegelmilch et al. 2008)). 

In a primary analysis, the results of all biological replicates for each candidate gene 

were averaged for all infections independently of parasite density, for each Plasmodium 

species (Fig. 5.13 A). The results indicated that GPGRP1 was a strong antagonist of both P. 

falciparum and P. berghei infections: mosquitoes in which this receptor was specifically 

silenced showed increased infection intensities with both parasite species, with a 1.63-fold 

increase of P. falciparum infection (P<0.001) and a 2.27-fold increase of P. berghei infection 

(P<0.001). GPGR2 depletion resulted in a smaller enhancement of infection, although this 

effect was restricted to P. berghei (1.49-fold increase; P<0.01) with no significant change in 

oocyst numbers was verified when all biological replicates of P. falciparum infections were 

considered independently of the infection intensity (P=0.094). In contrast, GPRNY3 

depletion showed a significant effect on P. falciparum infections characterized by a reduction 

of oocyst levels by 1.84 folds (P<0.001), while no significant change (P=0.367) was observed 

in P. berghei infections.  
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Even more remarkable was the phenotype observed upon silencing of GPRCCK1, 

which showed an opposite effect for the two parasite species: in P. falciparum infections, 

silencing of this receptor led to an approximately two-fold reduction in oocyst numbers 

(P<0.05), while silencing  the same receptor led to an enhancement of P. berghei infection of 

a similar magnitude (P<0.001). Overall, these data suggest specific roles for distinct GPCRs 

upon Plasmodium infections. Importantly, they show for the first time that the same receptor 

can signal to opposite effects on infection with human and rodent parasites. 

 

 

Fig. 5.13 Effect of RNAi-mediated gene silencing of selected Rhodopsin-like GPCRs on 

Plasmodium infection levels in A. gambiae 

Oocyst density in A. gambiae midguts infected with African P. falciparum isolates or P. berghei 

independently of infection intensity (A) or grouped by high or low infection intensity (B) in paired 

gene kd (red columns for P. falciparum infections and green columns for P. berghei infections) and 

LacZ dsRNA-treated controls (grey columns). The geometric means and standard errors of the pooled 

data from various biological replicate experiments (n) are shown. Statistical analysis was performed 

with the REML variance components analysis by fitting a mixed effect model. The total number of 

midguts (N) in each dataset and P-values are indicated above each dataset.  

 

Further analysis of the effect of Rhodopsin-like GPCRs silencing on P. falciparum 

infections was conducted by taking into account the infection intensity (Fig. 5.13 B). This 

analysis aimed at assessing whether the effect observed after silencing of each GPCR 

receptor was specific for particular infection intensities or independent of infection intensity. 

Biological replicates were divided into two groups of either low or high intensity infections 
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according to the numbers observed in control LacZ mosquitoes for each independent 

biological replicate. Within each group of biological replicates with different infection 

intensities, the oocyst data were subsequently averaged for each gene. 

 The results showed that all but one of the genes had an infection intensity-dependent 

effect. Only GPRNY3 showed a similar effect in both high and low infection P. falciparum 

intensities, leading to a significant reduction in oocyst numbers: 2.39fold reduction (P<0.001) 

and 1.66 fold reduction (P<0.01) in high and low intensities, respectively. Both 

Gastrin/bombesin receptors (GPGRP1 and 2) had an effect restricted to high intensity P. 

falciparum infections, while silencing of GPRCCK1 had an effect restricted to low intensity 

infections. Therefore, this more exhaustive analysis of the gene silencing experiments 

showed that the increase in oocysts rates observed upon silencing of GPGRP1 was restricted 

to high P. falciparum infections, while no effect could be observed if only low intensity 

infections were taken into account. More importantly, GPGRP2 depletion, which showed no 

effect on P. falciparum oocyst numbers when all biological replicates were considered 

independently of infection intensity, resulted in an increase of approximately 2 folds in 

oocyst counts (P<0.001) when analysis was restricted to high infection intensities; no effect 

could be detected in low infection intensities.  

After this infection intensity-dependent analysis, it is possible to conclude that 

GPGRP2 clearly plays an antagonistic role during the infection with both parasite species. 

However, in the case of P. falciparum infections, this role is only significant if parasite 

density exceeds certain intensity. Overall, these results clearly demonstrate the relevance of 

taking infection intensities into account when analyzing the effect of silencing of a particular 

gene.  

 

 

5.3.9 Immune related responses to Plasmodium infection 

Anopheles infections with either P. falciparum or P. berghei parasites differentially 

regulates various genes, of which, and as expected from previous studies, immunity-related 

genes represented an important fraction (Dimopoulos, Christophides et al. 2002; Dong, 

Aguilar et al. 2006). Most importantly, their activation appeared to be independent of the 

infection intensity (Fig. 5.8) and they appear to be significantly enriched upon invasion of the 

midgut epithelium by P. falciparum and P. berghei ookinetes (Fig. 5.11).  

To further characterize transcriptionally regulated genes related to immune processes, 

the transcription profiles of 82 immune-related Anopheles genes regulated during ookinete 
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invasion of the midgut epithelium, for both the infection intensity-dependent and independent 

datasets, were grouped into 6 co-regulated clusters (Fig. 5.14). Four clusters were found 

where genes showed significant regulation in only one Plasmodium species and not the other, 

exhibiting either down- (clusters C3 for P. falciparum and C4 for P. berghei) or up-regulation 

(clusters C5 for P. falciparum and C6 for P. berghei). The two remaining clusters included 

genes up-regulated in infections with both Plasmodium species (cluster C1), and a cluster of 

genes down-regulated in P. falciparum infections and  up-regulated in P. berghei infections 

(cluster C2). 

From the various immunity-related genes identified by microarray clustering (Fig. 

5.14 A), five of the highest differentially up-regulated genes were selected for further 

functional analysis by RNAi-mediated gene silencing. For all but one of the candidate genes, 

analysis of the silencing effect on the numbers of developing P. falciparum parasites was 

tested for low intensity infections. The results from these gene silencing experiments in P. 

falciparum infections were compared to respective experiments with various P. berghei 

infection intensities. Although these experiments could not clarify the role of these genes at 

different intensities of P. falciparum infections, they are highly relevant for the most 

commonly occurring low-intensity P. falciparum infections. 

The effect of three Leucine Rich Repeat (LRR) genes was tested with low intensities 

of P. falciparum and various intensities of P. berghei infections (Fig. 5.14 B). The results 

indicated that two of these genes, AGAP07030 and AGAP7632, are potent agonists of 

infections with both Plasmodium species. This result is intriguing as the transcriptional 

profile of these genes is not clearly matching with observed phenotypical effect on oocyst 

development as both are significantly up-regulated in infections with only one of the 

Plasmodium species (Fig. 5.14 A). AGAP07030 was significantly up-regulated in low 

intensity P. falciparum infections, but not during high intensity P. falciparum infections or 

any other infections with P. berghei (cluster C6), while AGAP07632 was only significantly 

up-regulated in P. berghei infections, regardless of their intensity (cluster C5).  
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Fig. 5.14 Transcriptional regulation and impact of selected immunity-related genes on 

Plasmodium development in A. gambiae. 

(A) Eisengrams presenting the expression of immunity-related genes during P. falciparum and P. 

berghei ookinete invasion of the midgut epithelium (T2). Weighted hierarchical clusters following a 

Pearson correlation score for expression ratios (I: intensity independent analysis; H: high intensity 

infections; L: low intensity infections) are shown. Cluster ID and total number of genes included are 

indicated on the left side. Genes selected for functional analysis are indicated in red. (B, C) Effects of 

RNAi-mediated gene silencing of selected LRR–containing immunity-related genes (B) and Caspar 

(C) on the oocyst density for low intensity infected A. gambiae midguts with African P. falciparum 
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isolates (red bars) and P. berghei independently of infection intensity (green bars), in paired gene kd  

and LacZ dsRNA-treated controls (grey bars). (D) Effects of RNAi-mediated gene silencing of SPZ1 

on the oocyst density in infected A. gambiae midguts with P. falciparum (red bars) and P. berghei 

(green bars) independently of infection intensity, and more specifically in low or high intensity 

infections with P. falciparum field isolates. The geometric means, standard errors, and number of 

biological replicates (n) are shown. Statistical analysis of data was performed with the Residual 

Maximum Likelihood (REML) variance components analysis by fitting a mixed effect model. The 

total number of midguts (N) in each dataset and P-values are indicated above each dataset. 

 

These results indicate that the transcriptional profile of genes during midgut invasion 

does not always correlates with the role of these genes in the mosquito response to infection, 

and that genes not showing significant differential regulation upon infection may still have an 

important role. Consistent with this notion, the silencing of an additional gene encoding a 

LRR protein, AGAP05075, which was differentially up-regulated independently of P. 

berghei infection intensity and significantly down-regulated in low intensity P. falciparum 

infections (cluster C2), did not have a significant effect on oocyst development of either 

Plasmodium species. 

Two other immunity-related genes selected for RNAi silencing were Caspar 

(AGAP06473) and the Spaetzle-like protein, SPZ1 (AGAP000346). Both are components of 

the two NF-kappaB immune signalling pathways, Toll/REL1 and Imd/REL2, which 

transduce extracellular immune signals leading to the induction of transcription of effector 

genes, such as those encoding antimicrobial peptides (Weber, Tauszig-Delamasure et al. 

2003; Kim, Lee et al. 2006). Previous studies have implicated both pathways in the 

modulation of the mosquito susceptibility to the rodent malaria parasite, P. berghei as well as 

laboratory cultures of P. falciparum (Meister, Kanzok et al. 2005; Frolet, Thoma et al. 2006; 

Garver, Dong et al. 2009). Regulation of Toll/REL1 and Imd/REL2 pathways is controlled by 

negative regulators, Cactus and Caspar, respectively, and RNAi-mediated silencing of either 

of these negative regulators is shown to have a drastic negative impact on Plasmodium 

infections, leading to a major decrease in the number of parasites able to successfully develop 

to oocysts (Frolet, Thoma et al. 2006; Garver, Dong et al. 2009). Although significant 

differential regulation of Caspar was only observed during low P. falciparum infections, this 

was one of the highest inductions registered for this type of infections. In this way, specific 

silencing of Caspar was performed and its effect on Plasmodium development tested in low 

intensity P. falciparum infections and P. berghei infections of various intensities. The results 

indicated that Caspar is an important agonist for P. berghei development in mosquitoes, as its 

silencing reduced the numbers of developing P. berghei oocysts by nearly 2 folds. However, 
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it did not have a significant impact on the development of P. falciparum parasites (Fig. 5.14 

C). 

Contrarily to Caspar, which negatively regulates the Imd/REL2 pathway, SPZ1 is 

putatively one of the essential ligands that bind and activate the Toll receptor at the start of 

the Toll/REL1 pathway (Wang, Cheng et al. 2007). Initially described in Drosophila, 

Spaetzle (SPZ) is a cytokine member of the Knot family of growth factors that, after 

proteolytic processing by serine proteases released upon pathogen recognition, binds to a Toll 

receptor and activates the immune pathway. In this way, SPZ and the Toll receptor link the 

extracellular immune signals to the intracellular Toll /REL1 signal transduction pathway, 

which results in the transcriptional regulation of effector genes (Weber, Tauszig-Delamasure 

et al. 2003; Wang and Zhu 2009). In A. gambiae, six SPZ homologues (SPZ1-6) have been 

identified in the genome (Waterhouse, Kriventseva et al. 2007), one of which, SPZ1 was 

clearly up-regulated upon P. falciparum infection independently of the infection intensity. 

This gene was silenced by RNAi in Anopheles mosquitoes and its impact upon oocyst 

development in the midgut was examined independently for high and low intensity infections 

of P. falciparum and P. berghei infections of various intensities (Fig. 5.14 D). 

The results indicated that SPZ1 is an important agonist of low intensity P. falciparum 

infections (2.14 fold reduction, P<0.001) however no effect was detected on high intensity 

infections (P: 0.368). When P. falciparum infections were pooled regardless of the infection 

intensity the effect was still very significant (1.81 fold reduction, P<0.05), and a similar 

effect was verified for P. berghei (2.14-fold reduction, P<0.001). Thus, as with the LRR 

genes described earlier, the transcriptional profile of SPZ1 does not appear to correlate with 

its role during Plasmodium infections. Even though SPZ1 is up-regulated in Anopheles 

midguts upon P. falciparum ookinete invasion, particularly during low intensity infections, 

which correlates with the clearest agonistic phenotype observed during infection, no 

differential regulation was found upon P. berghei infection (cluster C5). 
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5.4 Discussion 

 

 

Deteriorating socio-economical conditions and the increased resistance of parasites 

and vectors against available antimalarial drugs and insecticides continue to prevent the 

effective control of malaria, which still is one of the world’s most devastating diseases. New 

approaches with the objective of interrupting the transmission cycle in the mosquito have 

relied on technological developments in functional genomics to better understand the specific 

interactions between Plasmodium parasites and their mosquito vectors. Mosquito factors that 

affect Plasmodium sporogonic development, positively or negatively, have been identified 

trough the combination of model organisms and techniques such as genetic mapping, 

comparative genomic analysis, transcriptomic profiling, RNAi-mediated gene silencing, and 

stable germline transformation. Such factors may prove to be favourable targets for novel 

interventions towards blocking malaria transmission. However it has now increasingly 

become important to analyze the significance of these findings in more natural settings, 

where parasite genotypes (as well as mosquito genotypes) and infection intensities vary 

greatly. 

This study was performed in Cameroon, in an African equatorial region with 

continuous malaria transmission throughout the year, where a parasitological survey of 

primary school children was conducted to identify volunteer asymptomatic gametocyte 

carriers. Donated blood samples were used to infect a local laboratory colony (Yaoundé) of 

A. gambiae mosquitoes, from which midgut samples were collected at various time points for 

transcriptional profiling by means of a comprehensive experimental design involving various 

parasite densities of African P. falciparum isolates. This study revealed for the first time, at 

the global transcript level, the mosquito responses to three P. falciparum developmental 

stages and their dependency on the infection intensity. Finally, the responses were compared 

with those elicited by the same mosquitoes when infected with the most convenient 

laboratory model, the rodent malaria parasite, P. berghei.  

By analyzing independently these transcriptional responses, either as a combined 

group of samples from biological replicates presenting various infections intensities, or as 

smaller groups of similar high or low infection intensities, it is possible to identify Anopheles 

genes that respond to P. falciparum and P. berghei infections in a infection intensity 

dependent or independent manner. In addition, the use of a stringent control for blood 
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feeding-related responses combined with the analysis of several Plasmodium developmental 

stages in the mosquito midgut allows for the identification of genes that are constitutively 

expressed or show stage-specific differential regulation.  

This analysis confirms that, independently of the Plasmodium species and infection 

intensities, ookinete invasion of the mosquito midgut epithelium is the stage eliciting the 

most robust transcriptional mosquito response. However, some degree of dependency on the 

parasite species and infection intensity is detected in the relative dynamics of temporal 

responses, as a significant number of genes is found to be differentially regulated during the 

earlier pre-ookinete stages in low intensity P. falciparum infections, or extending their 

differential regulation to the early oocyst development stage in high intensity P. falciparum 

and P. berghei infections. 

Importantly, the transcriptional responses against pre-ookinete stages appear to be 

partly due to immunity-related genes. This indicates that even at an early developmental 

stage, Plasmodium parasites can be detected and trigger a mosquito response, which is not 

uniquely due to blood factors as previously suggested by other studies (Drakeley, Mulder et 

al. 1998; Margos, Navarette et al. 2001; Boudin, Van Der Kolk et al. 2004). 

Furthermore, the number of genes differentially regulated in response to low or high 

infection intensities is significantly higher in comparison to genes differentially regulated 

independently of the infection intensity. As the identification of genes regulated 

independently of the infection intensity was based on expression ratios obtained for 

biological replicates with diverse infection intensities, the small number of differentially 

regulated genes identified suggests a differential transcriptional bias across replicates, 

resulting from either a statistically significant variation across biological replicates or an 

average expression ratio close to zero when all biological replicates are considered. 

In fact, the responses to P. falciparum during low and high infection intensities appear 

to be quite distinct, while the responses to P. berghei infections are rather similar in the two 

types of infections intensities, particularly during ookinete invasion of the midgut epithelium. 

Genes differentially regulated upon high intensity infections or independently of the infection 

intensity (with the exception of genes regulated at pre-ookinete stages) show similar 

transcriptional bias in infections with both human and rodent parasites. In contrast, clearly 

distinct transcriptional responses are detected for genes differentially regulated during low 

intensity infections with each of the Plasmodium species. Detailed analysis of the 

transcriptional bias presented by differentially regulated genes reveals a striking increase in 

the number of genes suppressed upon ookinete invasion during low intensity P. falciparum 
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infections, but not in  P. falciparum high intensity infections or in any of the P. berghei 

infections analyzed. Identical down-regulation of expression is also observed for genes 

differentially regulated independently of the infection intensity, indicating that suppression of 

gene transcription is the most common response to infection, while major up-regulation of 

gene expression is a specific response to African P. falciparum infection when the infection 

intensity exceeds a certain threshold.  

Previous studies also detected differences in the transcriptional regulation of 

Anopheles genes upon human and rodent malaria infections (Bonnet, Prevot et al. 2001; 

Tahar, Boudin et al. 2002; Dong, Aguilar et al. 2006), but such transcriptional suppression 

had not been reported previously. Importantly, the only previously available study that 

compared A. gambiae responses to infections with laboratory strains of P. falciparum and P. 

berghei at the global transcript level, found that P. berghei had a more pronounced impact on 

the mosquito transcriptome although P. falciparum elicited a broader immune response 

(Dong, Aguilar et al. 2006). However, this study did not take into account the infection levels 

and used high infection intensities for both parasites species. Nevertheless, the results from 

both studies are in agreement for high intensity infections, which are characterized by a major 

up-regulation of genes, many of them directly related to anti-Plasmodium defence 

mechanisms. 

Nevertheless, suppression of mosquito responses had already been suggested by a 

previous study, specifically a parasite-mediated suppression of the mosquito immune 

response, by a direct or indirect mechanism (Boete, Paul et al. 2004). However, these results 

were obtained for Ae. aegypti mosquitoes and the avian malaria parasite P. gallinaceum, and 

could not be reproduced with African isolates of P. falciparum and A. gambiae mosquitoes 

(Lambrechts, Morlais et al. 2007). Even so, from an evolutionary point of view, a strong 

immune response might not be always advantageous to malaria vectors, considering the 

energy expense necessary to mount such a response (Tripet, Aboagye-Antwi et al. 2008). 

Mosquitoes would indeed have to face a trade-off between the energy devoted to 

immunological functions and the energy required for other critical processes, such as growth, 

reproduction and survival. 

The costly impact of immune activation upon fecundity and survival suggests that the 

adaptive advantage of investing resources in immune defence will be related to the infection 

virulence and the risk of exposure in a given population. In the same way, evolutionary 

theory also predicts that there should be a strong pressure on Plasmodium not to reduce 

vector survival, as both organisms benefit from mosquito high survival rates and blood 
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feeding behaviour, thereby increasing the reproductive success of mosquitoes and the related 

transmission of parasites (Sheldon and Verhulst 1996). Thus, there appears to be a growing 

perception that malaria parasites may only be harmful to mosquitoes when parasite densities 

are too high, which is clearly emphasized by the present study (Sinden, Dawes et al. 2007). 

 Furthermore, this study demonstrates that very strong and multifaceted responses, 

possibly detrimental to survivorship, are not the norm. On the contrary, major gene induction 

upon P. falciparum infection is limited to unnaturally high infection densities, while for low 

intensity infections that may not cause as much damage, suppression of response may 

increase survival of not only the parasite, but also of the mosquito by reducing the cost of 

mounting an adequate response. 

Detailed functional analysis indicates that suppression of gene expression is not 

generalized to all functional classes of genes. On the contrary, only key functional processes 

such as regulation of the cellular oxidative status and cytoskeleton reorganization are targeted 

for transcriptional suppression. This specificity can be justified by the fact that some of the 

molecules involved in these processes are expected to have the highest energetic cost and 

thus divert more resources from growth and maintenance. Nitric oxide (NO), one of these 

molecules, is part of a peroxidase induction cascade that initiates apoptosis/necrosis in 

mosquito midgut cells, a process shown to be involved in the killing of Plasmodium parasites 

in mosquitoes (Luckhart, Vodovotz et al. 1998; Han, Thompson et al. 2000; Kumar, 

Christophides et al. 2003; Kumar, Gupta et al. 2004). Induction of processes that lead to NO 

synthesis are expected to be very costly to mosquitoes for two main reasons: first, NO 

synthesis requires arginine, a key component required for other metabolic pathways such as 

egg production and sperm maturation, which is of limited availability as it can only be 

obtained from the mosquito diet; second, high levels of NO and formation of toxic nitrogen 

oxides can cause oxidative stress and trigger auto-immune mechanisms, in which their wide 

spectrum of action can be directed against the mosquito itself (Schwartz and Koella 2004). 

Additionally, it can be envisioned that the cytoskeleton organization machinery, even if 

constitutively essential to maintain the integrity of the midgut epithelium upon parasite 

invasion, could only require the strong activation of key elements in a manner proportional to 

the direct damage inflicted by parasites invading the midgut.  

Importantly, suppression of gene expression is not detected for immunity-related 

genes, indicating that P. falciparum infection does not specifically induce immuno-

suppression in the mosquito, although the vast majority of the mosquito transcriptome 

appears to be suppressed mainly during ookinete invasion of the midgut epithelium. Even 
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though it is possible that P. falciparum is specifically recognized by the mosquito immune 

surveillance, an additional explanation suggested in previous studies, is that most of the 

immune-related genes can be differentially regulated in response to the concomitant 

microbial infections of the midgut rather than represent a bona fide anti-Plasmodium defence 

process (Dong, Aguilar et al. 2006; Dong, Manfredini et al. 2009; Meister, Agianian et al. 

2009). It is likely that even a small number of parasites penetrating the mosquito epithelium 

expose it to endogenous bacteria that proliferate upon blood feeding, which may, in turn, 

boost the mosquito innate immunity (Meister, Agianian et al. 2009). 

Above all, the results from this study emphasize that intimately related mosquito and 

parasite traits might have co-evolved and expose, at least at the transcriptomic level, unique 

features rather than a universal mechanism of response directed against any type of parasite 

or infection intensity. It is important to stress that this study is the first to clearly analyse the 

responses to the most common type of malaria infection worldwide, P. falciparum, and does 

so by using isolates of current human Plasmodium populations and a sympatric mosquito 

colony, which, although established over twenty years ago, has been shown to have remained 

representative of the local field populations of A. gambiae (Tchuinkam, Mulder et al. 1993; 

Mendes, Schlegelmilch et al. 2008). 

Phylogenomic analysis suggests that the mainly suppressive nature of the 

transcriptional response and concomitant specific induction of only a particular gene set may 

be the reflection of an evolutionary adaptation of Anopheles mosquitoes to low intensity P. 

falciparum infections. The group of suppressed genes are significantly depleted of genes that 

are unique to A. gambiae and enriched in genes having orthologues in Ae. aedes and D. 

melanogaster, while induced genes tend to be unique to A. gambiae, thus evolving more 

rapidly. The opposite evolutionary pattern is detected for genes regulated upon P. berghei 

infections, which do not show enrichment in unique Anopheles genes among up-regulated 

genes. Furthermore, up-regulated genes upon P. falciparum infection tend to localize inside 

of the Pfin1genomic region, the major genomic region previously associated with variations 

in the intensity of mosquito infection with human Plasmodium, indicating that most of these 

genes are essential factors for the response to human Plasmodium (Riehle, Markianos et al. 

2006; Riehle, Markianos et al. 2007). In contrast, genes differentially regulated upon P. 

berghei infections show the opposite pattern of chromosomal localization, with a higher than 

expected number of suppressed genes located inside Pfin1. 

Functional analysis was subsequently used to identify major biological processes and 

functional classes of genes within suppressed and inducted genes upon infection with both 
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Plasmodium and across various infections intensities revealing cellular signalling and 

immunity as the main regulated processes.  

In particular, this study provides the first evidence that GPCR-mediated signalling 

regulates anti-parasitic responses in Anopheles midguts in a species- and density-dependent 

manner. RNAi-mediated silencing of four selected receptors upregulated during P. 

falciparum ookinete invasion of the midgut, revealed striking differences in the impact of 

each gene on oocyst development of African P. falciparum isolates and laboratory P. berghei, 

as well as between distinct infections intensities. Two Gastrin/bombesin receptors, GPGRP1 

and 2 are infection antagonists, as their depletion enhances infection by P. falciparum and 

even more by P. berghei. However, the effect of both receptors appears to be most significant 

in high P. falciparum infection levels. In contrast, the putative Neuropeptide Y receptor 

GPRNPY3 and the putative gastrin/cholecystokinin receptor GPRCCK1 are agonists of P. 

falciparum infections but appear to be either dispensable during P. berghei infection 

(GPRNPY3) or, surprisingly, to have the exact opposite role, acting as parasite antagonists 

(GPRCCK1). 

These results clearly highlight the important and diverse roles of GPCR signalling in 

mosquito infections with both human and rodent Plasmodium species. They also indicate, as 

already suggested by previous studies, that although some genes may have similar effects 

against human and rodent Plasmodium, others may not, reflecting a possible continuous 

evolutionary adaptation between mosquitoes and parasites (Michel, Suwanchaichinda et al. 

2006; Mendes, Schlegelmilch et al. 2008). Importantly, these results clearly show that the 

effect of a gene can depend on the parasite infection intensity and that analyzing the effect of 

a gene on a sum of high and low intensity infections, can skew the interpretation of results 

and either hide the effect of gene, as verified for GPGRP2 or extend its specific effect on 

particular infection intensities, as in the case of GPGRP1. 

Future studies are required to establish the mechanism whereby these important 

receptors affect Plasmodium development in mosquitoes. Signalling trough GPCRs of the 

Rhodopsin family such as those selected for phenotypic analysis in this study, has been 

implicated in many physiological processes from stimulating secretion of hormones in 

humans, mice and rats, to stimulating digestion, hunger suppression or satiety, water 

secretion in the stomach and intestine, and smooth muscle contraction (Liebmann 2004). 

Similar functional roles of GPCRs exist  in insects, where these receptors have been 

associated with diuretic effects on the malphigian tubules and the contraction of the hindgut 

(Broeck 2001). Importantly, signalling trough this family of receptors has recently gathered a 
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lot of attention from researchers due to their increasingly clear role in the fine-tuning of 

immune response and in stress-induced immunosuppression (Loniewski, Shi et al. 2008; 

Aballay 2009). In a ground breaking study (Styer, Singh et al. 2008), the C. elegans 

orthologue of the A. gambiae GPRNYP3 receptor was shown to substantially modulate 

immune responses, mainly, but not exclusively, in a p38 mitogen-activated protein kinase 

(MAPK) pathway-dependent manner, causing massive suppression of the innate immune 

responses. The immunosuppressive role described for this receptor is consistent with the 

observed reduction of P. falciparum oocyst numbers upon silencing of the orthologous  

receptor in Anopheles mosquitoes.  

Similar infection intensity-dependent effects were recently described in other studies 

for the activation of the Mitogen-Activated Protein Kinase (MAPK) pathway in mosquitoes 

(Luckhart and Riehle 2007; Surachetpong, Singh et al. 2009). The MAPK signalling cascades 

are comprised of three protein kinases: a MAPKKK that phosphorylates and activates a 

MAPKK (e.g., MEK) which subsequently phosphorylates and activates a MAPK (e.g., 

extracellular-signal regulated kinase ERK) that can regulate transcription factor activity and 

gene expression. MAPKs are serine/threonine
 
kinases known to be activated by several 

families of receptors
 
including tyrosine kinase receptors, GPCRs, or cytokines receptors. 

They have been found essential for the control of Plasmodium development in mosquito 

midguts by inducing the expression of nitric oxide synthase (NOS), the effector gene leading 

to NO production. Signalling through the MAPK/ERK pathway was shown to be dose-

dependent in a way that increasing levels of ERK activation exerted a negative feedback on 

the induction of NOS expression. NO synthesis induced by NOS limits malaria parasite 

development though the formation of inflammatory levels of toxic reactive nitrogen oxides 

that likely induce parasite apoptosis in the mosquito midgut lumen. However, NO synthesis 

requires a tight control by multiple signalling pathways so that excessive levels of NO do not 

have a detrimental impact on the mosquito life span and reproduction (Kumar, Christophides 

et al. 2003; Kumar and Barillas-Mury 2005). Activation of the MEK-ERK module of the 

MAPK signalling pathway was associated with the control of NO levels suggesting that 

MEK-ERK signalling negatively controls mosquito innate immunity and thus favours 

parasite development (Surachetpong, Singh et al. 2009). The same association, although not 

demonstrated, can be hypothesized to explain the effect observed for the GPRCCK1 receptor 

during low and high intensity P. falciparum infections, since GPCRs have long been 

established as some of the main activators of this pathway (Pierce, Luttrell et al. 2001; 

Dufresne, Seva et al. 2006). Signalling by GPCRs may lead to an increased activation of the 
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MEK-ERK pathway, which negatively controls NOS expression and NO production, 

promoting oocyst development. In contrast, , inhibition of GPCR signalling by silencing of 

the GPRCCK1 receptor would also inhibit the down-regulation of mosquito immunity by the 

MEK-ERK pathway, leading to continuous and prolonged induction of NOS and increased 

production of NO, as well as efficient inhibition of parasite development, as verified for 

silencing of the GPRNYP3 and GPRCCK1 receptors. 

The intensity dependent behaviour of responses to Plasmodium infection in mosquito 

midguts has a clear impact in this signalling, possibly because parasite factors that signal to 

the MAPK pathway could be so abundant at high infection levels that they overwhelm the 

signalling by the GPRCCK1 receptor. Another hypothesis is that the limitation of this 

agonistic effect of GPRCCK1 is due to feedback inhibition of NOS by NO at high infection 

levels to control the levels of reactive oxygen species and avoid the fitness cost imposed by 

these high levels. In fact, involvement in this feedback mechanism is established for 

orthologues of the two Gastrin/bombesin receptors tested, which have been shown to 

stimulate the phagocytic process, as well as cytotoxic capacity and immune-related cell 

maturation (Medina, Del Rio et al. 2005). These effects appear to be mainly indirect 

consequences of the role of these receptors as chemotactic modulators responsible for the 

recirculation of immune-competent cells. On the contrary, their major role is inhibitory, when 

it is coupled with production of NO (Petronilho, Roesler et al. 2007). In particularly, although 

signalling trough gastrin/bombesin receptors can mildly stimulate immune responses; 

increased levels of NO in the surrounding cells stimulate an inhibitory regulation of immune 

responses by these receptors. Therefore, a possible explanation for these apparent conflicting 

effects may lie in the dual role of NO as an effector of immune responses and as a member of 

a negative feedback loop that limits the magnitude of inflammatory responses. 

This hypothetical feedback mechanism is in agreement with the results of this study, 

where no significant effect is observed upon low, but only upon high intensity infections, 

which, according to previous studies (Luckhart, Vodovotz et al. 1998; Peterson, Gow et al. 

2007), lead to much higher NO concentrations that could become negatively regulated, 

assisting Plasmodium development. 

The effect of various immunity-related genes, which were upregulated during 

invasion of the midgut by ookinetes of both Plasmodium species,  is also analyzed on the 

most common type of low P. falciparum infections and to various intensities of P. berghei 

infections. Significantly, all the immunity-related genes analyzed in this study show an 

agonistic effect on oocyst development, indicating that although involved in the immune 
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response to infection, they influence it in a negative way, facilitating the development of both 

parasite species. 

Of particular importance are Caspar and SPZ1, which are putative components of the 

NF-kappaB signalling pathways Toll/REL1 and Imd/REL2. These pathways transduce 

extracellular signals and induce nuclear translocation of NF-kappa B transcription factors 

regulating the transcription of antimicrobial peptides and having  an antagonist effect upon 

oocyst development (Dimopoulos, Richman et al. 1997; Richman, Dimopoulos et al. 1997; 

Meister, Kanzok et al. 2005). An agonistic effect had already been described for Caspar, a 

major negative regulator of the Imd/REL2 pathway, upon infection with both P. berghei and 

laboratory strains of P. falciparum, showing a strong impact on oocyst development and 

leading to a major decrease in the number of parasite developing in mosquito midguts when it 

is depleted (Garver, Dong et al. 2009). However, even though the results from this study 

confirm the effect of Caspar on P. berghei development, they indicate that Caspar, and 

possibly the Imd/REL2 pathway do not have a relevant impact upon low intensity infections 

by African P. falciparum isolates.  

This result is unexpected but reinforces the observation that particular genes can have 

distinct functions upon infection with different Plasmodium strains or species (Cohuet, Osta 

et al. 2006; Michel, Suwanchaichinda et al. 2006). One hypothesis for the distinct effects 

observed for the components of signalling pathways is the variability of exposed parasite 

molecules that are recognized by and activate these pathways. Parasite 

glycosylphosphotidyinositols (GPIs) and hemozoin are some of the described activators of 

the mosquito signalling pathways and consequently of the regulation of immune effectors 

(Lim, Gowda et al. 2005; Akman-Anderson, Olivier et al. 2007; Luckhart and Riehle 2007). 

GPIs, although ubiquitous on eukaryotic cells, are structurally very different in Plasmodium 

parasites, which produce them in vast excess as compared to what may be required for 

protein anchoring. P. falciparum GPIs have been described to have an inducing effect on 

anti-parasitic NO synthesis and signal transduction in Anopheles mosquitoes, being an 

important early signal for parasite infection in mosquitoes and leading to higher levels of 

ERK phosphorylation and induction of NOS expression (Lim, Gowda et al. 2005). It can be 

hypothesized that structural differences in the molecules presented by various Plasmodium 

species and strains might be detected by mosquitoes, leading to the differential activation of 

various signalling pathways and causing some of the distinct and even opposite effects 

verified for some of the genes tested in this study, such as the GPRCCK1 receptor and the  

Caspar . However in the case of Caspar, it cannot be ruled out that this gene and the 
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Imd/REL2 pathway only play a significant role in high infections intensities. Further 

experiments are required to clarify these questions. 

In contrast to Caspar, SPZ1, an essential ligand for TOLL pathway activation (Wang, Cheng 

et al. 2007; Wang and Zhu 2009), shows a clear agonistic role for both P. berghei infections 

and low intensity P. falciparum infections.  

In summary, this study shows that the most common type of Plasmodium infection 

intensity in nature induces a distinct transcriptional response in the midgut of Anopheles 

mosquitoes, which is characterized by a major suppression of genes involved in the 

regulation of the cellular oxidative status and cytoskeleton reorganization, but not in 

immunity. This is probably because immune responses to Plasmodium infection result from a 

finely tuned co-adaptation between mosquitoes and Plasmodium parasites. High intensity 

infections with P. falciparum lead to different transcriptional responses, which includes genes 

that are not subject to similar evolutionary pressures, possibly as consequence of their 

extremely rare occurrence in nature. This response  is very similar to that observed in low or 

high intensity P. berghei infections, indicating that this unnaturally high infection levels 

cause an extremely potent response, which is not preferred or might even be actively 

suppressed by mosquitoes due to its high fitness cost. Identification of the cause of this 

transcriptional  suppression was beyond of the scope of this study. However, the fact that 

such suppression is not specific to a parasite species, but to the specific combination of the 

parasite species and the infection  intensity could  indicate that, in contrary to what it has  

been proposed by previous studies (Boete, Paul et al. 2004), it might reflect a tolerance 

strategy from the mosquito for this low impact infection, rather than being a direct or indirect 

evasion strategy by the parasite. 



 

- 153 - 
 

 



Materials and Methods |06 

 

- 154 - 
 

6.1 Mosquito / Parasite 

 

6.1.1 Mosquito populations and strains 

The susceptible Yaoundé and N’gousso strains were used in the experiments reported 

in this thesis. Both strains were established at OCEAC, Cameroon from populations of A. 

gambiae s.s. caught in quarters of Yaoundé and adapted to feeding on parafilm membrane 

feeders. Also, both colonies belong to the M molecular and forest chromosomal forms 

(standard chromosomal arrangements). The N’gousso strain was established very recently, in 

2006 and is a very good laboratory representation of the mosquito population involved in the 

local natural malaria transmission system of the south Cameroon, where malaria transmission 

is mainly due to A. gambiae (M and S molecular forms, forest chromosomal form), although 

A. funestus , A. nili and A. mouchetti can also be locally important (Antonio-Nkondjio, 

Awono-Ambene et al. 2002). 

The Yaoundé strain was originally established in 1988, and despite being over 20 year 

old, recent evaluation of its relative genetic diversity and genetic distance (divergence) from 

field-collected local Yaoundé A. gambiae mosquitoes revealed that the colony still remains a 

reasonable approximation to the local Yaoundé A. gambiae mosquito population (Mendes, 

Schlegelmilch et al. 2008) 

When 10 immune-related genes spread across the A. gambiae genome were analyzed 

for Single Nucleotide Polymorphisms (SNPs) in the Yaoundé strain, field collected 

mosquitoes and a reference 4ar/r colony, the results showed that the mean nucleotide 

diversity in the Yaoundé strain was only slightly lower than in field mosquitoes and the 

divergence between both was also relatively low.  

Therefore, although some studies have postulated a strong loss of polymorphism and 

considerable divergence from natural populations in 20 year-old laboratory colonies (Arias, 

Bejarano et al. 2005), that does not appear to be the case for this particular Yaoundé colony, 

possibly because the constant high levels of population size at which this colony was always 

maintained. 

Moreover, when the Yaoundé and N’gousso strain were compared for infection levels 

with sympatric P. falciparum isolates, they showed highly similar susceptibilities, even after 

absence of contact with P. falciparum for a number of generations. 

Both colonies were reared at ~27°C at a relative humidity of 75%, with a 12/12h 

light/darkness cycle. Larvae were raised in 0,1% marine salt water and fed with ground cat 
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food or fish food. Adults were fed ad libitum on wet cotton soaked in a 15% sucrose solution. 

For the production of eggs, female mosquitoes were allowed to take a blood meal on 

anaesthetized Balb/c mice or on anaesthetized rabbit.  

This method was described in (Richman, Bulet et al. 1996) 

 

 

6.1.2 Parasitological survey 

Surveys for P. falciparum gametocyte carriers were conducted in primary schools of 

Mfou, a town located 30km from Yaoundé city, Cameroon, in an area endemic for malaria. 

Blood samples were collected by finger-prick from 5 to 12 years old children and thick blood 

smears were air-dried and stained with 10% Giemsa, followed by microscopic examination 

for the presence of P. falciparum. Sexual and asexual parasite stages were counted in 

observed fields that cumulatively contained at least 500 leucocytes. Gametocyte density was 

estimated assuming a standard number of 8000 WBC/μl of blood and by counting visible 

gametocytes against 1000 WBC. Children with asexual parasitemia exceeding 1000 

parasites/μl were immediately treated with amodiaquine and artesunate combination 

according to national guidelines. Children with low gametocytemia or mixed infections with 

P. ovale and/or P. malariae were excluded. Asymptomatic gametocyte-positive children were 

enrolled as volunteers after parents consent was obtained.  

The recruitment procedures were approved by the Cameroonian and WHO ethical 

review committees and surveys were conducted in constant collaboration with a medical team 

responsible for malaria treatment at the local hospital.  

 

 

6.1.3 A. gambiae infections with P. falciparum 

For expression profiling, two groups of mosquitoes from the same rearing culture 

were used per replicate: the test group fed on blood donated by a gametocyte carrier, whereas 

the control group fed on the same blood which was previously incubated at 42-43⁰C for 12 

min under constant shaking at 500 rpm for gametocyte inactivation. 

To eliminate transmission blocking factors, blood serum was replaced by non-

immune AB serum in both test and control groups (Mulder, Tchuinkam et al. 1993; Mulder, 

Tchuinkam et al. 1994).  
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Blood samples (~700μl) were transferred into pre-warmed (37⁰C) artificial membrane 

feeders and mosquitoes, previously starved for at least 12 hours, were allowed to feed in the 

dark for 20-30 min.  

The two groups of mosquitoes were housed under the same microclimate of 27⁰C and 

75% humidity, both before and after blood feeding.  

To determine the level of infection, mosquito midguts were dissected 8-10 days post 

blood feeding and stained with 2% mercurochrome before microscopic examination. 

This infection method is described in (Tchuinkam, Mulder et al. 1993). 

 

 

6.1.4 A. gambiae infections with P. berghei 

For expression profiling of mosquitoes infected with rodent malaria, two P. berghei 

clones were used: the ANKA 15cy1A (2.34) strain and the GFP-expressing PbGFPCON strain 

(Franke-Fayard, Trueman et al. 2004). Similarly to infections with P. falciparum, mosquitoes 

were randomly separated from the same rearing culture into two small containers, one for the 

test group and the other for the control group.  Containers where housed under the same 

microclimate of 27⁰C and 75% humidity and starved for at least 12 hours prior to blood 

feeding. During and after blood-feeding, both mosquito groups were kept at 21⁰C and 75% 

humidity as described in (Sinden, Butcher et al. 1996). 

Parasite development in mice was accessed from tail blood by thin blood smears 

stained with 10% GIEMSA and gametocytemia quantified as the relative percentage of red 

blood cells in 3-5 microscope fields. 

When using the GFP-expressing PbGFPCON strain, the test group was allowed to feed 

directly on anesthetized infected Balb/c mice for 30 min, while the control group feed on 

parasite free Balb/c mice of identical age. After 8-10 days, mosquitoes midguts were 

dissected, fixed for 30min in 4% formaldehyde in 1xPBS, washed 3 times with 1xPBS and 

mounted on glass slides in Vectashield mounting medium. The number of GFP fluorescing 

oocysts and black melanized ookinetes per midgut were counted on a fluorescence 

microscope. 

For infections with the P. berghei ANKA 15cy1A (2.34) strain, infected mice were 

anesthetized and blood was collected by cardiac puncture into a heparinised syringe for 

subsequent feeding to mosquitoes through membrane. The blood serum from the infected 

mice was replaced with serum from non infected Balb/c mice, in a similar manner as above 
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described for mosquito infections with P. falciparum. Equally, the control group was feed 

through membrane with the same infected and serum reconstituted blood after gametocyte 

inactivation by incubation at 42-43⁰C for 12 min under constant 500rpm shacking. 

Midguts of infected mosquitoes were dissected 8-10 days post blood feeding, stained 

with 2% mercurochrome and examined with alight microscope to quantify level of infection. 

 

 

6.1.5 In vitro exflagellation assay 

To access the infectious potential for mosquitoes of both P. berghei strains used, 

exflagellation was quantified in a mini-assay as previously described (Kawamoto, 

Alejoblanco et al. 1990; Billker, Shaw et al. 1997). 2.5 μl of tail blood were taken from an 

infected mouse and immediately mixed with 7.5 μl of test solution (RPMI 1640 containing 20 

mM HEPES and 100 μM XA, pH 7.5), then placed on a microscope slide and covered with a 

coverslip. Slides were observed between 15 and 20 min later and exflagellation scored in 

each preparation by counting centres of movement in 10 microscopic fields at 400× 

magnification.  

 

 

6.1.6 Gene silencing in adult A. gambiae mosquitoes 

For gene silencing experiments, dsRNA was produced as described in this chapter. 

Two groups (test and control) of freshly emerged female mosquitoes from the same rearing 

culture where separated into small containers and a nano-injector (Nanoject, Drummond) was 

used to introduce 69nl of dsRNAs (207ng at a concentration of 3 mg/ml) in water in the 

mosquito thorax while anesthetized with CO2. The test group was subjected to silencing of 

the examined gene whereas the control group was injected with dsRNA of the LacZ gene. 

 After injection, mosquitoes were allowed to recover for four days and only after this 

recovery time, they were allowed to blood feed. This method was first described in (Blandin, 

Moita et al. 2002) 

 

 

6.1.7 Mosquito tissue isolation 

Mosquito midguts and carcass (the remaining tissues left after removal of the midgut) 

were dissected in phosphate-buffered saline (PBS) solution at 4⁰C. Thirty mosquito midgut 
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and carcass where collected from both test and control mosquito groups at different stages of 

parasite development in the mosquito: 1 to 3hr post blood feeding for pre-ookinete stages 

(after exflagellation of male gametocytes in the midgut lumen and during fertilization and 

zygote formation); 22 to 25hr post blood-feeding for midgut epithelia invading ookinetes; 48 

to 50hr post blood feeding for early stages of oocyst formation in the basal lamina of the 

midgut; 5 days post blood feeding for sporoblast formation within the oocysts; 10 days post 

blood feeding while sporozoites are budding off from sporoblasts and 14 to 15 days post 

blood feeding as sporozoites are released from the oocysts into the hemacoel. 

Tissue samples were placed in TRIzol reagent (Invitrogen, San Diego, CA) and 

immediately frozen with dry ice and placed at -80⁰C, until RNA isolation. 
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6.2 DNA Methods 

 

 

6.2.1 cDNA production 

Total RNA was extracted from A. gambiae tissue with TRIzol reagent (Invitrogen, 

San Diego, CA) and treated with DNAse I. After Phenol-Chloroform extraction and photo 

spectrometric concentration determination, first strand cDNA synthesis was performed using 

1μl of 0.5 μg/μl oligo dT primer (Sigma) with ~5μg of total RNA preparations. 

The mixture (10μl) was denatured at 68°C for 7 min and a cDNA synthesis reaction 

mix was added (1μl Reverse Transcriptase (SuperScript™II Rnase H- Reverse Transcriptase 

(Invitrogen) or MLV Reverse Transcriptase (Gibco BRL)); 1.5μl dNTPs (10mM) (peqlab); 

1.5μl DTT (Gibco BRL); 4μl 5x “First Strand” Buffer (Gibco BRL); 1μl RNAse Inhibitor 

(Roche)) and incubated at 42°C. After 50 min the Reverse Transcriptase was inactivated by 

heating the mixture for 15 min at 70°C. 

The cDNA was then treated with 100μg RNAseA per for 30’ at 37°C, a 

Phenol/Chloroform Extraction performed and resuspended in an appropriate volume of 

ddH2O. 
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6.3 RNA Methods 

 

 

6.3.1 Total RNA extraction 

9 volumes of TRIZOL are used for one volume of tissue (or 400μl TRIZOL for 1-

20mosquitoes) according to manufacturer’s instructions. Total RNA is resuspended in ~70μl 

ddH2O. 

 

 

6.3.2 dsRNA production for RNAi 

PCR amplicons obtained from PCRs with primers tailed with the T7 promoter 

sequences (GAATTAATACGACTCACTATAGGG) at their 5’ end are cleaned up with the 

QIAquick Gel extraction kit or QIAquick PCR Purification kit (QIAGEN) and resuspended 

in nuclease free water. The purified PCR amplicons are then used to synthesize dsRNA with 

the MEGAscript T7 Kit (Ambion). The reaction is then treated with DNaseI and cleaned up 

by Phenol:Chloroform extraction or with the RNeasy kit (QIAGEN). The dsRNA is 

resuspended in 20μl RNase-free water. 

The concentration of the dsRNA is determined by photo-spectrometric concentration 

analysis (OD260) and adjusted to 3μg/μl by concentration with a vacuum centrifuge. The 

dsRNA is also analyzed on a >1.5% agarose gel supplemented with 0,5μg/ml Ethidium 

bromide. 
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6.4 Microarrays 

 

 

6.4.1 Microarray platform 

The MMC2 microarray is a spotted PCR amplicon array. The amplicons are 150-500 

bp long and mostly represent single exons located preferably close to the 3' ends of coding 

sequences of 12,500 predicted genes in the A. gambiae genome. Amplicons were designed 

against the transcripts predicted on the Ensembl Anopheles genome release V25 (Oct.2004). 

Of the 12137 features printed in the array, covering nearly all the predicted genes at the time, 

reannotation according Ensembl release V49 (AgamP3.3 March 2008), found that expression 

values could be confidently evaluated for 7246 transcripts of the 13133 predicted for the 

Anopheles genome (55.2%). Analysis was carried on for these transcripts. 

 

 

6.4.2 Sample amplification 

First Strand Synthesis: 100pmol T7-d(T)24 primer and 5μg total RNA are used to 

produce cDNA with 5’ T7 overhangs. The reaction mix consists of: 4 μl 5x first strand 

synthesis buffer (Gibco BRL); 2 μl DTT 0.1 M (Gibco BRL); 1ul dNTP mix 10 mM (Gibco 

BRL); 1 μl 200 U/μl SuperScript™II Rnase H- Reverse Transcriptase (Invitrogen) or MLV 

Reverse Transcriptase (Gibco BRL). Incubate at 37°C for 1 hour. 

 

Second Strand Synthesis: To the reaction is added:  

10 ul 5x Second Strand Synthesis Buffer 

1 μl dNTP mix 10 mM 

0.35 ul DNA Ligase 10 U/μl 

1.3 μl DNA Polymerase I 10 U/μl 

0.7 μl RNase H 10 U/μl 

16.7 μl DEPC-H2O 

The sample is incubated at 16°C for 2h and 100μl H2O are added for a final volume of 150μl. 

the reaction is then stoped by adding 10μl 0.5 M EDTA and the cDNA cleaned up by Phenol- 

Chloroform separation. 
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cDNA Amplification: T7 RNA Polymerase (Ambion T7 Megascript kit) is used to amplify the 

cDNA. For that, 6μl ds-cDNA sample are mixed with 1.5μl 10x Reaction Buffer, 1.5μl of 

each ribonucleotide (ATP, CTP, GTP, UTP) and 1.5μl T7 Polymerase enzyme mixture. The 

final volume is 15μl. After 5h at 37°C, 0.5μl DNaseI are added and the sample incubated at 

37°C for 10min. After chilling on ice, amplified RNA is cleaned up the with the QIAGEN 

RNeasy mini kit, cmRNA concentration and purity determined spectrophotometrically (the 

expected yield is 60 to 100μg) and diluted to a final concentration of 1 μg/μl. 

 

 

6.4.3 Sample labeling 

The following mix was prepared on ice and placed at 70°C for 5 min: 

5μl poly A+ RNA 1 μg/μl 

1μl random hexamers 3 μg/μl 

1μl oligo dT 1 μg/μl 

3μl H2O (final reaction volume10 μl) 

Then added: 

4μl Superscript II First Strand Synthesis Buffer 

2μl 0.1 M DTT 

2μl Cy-3 or Cy-5 

0.4μl dT-NTP mix (25mM dA, dC, dG; 10 mM dT) 

1.5μl Superscript II 

and incubated at 42°C for 2 h. 1μl 1M NaOH / 20 mM EDTA is added to stop the reaction 

followed by incubation at 70°C for 5 min. 30μl H2O are added to both the Cy-3 reaction and 

to the Cy5 reaction and, dye incorporation and cDNA concentration determined 

spectrophotometrically. Volume were adjusted from both the Cy3 labeled cDNA and Cy5 

labelled cDNA so that equal amounts were combined and 10μl 3M NaAcetate, pH ~5 are 

added. The combined labelled cDNA is then purified through a Qiaquick PCR purification 

column (Quiagen) (elution volume: 2x30μl) and poly(A) DNA (herring sperm) is added to a 

0.4 μg/μl final concentration in the hybridization solution. Finally, the sample is dried in 

speed-vac and resuspended into the desired volume of hybridization solution (40μl) just 

before applying onto the array or stored at 4°C in the dark for later user. 
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6.4.4 Array hybridization & data acquisition 

Slides were pre-hybridized in 5xSSC, 0.1% SDS, and 1% BSA at 42oC for at least 45 

min; washed at RT with deionized water and placed in boiling deionized water for 5 min to 

denaturate the spotted amplicons, followed by fast drying using an air spray. The combined 

Cy3/Cy5 labeled samples are resuspended in pre-warmed 42⁰C hybridization buffer, 

supplemented with Poly(A)-DNA and hybridized to microarray slides at 42°C over night. 

Hybridized arrays were washed, dried by centrifugation and scanned using the GenePix 

4000B scanner and the GenePix Pro 4.0 software (Axon instruments) 

 

 

6.4.5 Data pre-processing and normalization 

Identification and quantification of hybridization signals was carried out with the 

GenePix Pro 4.0 software. Grids were manually placed, auto aligned and subsequently 

verified by visual inspection for shape and uniformity of color and manually adjusted when 

necessary. Bad or poor spots do to impurities were manually flagged and not used for further 

data analysis.  

Valid spots were statistically evaluated. Average spot diameters were calculated for 

each array, and spots with a diameter that differed from the average by at least three standard 

deviations were removed. Spots were further processed when signal intensities of test and 

reference dyes exceed the local and total-array background intensities. The latter were 

defined by the average intensity of negative controls in each array (Lucidea, Amersham). 

Data was introduced into the GeneSpring GX 7.3 software (Agilent) and normalized 

by the locally weighted linear regression (Lowess) method using 20% of the data for 

calculation of Lowess fit at each point. Expression data in all experimental and technical data 

were pooled and subjected to a 1 way ANOVA statistical test at a significance level of 

P≤0.05.based on errors calculated when a cross-gene error model was applied to the variation 

in intensity for each gene across replicate samples. The small fraction of genes that failed to 

pass the statistical filter were included for further analysis, if both the average expression 

ratio of all biological assays was superior to 0.6 log2 and at least 66% of the expression ratios 

for each independent biological assay were also superior to 0.6 log2. Genes with no 

registered values in at least 66% of the samples were excluded from the analysis. Mean 

expression data for probes mapped to the same transcript based were averaged and further 

processed if the derived mean value was higher than two standard deviations. 
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6.4.6 Identification of differentially regulated genes 

 After averaging of all biological replicates for a particular time point and dataset, all 

significant differences in gene expression between midguts of mosquitoes fed on infected and 

control blood presented in the studies reported in this thesis were evaluated in a combined 

dual manner. First, to identify differentially regulated genes at any time point selected, an 

expression ratio cut of 1.63-fold (0.7 in log2 scale) was selected. In this manner, genes 

specifically regulated in a particular time point could be identified independently of their 

expression on the remaining time points. The selection of such cut-off reflects commonly 

used standards in the field. Second, analysis was extended in order to include genes that were 

differentially regulated, even if to a lesser extent, but transiently and significantly when 

compared to their expression levels in other time points. This was achieved by performing 

one-way ANOVA statistical tests across the time points included in a dataset at various cut-

off values. The genes submitted to this statistical test present expression ratios for differential 

regulation between 1.41 and 1.63 fold (0.5 and 0.7 in log2 scale, respectively) at any of the 

time points considered in each independent dataset. After careful evaluation of the results 

obtained from a range of cut-off values, a cut-off P-value≤0.025 was selected for 

identification of differentially regulated genes across time points. The additional set of genes 

identified was then combined with the set identified with the first approach, resulting in a 

final list including genes differentially regulated specifically in a particular time point and 

genes presenting a significant variation in differential expression across time points. 

 

 

6.4.7 Production of co-expression clusters 

For producing co-expression clusters, the datasets have been exported from 

GeneSpring to a specific gene clustering program: Cluster version 3.0 (http://bonsai.ims.u-

tokyo.ac.jp/~mdehoon/software/cluster/software.htm) (Eisen, Spellman et al. 1998). Genes 

were initially clustered in an hierarchical manner following a Pearson correlation score and a 

relative weight was attributed for each cluster. Thereafter, each predicted cluster was 

manually inspected for the coherency of expression patterns for each gene in the cluster 

(Excel (Microsoft Corp., Redlands, WA)) and reorganized when necessary into a final 

cluster. Final clusters were then individually resubmitted to the Cluster software and 

subjected to new hierarchical cluster following a Pearson correlation score. Finnaly, clusters 

were visualised with the Treeview Java version 1.0.13 programme 

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

http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/software/cluster/software.htm
http://bonsai.ims.u-tokyo.ac.jp/~mdehoon/software/cluster/software.htm
http://rana.lbl.gov/EisenSoftware.htm
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6.4.8 Analysis of GO and IPR domains 

 Frequencies of GO terms and InterPro domains within datasets were calculated using 

GeneMerge (Castillo-Davis and Hartl 2003). Enrichments or depletions of GO terms and IPR 

domains were detected by applying a hypergeometric distribution that determined the 

probability of the occurrence for evaluation of their significance. Benjamini and Hochberg 

False Discovery Rate and Bonferroni correction (http://home.clara.net/sisa/bonhlp.htm) were 

performed to individually adjust the P value cutoffs and limit false positives (Benjamini and 

Hochberg 1995). In all cases, probability of occurrence was compared to the frequency of the 

term or domain the complete dataset registered for the particular time point and condition. 

To detect global patterns of expression related to functional protein annotations, genes 

were grouped based on either GO terms or InterPro domains. For each group and time point, 

the percentage of genes showing top or bottom expression (upper 25% and lower 25% of the 

expression range, respectively) were determined. Subsequently, the low expression 

percentages were subtracted from the respective high expression percentages. The dataset of 

subtracted group-specific percentage values for each term or domain was subjected to 

weighted hierarchical clustering following a person correlation score. 

 

 

6.4.9 Identification of transcriptional modules and functional holographic projection 

 To identify putative transcriptional modules within clusters of genes with similar 

expression profiles, gene correlation matrixes were calculated based on the Pearson 

correlation coefficients obtained from the pair-wise comparison of each individual gene in the 

data set against all other genes from the same data set (Excel (Microsoft Corp., Redlands, 

WA)). In detail, a Person correlation coefficient was calculated for a vector composed by the 

differential expression values obtained for an X gene in the various time points analyzed 

against the differential expression values for the same time points of a Y gene. Subsequently, 

the X and Y axes of the gene correlation matrixes were reordered in a sequential and 

unsupervised manner using a dendrogram algorithm following Pearson correlation 

coefficients (Cluster version 3.0 (Eisen, Spellman et al. 1998)). After reorganization, 

transcriptional modules were isolated by establishing a Pearson correlation coefficient cut-off 

of P≤0.05 for weak relationships and P≤0.01 for strong relationships. 

http://home.clara.net/sisa/bonhlp.htm
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 Based on the gene correlation matrix calculated was then possible to apply a method 

for functional holographic projection of gene networks, starting by the collective 

normalization or affinity transformation of the gene correlation matrix. This had the objective 

of making the functional motifs more evident by amplification of sub-groups of strongly 

correlated genes and attenuation of functional relations within and between the sub-groups. 

To achieve normalization meta-correlations were calculated by building a new correlation 

matrix based on the Pearson correlation coefficient of a row of correlations from a particular 

gene in the previous reordered matrix and rows from all the other genes. This normalized 

matrix was subsequently reordered was previously described and strength of relationship 

evaluated based on the significance of the Pearson correlation score also as previously 

described. The final step of the analysis extracts the most relevant information on the 

normalized matrix by applying a dimension reduction algorithm. The Principal component 

algorithm (GeneSpring 7.0, Agilent) was used for dimension reduction, allowing the location 

of genes in a 3-dimensional (3-D) PCA space whose axes are the three leading principal 

vectors (PC1, PC2 and PC3) of the PCA algorithm. 
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6.5 Statistical methods applied for data evaluation  

 

 

6.5.1 Gene silencing in adult A. gambiae mosquitoes 

The oocyst density data were log-transformed [log10 (n+1)] so that their distribution 

resembles a normal distribution. A linear model was used to examine the relationship 

between the oocyst densities and gametocyte densities, in which the oocyst density was the 

response variable and the gametocyte density was the explanatory variable. The correlation 

between the gametocyte and mosquito infection prevalence was investigated by fitting a 

logistic regression model, where the absence or presence of infection was used as the 

response variable and the gametocyte density as the explanatory variable. Data was 

subsequently analyzed by the REML variance components analysis by fitting a mixed effect 

model. The kd-control status was treated as a fixed effect and a random effect was introduced 

for the biological replicate. For each dataset a combined P-value is reported for the fixed 

effects. The difference in the infection prevalence between kd and their control mosquitoes 

were analyzed using the Chi-square goodness-of-fit test where the observed values were 

fitted to expected values. All the above statistical tests were performed using the GenStat® 

software. 

Meta-analysis of the standardized mean difference of the various biological replicates 

in the gene silencing experiments, and calculation of the total standardized mean difference 

with 95% Confidence Interval were performed by using the Comprehensive Meta-analysis 

software (Biostat, version 2). This analysis uses two models, fixed and random, and the total 

standardized mean difference is given both for the fixed and the random effect model.  

 

 

6.5.1 Phylogenomic analysis 

Orthology calls between A. gambiae genes and Ae. aegypti or D. melanogaster were 

used as available in the Ensembl Anopheles genome release V53 (March 2009). Common 

orthologues represented genes with orthologues in both of the other two insect species 

examined while unique genes represented genes with no identifiable orthologues. Statistically 

significant differences in the distribution of the genes in the frequency orthologues in the 

different datasets were detected by applying a hypergeometric distribution to determine the 

probability of the occurrence compared to all genes evaluated for the same time point in a 
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particular condition. This method was calculated with Excel (Microsoft Corp., Redlands, 

WA). 

 

 

6.5.3 Chromosomal co-localization 

To assess the co-localization of genes to the Pfin1 QTL region (Riehle, Markianos et 

al. 2006; Riehle, Markianos et al. 2007), the frequency of genes localized to region within the 

target dataset was compared to the frequency of genes found in the same region among all 

genes evaluated for the same time point in that particular condition. Statistically significant 

differences were evaluated by applying a hypergeometric distribution to determine the 

probability of occurrence (Excel (Microsoft Corp., Redlands, WA)). 
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7.1.1 Temporal expression profiles of A. gambiae immune-related genes involved in midgut 

response to P. berghei development 

Probe ID Gene ID : Gene Name T1 T2 T3 T4 T5 T6 
        

Early & Late P. berghei development  
        

4.6.10 AGAP004485 : LRRD1 0.6 0.5 0.4 0.6 0.3 1.1 

1.5.11 AGAP007237 : HPX4 / IRID3 1.0 1.5 -0.1 0.1 0.6 0.1 

4.4.1 AGAP009143 : SCRAC1 0.5 1.6 0.4 0.9 0.6 0.3 

4.6.8 AGAP007461 : LRRD2 0.5 1.5 0.0 0.4 0.8 0.6 

1.3.11 AGAP006954 : CLIPA10 0.7 0.7 -0.3 0.0 0.6 0.1 

3.5.5 AGAP010833 : CLIPB14 0.7 0.6 0.0 0.1 0.9 0.2 

75.7.9 AGAP003211 : ENDOGLIN,CD105(1) -0.1 0.8 0.2 -0.1 0.5 0.5 

1.3.10 AGAP007048 : LRRD3 0.1 1.2 0.3 0.1 0.5 0.4 

4.3.1 AGAP005334 : CTLMA2 -0.2 1.0 0.1 0.4 0.5 0.6 

4.2.2 AGAP006430 : CTLGA2 0.0 0.8 0.4 0.3 0.4 0.5 

4.3.4 AGAP005335 : CTL4 -0.2 0.9 0.4 0.3 0.7 0.8 

18.8.9 AGAP010184 : IG TYPEI, FN TYPEIII -0.4 1.0 0.3 0.7 0.1 0.3 

3.4.2 AGAP009007 : LRRD4 -0.1 1.1 0.1 0.5 0.3 0.1 

3.1.2 AGAP011278 : GALE4 0.3 1.8 0.1 0.5 0.5 0.3 

1.2.10 AGAP009087 : LRRD5 0.4 2.3 0.3 0.6 0.9 0.7 

4.2.9 AGAP011370 : LRRD6 0.3 1.1 1.8 1.1 1.5 0.8 

106.1.5 AGAP004916 : FREP11 -0.2 0.6 2.6 0.8 0.3 0.8 

2.5.2 AGAP008645 : GAM1 -0.2 0.6 2.7 0.2 0.7 0.6 

94.2.1 AGAP010774 : FREP27 -0.1 0.9 0.9 -0.1 0.3 0.5 

88.5.9 AGAP007209 : CD9,CD37,CD63 (1) -0.2 0.9 0.8 0.0 0.7 0.2 

2.5.12 AGAP001212 : PGRPLB1;PGRPLB2 -0.5 1.8 0.6 0.3 0.3 0.5 

2.4.10 AGAP008593 : LRRD7 0.3 -0.2 0.5 0.5 0.6 1.0 

 
 

      

 
 

      

113.8.12 AGAP008367 : A 2M LIKE -0.5 0.1 0.3 0.4 0.3 0.9 

67.4.1 AGAP005233 : CD9,CD37,CD63 _2 -0.5 1.2 0.5 0.3 0.3 0.6 

73.6.1 AGAP002850 : MD-2_lipid-recog -0.1 -0.6 0.5 0.9 0.6 0.2 

11.1.10 AGAP010810 : HPX14;HPX15 0.3 -1.5 0.5 -0.2 1.0 -0.3 

105.7.12 AGAP004904 : CAT 0.2 -0.8 -0.5 0.5 0.2 0.6 

3.3.9 AGAP010675 : LRIM18 0.1 -0.2 -1.6 0.3 0.7 0.5 

74.6.7 AGAP002804 : ML4 0.0 -0.3 -1.2 1.1 0.7 0.6 

 
 

      

 
 

      

2.3.6 AGAP010132 : SCRBQ1 0.4 -1.3 -0.1 -0.1 0.0 -0.6 

1.7.2 AGAP007552 : LRRD8 0.3 -0.8 -0.1 -0.2 -0.2 -0.6 

3.2.1 AGAP002811 : CLIPD4 -0.1 -0.6 -1.8 -0.5 0.2 -0.8 

74.6.12 AGAP002852 : ML8 0.1 0.0 -2.1 -0.1 -0.4 -0.5 
        
        

Early P. berghei development  
        

27.7.12 AGAP005805 : LRRD9 0.7 0.1 -0.4 -0.2 0.2 0.0 

34.5.12 AGAP002005 : FREP48 2.6 1.2 0.2 -0.2 -0.1 -0.1 

3.8.6 AGAP008360 : SPZ3 0.5 1.3 0.0 0.3 0.0 0.0 

1.6.10 AGAP004978 : PPO9 0.6 0.9 0.2 0.3 0.3 0.3 

3.8.12 AGAP000016 : SCRB10 0.5 0.9 0.5 0.4 0.4 0.1 

4.6.4 AGAP004934 : GALE3 0.3 0.8 0.4 0.4 0.4 0.3 

4.4.3 AGAP007692 : SRPN14 0.5 0.9 0.3 0.4 0.4 0.3 

3.8.8 AGAP008368 : TEP14 -0.2 0.7 0.4 0.2 0.2 0.2 

3.1.1 AGAP011287 : GALE5 0.1 1.9 0.4 0.3 0.2 0.1 

1.2.8 AGAP011373 : LRRD10 0.1 0.8 0.2 0.1 0.2 0.1 

4.3.11 AGAP002452 : SCRB11 0.3 1.3 0.3 0.3 0.3 0.1 

4.5.4 AGAP008927 : LRRD11 0.2 0.8 0.2 0.1 0.2 0.1 

1.5.9 AGAP012326 : TOLL7 -0.5 0.8 -0.2 0.1 0.2 0.1 

3.5.1 AGAP011326 : IAP2 -0.3 1.9 0.1 0.0 0.0 0.2 

62.5.1 AGAP001430 : LYSM, PGBD -0.2 0.8 -0.1 -0.1 -0.1 -0.1 

4.5.12 AGAP001648 : CLIPB17 -0.3 0.7 0.2 -0.1 0.1 -0.1 

1.5.4 AGAP011952 : CASPS3 -0.2 1.1 0.4 0.1 -0.1 -0.3 

2.8.12 AGAP011294 : DEF1 -0.1 0.7 0.1 -0.3 -0.1 -0.2 

110.6.5 AGAP002494 : IG TYPEV 0.2 1.0 0.0 0.3 0.0 0.0 

56.8.12 AGAP003317 : ENDOGLIN,CD105_2 0.2 1.0 0.0 0.3 0.0 -0.1 

(Continued) 
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Probe ID Gene ID : Gene Name T1 T2 T3 T4 T5 T6 
        

Early P. berghei development  

2.6.12 AGAP003194 : SRPN8 0.2 0.7 -0.1 0.1 0.0 -0.2 

4.5.8 AGAP001674 : IG TYPE1, CD80 0.1 0.9 0.0 0.0 0.2 0.0 

3.3.8 AGAP010636 : TOLL1B 0.0 1.2 0.1 0.1 0.2 -0.2 

1.6.11 AGAP004980 : PPO7 0.1 1.8 0.1 0.5 0.4 -0.1 

3.7.7 AGAP007457 : LRIM7 -0.1 1.4 0.0 0.2 0.0 -0.3 

2.6.11 AGAP012317 : LRRD12 0.0 2.5 1.2 0.4 0.5 0.4 

73.8.6 AGAP001372 : KIN1 -0.1 0.9 1.2 0.4 0.1 0.3 

3.1.7 AGAP009839 : CEC, LRR -0.1 1.0 0.6 0.3 -0.1 0.0 

2.8.5 AGAP011951 : CASPS4 0.3 1.0 1.3 0.3 0.2 0.4 

67.1.7 AGAP005246 : SRPN10A 0.0 2.7 1.2 -0.1 0.1 -0.1 

2.2.6 AGAP000692 : CEC2 0.1 0.0 0.7 0.1 0.3 0.0 

75.7.2 AGAP004461 : KIN2 0.2 -0.1 0.5 0.1 0.1 0.2 

 
 

      

 
 

      

115.7.7 AGAP005848 : FREP44 -0.6 1.4 0.8 0.5 0.4 0.3 

3.7.9 AGAP007456 : LRIM8B -0.5 0.7 -0.2 0.2 0.1 0.2 

3.7.5 AGAP003373 : SCRB17 0.3 -0.9 0.7 0.2 0.0 -0.1 

108.8.2 AGAP005069 : IG TYPEI, IG TYPEV -0.4 1.0 -0.5 -0.2 -0.1 0.1 

108.2.5 AGAP006705 : ENDOGLIN,CD105 3 0.5 0.1 -0.7 -0.2 0.1 0.0 

 
 

      

 
 

      

27.1.5 AGAP000830 : CASPS7 -1.0 0.2 -0.3 -0.2 -0.5 -0.2 

4.4.9 AGAP005496 : LRIM12 -0.7 0.4 0.3 0.2 0.3 0.1 

81.8.7 AGAP011355 : IG TYPEI, IG TYPEV -0.6 0.1 0.3 0.1 0.3 0.4 

92.8.2 AGAP008354 : HOP -0.6 -0.1 -0.3 0.3 0.2 0.3 

45.8.9 AGAP004218 : IG TYPE I, IG TYPE V 0.3 -1.1 0.0 0.0 0.3 -0.1 

48.1.12 AGAP009919 : TM9SF -0.1 -0.8 0.4 0.1 0.0 0.5 

78.2.11 AGAP000021 : CD59 0.0 -0.6 -1.1 0.1 -0.1 -0.2 

2.6.1 AGAP003246 : CLIPB2 0.1 -0.3 -1.3 0.0 0.0 0.1 

1.6.9 AGAP004754 : CASPL2 0.0 0.2 -1.1 -0.1 -0.1 0.3 

108.7.12 AGAP006914 : FREP8 -0.1 0.5 -0.8 -0.1 0.3 -0.1 

1.6.4 AGAP007938 : CACT -0.2 0.2 -0.7 -0.2 -0.5 0.5 

3.1.9 AGAP009844 : CLIPB15 -0.1 -0.3 -1.0 -0.3 -0.1 -0.5 

31.2.7 AGAP002685 : APG8 -0.2 -0.2 -1.1 0.2 0.0 -0.4 

3.4.3 AGAP000571 : CLIPC5 0.0 -0.1 -0.9 0.0 0.1 -0.3 

32.8.6 AGAP009509 : PIWI 0.1 -0.3 -0.7 0.1 -0.3 -0.4 
        
        

Late P. berghei development  
        

3.8.5 AGAP008364 : TEP15 0.1 0.1 0.4 0.4 0.4 0.7 

125.2.10 AGAP004977 : PPO6 -0.1 -0.2 0.1 0.2 -0.1 0.9 

2.3.4 AGAP010133 : SCRBQ2 -0.2 -0.4 -0.5 0.3 0.1 1.0 
        

The expression profiles for 88 immune-related genes clustered by a weighted hierarchical 

method following Pearson correlation scores. Expression ratio values are presented in a log2 

scale. 
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7.1.2 Scavenger receptors of A. gambiae mosquitoes (Class A) 

 

 

Phylogenetic tree of class A scavenger receptors of A. gambiae (Ag), Ae.aegypti (Ae) and D. 

melanogaster (Dm). 
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7.1.3 Nucleotide sequences of A. gambiae scavenger receptors 
 

 

>SEQ. 7.1.3.1 SCRAL1 (AGAP004118; ENSANGG00000017823) 
ATGTCGTCACTGCTGGTGTGGTGTGCTCTGCTGCAGACGCTGCTACTAGTTACACTCCGCCTCGGTGATTGTGC

CATTGCCGTCGACGCCAATCGTACGTCCGCCCTGGAGGAGGCTCGATTGCAGCGGGAAAATCTGGTCCGAAAG

TATCTGAAGCGGCTAAAGAAGGAGGAGGGCGCTCTGAAGCTGATCGGAGGTCGCGGAGATTTCGAGGGCAAT

GTGGAAATATTTCACGCCGGCAAATGGGGCGCGATTTGCGATGACGAATGGGACCAGGCCGAGGCGGAGGTG

GTATGTCGGCAGCTGGGCTTCCCGGGCTACGTAAAGCCGACGCACACGGGACATTTTGGACGGGCGAAGCGA

AAGTTCTGGATGGACAATCTGTGGTGCGGCGGCAAGGAAGCGGAACTGACGGACTGCCGCTTCGATGGCTGG

GGCGCGAACGACTGCGAGTCGGGCGAGGCGGCGGGTGTGATTTGCAAGCAGCACGACACGGACACTACCACG

ACGAGCAAACCGGTGCCGGTCGAGCTGAAAGTGCCGAAGGAACGGTTCGGCCAGCGGCTCGAGTTACGGCTC

GTGGGAGGGCGTGTAGAGGGCGAGGGGCGCGTGGAAGTGCGGATCGTGGATGGGCCCGGTGGAGCCGGCCC

GTGGGGTAGTGTGTGTGGCGATGGCTGGGGTTTGCTGGAGGGTAATGTCGTGTGCCGGCAGCTGAATCTCGGC

TACGCCAACAATGCCGTCCAGACGGACTTCTTCTCGGACGAGGCGGACGGGAAAGGGCTGCCGGAGCGCGTG

CTGCTGAGCGGGACGGAGTGCTACGGGAACGAAAGTACGCTCGCGGACTGTCTGCACGATCCGATTGGCTGG

GACACAGTGGCAACGTGCAGCGAGCGAAAGGGTCACGTAGCGGCCGTTACCTGCGTACCGGCAATGGCCGAT

CTTGTGTTTGATCACGTCGAGATGGAACAGTCGCTGCATCTGGAGGACCGCCTGATGTATCTGCTGCAGTGCG

CGATGGAGGAAAACTGTGTGGCCACGCAGGCCTACGAGATCCAGCGGGACAATCCCAACTGGCATCTGGAGA

CGCGCCGGCTGCTCAAGTTCACGGCACGCGTTGTCAACATGGGGACGGCCGACTTTCGACCGCACATCCCGAA

GCACCTGTGGGAGTGGCATCTGTGCCACATGCACTACCACAGCATGGAGGTGTTTGCGACGTTCGACGTGATC

GATGGCCAGGGGCGGAAGGTGGCCGAGGGGCACAAGGCTTCGTTCTGTCTGGAGGACAATCAGTGTTTGCCG

GGCGTCGAGCCACGGTACGCCTGTGCGAACTACGGCGACCAGGGCATCTCGGTGAACTGTTCCGACATCTACC

GGCACAACATCGACTGCCAGTGGGTGGACATTAGCGAGCTGGACTTTGGCGAGTACACGATGCGGGTGGCGA

TCAATCCGGAGTTCAAGGTGCCGGAGATGCGGTTCGACAACAATGCGGCCACCTGTCGGCTGCTCTACACGCA

AACGTACGCGCGCGTGTTTGACTGTAAGCACGAGCGTCCTTGA 

 

 

>SEQ. 7.1.3.2 SCRAC1 (AGAP009143; ENSANGG00000019014) 
ATGGGTGTTGGTGATTCACACTATCAAGACGGCGAGAATGGTGTGGACGGACCGGGCGGACGGTACACCGAA

ATTGGCGGAGATGTGGTGCTGGGCGAGAAGATTCTCCGCGCCTCGGAAAGCCCGTACTCGATGCGGACGGAT

CTGGAGGTGGAACGGCGTGCGCGACTCATCATCGAGGCCGGCGTTACGATCCACTTTGCACCGATGGTCGGCA

TTACGGTGCGCGGCTCGGTAGTGGCAATGGGTAATGCGGAGAATAAAATTACACTCACCACAATGCCCAACA

CGGGCTACAAGGATGTGCCTTCCGATCCCAGGGAAGCCGGCGTGAGATTGGTCGATGGTCCAAGCCCACTCGC

TGGACGTCTGCAGCTGCTCAACAACGGCAAATGGCGATCCGTTTGTTCCAACTCCAAGAACTGGACCATTGCG

GACTATGAAACGACCTGCCGGCAGCTGGGCTTCAAGGGCGGTCGCTTCTGGAACTGGATGGACCGCATTGCCA

ACTACGAACCGCGCCTACTGTACGAGGAGCCTCGCTGTCTCGGTACGGAAGGTTCGCTCTTCAATTGTGCTTG

GCCGTCGAGGCAGGTCGGATCGGGCGTTTGCGACTACCACAGTGACATTGGTGTGCAGTGTTTGCCACTGTTT

GACCAGGTGACGCCTCACTGGCGTGGGCTGAAGTTCGAGAATGCCGAAAGCAAAGAGACGCTGTCCTACAAT

CACGTGCTGTACGATTCCATTTCCCTGTCCCAGCTGCGGCATGTGGACATTGTGCGTGCTGGTACGGGCCGTGG

AGGATCGGCCGAAGCAGCGATCAGTGTGATGGGTGTCCCGCCGGTACTGGAGTTTGTCACGATCGATCACTCG

TCCTACACCGGGATCAATGTGACGCGTCACGATGCTGCCTTCAGCTTCCGCAATGTAACGGTACGCCGGAGCC

GTGGATTCGGTATCTTCATGAACTCAAGCTACGGATCGGCCCATCTGGAGGGTGTTACGGTGGCGGAGAATGG

TGCGGACGGTATACGGTACGTGGGGCACGATTTGCGCGCCGACGAACGGACCGATCGTAGCAAGGTGTTTGA

TTTCTGTACGCTCACCTCAACGGCGTGGCAGATCTATCCGCTGCAACTGTCCTTCGAGCAGTCACCGTTCGCAC

TGTCGGCGAAGGAGTGCGCCCGGTCGTTCGAAACCGCGTACGGGTACGTGCTGACGATGCACTTCGTGTACTT

CGAGCTGGCCCGGAACGAGTCCGCCCAGATCTCGGTGTACGATGGGATGTCGGAAAGTGATCGGTTGCTGGCT

TCGTGGGATGTGAGGAATCAAACGCGCCCGCAGAGTGTTACCAGCACGCGGGAAAAGCTGTTCATCAAGCTG

CGGGCTGAGCCCAGATCGGCTGTGCTGGCGCACTTCCGTGTAACGTCTGGCGTTACGAAGGCGTACGATTTGA

ACGTAACGCAGGGTACGATCGTAGATAATGGTGGGCGTGGCATTGCGGTGGATAATTTAAGATCCCAGGTGC

ATGTGCACGAGACGACGATCAGCAACAATCGGCATGCGGCTGGGCTGCACGTTACGAGCGGTGCCGGTGACG

TTAACGTAACGCACTCAACGATCAACTACAATCAAGGCGATGGCATTAACATCACGTACTACGGTGGCAATAG

GAACGTTTCGCGCAGCACGATTGAATCGAACCGCGGGCATGGGTTTGCCGTGTGGCTCAATCAAACGACGAA

GGAGAGGCGCGAATTTTTGGAGTTCAATCAAACGACTACGATCGAGTACTCGCACATCGTGCGCAATCTGGAG

ATTGGGGTGCTTCACGGTAACTTCTGCGGAGATTCTTGGGTGAACGTGACGGGGAATCTGTTCAACGATAGTG

CAAGCGATGCGGTAGACATACAGTCTTGCTGGTTTGAAACGCCGGACGGTAGGCGGATGAGGTTGCAGATAG

GACATAACAACTTCGAGCACTCTCAGCGCATTGCGGTCGTGCTTAACCCGATCCTGAACCTGGACGGTAGAAT
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AGAGTTCAATCATTTCACCCGCGGACGATATGGTGCACTGCTGACGCGCAACAAACCACTGGAGGAGTTCCGA

CCGTTGCCGGTGCGATTGATCGTGCAGCACAATCACTTTATGAATAATGAGGGTATCTACGTGGCATCGTTGG

GGTTGTCACCGAACACGGACAGCAAAACGCAGTGGATGCTGTTTACGCGCAACTTTGTGAAAGGGAATCGCG

TGAAGGAAGCGTTCGGACCGTTGGAAGATGAAGGCGAAGGACTTGGCGGAGAGGGACGATTGAATCCACGAT

CGCGCGTTGCTGCACCGGTCGTAATTTCCTCCAACAATGTGGACGTGTTCCGGAACATCATCTCGAACCAGGA

GTCCCGGTACGAGGTCGGTTCGCAGCTGTCCGACCAGAGCAAGGCACTGAACGTGACGTACAACTGGTTGGG

CAATCAGGACGAGGAAAAGATCTACGACCGGCTGTTCCATCGGAAGGATCGGTATGATCTGGCAAAGATTGA

GTATTTCCCGTATCTGTTACACCACTCCAACCCGGGCACGCAGACGATCGCACAGTATCAAAAGTTTGTCCCGT

TCTTCCACAAGGAGGGCAGCGAGCGGATTGGAGGTGAAGTTGATGGGCAGGAGATACTGCCCGCAGGGAGTT

ACACGGTGGAGCGGGACATTAATGTGAGACCCGGTGGTAAGTTGATCCTCAACTCGGGAGTAATCCTGAACTT

TGCGCCGAGCGTCGGTATGATGGTGACGGGTAAACTAGAAGCTAGAGGACGCGCTCCAGACGATATTCTGTTC

ACGCTGAAGCGAGAAGCGGTAATGCTGGAAAATGAAACGACCGAAGCGATCGTAGATGATCAAGAGTTTGCG

ATGGACATCGAGACGGAATCGATCGTGGAAAAAGTACCGCACGAACCGCAAACTCCGAAAGTCCCCGTCCGA

CTCGTCGGTGGTGCTAACGACCACGAAGGTCGGTTGCAGGTGTACACCGAGGGTGTCTGGGGTACGGTGTGTG

ACTACGGGTGGACCATCACAAATGCGGCATTGGTTTGTCATCAGCTTGGATTGGCGTTAAATCCGATGGATTG

GAGATTACAACGCTCCGAAGTTCCTGGTGCTGGTACGACGGAAGATGTTCTACTGTCGAATGTACGCTGTACC

GAGCATGATATCGACATTACAAAGTGTCGTGCCGAGCGTGCATCGCAAGGGGACTTTGAGAACTCGTGCGGA

CATGAGAATGACGTCGGCGTACGATGCTACGAAGGTGCCTGGGCTGGTCTTCGGTTCGGTGTGCTGGCAGAAC

GGGCGGACCTACAGTATGTTACGATCGAGAAGGCCGGTCTGTTCGATTACGTGACCAACACGTTCAAGCCCGC

ACTGCAGATGGACCTGGCTCGCCACAATCTGGACAGTGTACGCGTGGTAGAAAACCTCCAGGACGGACTGGG

CATCATCTACTCCGACATCTACGCCGGATCGTCGGTGAACAATGTGAAGAATTCGGAATTTTCCGCCAACCGT

GGCAACGGGATCAGCATCAAGCAGCTCGGCCTCAAGGTACAGGGTAGCATCATCAAGGACAACCGCGGATCG

GGCATCAATCACGATCAGGTGGTGTCGTCGCTGGAGCAGCGAGAAATCACTAGCTGGTTTAATATGGTGCCCG

ACTTTAACGTGGACGATTCGGATTACCGACCGATACTGGTGCCGGAAGGTGGCACCACCAACATCGACATCGA

CCAGTGGCAGATCAAGCATCTGATCACGACGCCGGTACGCACGAGCGAACCGGTGGAGCGGAAGATCATCAT

CCAGTGTCAGCCGGGGTACGTAATCGGCGTTCAGCTGCTGAACCCGATCGAGAATCGATCGACGGAGAACATT

TGGATACACGATTCGCTCACGGGCAGTACCGAGTCGGACATCTGGCAGGTGAAGCGTGATCTTTCGGTGTTCC

CGCTGACGACGAGCAGCTACGGTGCGATCTTGCAGTATCGCAGCGGTACGAACGCGCTCGGTGGTGCCGTTTT

AGTGCTTCGCTCGATCCAAGCGCCGATACAGAACATTTACAACCGCATTGTGCGTGGCCCGGTTCCAACGCTT

CAGATAACGTCTACGAAGATACAGCGCAACTTCCGCGGTATTACGGGCACGTACTACAATCGCTATCTGGGCG

AGTCGGGCGAACTGTATCTCCGAAAGGCAAACGAATCGATCAAGCTAATCAACTGCGAGATCAGTCACAACC

GGGAGGAGGCCGTGTTTATCCATTCACCGTTCTGGGATGTGCACGTGAGCAACATTTCCGAGATAACGGTACA

CATCAACAACAGTTTGGTGCGGGACAATGGGCGTGGCATACGGCAATTCTCGAAGGATTTGCGCTCGTCCAAC

AATCTGTTCCACTACGTGCTGCAGGACACAACGGTCGAGAGCAACTCGTACGGTGGATTGGAACTCAGCCTAC

CGTATGTGTGGCAGTACAACGAAAACTTTACCCATTCCGTGTTTCTGGGCAATGATACGTGGGCCCGCAATCG

GATGTTTGGCATCCTGATCGATGGCCACTACGCGGCGGTTAACATCTCTTCGAACATCTTCACGGAGAACGTG

TGTGCGCAGGGTGTGATCGGTTTCCGGGGGATGGAGAAGAAGATGAGGATTGATAACAATCGGATCACGAGG

AACTATGGCAGCTATATGGTGGAGTTCCGGTCGGACAGTCAGAGCGAGATTCTGGGCGAGATACCGGCCCTGT

TGGCATTCAATCAGATCGAAAGCAATGAGGAGCTGAAAGACACGCGATCCTCGATGCGCAACTTCATCCGTG

GCGAACGTAACAATGCAAACGATCCGACGTGTGTGATCGGGTTTGGAGGAGTGCAGAAGGTACAGATCTATC

GCAATGTGATCTCGAACAATCAGCAGGATTACGATTTAATTGCGGGCGTGAAGTCGGCCCGGTTGAGGAACTA

TTTAGATGCTCGCGAGAATTGGTGGGGTAGTGCGGACGAGTTGCACATTCGCAGGCGGATCTTTGACTTTGAC

GATTGGAACAATCACGCGGAGGCACTGTACCGGCCGTACCTGATCGAGGACATCATCGATGGCAGTGTGTCG

GTGAGTGAGGGTCCGAGTCCGCCGGTCGATTTGAATGCGCTTGGTGGTCGAATTTTGGAGGATCTATCGATCT

TCCGGCGGGAGTTGCCGTATGTCATACGTTCGGACATTACCGTCATGCCCGGGGTGACGATAAGCATCTTCCC

AGGTGTTGTGATGGAGTTTGCACCAAATGTGGGTATTCTGGTGCTTGGAACACTGCTAGCCCGTGGTACCAAT

GATGCAGAAATTGTGATGAAACCAATCGAAAGTGCCTCGGAAGGAATGCACCGTGTGGAACGATCGTTGGAG

AACATGGTCAACTACGATTCGATCCGTCTCTGCACCAACCGGAACTGCTCACAAGGTGAGGGCGAAAGCGAG

CGGGCAAAGGAAGGCTTCCTGGAGTACTACAATCACACCACACTGCAATGGATTCCGATCTGTGATCGGCGGT

TTACGGAGCGCAATGCACAGGTCGTCTGTCGAGAGCTTGGATACGATCCGCTGGATGTATTCTTCGGGCACGA

TCGGAGGATTGAGTTCCACACGAACTCGCTGACCCGCATCTGGTCGTGGGTGGAACCGATGGAGTGTCATGGC

GACGAGCTGCGACTCGAGGAGTGTCCCGAGCGGTTAAACGGTCAGCTTTACGGCCGCCGTCACGAATGCCAGT

GGGATTCGGAGTTTGTCTTCATCAGCTGCAATGGAGAGTCAGAGCAGCGCAACTACTGGGGAGGAGTACGCTT

CGCCAATCAAGATTTCGAAGCGAGCATGTACGAACATCGCCTACACGATACGCACACCCACACGACGGCACG

GCCAGTCGAGAGCGTGATGGACTTTGTGCGCATCCAGCGAGCGGGACTGCTGCACGGTGAGAAGTCACCGGC

GATTCAGACGATAGCCAAGAACCCCAGCATCAGCTCGGTTTCGATCAGGGACAGTGCACATCACGGCGTGAA

TCTGATCTCGCCGACCAATGCGATCCATCTGAACCATCTGCAGATCTTGCGCAGTCTCGGACAGGGCATCAAT

GCGATTTCGCTGACGGGTGAGGGTCGCGAGAGTGACGAATCGAGCTACAGCCCGCTGAAGGATCTCGATCTG
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CCGTACAATCTGTTCTCGCTGGTGGACATCTGCGACACGAACAAGGAGATTACGTTCGAGGAGCGTGTGCTAG

TGTACTACAAGTATGATAACAATCCAGTTAATTGTGTGAAGATCTTCAAGAGTGCGTACCGGGTGAAGCCGCT

AGGCTTTCGGTTGCTGCAGTCCAATCTGTTCAACCACTCGAAGGAGTATGGACGGCGGGACATGATCCAGCTG

ATGGATGGTGATATCTATAATGTGTCTGCGCGCATTATAGGGACGGTCGATGCGGATTCGGACAATCAGAAGC

GACTGTTCCGCACGAGGGAACCGGCGCTGAGCGTGCGGCTAATTGCTAGTGGAGCACCGGCACGGCATGGAT

TCATTGCGGAGGTGGTAACGCTTCCGATTTCGGCCATTGGATTCAATCGTGACGCACAGCACAACATTTCCAA

CACGGAGATACAGGGCTGTGTCGGTGGTGCGCTGCAGTACACGTCCGTTGGTGAGGTGTCCCCAATACTGACG

CTGGAACGGAACCGAATCATGAACAACTGTCGACAGCTGTACGGGAACTTCTCTTCTTGCGAGTCTGCCATCA

GGATCGATGTTCAGAACATGCAATCATTACATTTCAGGAACAATCTAATCCAGGCCAACCAAGGTGGTCTCTC

CATTCGGGCCGATTCTCGCGGCTCAGCTACATCGCTGCGTGGCTGGATCCATCACAACCTGTTCGCCCGCAACC

GCAACCGACCGGCGATCTACGTCGATGGACGGCAGTCCTCCCCTTACCAGGAGGTGATCATACACAACAACTA

CATCACACAGAACGATGCCACCTTCCGGGATGTGGTGGTGCTGCGCCAGGTCGTCTCCAACTTCACCTACAAC

TACGTGCACCGGAACAGGGGACTGCGGATCGTGCAGGTGTCCGGGTTCGATCGTGTACGGCTACCCATTTACC

AAACGACGACACACAACGGATTTTATGATAACGTGGCCACCGATTGGGAAGGACGGGCAACGATCGTCGCCG

GTACGGCCGGGCAGCACTACGTGGACAATATTTTCGCCAACCCGGACAACGATTACGAAATCATCACCGTCAA

TCGTTCGATCACGCTGGACGTGTGGAAGACGAAAATCGACGCCCGGCACAACTACTGGAGCTACAACGAAAC

GCTCGCGGTTAGTTCGCGCATCCGCGATCGCTTCGACGATCCGCAGCTGCTGGAGGTGTCCTTCCTGCCGCTGC

ACATGAACAATCTGACGGTGCTGGACGGGAAGTGCCCGCCCGGCTGGACACTGCTCATCGATACCTGCTACAT

GTACGTCGGTGCACCGATGAGCTTCCGGGAGGCGCGTGACTTCTGCCGATCGGACAATGCCTCGCTGCCGTTC

ATCAGTGGCGATGCCAACGCGCTGTGGATGTTTATCGAGCAGCAGTCACGCTATCTGCGCAACTATGAGCGGG

TTTGGGTGCAGGATGCGAACTATATCGATCGCTGCACCTCCTTCCTGTACCAGAGCGTCGAGGTGGAGGAGTG

CCACAATCGGCACGCATTCTTGTGCGAAATCGATCCAAAGGTGGAGATTGATCCACTGCACTGGACGGCTAGC

ATCGAGGTGATCGGAATCATTGTCGCGCTGGCGCTGGTCATTGTGCTGATCTGCATCGTGTGTGTTTGCTGGTG

CCAGAAGTCACGCTACCGCCAGGCGCAACGGCTGCAGCGACGCAACAGCATCCGCCAGAGCATGCGCAGCCT

GAACAGTATTGATCCGCAGGGGTCGCTTCGCAGAAGAAATTATGCAATGTCACGATCGACCGACACACTGCG

AACAGCCACAACGAACGACTACAAACGGATGGCCTCGAACGGTTCGATCGAGTCCGTCGACAAGAGCGTGCT

CAGCACCGAAACCAGCTACGACGTGTACGATCAAAAGCAGAAGCAGCAGTACAGCAACGAGTACGCCGAGC

AGCTGAAAAGTCAGCTCGGGTACAGCGAAAGCAACGGCGCCCCATCGGAGTACATCCAGGCCAGCCAGGCGA

ACGGTGCCGCCCCGGCCAAAACCAAGGTGTACGGTTTGCCCGAGTACAGCAGCCACGGGGGTAGCATCGCGC

TGGAGCTTGCCTTCCGCAACGAAGGCTTCCGGGACACGTCCACCACCTACTCGGGCGTGACGCGCCAAAACTC

GCTCAGCACTGCCATCAACGAGGAGTCGCCCATCATCCATGCGCCGGGCGGCGAGGAGGAGATGCTGGAAGA

GACCGGTTCCGACTACTACGGCAACTCGAGCACACTGCCAATGCGCGTGCAGGACAAGCTTTCCTTCCTGCAC

GAGCTGAAGCAGCATCTGCCCGAATACGAGCCGCCGACCGCTTCCGTCAGCCACAGCAGCTTTCAGCCGGCCC

GCAGCTCGCAAACCGAATCACTGCGAAGCCCACCGGCAAGGCCAGCGCCGCCAGTCGTCCCACCGATGGGTC

ACGTGTACCAGCAACCGTCGATACAGGTGCGCCGGCCAGCGCCGCCCGAGCCGGAGCAGATGCGCCGGCCGG

ATTCGTACATCAAGGCGGTCAAGAAGTACGCCACACCGGGCCGGGAGCGTGACTCCATACTGCCACCGCCAC

GCACCGACAGCCAGCAGCAGCAGCGGCCCAAGACACTGTACGAATCGTCCGGCGAACAGCTGGACCCAGCGC

CATCGATGCCACCGGCCGGCGGGTCGCGGTCGAACTACGCACGGTCCAAATCGGAAGCGCTGCTCGAGACGA

ACTTCGACGGTACGCCCGGTGTCGACGGGCAGCCGGTGCTGAGTGCGGACAGTCGCAGCTACTCGCAACCACT

CGAAACTGCAATGTAA 

 

 

>SEQ. 7.1.3.3 SCRASP1 (AGAP005625; ENSANGG00000019307) 
ATGCGGCAACGCATTTGGAATCGTCCGCGGCTGGTGCTGCTGGCACTGGCCGTCCTGATCGGTGGATGGTGCA

ATATGGTGGTTGTTGGTATTTACGACCCTAGAACGGCACCGCACAGC CGACATCACGTCCACATGATGCCGGA

GATGCACGGCGCCTACAGCCAGGTCCATCACCATCGGGCACAGGACCCAACGCCCCAGCAGTACATCCAGAC

GGATCAGTACCAGTATGCACAGCCCCAAAGACAACACCCCTCGCTGGTAGCTGGCCCTCAACAGCAGCAGCA

ACAGCACCAACAACATGGTCCTTCCGGGCCACAGTACCAACCGGGAGTGCCACTCGCGCCCTACCCAACCGA

AACCCAACGCTCTCCGGCCTATGGACGATCGCAGGCCTACACCCAGCAACCCGCTCCCGTCCCTCTGGCTCCC

CGCTTTGGCTACGGCGAGGAGGATCGTCTGATCGGAGAAACGGCCCCCGCTGCGAAGCTGATCCGCCAACCG

GTGCACACGCTGTTGAAGGATTTTAATGGGCTCGAATGTCCGGAGGGTAGAACGGGCCACTTTCCGAAGTTCC

TGAACTGCAACAACGGGGCCCGATTCGTGCAGGACTGTGGGCCTGGAACTGCTTTCAATCCGCTCATCCTTAC

CTGCGACCATCTGCGCAATGTGGACTGTGACAAGTCGGAGAATGTCATCGTGGATTATGATCGTCCAACTAGT

AGGCCTGTTGCATCCGGTCCCACCTCTCACTACTATCCCTCACACATCCCGGCCGGTTCACAGCCAGTGCCGGC

AGTAGTCAACCCGCACCAACAGAGTCGTCCGACTATTCCCGCACCCCAGCAACAAACTCCACCAAGACAGCC

GCCTGCCACGGGTGATCGTGCGCCAGCCCATCCCGATGTGGAGCAGATCGACCCGGATCATCAACCAACGGA

ATCCAACTTTGATGAAGACTACGGAGAGCAGCCGGATGCCGACGGGGAGGAACCCGTCTACGATGGGTTTGA

TTTGCGCTCTAACTTTGGAGCACCGGAGCAAGTGGATCGTCGCCGGCCGAAAGCATCTCGAACGCAAGCAACA
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ACGACTGCAAAGCCGTACCCGGTGTACATCCGGCCACCGAGCAGACAGCCCGAGTCGCTGCACCGTGACCCG

GACGTGGTCCAAAGTGTTCAGCGACCGGTGTACGTTGCTTTGCCACTGGAGCAAACGACCCCTGTCCCCACCA

GTACCACCAGTCGTCCGCTGAGAACGCCGTTCCCTACCGTACGCAAGGAGGACATCGAAATTCAGCAGCATCT

GGATGCGCTCAAGCTAATGCTAACGCCGTACATGAAGGAGCACAAGGACACGGTCGCACTGAACACAACGAA

GCTGAGCACGATGATGACGACCACGACGACCACGACAGAGCCACCGCCGATCGTGCAAGTGATTGGACTTCC

GGCGCCTACGCCACGCAACAACTACAAACCATCCTCAGCTGCCGCCGCTCCTTACGTGCTGCCGCGAGCGAGT

GAAGTGAATGACTTTTTCTACGGTGCGTCTGAGCCGGTTCCGCTCGCTTCGTGGCCATTGCCGCCACCGTACGT

TACCGAGCCGGTGGAAGGACCCGCCAAGAAGGAGCCTGAATCCGTCGTTTATCCGATCTACCGTAGGACGAC

ACCGACGACAACCACCACAACCACGGCAAGTCTGGCTCCTGCGCCGGCTATAAGCAGTCGGTTCGGTGACAAT

CGTCCCAGCTGGCGCCCGCTGATCGTACCGCATGCGACGACCACCAAAACGCCGACCACTACACCACCTGCAA

CAACCACCTCGACGACACCGCGAGACCCGTGCTACGGCAAGTTCAACTGCGGCAACGGCGTTTGCATTGACGA

GGCGGAAGTTTGCGACGGGCGCGATGGGTGCGGCAATCGGGCCGACGAGCAGGTGTGTGACCACATCGGGTA

CGAGCTGAAGCTGTCCAAGAAGGCGCAGGGTAGTGTGGAGGTGCGTGTGTACGATCGCTGGGGTTACGTGTG

TGACGATGGGTTTACGCTCGAGGCGGGCAACGTAGTGTGCCGCGAGCTTGGCTTTGCGGGCGGTGCAATCGAG

ATCAAATCGCACTCGTACTTCCCGCCGAACGGAACCGATCCGGACGAGCCGGAGCAGCAGTACGGTCCGTTCT

TCATGATGGATGCCGTGCGGTGCCAGGGCAATGAAAGCTCGCTGCGCGAATGTAGCTTCAACGGTTGGGGTGT

GAGTGATTGCAATCGCGAGGAGGTGGTGGGTGTCGTTTGCCGTACACCCGTCATGTCCTGCCCGCAAGACTAC

TGGCTCTGCCACGCCTCGGAAGAGTGCATCCCGGTGCAGTTCCTGTGCGACAATGTGCGCGACTGTGCGGACG

GGTCGGACGAATCGCCGGACCATTGCAAGGCGCCACTGGCCGTCCGGCTCGTCGCGGGTCCGACCGATCGGG

AGGGACGCGTGGAGATCAACTACCACGGCACGTGGGGCACGGTGTGTGACGATGATTTCGGTGTGCGGGAGG

CACGCGTCATCTGCCGGCAGCTGGGCTTCAACGGGACGGCCGAGGTGCGCAAGAGCGTCTACCCACCGGGTG

TGGGGCAGATCTGGCTCGATCAGGTCGCGTGCAACGGTACGGAACCATCGATCGAGGACTGTGTGCACTGGC

ACTGGGGCGAGCATAACTGCGGCCACACGGAGGACGTCGGTGTGCGGTGCGGCGTGTACGTACCGACGAAGG

CACGGGCCGCGCGGCTGCGGGCGACACGCCCCAATCCACGGTTCGATTTTGTGGAACGATCGCGCAAAATCCA

TCCCGACACGTGCGGGCGCGTACTGATCGATCCGACGCTGCGCAAACCGACGTACGGGGCGCGGGTGGTGCA

TGGCTCGGAGACGGTGTACGGCCATCATCCGTGGCAGGCGTCGCTGCGCGTGAAGACGATGCACTGGTGTGG

GGCGGTGCTGATCACGCGCTACCACGTGCTGACGGCCGCGCACTGTCTGATCGGCTATCCGAAGAGCACGTAT

CGGGTGCGGATCGGCGACTATCATACGGCGGCGTACGACAATGCGGAGCTGGACATCTTCATCGAGAACACG

TACATTCACGAGCAGTTCCGGGAGGGCCACCACATGAGCAACGACATTGCGGTGGTGGTGCTGAAGACGCCC

GTCCGGTTCAATGACTATGTGCAGCCGATCTGTCTGCCGGCGCGCGACGCACCGTACCTGCCGGGACAGAACT

GTACCATCTCGGGCTGGGGAGCGACCGAGGCCGGTTCGAAGGACTCATCGTACGACTTGCGAGCGGGAACGG

TTCCCCTACTCCCGGACAGTGTATGCCGAAGGCCGGAAGTGTACGGTGACTCGCTGATCGATGGCATGTTCTG

TGCTGGAACGCTCGAGCCAGGTGTCGATTCGTGCGATGGTGATTCCGGTGGACCGTTGGTGTGTCCCAATAGT

GAAGGACTACACACACTGACCGGCATTGTGTCGTGGGGCAAGCACTGTGGCTATGCGAATAAACCGGGAGTC

TACCTGAAGGTGGCACACTACCGGGATTGGATTGAGCAGAAGCTGAATCAATCACTTCATCAGCACGGTGTTT

GA 

 

 

>SEQ. 7.1.3.4 SCRASP2 (AGAP006631; ENSANGG00000008472) 
ATGGCGTCGTCGTTCGCTAATTGCTCCTACGCGCCCGATCCGAGCGCGGGCGACGCGAATCCATTCAACTACG

GCGAGCGCAGCCTGCTGGACGATCGTGACAAGCGTGGAGTAACGCGTGCATCAAGCCTAGCCCTACCGAACC

ACTCACTGCTAGATCTGCTCGAGCAGAAGCAGAAGCTGTACGACACGATCCACCTGACGCCACCGCCGAAAG

GCAATGGCACCCGGCGCCATTCGTCCGACTCGTTCCCGATGATCGAGAACGAAAGCTTTCAAATCCCGCAGCG

GCAGAGCAAAAAATCGTCCCAAGGTATAGGGCCGGGGCCGCTGGTGCCACCGCCCGTGCCGAAGCGCACCTT

CCAGGGCAACTTCCCGCGCAAACCGCCCGACTCGTTCGAGGTACAGAAGCGGGCGTCCCTGCTCGCACTCGAC

AGCTACCAGCAGCAGCAGCAACAGCTTCAGGCGCAGCAGCAACAGCAACATCAGCAAGCGCAACCATCGTAC

GCGCCGTTTGGCCGCTCCGAGCGAATCTGCAAGTCCGCCTTCGAGGATCAAACCTTCAGCTACTATCCGGCGC

CGAAAAGTAGTAGCGGCACCTGCCACAGTGTCAGCGCGACCAGCTTCGACGATCTCGGCGAGCCGGATGACT

TTGTGCTGTTCAGCAAGAAGATGGCCTCGATCGAGTCGAACCGTTCGTCGAGCGATTCGAACAAATCGCAAAC

CACCATCGACACCGGGTACGTGTCGGCGAACGAAACCGACCGCTCCGTGCTGACCGGTGGCAGCTGCTCGTCC

GCCAAGGGCGGCGGTGCGACCTCCTTTCGCAGTCGGTTCTCCTCCGAGGACACCCAGTCGTCGCTGGATAGCT

TCCTCTCCTCCGAGCTACACCGGACCGACACGATCGAGTCGCTGCCGCTGAACGATTCGCCCTTCAGCCTGAA

GAAGAACGTGTTCAACTTCGATCTGAAAACGTCCCCGCTGATCCGGGGCAGCAGCACCGTCTCGCCGAACTCG

ATCGACGAAAAGCTGGACAGCTGTTCGCCGCGCAGCATCGAAAGCAAGGGCTCCCGCAAGCTGCCGACCGTG

CCGACGCGCAAAGGACCGGCCAGTGGGATCGTGATGCAGCCGAAGCTTCCACCGCCGGGTTCCGCCAGCGCG

GGACCGAACAGTCGCATGACGCCGCCGCTACCACCGTCCCGCTCGCAGCAAGCGTTCGAAACGCGCAAACTG

CAGAAGCTGCAGCAAGCGCAGCAGCAACAAACGCAGCTCAACAACGTGGCGTCGGCGCACAAGACAGCACT

GGAAAGCTTGCAGGAGCTGTACAGCAGACCACTCGGCATCAGGCGCAACATACATCGGCCACCGCCGCTCAG
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CCAGCAGCAGATGGTCAACGCAGCGGCGAAAACGTCCCTGCTGGGCGGCCAGCGCCAAGACTCGAGCATCTC

GAGCGACAGCTTCTCCATTACCTCAAGCCCGGGCTTTCAGAGCAAAGCGATGGAGAGCTCACTGCTGCAGCAA

CACACATCCACCACCAACAGCAGCAAGTTCAACCGCTCGACCATTCGCGGCAAGCCACCGATGGACACGGCA

ACCGCAGTCGGCATCGCCGGATCAACGCCGGGAGCGTCCGTCACGGCAGGCTCAACTTCCATGTCGTCCGGTA

CCGGCAGTACCATTCCCGGCGAAGGTTTGGCGGGAATCGGTGTGTCCACTGGTACGATTCGATCCGTTCCGCC

GCGAGTTAGCATGCGGCAAGATTCCAGCATATCCAGCGACAGCTTTAGTCAAACGTCCAGCCCTAGCTACAAC

TCGAAGATCATGGAGGCGCCGCTCCTATCGCACGCCGCCAAGATGCCCAAGGTGTCGAAACCGATCGCGAAG

AACCTGGACGAAATCACGAAGGAATCGCCAACGGACGTGAACGGAACGGCCGCCATCATTAAGAGTGCATCG

ACACCGGCCAGCCTACAGACGATCGTGCGGCTTTCCAACGGCTCAAACGTTAGTCTACAGCACAAGAAGTTCC

AAATTTTAAAAGCTCGTAAAAACTCCAACCCATACGTGACGAGCGGCCGGTTAAAGTTCCGCCTCTGCCAGAT

ATTGCTGAACGCCGTCGGGCTGCTTGCCATTGCCGGTGGACTCGCAGCCTACTTCAACGCCTACCCGACGATC

AAGTTCGTGAATCAAACCATCACCCGTACGGCGGTTCCAGCGTCCCAGCCCGGCAGTTCCGCAGTGGGCGCGC

CCGGCGTCTGCCTGCCGGTGATCGTAAAGTTCTGCCAGCAGCATCGCGTACCCTACAACTATACCGTCTTTCCG

AACTACATTGGACATTTTGGCCAGCCCGAGGCACAGATCGAAATTGATCTCTTCGAAGCGCTGGTCGATGTGC

AGTGTTACGAGCTTGTTCCACTGTTCTTATGCTCTCTGTTTGTGCCTAAATGCGGTAATTCCGGTGCAACCGTA

CCGCCATGTAAAAGTTTGTGTACTGAAACAATGCGTCGATGCAGCTTCTTCTTCGACGTGTTCGGACTGGAGCT

GCCGGAGTATCTGCGCTGCTCGATCTTCAACGATGCCGTGTCGGACCAGGAGGAGTGCGTCGGGATGGCCGAG

TACAAGGAGTCGATCATACGGTCCCGCCGACCGATGGCCTGCACTGGTTTTCTGTGTGACAAGCGGCGCTGCA

TACCGAACGACTGGAAGTGTGACGGGCACGTCGACTGTCAGGATCAAACGGATGAGGCGCACTGTGACTTTT

GCGGTGACGATGCGATCCACTGCGGCGAGGGGCAGTGCATGAGCCAGAAGCACGTGTGCGACGGTACGCCCA

ACTGTCCGTACGGGCAGGACGAGCGAAACTGCATTCGGCTCAGCGAGCGTAATGGTGATCTTGGCCGGGGTA

CGCTAGAGGTGTACAAAGCGGACCTCAAACAGTGGGCACCGGCATGCGTGAAAAACTGGGATCCAGCCACCT

CACCCACCATGATCTGCTCCCTACTGGGCTACAGCTCGGTCAACTCGAGCCGCACGGCAATGCGCGGCTCGAA

CCGGACGCTCGTCAGCACCAAGGACGCCTCCTCGATGTGGCGCATGTACCAGAAGAAGGACGTCAACCTGAT

CAAGGAGTTCAACAGCTGCGACATCAACTCGCGCTACCCGGTCGCAGAGCTGACGTGTTCGAACTTTGAGTGT

GGTAAGGTGAGGAACAGGAAGTACTTCAAGGCAACGAAACGCATTGTCGGTGGATCGACCTCCAACCCGGGC

GACTGGCCGTTCATAGCGGCCATTCTCGGCGGACCAGAGGAGGTGTTCTACTGTGCCGGCGTACTAATCGCCG

ACCAGTGGGTCCTAACCGCTTCGCACTGCATCGGCAATTCTCCCACCAGTCACACGATGCGCAACGTCAACGA

CTGGACGATACAGCTCGGCATTACGCGGCGCCGCTCGCACACGTACTACGGACAGAAGGTGAAGGTGAAGAC

GGTCATACCGCACCCGATGTACAACCTGCACATCCCGCACGACAATGACATTGCCCTGTTCCAGCTGGCCACC

CGGGTAGCGTTTCACGAGCATCTGCTTCCGGTTTGTTTGCCGCCACCGCACATCCGGGAGCTGCCGACCGGCA

TCAACTGTACTGTGGTTGGATGGGGCAAGCGTGAGGAGCGTAACTCCACACCGAACGGCGCATCGTACGAAC

CGACGCTCAACGAGGTGAACGTACCGATCGTGAGCCGCGAACTGTGCATCGACTGGCTAGAAACGTTTAACGT

GACGGAGGGCATGATCTGTGCCGGCTACCAGGAAGGTGGCCGAGATGCGTGTCAGGGCGATTCCGGTGGTCC

GCTGCTGTGTCCGTACCCGAACGAAAAGGACCGCTGGTTCGTGGGCGGTATCGTGTCCTGGGGCGTGCGCTGT

GCCCATCCCAAGCTGCCCGGCGTCTACGCGAACGTGCCCAAGTTTATACCGTGGATTTTGGCGCAAATCAACA

ACCACTCCGTGCTGCAGACTGACACGATCGGGCGATAA 

 

 

>SEQ. 7.1.3.5 SCRASP3 (AGAP001979; ENSANGG00000005937) 
ATGTTCACCAAGTGTGCGGTCGGGCAGTTCGAGTGCATCAACGGCACCTCGATCAAGGACGGCAGCTCGTGCA

TACAGAAGGCGGAACGGTGCGACTCCGTGTCGCACTGTTCGGACAACTCGGACGAGCAGGACTGCGAGCGGC

TCGGCTGCCCGGGCCACTTCCAGTGCCAGGATGGTGTGTGCCTTGCCCGGCAGCACGTGTGCGACGGCATTGC

CCACTGTCATGACGGGTCGGACGAGCAGGGCTGCAGCGAGTGGCGCTGCAACTTCGACGAGCTGTCGTGCAA

TCCGGCCACCGGCAATGGGCCGTGCCTGCCGGCGCTGTGGAAATGTGACGGGCTGGAGCAGTGTGCGAACGG

GTTCGACGAGAGCAACTGCCCGGACACGTGCACCAACGATGAGTACTTCTGTGCCGGGCAGCGCAAATGCAT

ACCGGAGGCGTGGCGCTGCGACGGTGCGATCGATTGTAGCGACGGTGAGGACGAGCGGTTGTGCGATTGCCC

GCTGGACAGCTTCAAGTGCCACACCGGGGGGTGTGTGGTGGGTGCGTACGTTTGCGACGGGCATGCGCAGTGC

CCGGACGGATCGGATGAGTGGCACTGCTATCAGCTGGACCGGGGCGATGGTGTGTTGCGCGTGAAGCGCAAC

TCGTCCGAAGCGCTGGCCGTTTGTGGGGACGGATGGAACGGGGCGCTGGCGGATATGGTGTGTGCTGAGCTG

GGGTATGCCGGGGCTAGCAAGATCCTGTTCACGAAGGTGGGCGGCAGCGGCAGCACCGGCAACGGCTCGTTG

GTGGACAGTATGTACCGGGTGACGGAGAAGAACCGGCTCGAGTTTGAACCGATCCACTCGATGGAGTGCAAC

CAGGGTTTACAGCTGTACTGTGAGGAATATCGTTGCGGTCGGGAGCGCATTCAGCCCACGCTGGAGCAGCGTA

TCGCGGGCGGTGTCGCCTCGGATCCGAACCAGTGGCCCAGCCTGGCGCTAGCGTTCAGCAACAATGCCGCCAT

CAAGTGTACCGCCAGCATCGTTTCTCCACGGTGGGCGCTGGCTAGCTACACCTGCATCATGGGTAAGACGGAG

TTCGTTAACAACCGAAACGTGGGTGACATGAGCTGGAAGCTGTTTGCCGGCAGTGCGCTGTTTAATGCCTCGC

TTGAAGATACGGCCGCTGCTGCCGCGGACGCTTCCTACCAGATTGTGGACGTGAAGCGTGTTGTGCCTTATCC

ACAGTCCAAGTACAAACAGTTCATGTACACCGGCGACGTCGCACTGCTGGAACTGTCCGCCCCGCTCAAGCTG
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AACGATATGGTGGGCAGCGTGTGTTTGGCGGAGGCGGCCAGCATCGATTCGGAGCAGCTCTGCCTAACGGCC

GGCTGGGGATCCGATCTCGAGAATACGGCCACGACGGAGCAGTACCTCAAGTATCTGCCCGTACCGACGGTCC

CAACGGAACGATGCAACTCCTCCATCCACTACAACGGCGTACTGCCGGAGAATGCGATCTGTGCCGGGTTCCT

CAACAGCAACAAAACGACCTGCTACAACGATGAGGGTGCTCCACTGATGTGCTACCTGGACGGGTCCGGCCA

GTGGCAGCTGGAAGGCATACTGAGCTACCACGGCAACTGTGGCAAGCGACCGCATCCGGCCATCTACAATTC

GATTACCTCAAACATTTCCACCTGGATACGCAACACCGTCGGGAATGATCTAATGTTCGAACGCGTTACCACC

TCCGTAACGGTTGGCATTGATGCGACGTCACCGGCGGACGCTGCTGATAGTACCGGCACG 

 

 

>SEQ. 7.1.3.6 SCRB1 (AGAP002451; ENSANGG00000011719) 
ATGGAGCTCAAGGAAAGAAATTTTAAAAAGATTGGACTTATCTGCGTCGCGGTGCTTCTGTGTGGTATGGTGT

TTAGCTATGGGATATTTCCGTCGATTTTGCGTTTCATGATAAAGCAGAACGTGCTGCTGAAACCGGGCACACA

AATACGGGACATGTTCGAGAAGATACCATTTCCGCTCGACTTCAAGCTGCACATCTTCAACGTGACGAACCCG

GATGAAATTATGCGCGGTGGCAAACCGCGCGTCAACGATATTGGACCACTTTATTTCGAAGAATGGAAGGAA

AAGTATGACACGGTGGACAACGTGGAGGAAGACACGCTCACGTTCACACTGCGCAACACATGGATATTCCGG

CCCGATCTGTCCGCCCTAACTGGCGAGGAAATTGTCACCATACCGCATCCACTCATTATGGGCGTTCTGCTGAT

GGTGCAGCGGGACCGCGAAGCAATGATGCCGCTGGTCAAGAAGGGCGTCAACATCCTGTTCGATCCGCTCGA

GTCCGCCTTCCTGAAGGTGCGCATCATGGACCTGCTGTTCGATGGCATTTACGTCGACTGCAGCAGCCAGGAC

TTTGCTGCGAAGGCGCTCTGCTCCGGCATGGATTCAGAAGGTGCAGTTATGCCGCACAACGAAACCCACTACA

AGTTTTCCTTCTTTGGCATGCGCAATCACACCGAGGCAGGCCGTTGGGTCGTGTACCGGGGCGTGAAGAACAT

TCGCGACCTCGGCCGGGTGGTATCGTACAACGAGGAAACGGAGATGGACATCTGGGACGGGGACGAGTGCAA

CCAGTACATCGGTACCGATTCGACCATCTTCCCCCCGTTTCTCACCGCTCAGGATCGGCTATGGGCATGGTCGC

CCGAAATCTGTCGTTCGCTCGGTGCGCACTACGTGCACAAGTCAAAGTATGCCGGGCTGCCGATGAGCTATTT

CGAGCTGGACTTTGGCGATCTTAAGAATGAGCCGCACAATCACTGCTTTTGTCGCGATGCGCCCGACGATTGC

CCACCGAAGGGCACGATGGATCTGTCGCCCTGTCTTGGGGGACCCATAATCGGCTCAAAGCCCCACTTCTACG

GCGCCGATCCGAAGCTGGTCGAAGCGGTGGACGGGCTGGCACCGAACAAGGCAGCACACGATGTCTACATTC

ATTTTGAGCTGGCAAGTATTTGCTGGTTCACCGGAAGTCCGGTTTCGGCCGCAAAACGGCTACAGTTCAGCAT

GGAGCTCGGCCCGATACGAGACCACGAGCTGTTTGGTCAGCTGCCGGACGTAATTTTGCCCATGTTTTGGGCC

GAAGAGGGTGCCTCGCTCAACAAAACCTGGACCAATCAGCTGAAATATCAACTGTTTCTGGGGCTCAAGTTTA

ATGCCACTGTCAAATGGTTAACCATCATCATCGGTACGGTCGGGGCCGTCGGGTCGGCGTACATGTACTTTCG

CAAGGAAACCAAAACAACCGACGTGGCCCCGGTGGATGTATCGACCCCAGACACCAATCCGTCGTCTGCCAA

GGATGGTGTTGTGAACGTTTCGCTCGGCAGAAACCTGCCGCCCGTTATCGACGGGTTGGACAAACCGCCGAAG

CTCAGGGCGACCGAGCTTCAGCAGGAACGGTACTAG 

 

 

>SEQ. 7.1.3.7 SCRB3 (AGAP005725; ENSANGG00000013400) 
ATGCTGCCGTCTCGATGGCTCGCAATACCTGTTTTGGAGCTGCGAACGGAGAAGGGCAGAGTTGCACCGATCC

TTCAACCAGATCGCACTGTGCAAAACCCCGTTGGCAAACACGTGGCCCTTACAAGGCCATCGTCCACCGTTGG

GGTAGATCGCGTTGCGGTAATTATCTTTGGAATTGTCACCCTCATCGCCGGGGTGATCCTATCGTCCGTGCCTT

GGCTAAACATTTTCATCATGAAGAATCTGAGACTGTGGAACGGCACGATAAGCTTCCACTACTGGCAGCGTCC

GGGTGTGACTAGGCTAACTAAGGTGTACATATTTAACGTAACGAACCCGGAGGGATTCCTCGCCGGTGAAAA

GCCAAAACTAGTTGAAGTAGGACCATTCGTGTATAGGGAGGATATGGAGAAAGTGAACATTAAGTTTCACGA

CAACTACACCGTGACGTACCAGCACAAGAAGATACTGCAGTTCGTTCCTGAGCTTAGCGTAGATAAGAACCTG

CGAATTACGACACCAAATATTCCGCTCCTGACCATCTCGACCCAAAGCAAGTACCTTAGCTTCTTCGTGGCAA

AAACGATATCTGTCATATTAACCGCGACCAAATACAAACCGTTCATCTCACTGACGGCCGACGAGCTGGTATT

TGGGTACGACGATACGCTCGTCAGCTTGGCCCACCGGTTCTATCCCCGGAACCGGCGGCCGATGGAAAAGATG

GGGTTACTAAATGGGCGAAACGGAACGCTGACGGAGTACGCAACGATGCACACGGGCCATACGGGTATGGAT

AAGTTTGGCTACTTTGACAAGCTGAACGGGCTGGACCATCTGCCGCACTGGGACGGTGAGCCGTGCCGAAGCA

TACAGGCGTCGGAGGGCAGCTTCTTTCCGCCGCGCGACATCACGCAGAAGGACACGGTCTACATCTACGATAA

GGATCTCTGCCGCACGCTACCTCTGGTCTATCGGGAACCGGTCGAAAAGGATGGAATTTCTGCCGATCTGTAC

ACACTCGCCGAGGACGCCTATGGACCACCAAATGAGAATAACAGCTGCTTTGATCATTCGCACTACAAAAAGT

ACTACGGACTGCAGAACATTAGCCCCTGCCAGTACGGCGCACCCGTTTACATTTCGAACCCACACTTCTACCA

GTCCGATCCACAGCTTCTAGATGCGGTTGAAGGTCTCGAGCCAAATGCCGAACAGCACAAAACGTACTTCAAG

ATACAGCCGAAACTGGGCGTCCCGCTCGAGGGTCAGGTACGGGTGCAGCTCAATCTTCTAGTCGAGAAAGCTC

CGAACGTGATGGCAACCAAAGACTTTCGGGATTTCGTATTTCCCATCATGTGGCTCGAGGAGGGTGTCAGTGA

ACTGACGCCACCGATCCGCAGATGGATCTATCTGGCGACGGTGTTCGCGCCGACCGCGCTGCCCATCCTGTCG

TACGGCATGATCCTGACCGGTGCGTTCGCCATGATCTACGTCTTCGTGCGGGCGTACAAGAACTTCGTCTTTAC

GGACGATCCGACGACCGAGCTGCTCGAGATGGGCCGACGGTCGCTGCGGCGCGGCAGCCATCTGATCAGTAA
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CGGTCAGCACCGGATACTGCATCGGGACAGCTACATCCTGCTGAAGGCAAATGGGGTTGTTGCAGCGGCCGGT

GGAGAGTCGGACATTGCTGGTACGGGGACGGAGGTGGTCACTAGTGGCAACGGTAGCAGCAATAACAATAAC

CATCTACTCCACAACCACAATCTACTGCACAGTCATCATCATCATCTCTACATACAACCGAAGGACCAAAGTC

TACTAGCGGAGGAGGACTCGCCTGCCTAA 

 

 

>SEQ. 7.1.3.8 SCRB5 (AGAP002738; ENSANGG00000007786) 
ATGCGTATGACGCACCAACGGCCAGAGGAATTTAACGCCAATTGGGTGATCAAGATCAGTTCAGCAAGAACA

TACACATACACCGGAATGTTGACACACAGCAAGATCTGGACGATTCGATCGTCCTGGCCGGTGATCTTCACCG

ATCACCACCGCCAGGGTCAAGGAGTACCTGTTTCTTTCGGAACGTTTATGCTTATGGCCGCCGGCTTCATGTTC

ATCATCTGCGGTGCGCTCATTCACATCCTTGATCCTTATTTGCTAATATTTAAATGGAAACTAATCTTCCAGGA

AGGGTCGGAAATTTTCAACCTCTGGCGCACACCGCCCGTCGATCTGTACATCAAGATCTATCTCTTTAACGTGA

CCAACGCGGAAGACTTTATGGCGGGCCGGGCCGAAAAGATGCAGATCGAGGAAGTGGGCCCGTACGTCTACA

GGGAACTGATGTCGCACGACAACATTACGTTCAACGACAATGGGACCGTTTCGACGAGACCGCACCATCCGCT

GATCTTTCAGAAGGGCATGTCCGGTAATCTGCGGGAGGATGATGTGTTTATGATGCCCAACATTGCGCTGCTG

AGCATAGCGCATGTGGCCGCCAAACAGCCGTACTTTATCCGCTGGCCAATCAATCTGCTCATACGGCAAACGA

AGGTGCAGCCGCTCGAGCGACAGACGGCGCGCGAGTTTATGTACGGCTATCCGACCACGCTGACCACGCTCG

GCTACACCTTCCTGCCGAACTGGATATCGTTCGACAAGGTGGGCCTGATCGATCGGATGTACGACTTTGATGA

TGATTTCGAAACGTTCTACACGGGGGAGACGACGGCGAGCGTTTCGGGCCTGTACGATACCTACCTTGGGTCG

CCGGACCTGGCCCAGTGGAATGGTAGCCATTGCAGCAACATCCGCAACGCGTCCGACGGTACCAAGTTTAAG

AGCTTCATCGAGCCGGACGATCAGCTGCTGTTCTTCCGGAAGAGCATGTGCCGTGCGCAGATACTGATCCAAA

ACGGTACCGACTACGAGGTGGACGGGCTGAAGGCAACCAAGTTTGTGTTTGAGGAAAATGCGCTCGATAATG

GCGAGTACGATCCGCGCAACAAGTGCTACTGCCGCAAGGGTAACTGTTTGCCGCGTGGTCTGATCGACGTTAC

CAGCTGCTACTACGGCTTCCCGATCGCCCTCAGCTATCCGCACTTTCTCGACGCCGATCCGAAGGTGCGGTCAC

ACGTGAACGGTTCCCGGCCGGATCCGACCGCCCACCGGAGCCATTTCATGATCAATCCGATATCGGGACTTCC

GCTGGAGCTGTCGGTCAAGTTCCAGATCAACATGGTACTGGACGATCTGAGCAGTATGGCGCACTGTGAGAAG

TTCTCCAAGCTCGTCGTGCCGGCACTCTGGTTCGAAATTATGATGCCAGGGCTGCCGCCAACGCTGCTGTCGCG

CTTCCTCTTCTACCTAAAGATACTGCCGTTCGGCGACCAGGTGGTAAAGCACAGCCTGCTCGCATTCGGCGGC

ATCCTGCTGCTCGTTGCCATCACGAAGGTGTCGCTGACGCTCTCGTCCGCCTACTCGTCCGCGTACCGCATCTC

GAACGAGCTGCGGGAAAGCCTCTGGTAG 

 

 

>SEQ. 7.1.3.9 SCRB6 (AGAP004643; ENSANGG00000001210) 
ATGTTTATAGCAGGTGTTGTTAAGCTATGTTGCCTTGGAGTGTTGTTCTTGACACTAGCGTATGCAGTCATTGT

GATAGATCCCACCGAAGTAATTGTCGAAGACAAACTGTCCATGTATGAAGGATCCTATTTAAACCGCTTATGG

AAGAAGCCACCGTTAGAGGTTTTCATCAGTATTTACGTGTTCAATGTTACCAACCCGGTGGCCTTCATGCGGG

GCGAGGAGCGCTTACGTGTACAGGAAATAGGGCCGTACGTATACCAGGAATTTTTGGAACACCGCAACTCTAC

CTTCAACCAGAATGGTACGCTTAGCTTTGTACCCGTGCGAAGACAGGTGTTTGTACCGGAACGATCGGTGGGT

GATCCGAAGCAAGATCGTATTATGATACCGAACATAGCGTTGTTAGGTGTGTCAAGCGCTGCCTATCGCATGT

CTACGTTTGCCGCATTTGCAGTAGCCGCTGCTCTCAAGCCTCTCGGCATGTCGCCTATTCTAAACATTACCACT

CATGATCTCCTCTGGGGCTACGATGATCCTCTGGTAAGGATTGCGTCAACCTTGCTGCCAGATATAATTCATTT

TCAAAAATTAGGCGTATTAGATCGGATGTTTGACGATGGATTCGATACGGTCACCATAAATTTACCCCAACTG

ATCCGTGACTATTCAATTGACGTTTGGAATGGATCTCCTGGTCTAGCTCATTGGGGTTATGTCGCAAAGGATCA

TTGGGATGCGAATAGACGAAACACACCATGTAATACCTTACAAGGTTCATATGATGGCTCAGTTTTTCCTCGA

AACATTTCTAAAACAGAAGTATTTAAGGTGTATCGTAAAGCTTTCTGTCGCACCTTACCGATAGCATTCGAAC

GCGAAGGCGAAGTGGATGGCATCAAGGCATACTGGTTCTCAATTAAGGAAAATGCATTCGAAAGCTCTATGG

ATGATCCGTACACATCGTGCTACTGTAAAAACAATCGATGTTTACCAAAAGGACTAGGGGATTTGAGTCCCTG

CTGGTACAACATACCCGTAGCGGTCTCCTTACCGCATTTCTACAAAGGGGATCCATCTCTTTCGCAAGCGATTG

ATGGGTTAAGCCCAAACAAGGAAAAACATGACGCTGTTATCATTATGCAACCGCAACTCGGTATTCCTATGAA

AGCAAACATTCGTGTACAGATCAGCCTATTAACAAACGTAAGCTTCAATTCAGAGCTAAGACCATTCCACAAT

ACTGTGATTCCGTTGATATGGGCTGAAATGTCTTTAGAAAAGCTCACGCCAGAGTTAATACTTCTGCTCAACTT

ACTATTCGGTATTGCACCTTATTTGCAAACAGGATTCGTTTGCGTACTAGCATTGCTGGGAGCCTCTTTAATTG

CAACTGCGGCGTTAGTATTGCTGTGCTCATCTGATGCGACTACATTCGAATATGATCCAAGGAAGTCTATCAG

ATACTCTACTGTAAATATAATCCCATATCCGTTGAGAAAAGAATTAGATAAATATGGAGAAACTGAAGTTATA

CGTCGCGAGCCGCTACTTATTGAAAATGTCGCATGA 

 

 



 

- 180 - 
 

>SEQ. 7.1.3.10 SCRB7 (AGAP004847; ENSANGG00000010163) 
ATGAAAACATCCCTTTTTATCATCTGCTTGACTACCACTCTATCAATTGCGTGCTTTACGATGGGACTGTTCTTT

CATATCTATAAACCAACAAAATTAATACTAGATGATCGGTTAACGATGCGTCAGATTATGCCCTATTACCGAT

GGTGGAAGGATACAGATGATGTTTTGGTCACGTGTCGAATATTCATCTTCAATGTAACCAACTCCGAACGTTG

GTTGGGTGGGCTAGACGATCAGCTTAAAATGCAAGAAGTGGTTCCAATCGTGTACCGTGAAATACTGGAACAC

GACAACGTTACCTTCCACGAGCACAACTCTACCATTTCGTACGTCACCAGAAGGCGTCTAGTGTTTTTACCCGA

TCGTAATGTTCCAGGCATACTTAATAAAACCATCATCGTGCCAAACATTTCATTGCTTGGTGTAGCCGCGAGG

ATGGAAAACGACAACTTCTTCATGAAGCGAGGATTCAATTTCATTTACTCCATGTCTGGGGATACTGTATTCAG

CCGCATGACAATCTATGACTACTTATGGAACACGAGACCACCATTCTTGGACCAGGCTAGAAAGTTTGTCCCG

GGAATGGTGCCATCAGATAATGTGGGCGTTTTGAAAACGATGTACGAGGATCACGAGGATCACGTAAATGTA

CGGCATGGAAAGCGGTACGGTGATGATCAATTTTTCATGATGAACACTTACGAGTACGAACCCACGGTGCCGG

GCTTCAGTCTCGCCAAGGGCGACTGTTTTGCTTCCATTCTGAACTCCTCCGAAGGAGCTACCTATCCACAAAAC

TTGGACGAACAATCGGTGCTGATCTACTGGCGCAAGACACTCTGCAGGGCAGTGCCACTGTACTTTGAGCGAC

GAGTGCAGAAAGGTCCACTAACGGGGTATAAGTACGTGCTACCCGATAATTCGTACGATCGTCTGCCAGACAG

TGACGCTGACTGCTACAAAGGCCAGTTCGGATTACTTGAGGATGGAATGACGGACACCTCCAAATGTTCCCAT

GATGTTCCAATCGTAGCTACAAGTCCACACTTTTATGCACGCAACTTCTCCAACGCCCATAAGATTACAGGAA

TGATACCAGATCGGGAAAATCAACACAGCTATGCAATTGTTGATCCATCCTTCGGAATTCCATTGGACCAGTG

CGCCCGTACCCAAACGAATCTTGCTATACCAGAACTCACCGGCTACTCGGCAGACATCAAACGGTTCAGTGAC

ATGATCATTCCAATGTTCTGGATTGAATATCATCAACAAGAACTGCCCATCTACATCATACGTACACTGCAGG

CATTTTACGTCATACGGGATGTGGAACCATACTTGCCTTACGTGTTGTACTTGTGCTTTATGTTGCTACTGGCG

GTCGCGTTCCGAGAGGCAGCACGCTACAAAATGCAAGGAAAAATATCTCCAGCAAAGTATACCAAACCTCAA

CTAACTAGCCTCTAG 

 

 

>SEQ. 7.1.3.11 SCRB8 (AGAP004845; ENSANGG00000010154) 
ATGGTTGCGTTCTACAGTCCAGAGACGGTTATTCCGACCACCTCCGATACTGAACCACGGAAACCGTTGAAGA

GAAGAACCAGTGCGCTAAATACGATATTTTACTATCTCGGCTTAGAGCAGCGATCCGGCGAGGATGCCAAAG

AAAACCAGTGGATTCGAATACTTAGTGAGTTAAGCATTCTGCCCGTGCGGCTTCTCGCGTACGCGCTTTTCATC

GTTTCGTCTCGAAAAAGGCCCCTACACTGGCGCCTCGCACCATCTTCTAGGGCTCTGATCGTCACTGCGGCGA

AACTAATACTTAGTGAAAACTCGACTGCAGCAGAATGGTGGGAAAACCCGCCTGTATATCCTCTACTTAAGGT

GCACGTATTTAACTACACCAACACTGAAGATTTTTTTGCTGGCAAAGCAACCAAGCTACAAGTAGAAGACCTC

GGACCATACGTTTACAAAGAAACGGCAAACAAAGTCGATATAACTCATAATGGAGATGGAACTATCTCGTAT

CGGGAACATCGCTACATTCAGTACCTGCCGGAAGAATCGAAAGGAAAACCATTTGATCAAGTAGTGGTTCCG

AACGTGGTGTTCCTTACCGGTGTTTCCAAAAAACGTTCAGAAGGAACGTGGAACCAAATCGCGTTTAATATGG

CCGCTAGCTCTTCCGGTTCATCGGCGTTCATCAAGAAACCGGTAGAATCCATGCTCTGGGGATACGAAGACAA

ATTGCTGAGTCTGGCCAAGTCAATGTTTGGTTCCGATATTGTGTCGAGTTCCTTCGGCATGCTCATGACGCGCA

ATGGAACTAGTGCCGAGAATTTCACAATCTTCTCCGGAGAATCTAGCTTAGAAGATTTGGCCGTCATCAAACA

TCTCGACGGCAAGTCGCGGCTAGATTTGTGGCACACCGACGAATGTGATCGTGTTGGTGGAACCGACGGTTCA

CAATTTCCGCCCCATCTGATGGATCGCAAGCACCCGCTACAGGTGTTTATCAAATCACTATGCCGAAAATTCCC

GCTTGTCTACGATAGTGAGGTAACGGCACTGGATGGCATACCGGCGTGGCGATACAAAATCCCCAACAATGTG

TTTTCGCATCCGGACGAGCACATGCCAAACCACTGCTTCTGCCACCTGGAGTCCGGATCATGCCCTCCTAGTGG

ACTGTTCAACATAACCGGCTGCTCGATGGGGGCACCTATATTCGCCTCGTTTCCGCATTTCTACACCGGCGATC

GAAAGTTGATTGAGTCGATCGAAGGTGTGAACCCTGTACAGGAAAAACATGAAACCTACGCTGACATCCATC

CCCGGCTGGCTTTTCCGATTGACGGAGCGTCTCGATTTCAGATAAACATTCAAGTGCAGAAGGCAGCCATGGT

GTCAGGACTTGAAAAATTCACCGAAGGCCAATATTTACCGGTAATCTGGCTGGAAGTCGTACCAGGAGTGATA

TCCGACGATCTGCGTGCTATGATTTATCACAGCACGTACAGTGCCAACGCCATCCAGATGTCGCTACGTGTCG

GTTCACTAGCATTCTTCGTTCTATCAGTCGTCCTGCTGATTGCCAAATGCTTCTACACACGAGTAAAAAGTGAC

CGCAACTCAATTGCTGAAAACGCACTCGAGCCGAAACGCAAACACTAG 

 

 

>SEQ. 7.1.3.12 SCRB9 (AGAP004846; ENSANGG00000010167) 
ATGTACGGCAGAAGCAATCGGTTATGTGCTAAACTGTCCAGCGCTTTTCTTCGAAAGTGGTGGTTCGTGATAG

CGTTCGCACTAAGCCTGCTCGTGCTTGGTGCTCTAGTCACATTCGGTTTCACGGCCTTTATCAGGACGATCATT

GATCATCAGGTAGCGCTGAGGGTGGGCGGACAGTCTTTTGGCTGGTGGTCGCGGCCTCCAGTCGAGCCAATCA

TCAGAATCTTTGTCTACAACGTCACGAATGCCGACGAGTTCCTGAACAACGGAACCAAACCCATTCTGGACGA

GCTGGGACCATACGTTTATGTTCAAACATGGGAAAAGGTCAACATTAAAGAAAACCCGAACGGCACTATCAG

CTACAACCAGAAGCGAGTATATATCTTCAACGAGGACCTGTCCGGGGGTCTGGAAGACGATGTAGTCATCGTA
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CCGAACATTCCAATGCTGAGCGCCACGTCGCAGAGTAAACACGCTGCACGGTTTCTACGACTAGCGATGGCGA

GCATTATGGACATCCTGAAGATTAAACCGTTCGTTGAGGTGTCGGTTGGCCAATTGCTGTGGGGCTACGAAGA

CCCGCTACTAAAGCTGGCGAAGGACGTTGTGCCGAAGGAGCAGAAGCTACCGTATGAAGAGTTCGGACTGAT

GTACGGCAAAAACAGCACCTCGAAGGACACTGTGACTGTTTGGACCGGTGTGGACGATATTACCCAGTACGG

CATCATTGACAAGTATAATGGCCGATCGCACCAAACTCACTGGCTGTCGGAACAGTGCAACCGGCTGAACGGC

ACGGACGGGTCGATCTTCCCACCTCGCATTACCAAAAACTCGACACTCCATGTCTACGAGAAGGATCTGTGCC

GACTGTTGCCCCTAAGCTTCGAGAAGGAGGTCACCGTCCGTGGAGGAGTGAAGGGATACCGCTTCACACCGTC

CCCGGATGTGTTTGCTTCGGTGGACAAGAACCCGAACAATATGTGCTACTGCCCAGCCGGGCCGCCGTGCGCA

CCTCATGGATTGTTCAATGTATCACTCTGCCAGTATGACTCGCCGATTTTGCTCAGTTTCCCGCATTTCTACATG

GCTGACCAAACGCTACGTACCGCGGTAGAGGGTATTTCGCCGCCCGAAAAAGACAAGCACCAGCTGTTCATTG

ATGTGCAACCGGACATGGGCACTGCCCTGAGGGCACGGGCACGAATCCAGATCAACCTTGCCGTTAGCCAGG

TGGTGGACATCAAACAGGTTGCCAACTTCCCTGACATCGTTTTCCCCATCCTGTGGTTCGAGGAGGGTATCGAC

TCGCTACCGGACGAGATATTGGACCTGATGAAGGTGGCCACGAACATACCGCCCCGAGCGAAGTTCATTCTGA

CGATCGCACTGTTCGGGCTCGGCGGTTTCCTGTTCGTTGTTGCCGTAATCTGTCTCGTGCGAAAGTCGCATCGG

CAGAGTACACTGCATCTGGAAGGTTCAAATTATCTGGCCACGGCGTCCGTCGATCAAGCCAAGAAGAAGGCC

AAAATGGACAATGGTATGAGCAGCAAGAGCAACTAG 

 

 

> SEQ. 7.1.3.13 SCRB10 (AGAP000016; ENSANGG00000017284) 
ATGGGCTGCTGTCGGTGGTATCTGGTGGTGGGATTAGGTTTGGGAAAAGTAGGAACAGGATTGATATTTCTGT

TCGCTTGGAGGGACATTTTCGACATACTGGTGACAGAGGAAAAATCACTTCTACCTGGATCCACGTTGTACAA

AGAATGGCGTCGTCCTACGGAGCGTCCAAGCTGGCAGTTCTACGTGTACAACTGGAGCAATGCGCAGGCGATT

CTAGAGCATCAAGCTTCATCGGCTAGCTTTCAGGAGATCGGACCTTTTCAGTATGAAGAGGTCGCCGAGGTGG

TAGACGTCAAGTACCATCAAGCAAACGGTACGCTGTCATATCGCAAACGAACCTTCTTCCGGCCCAGTGGCCC

CCACAGCACAACTACCAACGGTACCGAATCGGAACGAATCATCAGCGTTAATTTCGTCGCCCTGCTAGCGTCC

CATTTTGGCCACAGCATGGACTACTCTGTGCAACGCGAGCTATCCTTCATGCTGCACAACTTCCGCCAGACCGT

TACCGTGACTAGAACGATCGGACAGCTGCTGTTTACCGGATATCGGGAACCCATGATGGAACCGTTGCGCAAG

TTAGTCTGCCCCACCAAACGTCGCAGTGTGGCATGTCAGGATGAACGGCTTGCCTACTTTCGCACGTTCAACGT

TACCCGACGTGCTAGCGAAGTTTACAGTCTGGACGTCGGGCTGAAGGATCGCTCGAAGTACGGAACGGTACG

ATCGTGGGGCGCTGCTTCAGTACCTGCGGCGCACGGAGAGTTTCATCCGTGCGACGGATTTGCCGGCCTTACT

GGAGAGTTTTTTCCATCTCGCATCGAACGCGACCAAGCTATTGTAATTGTTCTGCCCGAGCTCTGTCGCAGGTT

AACGCTGGAGTTTGATCGCGAACAGCTCGTGGCTGGTATTATGGGTTTCCGATACGCGGTGCGGTTAGTACGT

CCGTTCCGCTCTGCACAGATGTCGGAGAGCAACATGCAGAGCTGTCCGGACACGTCCATCCGGTTGGGAAGAT

ATGGTATACTGAACACGAACGAGTGTAACGGATTCCCACTGTACGAATCGGACCAAGCGCATGTTTCCAGCAA

TGAAAGTACTTCGTTCTCTTCAGACAGTGACCTGTTGTACTATTTGCTGGAACCTACCACGGGAACGGTAATCG

AGTCAAACATTGATCTAACGTACCACACGTTCCTGCGCCCAAACGAGCATATTGCGCTGTTTCAGAGCGTTCC

CGAGCTGCGTATACCACTGTTTCGTTTTGCTCGGTACTATCGATTGAGCGAGCTGAAGGCAGCAAAGCTTCGG

CAGTTGCTGCATCTACTCGACGTTGGGCATCAGATAGCGCTGGCTGGTTGCGTCGCGGGCCTTACGATCATTTT

GTTAGCGGTAGTGTATGCCTGCTGGAAGGCGCAACGGCCGAGCAAAACTAATAACGATCAATACCGCATCAT

CGGTATGCAGTTGAGCGATGGTGGGCGTGAACATAATTTATTAAAGTAA 

 

 

>SEQ. 7.1.3.14 SCRB16 (AGAP005716; ENSANGG00000013998) 
ATGGTGCAATGCACTCTGATCTGGGCCGGCATCGGTGCGATGATGGCCGTATCCGGCGCCCTGCTCGGCTGGG

TCGTGTTCCCCCGCGCCGTGCACGAGAAAGTGATTGAGGCCACAGAGCTACGGCAGGGCACGGATCAATACA

AGCGCTGGGAGGCGTTGCCCCAGCCGCTAGACTTTAAGGTGTACATATTCAACGTCACCAACCCGTACGAGGT

GATGCAGGGCCGGCGCCCGAAAGTGGTCGAGGTTGGACCGTACGTTTACTTCCAATACCGACAGAAGGATAA

TGTACGGTTTAGCAGGGATCGTTCGAAGGTCCATTTCAGCCAGCAGCAGATGTACGTGTTCGATGCAGAATCG

TCCTATCCGCTGACGGAGAACGACGAACTGACGGTGTTGAATATGCACATGAACTCGATACTGCAAATTGCCG

AAGATGAAACGTACGACAGCTTGCGGCTGATCAATGTCGAGCTGAACCGTATCTTTGGCCGGCCGGATACGAT

GTTCCTGCGGACGACGCCGAAACAGTTCCTGTTCGATGGTGTGCCGTTCTGCGTGAACGTGATCGGCATTGCG

AAGGCAATCTGCAAGGAGATCGAGAAGCGCAACACCAAAACGATTCGCACCATGCCGGACGGGAGCTTGCGG

TTTTCCTTCTTCAGCCATAAAAACATGACGGACGATGGCATGTTCACAATCAACACGGGCATTAAGGATCCGT

CCAGGACGCAAATGATTGAGCTGTGGAACGGCCGAACGACGCTCGACGTGTGGAACAATCGGAGCAGCGGGC

TGTCCTCGTCCTGCAACAAGATACACGGAACGGACGGTTCCGGTTATCCACCGTTCCGGACCGGGGTGGAACG

GATGACAATCTTTAGCACGGATATCTGCCGCACAGTAGACATTAAACTGACCGGCTCGTCTTCGTACGAGGGC

ATCCCAGCGCTACGGTACGAGATTGACAATAACTTCCTGCACGAAATAGGACCCGAGTACGGTAACGACTGCT

ACTGCGTCAACAAGATCCCGAAGTCGATCGTTAAAAGCAACGGCTGCCTGTACAAGGGTGCACTGGACCTGTC
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CAACTGTTTCGATGCACCGGTCGTTCTAACGCTTCCCCATATGCTGGGTGTTGCCGAGGAGTACACCGCACTGA

TTGACGGTATGGACCCTGAGCCGGAGCGGCATCAGATCTTCGTAGACGTAGAACCGTACACCGGGACACCGCT

GAACGGTGGCAAAAGGGTGCAGTTCAACATGTTCCTGCGGCGGATCGATGCGATTAAGCTGACCGACCGGTT

GCAGCCGACCCTGTTTCCGGTGATCTGGATCGACGAAGGTATCGCGCTGAACGAGGACATGGTGAAGCTGATC

GACGACAGTCTGATGAAGGTGCTCAGCCTGCTGGACGTGGTGCAGTGGGTGCTGATCGGTGTGGGGCTACTGC

TGGCCGTCCTAATGCCAACGGTGTACTTCGTGAAACGGTGCCGGGGCGAGGGTAGCCGAACGGTTAGCCCGG

CCGTTACGGCCACCACGAGTGCAGCCAGCCTGTCGACGGTGGCGGGCGTTACGGGTGATCGAAGCAAATGA 

 

 

>SEQ. 7.1.3.15 SCRBQ1 (AGAP010132; ENSANGG00000009816) 
ATGTGCTGCTGTTCGAAGCGATATTCCAACAACGCCAAAAAGCTATGGGCCTTTGGCGGTGTGGTGGCCATCT

TTGCGGCGGCCGCCTTTTTCGGCTTCGGTCTGCCCGCCATCATCGATGCCGTCGCGCTGACTGAGTTCCGCGTG

AAGGAGGGTGCCCGCGTGTACGAGAACTTCTTCGACGGTGAGGTGCCGATCTTCTTCGACATCTATCTGTTTCA

CTGGACCAACCCGGAGCAGATCCGGGACCCGAACGTGCGGCCCAACTTTGTGCAGATGGGACCGTACGTCTTT

TCCGAGCGCCACGAGCGTGGTATGGTATCGTTCAACGACAACGATACGATCACCTTCAACCAGAAACGCATCT

GGCACTACATGCCCGAACTGTCGAATGGTGATTACTTCAACGATCGTGTGACGACGCTGAATCCAGTGCTGGC

GACGGTCGGTAAAACGCTGGAAGGTGACCCTTTGCTGCCCCTGCTCGATGGTATCATAATGGCGAACAATCTG

GCCGAGTTTCTGTACAAGGATGTGCCCGTACATGAGATGCTGTTCGATGGACATCCGGACACGCTGCTAACGA

CGTTGCGCGATTTGCTGGGCGCCCTGCCGCCCGGCACTGTGCCCGACATCAGCTTGCCCCCATGGGAAGGGTT

TGGATGGTTCGTTGAGCGCAATGAAAGTCTCACGTACGATGGGACATTCCAGATGGGCACGGGCACGGATAA

TCACATCAACACGGGCGTAATGCGCCAGTGGAACAATGCGCCCCAGGTGCCGAACTATCGCGGAGTCTGCGG

GCAGGTGCGCGGCTCGGCGGGTGAAGTGTGGCCACCGATGGGACGCAATCTGGGCGATAACATTCGGCCGCT

TAATCTCTTCCTGCCCGATCTGTGCAGTGCGATCACGTTGCGCCATGAGCGCGAGTTTACGGTGCACGGGCTG

GATGGTGAGCTGTGGGTCGGCGATGCACGAAACTTTGACAACGGACACACCATCCCGGAAACCGAGTGCCAG

TGTACATCGCCCATCGACCAGTGTCCGTTCTATCGGCCCGGTGTGCTCGACGTGTCGGAGTGCAAGTTCGGTGC

GCCGCTGGTAGTAAGCTATCCGCACTTCTACCTCGCCCATCCCAGTTACCGGACGGCTGTGACGGGAATGGAG

CCGGACCGTGCCAAGCACGAGTTCCGCTTCGCATTGCATCCATTCTCCGGCATCCCAATGGCGGCCAATGGTC

GCATTCAGTACAATATGCATCTCAGAGATAATGGCATGGCGCTGTTCCGAGACGTGCCAGACGTTATCATTCC

CGCATTTTGGATAGAGCAACGCATGGTACTTACCAAAGATATTGCCGATGATCTGAAGCTTATCGAAGACCTT

CGATGGGGATTCATCTATACTGCTTTCGCACTGTGCGGTGTGGCCGCTTTGCTGCTGGGACTATCGCTCTACGC

TGCATTCTTCGTGTGGAAAGACTAA 

 

 

>SEQ. 7.1.3.16 SCRBQ2 (AGAP010133; ENSANGG00000009799) 
ATGTGTTCACCATGTACAGACTTTCAGAAAAAGTTTATATCACTAGGATGTTCGTCCTTTCTAATCTTGCTAGC

GATTACACTAGGCGTGCTTTGGCCATCCCTGTCCGAGCAGGTGCTGCACAATAAACTGGTCATTAAGAATGGA

TCGTCGAACTATGACAACTGGATTCGGACACCTATACCCATGTATCTGGAGGTATATTTCTTTAACTGGACTAA

TCCGGATGAGGTTAAGACGAAGAACGGCACAAAGCCACACTTTGTAGAGATGGGACCGTATACGTTTTCCGA

GGTTCACGAACGTGTCAACCTAGTCTGGAACGCTAACAATACGGTAACATATGAGCAGCGCAGGACGTGGCA

TTTTGTACCGGAGCTATCGAAAGGCACACTGGATGATCAAGTTACAAATTTGAACGTTATCACCTTGAATGCT

GCACATTTTTTACGCAATACATATCCCCTGCTTAGACCACTAATAAATATATTCCTTAAAACGGATGGTTCGTT

GCTGTGGAAAAACAAACCAGTGCGCGAGCTGCTGTTCGAAGGCGTTAAAGATCCACTGCTAGATCTGCTGAA

GACTATCAATAGCACATCACTGAACATACCGTTTGATAGGTTTGGCTGGTTTGTTGGGCGTAATCTGAGCGAC

ACGTTTGACGGCACCTTCACGATGAGAACGGGTGCGGATGGGCTGGAAAGCATGGGCTTCCTAACGCAGTGG

AACGGTTCACCCAACACCGGCATGTACCGGGGAAAGTGCGGCGAAGTGTACGGTACGTCCGGCGAGCTTTGG

CCAGCCTCTAGCAATGTTCCGGCAAACATTACACTCTTCCCATCGGACATTTGCCGTTCCATTACGCTGCAAGG

CAGGGAACAAGTTTCGCTGTACAACATACAGGGCACGAAGTACGTTGGCGACGATCGTGTTTTCGACAACGGT

GTAAAATACCCCGAGGCTAGCTGCTGGTGCAACTCCAATCCCACCCAATGCCCCGACCTTAAGCCGGGTGTGT

TTAATGCTTCCGCCTGCAAATATGGATCGCCAACGTTCGTATCGTTTCCGCACTTTTATCTGGCCGATGAAAGC

TACCAAACTGCTGTAACGGGACTGCGGCCAAATCAAACGGAGCACGAGTTTTACATGGCAATCGAGCCATCG

ACTGGCATTCCGTTGGACGTTCGTGCCCAGCTGCAGATCAATGAGCACTTGCAGCCGATAAAAGGGTTTAGTT

TCTACGAGCATGTACCGGACGTAATGGTACCGATGATCTGGTTCCGACAACGTGCAACCCTGACGCAAGAGCT

GGCAGAACAGGCGAAGCTTGCACTGGCACTACCGTCGCTCGGCATCTACGTGGCGGTCTTCTTTGGCTCTATC

GGTATTATCATGACGTCCGTATTCCTATTCTGCAGTATCAAAAAATGGTCCCAAAGCGCAGAGGTAGTTCCGT

ACGAAGAGCTACAAAATTAA 
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>SEQ. 7.1.3.17 SCRBQ3 (AGAP008179; ENSANGG00000019414) 
ATGGGCGGCTGCTGCTCCAACTGGTCACCGACGGGCAAACGGCTCTGTGCCCTCGGCAGCACGACCGCGCTGT

GCGTGTTTGCCCTCGCGCTCGGTCTGGTGTGGCCCGCGCTAATATGGCAGATTGCGAAGCGCGAGTTCGTGCT

GGAACCCGGCACCGAGGTGTACAAGAACTGGATTGAGCCACCGATCGACACCTACCTGGAGCTGTACCTGTG

GAACTGGACGAACGCGGACGCGTACCTGACGGAGAAGCCGCACCTGGAGCAGCTCGGGCCGTACACATTCCG

GGAGGTTCACGAGCGCGTCAATCTCAAGTGGAACGATAACGACACGCTGACGTTCCAGCAGCGCCGCATCTG

GTACCACGTGCCGGAGCTGTCGGCCGGTGACTACGAGACGGACCGTGTCGTTACCATCAATCCGGTACTTCTG

ACCGTTGGATACGCGCTGCGCAATGAGCCGGAATTCCTGTTCTATGTCGATGGCATCATCATGTTGAACGGTTT

GGCCACCACGCCCTTTTACGATGTGCTGGTGCGTGAGATGATATTCGAGGGGTACGATGACACGCTGCTGACG

AATCTGCTCGCCCTGCTCGCATTGCTTCCGGAGGAATCGCGGCCACCGATCGATCTACCGCCGTACGATCGATT

CGGTTGGTTTTTCGGGCGCAATGGTAGCGAAACGTACGACGGCACGTTCACGATCGGTACGGGCAAGGATAG

CGTGTACAATACCGGCGTGATGCGGCTCTGGAACGGTGCGAACGCGACCGACTACTATCGGGGCGAGTGCGG

CCGGATCCGTGGCACGACCGGGGAAGTTTGGCCACCGTGGGGCCGCACGCTCACTGGCACGCCGCCAAGCGT

GAGCGTGTTTGCGCCGGACGTGTGCAGCTCGGTCACGCTGGAGTACGCCGAGGAGATGGAGCGGTACGGCAT

CGATGGGTTGCGCTGGATCGGGACGGATCGGGTGTTCGACAATGGGCTGCACTATCCGGAGACGGAGTGTCA

GTGTACCGCGGAGGATGTGGCCGACTGTCCGCTGCTGGACAATGGGGCGATGGACGTTTCGAGGTGCAAGTTC

GGTGCACCGGCGACGGTTTCGTATCCCCACTTTTATCTAGCGAACGAGAGCTATCTGAAGGGGATAAGTGGGA

TGCAGCCGAACGAGAAGGAGCATCGGTTCGAGATGGAGCTGGAACCGTACACGGGCGTGCCGTTGGGTGTGC

GGGCCCAGCTGCAGGTCAATCTGGACGTGAAGCAGTACGGCATGACCTTGTTGAAGGGCATACCGGAGGTGA

TGCTGCCGGTGCTATGGTTCCGGCAAACGGCGAGCCTGACCGAGGAGTTGGCGGACGATATAAAGCTAATCCT

GATACTTCCCGACATCGGTGTTTACGTCGCATATGCGCTGGGAGCGCTTGGAATAATCGGTCTAGTACTGGCG

GTGTACTTCTCCGTGACAAGATGGAAGCTACAAAGTCCACCGCAACCGGTAGAAGCTAAGACGGCACTGTAG 

 

 

> SEQ. 7.1.3.18 SCRBQ4 (AGAP003373; ENSANGG00000016196) 
ATGCTCGTGAAGGAGTTCTGTAACCGGCGGTGTATTCTTACATCGTCCGGACTGCTGCTGGTTGCCAGCGGGA

CCTTCTTCATACTGTTCTTCCCGATCATTTTCCAGGACATACTGCACGAGGAGCTGAAGCTGCGACCCGGGTCG

CGCAGTTACGATTCCTGGGTGTCGCCACCGTTTCCGCTCGCCATGGACGTGTACTTCTTCAACTGGACCAACCC

GGAGGACATTACGAACCACTCGACGAAACCGATCCTGGAGGAGCTCGGCCCGTACCGGTTTATCGAGCATCC

GACCAAGGTGGACATCGAGTGGCACGATGCGAACGCGACCGTGAGCTACCGGAAGAAGAGCCTCTACTACTT

CGACGAGGAGGGCAGCAACGGCAGCCTGGACGATGTGATTAGTAGTATCAACATTGTCGCTGTGTCGGCAGC

CAAACGGTCCAAATACTGGGGCTACCTCAAGCAGAAGGGTGTCTCTCTGGGGTTGAACGTGTACGAGCAGAA

GATCAACGTAGTCAAAACGGCGGGCGAGCTGCTGTTCGACGGCTACGAGGACAATATGGTGCTGATGGGCAA

ACACATGTTTGACGCCGACGAAGTACCGTTCGATCGTGTTGGATGGTTCTACACGCGTAACAACTCGGCGGAC

CTGATCGGCCACTACAACGTGCACACGGGCGTGGAGGACATCGGCATGCTGGGCAAGATGGGCGAATGGAAC

TACAAGCCGCGGACGGACTTTTTCGAAGGTACGTGCGGCATGCTGAACGGATCGGCCGGTGAGTTCTACCCAC

CGGGTCTGTCCAAGGAGCGACCGATCGAGCTGTTCACGCCCGACATGTGCCGCAGCTTGCCGCTCGACTTTGA

GGAGGAAGTCACCATTCACGGGCTGAAGGCGTACAAGTATTCGGGCGATCGGAGAGCGATCGACAACGGGAC

GCTCTACCCGGAGACGGCCTGCTTCAGTGCGGGCGAGATCGTGCCCTCGGGGGTGCTGAACATTTCGTCCTGC

CGGTTCGGTACGCCCGTGTTTGTGTCCTTCCCGCACTACTACGGTGCCGATCCGTTCTATCTCGACCAGGTGGA

GGGTTTGAGCCCATCTAAGGATAAGCATCAGTTTTACATGTCCATGGAGCCGACCACCTCGGTGCCGCTGGAC

GTAGCCGCACGCTTGCAGCTAAACATTATGATTGAACCGTACGAGAACATCAACCTCTTCTCCGATGTGAAAC

GCGTCTTCCTGCCCGTGCTATGGTTCGAGCAGCACGTGCTGATGCCCTCCGAGCTGGCGGGCGAAATCGGCCA

AGCGCTAACCATACCCTCGATCGTGCGGCTCTGTGGCATCGCAATGGTAGTGTTCGGTGCGCTAATGCTGCTCT

GGATCCCACTGGAGCGTACGTTCTTCCGAAGGCGGCGCGTAGCC 

 

 

>SEQ. 7.1.3.19 SCRC1 (AGAP011974; ENSANGG00000012715) 
ATGCTGTTATCAAGAAGCTCGAAGGGAGCAACCCTGCTTGGGGGGTTGTTGTGGATCGTTTTCTTCGCCAATTT

GGTCGCTGGCCAATTAACCCTTTACGGCTCGAGAGCGCCCTCCATGCGTCGTCCGCTCACTAGACAGTTGGTG

GGGCAATGCCCTGCGCCGTACTTCCCGAACGGGGAGGCGAAAATTCGAAACCGTGGCCGAATGATGCGCTTC

GACTGTGCGTACGGGTTTAAGCTGGTCGGCAATCGGTACTCCAACTGCCAGAACGGTCGCTGGGACACATCGA

TACCGGTTTGTGTGAAATCCGGATGCAGCCTGCTCGCCCCAATAGAGTCCGGCCACGTGCTGTACGAGATGAA

CAAAGCGTCCGCCTTTCTGTCCTGCTTTGAGGGGACCGAGCTGGCCGGCTCGAGAAACGCCTACTGCAACGGG

ACGCACTGGGATCGACCGCTCGGTATCTGCCGGCGTACGGGACAGGCGACACCGACGGCCTGCGACTTCGAG

ACCGAGTCGCTGTGCGGCTGGTCCAACGATGCGCTGCACGATTTCGACTGGAAGCGCAGCGACGGTACGCTGA

ACCCGCGCGCACTCCGAACCGGGCCCAAGTACGACCACACCACGATGCAGCCGAAGGCGGGCCACTTCATGA
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TAGTGGATTCCGGCGAGCAGCTAACGAACGATACGGCCCGCTTCATATCGCCGCTGTTCGAGCCGGAGCTGAG

CGTCGGTGCGTGCTTCCAGTTTTACTATCACATGTACGGGGAGTCGGTCGGCACGCTGAAGGTGTTTGTGAAG

CCGATGAGCGCCGACCTGTACGATCTGCAGCCGGTGTTTGTGCAGCGGGGCAATCAGAAGAACGTTTGGCACG

AGGGTCACGTTGAGGTGGGCCAGCAAGCGGAGCGCTTTCAGGTGGTGATCGAGGCGAGCCTGGGCATGCGCT

ACAAGAGCGACATTGCGATCGACGATGTGAGCTTGCTGCAGGGCGACAGTTGCCGGGTGGCGGTCGAGGATG

GCGAGGAGCCACCACCGGCCGAGGTGGAGAACGTGCCGGTGAAGATAGAGTCGTGCGAAAACCGGTGCGGA

AGCAGTATGGCCGCCGTGCTGAACGCGAACGATACGATTGTGCACTGCGACTGCCACGAGGACTGTGTGACG

AGTGAGACCTGCTGTCCGGATTACCGGGAACGGTGCGTTTTTCAGGTAGCGGTTGGAGGGAGTAACCTGCCAC

CAACAACCACACCAGCTGCAACGACTCGCAAAACAACTACGCCAACGACCACAGCCACCTCCACAACGGTGA

CAACGACCATCCCCACCACCACTCAATCCGACCTGGTGGCGGTTGAACAGTCCGTGCCATCAACAACCGAGGA

GGTGATAATGCCCGGCCTGGCCATGGCCCCACTGCAACCGGTAGAAAAACTCCACTCCACTCCGAGTCTGATG

AAGTTCTTCGTGTACGCCATATCGACCGTAGTGCTGTTTGCGTGCATTTTAAGCGCTGCGTACCTTTACGCACG

ACGGTCGCGTTCCAGCGTGCTGGCAAGGTTGAAGGAAAAATCGCAAAAGAGTGGCTTCGAGGACATCCGGTT

TCTGGCTGGCGATGAAGACTTAGACTTTAACATTACGCACGGGCGCGATGTGGAGGAGGGAGAGGAGGTGCT

GGAAAAGGAAGGCAAAGGGGAGGCAAAAGCAAAACAGGAAACCAAACCAAGCAAGAAGGACGCAAAAGCG

GACATCTAG 
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7.1.4 Protein sequences of A. gambiae scavenger receptors 
 

 

>SEQ. 7.1.4.1 SCRAL1 (AGAP004118; ENSANGG00000017823) 
MSSLLVWCALLQTLLLVTLRLGDCAIAVDANRTSALEEARLQRENLVRKYLKRLKKEEGALKLIGGRGDFEGNVEI

FHAGKWGAICDDEWDQAEAEVVCRQLGFPGYVKPTHTGHFGRAKRKFWMDNLWCGGKEAELTDCRFDGWGAN

DCESGEAAGVICKQHDTDTTTTSKPVPVELKVPKERFGQRLELRLVGGRVEGEGRVEVRIVDGPGGAGPWGSVCG

DGWGLLEGNVVCRQLNLGYANNAVQTDFFSDEADGKGLPERVLLSGTECYGNESTLADCLHDPIGWDTVATCSE

RKGHVAAVTCVPAMADLVFDHVEMEQSLHLEDRLMYLLQCAMEENCVATQAYEIQRDNPNWHLETRRLLKFTA

RVVNMGTADFRPHIPKHLWEWHLCHMHYHSMEVFATFDVIDGQGRKVAEGHKASFCLEDNQCLPGVEPRYACA

NYGDQGISVNCSDIYRHNIDCQWVDISELDFGEYTMRVAINPEFKVPEMRFDNNAATCRLLYTQTYARVFDCKHER

P 

 

 

>SEQ. 7.1.4.2 SCRAC1 (AGAP009143; ENSANGG00000019014) 
MGVGDSHYQDGENGVDGPGGRYTEIGGDVVLGEKILRASESPYSMRTDLEVERRARLIIEAGVTIHFAPMVGITVR

GSVVAMGNAENKITLTTMPNTGYKDVPSDPREAGVRLVDGPSPLAGRLQLLNNGKWRSVCSNSKNWTIADYETT

CRQLGFKGGRFWNWMDRIANYEPRLLYEEPRCLGTEGSLFNCAWPSRQVGSGVCDYHSDIGVQCLPLFDQVTPH

WRGLKFENAESKETLSYNHVLYDSISLSQLRHVDIVRAGTGRGGSAEAAISVMGVPPVLEFVTIDHSSYTGINVTRH

DAAFSFRNVTVRRSRGFGIFMNSSYGSAHLEGVTVAENGADGIRYVGHDLRADERTDRSKVFDFCTLTSTAWQIYP

LQLSFEQSPFALSAKECARSFETAYGYVLTMHFVYFELARNESAQISVYDGMSESDRLLASWDVRNQTRPQSVTST

REKLFIKLRAEPRSAVLAHFRVTSGVTKAYDLNVTQGTIVDNGGRGIAVDNLRSQVHVHETTISNNRHAAGLHVTS

GAGDVNVTHSTINYNQGDGINITYYGGNRNVSRSTIESNRGHGFAVWLNQTTKERREFLEFNQTTTIEYSHIVRNLE

IGVLHGNFCGDSWVNVTGNLFNDSASDAVDIQSCWFETPDGRRMRLQIGHNNFEHSQRIAVVLNPILNLDGRIEFN

HFTRGRYGALLTRNKPLEEFRPLPVRLIVQHNHFMNNEGIYVASLGLSPNTDSKTQWMLFTRNFVKGNRVKEAFGP

LEDEGEGLGGEGRLNPRSRVAAPVVISSNNVDVFRNIISNQESRYEVGSQLSDQSKALNVTYNWLGNQDEEKIYDR

LFHRKDRYDLAKIEYFPYLLHHSNPGTQTIAQYQKFVPFFHKEGSERIGGEVDGQEILPAGSYTVERDINVRPGGKLI

LNSGVILNFAPSVGMMVTGKLEARGRAPDDILFTLKREAVMLENETTEAIVDDQEFAMDIETESIVEKVPHEPQTPK

VPVRLVGGANDHEGRLQVYTEGVWGTVCDYGWTITNAALVCHQLGLALNPMDWRLQRSEVPGAGTTEDVLLSN

VRCTEHDIDITKCRAERASQGDFENSCGHENDVGVRCYEGAWAGLRFGVLAERADLQYVTIEKAGLFDYVTNTFK

PALQMDLARHNLDSVRVVENLQDGLGIIYSDIYAGSSVNNVKNSEFSANRGNGISIKQLGLKVQGSIIKDNRGSGIN

HDQVVSSLEQREITSWFNMVPDFNVDDSDYRPILVPEGGTTNIDIDQWQIKHLITTPVRTSEPVERKIIIQCQPGYVIG

VQLLNPIENRSTENIWIHDSLTGSTESDIWQVKRDLSVFPLTTSSYGAILQYRSGTNALGGAVLVLRSIQAPIQNIYNR

IVRGPVPTLQITSTKIQRNFRGITGTYYNRYLGESGELYLRKANESIKLINCEISHNREEAVFIHSPFWDVHVSNISEIT

VHINNSLVRDNGRGIRQFSKDLRSSNNLFHYVLQDTTVESNSYGGLELSLPYVWQYNENFTHSVFLGNDTWARNR

MFGILIDGHYAAVNISSNIFTENVCAQGVIGFRGMEKKMRIDNNRITRNYGSYMVEFRSDSQSEILGEIPALLAFNQI

ESNEELKDTRSSMRNFIRGERNNANDPTCVIGFGGVQKVQIYRNVISNNQQDYDLIAGVKSARLRNYLDARENWW

GSADELHIRRRIFDFDDWNNHAEALYRPYLIEDIIDGSVSVSEGPSPPVDLNALGGRILEDLSIFRRELPYVIRSDITVM

PGVTISIFPGVVMEFAPNVGILVLGTLLARGTNDAEIVMKPIESASEGMHRVERSLENMVNYDSIRLCTNRNCSQGE

GESERAKEGFLEYYNHTTLQWIPICDRRFTERNAQVVCRELGYDPLDVFFGHDRRIEFHTNSLTRIWSWVEPMECH

GDELRLEECPERLNGQLYGRRHECQWDSEFVFISCNGESEQRNYWGGVRFANQDFEASMYEHRLHDTHTHTTARP

VESVMDFVRIQRAGLLHGEKSPAIQTIAKNPSISSVSIRDSAHHGVNLISPTNAIHLNHLQILRSLGQGINAISLTGEGR

ESDESSYSPLKDLDLPYNLFSLVDICDTNKEITFEERVLVYYKYDNNPVNCVKIFKSAYRVKPLGFRLLQSNLFNHS

KEYGRRDMIQLMDGDIYNVSARIIGTVDADSDNQKRLFRTREPALSVRLIASGAPARHGFIAEVVTLPISAIGFNRDA

QHNISNTEIQGCVGGALQYTSVGEVSPILTLERNRIMNNCRQLYGNFSSCESAIRIDVQNMQSLHFRNNLIQANQGG

LSIRADSRGSATSLRGWIHHNLFARNRNRPAIYVDGRQSSPYQEVIIHNNYITQNDATFRDVVVLRQVVSNFTYNYV

HRNRGLRIVQVSGFDRVRLPIYQTTTHNGFYDNVATDWEGRATIVAGTAGQHYVDNIFANPDNDYEIITVNRSITLD

VWKTKIDARHNYWSYNETLAVSSRIRDRFDDPQLLEVSFLPLHMNNLTVLDGKCPPGWTLLIDTCYMYVGAPMSF

REARDFCRSDNASLPFISGDANALWMFIEQQSRYLRNYERVWVQDANYIDRCTSFLYQSVEVEECHNRHAFLCEID

PKVEIDPLHWTASIEVIGIIVALALVIVLICIVCVCWCQKSRYRQAQRLQRRNSIRQSMRSLNSIDPQGSLRRRNYAM

SRSTDTLRTATTNDYKRMASNGSIESVDKSVLSTETSYDVYDQKQKQQYSNEYAEQLKSQLGYSESNGAPSEYIQA

SQANGAAPAKTKVYGLPEYSSHGGSIALELAFRNEGFRDTSTTYSGVTRQNSLSTAINEESPIIHAPGGEEEMLEETG

SDYYGNSSTLPMRVQDKLSFLHELKQHLPEYEPPTASVSHSSFQPARSSQTESLRSPPARPAPPVVPPMGHVYQQPSI

QVRRPAPPEPEQMRRPDSYIKAVKKYATPGRERDSILPPPRTDSQQQQRPKTLYESSGEQLDPAPSMPPAGGSRSNY

ARSKSEALLETNFDGTPGVDGQPVLSADSRSYSQPLETAM 
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>SEQ. 7.1.4.3 SCRASP1 (AGAP005625; ENSANGG00000019307) 
MRQRIWNRPRLVLLALAVLIGGWCNMVVVGIYDPRTAPHSRHHVHMMPEMHGAYSQVHHHRAQDPTPQQYIQT

DQYQYAQPQRQHPSLVAGPQQQQQQHQQHGPSGPQYQPGVPLAPYPTETQRSPAYGRSQAYTQQPAPVPLAPRFG

YGEEDRLIGETAPAAKLIRQPVHTLLKDFNGLECPEGRTGHFPKFLNCNNGARFVQDCGPGTAFNPLILTCDHLRNV

DCDKSENVIVDYDRPTSRPVASGPTSHYYPSHIPAGSQPVPAVVNPHQQSRPTIPAPQQQTPPRQPPATGDRAPAHP

DVEQIDPDHQPTESNFDEDYGEQPDADGEEPVYDGFDLRSNFGAPEQVDRRRPKASRTQATTTAKPYPVYIRPPSR

QPESLHRDPDVVQSVQRPVYVALPLEQTTPVPTSTTSRPLRTPFPTVRKEDIEIQQHLDALKLMLTPYMKEHKDTVA

LNTTKLSTMMTTTTTTTEPPPIVQVIGLPAPTPRNNYKPSSAAAAPYVLPRASEVNDFFYGASEPVPLASWPLPPPYV

TEPVEGPAKKEPESVVYPIYRRTTPTTTTTTTASLAPAPAISSRFGDNRPSWRPLIVPHATTTKTPTTTPPATTTSTTPR

DPCYGKFNCGNGVCIDEAEVCDGRDGCGNRADEQVCDHIGYELKLSKKAQGSVEVRVYDRWGYVCDDGFTLEA

GNVVCRELGFAGGAIEIKSHSYFPPNGTDPDEPEQQYGPFFMMDAVRCQGNESSLRECSFNGWGVSDCNREEVVG

VVCRTPVMSCPQDYWLCHASEECIPVQFLCDNVRDCADGSDESPDHCKAPLAVRLVAGPTDREGRVEINYHGTW

GTVCDDDFGVREARVICRQLGFNGTAEVRKSVYPPGVGQIWLDQVACNGTEPSIEDCVHWHWGEHNCGHTEDVG

VRCGVYVPTKARAARLRATRPNPRFDFVERSRKIHPDTCGRVLIDPTLRKPTYGARVVHGSETVYGHHPWQASLR

VKTMHWCGAVLITRYHVLTAAHCLIGYPKSTYRVRIGDYHTAAYDNAELDIFIENTYIHEQFREGHHMSNDIAVVV

LKTPVRFNDYVQPICLPARDAPYLPGQNCTISGWGATEAGSKDSSYDLRAGTVPLLPDSVCRRPEVYGDSLIDGMF

CAGTLEPGVDSCDGDSGGPLVCPNSEGLHTLTGIVSWGKHCGYANKPGVYLKVAHYRDWIEQKLNQSLHQHGV 

 

 

>SEQ. 7.1.4.4 SCRASP2 (AGAP006631; ENSANGG00000008472) 
MASSFANCSYAPDPSAGDANPFNYGERSLLDDRDKRGVTRASSLALPNHSLLDLLEQKQKLYDTIHLTPPPKGNGT

RRHSSDSFPMIENESFQIPQRQSKKSSQGIGPGPLVPPPVPKRTFQGNFPRKPPDSFEVQKRASLLALDSYQQQQQQL

QAQQQQQHQQAQPSYAPFGRSERICKSAFEDQTFSYYPAPKSSSGTCHSVSATSFDDLGEPDDFVLFSKKMASIESN

RSSSDSNKSQTTIDTGYVSANETDRSVLTGGSCSSAKGGGATSFRSRFSSEDTQSSLDSFLSSELHRTDTIESLPLNDS

PFSLKKNVFNFDLKTSPLIRGSSTVSPNSIDEKLDSCSPRSIESKGSRKLPTVPTRKGPASGIVMQPKLPPPGSASAGPN

SRMTPPLPPSRSQQAFETRKLQKLQQAQQQQTQLNNVASAHKTALESLQELYSRPLGIRRNIHRPPPLSQQQMVNA

AAKTSLLGGQRQDSSISSDSFSITSSPGFQSKAMESSLLQQHTSTTNSSKFNRSTIRGKPPMDTATAVGIAGSTPGASV

TAGSTSMSSGTGSTIPGEGLAGIGVSTGTIRSVPPRVSMRQDSSISSDSFSQTSSPSYNSKIMEAPLLSHAAKMPKVSK

PIAKNLDEITKESPTDVNGTAAIIKSASTPASLQTIVRLSNGSNVSLQHKKFQILKARKNSNPYVTSGRLKFRLCQILL

NAVGLLAIAGGLAAYFNAYPTIKFVNQTITRTAVPASQPGSSAVGAPGVCLPVIVKFCQQHRVPYNYTVFPNYIGHF

GQPEAQIEIDLFEALVDVQCYELVPLFLCSLFVPKCGNSGATVPPCKSLCTETMRRCSFFFDVFGLELPEYLRCSIFND

AVSDQEECVGMAEYKESIIRSRRPMACTGFLCDKRRCIPNDWKCDGHVDCQDQTDEAHCDFCGDDAIHCGEGQC

MSQKHVCDGTPNCPYGQDERNCIRLSERNGDLGRGTLEVYKADLKQWAPACVKNWDPATSPTMICSLLGYSSVN

SSRTAMRGSNRTLVSTKDASSMWRMYQKKDVNLIKEFNSCDINSRYPVAELTCSNFECGKVRNRKYFKATKRIVG

GSTSNPGDWPFIAAILGGPEEVFYCAGVLIADQWVLTASHCIGNSPTSHTMRNVNDWTIQLGITRRRSHTYYGQKV

KVKTVIPHPMYNLHIPHDNDIALFQLATRVAFHEHLLPVCLPPPHIRELPTGINCTVVGWGKREERNSTPNGASYEPT

LNEVNVPIVSRELCIDWLETFNVTEGMICAGYQEGGRDACQGDSGGPLLCPYPNEKDRWFVGGIVSWGVRCAHPK

LPGVYANVPKFIPWILAQINNHSVLQTDTIGR 

 

 

>SEQ. 7.1.4.5 SCRASP3 (AGAP001979; ENSANGG00000005937) 
MFTKCAVGQFECINGTSIKDGSSCIQKAERCDSVSHCSDNSDEQDCERLGCPGHFQCQDGVCLARQHVCDGIAHCH

DGSDEQGCSEWRCNFDELSCNPATGNGPCLPALWKCDGLEQCANGFDESNCPDTCTNDEYFCAGQRKCIPEAWRC

DGAIDCSDGEDERLCDCPLDSFKCHTGGCVVGAYVCDGHAQCPDGSDEWHCYQLDRGDGVLRVKRNSSEALAVC

GDGWNGALADMVCAELGYAGASKILFTKVGGSGSTGNGSLVDSMYRVTEKNRLEFEPIHSMECNQGLQLYCEEY

RCGRERIQPTLEQRIAGGVASDPNQWPSLALAFSNNAAIKCTASIVSPRWALASYTCIMGKTEFVNNRNVGDMSWK

LFAGSALFNASLEDTAAAAADASYQIVDVKRVVPYPQSKYKQFMYTGDVALLELSAPLKLNDMVGSVCLAEAASI

DSEQLCLTAGWGSDLENTATTEQYLKYLPVPTVPTERCNSSIHYNGVLPENAICAGFLNSNKTTCYNDEGAPLMCY

LDGSGQWQLEGILSYHGNCGKRPHPAIYNSITSNISTWIRNTVGNDLMFERVTTSVTVGIDATSPADAADSTGT 

 

 

>SEQ. 7.1.4.6 SCRB1 (AGAP002451; ENSANGG00000011719) 
MELKERNFKKIGLICVAVLLCGMVFSYGIFPSILRFMIKQNVLLKPGTQIRDMFEKIPFPLDFKLHIFNVTNPDEIMRG

GKPRVNDIGPLYFEEWKEKYDTVDNVEEDTLTFTLRNTWIFRPDLSALTGEEIVTIPHPLIMGVLLMVQRDREAMM

PLVKKGVNILFDPLESAFLKVRIMDLLFDGIYVDCSSQDFAAKALCSGMDSEGAVMPHNETHYKFSFFGMRNHTEA

GRWVVYRGVKNIRDLGRVVSYNEETEMDIWDGDECNQYIGTDSTIFPPFLTAQDRLWAWSPEICRSLGAHYVHKS

KYAGLPMSYFELDFGDLKNEPHNHCFCRDAPDDCPPKGTMDLSPCLGGPIIGSKPHFYGADPKLVEAVDGLAPNKA
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AHDVYIHFELASICWFTGSPVSAAKRLQFSMELGPIRDHELFGQLPDVILPMFWAEEGASLNKTWTNQLKYQLFLG

LKFNATVKWLTIIIGTVGAVGSAYMYFRKETKTTDVAPVDVSTPDTNPSSAKDGVVNVSLGRNLPPVIDGLDKPPK

LRATELQQERY 

 

 

>SEQ. 7.1.4.7 SCRB3 (AGAP005725; ENSANGG00000013400) 
MLPSRWLAIPVLELRTEKGRVAPILQPDRTVQNPVGKHVALTRPSSTVGVDRVAVIIFGIVTLIAGVILSSVPWLNIFI

MKNLRLWNGTISFHYWQRPGVTRLTKVYIFNVTNPEGFLAGEKPKLVEVGPFVYREDMEKVNIKFHDNYTVTYQH

KKILQFVPELSVDKNLRITTPNIPLLTISTQSKYLSFFVAKTISVILTATKYKPFISLTADELVFGYDDTLVSLAHRFYP

RNRRPMEKMGLLNGRNGTLTEYATMHTGHTGMDKFGYFDKLNGLDHLPHWDGEPCRSIQASEGSFFPPRDITQKD

TVYIYDKDLCRTLPLVYREPVEKDGISADLYTLAEDAYGPPNENNSCFDHSHYKKYYGLQNISPCQYGAPVYISNP

HFYQSDPQLLDAVEGLEPNAEQHKTYFKIQPKLGVPLEGQVRVQLNLLVEKAPNVMATKDFRDFVFPIMWLEEGV

SELTPPIRRWIYLATVFAPTALPILSYGMILTGAFAMIYVFVRAYKNFVFTDDPTTELLEMGRRSLRRGSHLISNGQH

RILHRDSYILLKANGVVAAAGGESDIAGTGTEVVTSGNGSSNNNNHLLHNHNLLHSHHHHLYIQPKDQSLLAEEDS

PA 

 

 

>SEQ. 7.1.4.8 SCRB5 (AGAP002738; ENSANGG00000007786) 
TGTFMLMAAGFMFIICGALIHILDPYLLIFKWKLIFQEGSEIFNLWRTPPVDLYIKIYLFNVTNAEDFMAGRAEKMQI

EEVGPYVYRELMSHDNITFNDNGTVSTRPHHPLIFQKGMSGNLREDDVFMMPNIALLSIAHVAAKQPYFIRWPINLL

IRQTKVQPLERQTAREFMYGYPTTLTTLGYTFLPNWISFDKVGLIDRMYDFDDDFETFYTGETTASVSGLYDTYLGS

PDLAQWNGSHCSNIRNASDGTKFKSFIEPDDQLLFFRKSMCRAQILIQNGTDYEVDGLKATKFVFEENALDNGEYD

PRNKCYCRKGNCLPRGLIDVTSCYYGFPIALSYPHFLDADPKVRSHVNGSRPDPTAHRSHFMINPISGLPLELSVKFQ

INMVLDDLSSMAHCEKFSKLVVPALWFEIMMPGLPPTLLSRFLFYLKILPFGDQVVKHSLLAFGGILLLVAITKVSLT

LSSAYSSAYRISNELRESLW 

 

 

>SEQ. 7.1.4.9 SCRB6 (AGAP004643; ENSANGG00000001210) 
MFIAGVVKLCCLGVLFLTLAYAVIVIDPTEVIVEDKLSMYEGSYLNRLWKKPPLEVFISIYVFNVTNPVAFMRGEER

LRVQEIGPYVYQEFLEHRNSTFNQNGTLSFVPVRRQVFVPERSVGDPKQDRIMIPNIALLGVSSAAYRMSTFAAFAV

AAALKPLGMSPILNITTHDLLWGYDDPLVRIASTLLPDIIHFQKLGVLDRMFDDGFDTVTINLPQLIRDYSIDVWNGS

PGLAHWGYVAKDHWDANRRNTPCNTLQGSYDGSVFPRNISKTEVFKVYRKAFCRTLPIAFEREGEVDGIKAYWFS

IKENAFESSMDDPYTSCYCKNNRCLPKGLGDLSPCWYNIPVAVSLPHFYKGDPSLSQAIDGLSPNKEKHDAVIIMQP

QLGIPMKANIRVQISLLTNVSFNSELRPFHNTVIPLIWAEMSLEKLTPELILLLNLLFGIAPYLQTGFVCVLALLGASLI

ATAALVLLCSSDATTFEYDPRKSIRYSTVNIIPYPLRKELDKYGETEVIRREPLLIENVA 

 

 

>SEQ. 7.1.4.10 SCRB7 (AGAP004847; ENSANGG00000010163) 
MKTSLFIICLTTTLSIACFTMGLFFHIYKPTKLILDDRLTMRQIMPYYRWWKDTDDVLVTCRIFIFNVTNSERWLGGL

DDQLKMQEVVPIVYREILEHDNVTFHEHNSTISYVTRRRLVFLPDRNVPGILNKTIIVPNISLLGVAARMENDNFFM

KRGFNFIYSMSGDTVFSRMTIYDYLWNTRPPFLDQARKFVPGMVPSDNVGVLKTVRSFRIVFAILAECLLIYNVRGS

RGSRKCTAWKAVRLAKGDCFASILNSSEGATYPQNLDEQSVLIYWRKTLCRAVPLYFERRVQKGPLTGYKYVLPD

NSYDRLPDSDADCYKGQFGLLEDGMTDTSKCSHDVPIVATSPHFYARNFSNAHKITGMIPDRENQHSYAIVDPSFGI

PLDQCARTQTNLAIPELTGYSADIKRFSDMIIPMFWIEY 

 

 

>SEQ. 7.1.4.11 SCRB8 (AGAP004845; ENSANGG00000010154) 
MVAFYSPETVIPTTSDTEPRKPLKRRTSALNTIFYYLGLEQRSGEDAKENQWIRILSELSILPVRLLAYALFIVSSRKRP

LHWRLAPSSRALIVTAAKLILSENSTAAEWWENPPVYPLLKVHVFNYTNTEDFFAGKATKLQVEDLGPYVYKETA

NKVDITHNGDGTISYREHRYIQYLPEESKGKPFDQVVVPNVVFLTGVSKKRSEGTWNQIAFNMAASSSGSSAFIKKP

VESMLWGYEDKLLSLAKSMFGSDIVSSSFGMLMTRNGTSAENFTIFSGESSLEDLAVIKHLDGKSRLDLWHTDECD

RVGGTDGSQFPPHLMDRKHPLQVFIKSLCRKFPLVYDSEVTALDGIPAWRYKIPNNVFSHPDEHMPNHCFCHLESG

SCPPSGLFNITGCSMGAPIFASFPHFYTGDRKLIESIEGVNPVQEKHETYADIHPRLAFPIDGASRFQINIQVQKAAMV

SGLEKFTEGQYLPVIWLEVVPGVISDDLRAMIYHSTYSANAIQMSLRVGSLAFFVLSVVLLIAKCFYTRVKSDRNSIA

ENALEPKRKH 
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>SEQ. 7.1.4.12 SCRB9 (AGAP004846; ENSANGG00000010167) 
MYGRSNRLCAKLSSAFLRKWWFVIAFALSLLVLGALVTFGFTAFIRTIIDHQVALRVGGQSFGWWSRPPVEPIIRIFV

YNVTNADEFLNNGTKPILDELGPYVYVQTWEKVNIKENPNGTISYNQKRVYIFNEDLSGGLEDDVVIVPNIPMLSAT

SQSKHAARFLRLAMASIMDILKIKPFVEVSVGQLLWGYEDPLLKLAKDVVPKEQKLPYEEFGLMYGKNSTSKDTV

TVWTGVDDITQYGIIDKYNGRSHQTHWLSEQCNRLNGTDGSIFPPRITKNSTLHVYEKDLCRLLPLSFEKEVTVRGG

VKGYRFTPSPDVFASVDKNPNNMCYCPAGPPCAPHGLFNVSLCQYDSPILLSFPHFYMADQTLRTAVEGISPPEKDK

HQLFIDVQPDMGTALRARARIQINLAVSQVVDIKQVANFPDIVFPILWFEEGIDSLPDEILDLMKVATNIPPRAKFILTI

ALFGLGGFLFVVAVICLVRKSHRQSTLHLEGSNYLATASVDQAKKKAKMDNGMSSKSN 

 

 

> SEQ. 7.1.4.13 SCRB10 (AGAP000016; ENSANGG00000017284) 
MGCCRWYLVVGLGLGKVGTGLIFLFAWRDIFDILVTEEKSLLPGSTLYKEWRRPTERPSWQFYVYNWSNAQAILE

HQASSASFQEIGPFQYEEVAEVVDVKYHQANGTLSYRKRTFFRPSGPHSTTTNGTESERIISVNFVALLASHFGHSM

DYSVQRELSFMLHNFRQTVTVTRTIGQLLFTGYREPMMEPLRKLVCPTKRRSVACQDERLAYFRTFNVTRRASEVY

SLDVGLKDRSKYGTVRSWGAASVPAAHGEFHPCDGFAGLTGEFFPSRIERDQAIVIVLPELCRRLTLEFDREQLVAG

IMGFRYAVRLVRPFRSAQMSESNMQSCPDTSIRLGRYGILNTNECNGFPLYESDQAHVSSNESTSFSSDSDLLYYLLE

PTTGTVIESNIDLTYHTFLRPNEHIALFQSVPELRIPLFRFARYYRLSELKAAKLRQLLHLLDVGHQIALAGCVAGLTI

ILLAVVYACWKAQRPSKTNNDQYRIIGMQLSDGGREHNLLK 

 

 

 

>SEQ. 7.1.4.14 SCRB16 (AGAP005716; ENSANGG00000013998) 
MVQCTLIWAGIGAMMAVSGALLGWVVFPRAVHEKVIEATELRQGTDQYKRWEALPQPLDFKVYIFNVTNPYEVM

QGRRPKVVEVGPYVYFQYRQKDNVRFSRDRSKVHFSQQQMYVFDAESSYPLTENDELTVLNMHMNSILQIAEDET

YDSLRLINVELNRIFGRPDTMFLRTTPKQFLFDGVPFCVNVIGIAKAICKEIEKRNTKTIRTMPDGSLRFSFFSHKNMT

DDGMFTINTGIKDPSRTQMIELWNGRTTLDVWNNRSSGLSSSCNKIHGTDGSGYPPFRTGVERMTIFSTDICRTVDIK

LTGSSSYEGIPALRYEIDNNFLHEIGPEYGNDCYCVNKIPKSIVKSNGCLYKGALDLSNCFDAPVVLTLPHMLGVAE

EYTALIDGMDPEPERHQIFVDVEPYTGTPLNGGKRVQFNMFLRRIDAIKLTDRLQPTLFPVIWIDEGIALNEDMVKLI

DDSLMKVLSLLDVVQWVLIGVGLLLAVLMPTVYFVKRCRGEGSRTVSPAVTATTSAASLSTVAGVTGDRSK 

 

 

>SEQ. 7.1.4.15 SCRBQ1 (AGAP010132; ENSANGG00000009816) 
MCCCSKRYSNNAKKLWAFGGVVAIFAAAAFFGFGLPAIIDAVALTEFRVKEGARVYENFFDGEVPIFFDIYLFHWT

NPEQIRDPNVRPNFVQMGPYVFSERHERGMVSFNDNDTITFNQKRIWHYMPELSNGDYFNDRVTTLNPVLATVGK

TLEGDPLLPLLDGIIMANNLAEFLYKDVPVHEMLFDGHPDTLLTTLRDLLGALPPGTVPDISLPPWEGFGWFVERNE

SLTYDGTFQMGTGTDNHINTGVMRQWNNAPQVPNYRGVCGQVRGSAGEVWPPMGRNLGDNIRPLNLFLPDLCSA

ITLRHEREFTVHGLDGELWVGDARNFDNGHTIPETECQCTSPIDQCPFYRPGVLDVSECKFGAPLVVSYPHFYLAHP

SYRTAVTGMEPDRAKHEFRFALHPFSGIPMAANGRIQYNMHLRDNGMALFRDVPDVIIPAFWIEQRMVLTKDIADD

LKVQLLSHHFQYFALIEDLRWGFIYTAFALCGVAALLLGLSLYAAFFVWKD 

 

 

>SEQ. 7.1.4.16 SCRBQ2 (AGAP010133; ENSANGG00000009799) 
MCSPCTDFQKKFISLGCSSFLILLAITLGVLWPSLSEQVLHNKLVIKNGSSNYDNWIRTPIPMYLEVYFFNWTNPDEV

KTKNGTKPHFVEMGPYTFSEVHERVNLVWNANNTVTYEQRRTWHFVPELSKGTLDDQVTNLNVITLNAAHFLRN

TYPLLRPLINIFLKTDGSLLWKNKPVRELLFEGVKDPLLDLLKTINSTSLNIPFDRFGWFVGRNLSDTFDGTFTMRTG

ADGLESMGFLTQWNGSPNTGMYRGKCGEVYGTSGELWPASSNVPANITLFPSDICRSITLQGREQVSLYNIQGTKY

VGDDRVFDNGVKYPEASCWCNSNPTQCPDLKPGVFNASACKYGSPTFVSFPHFYLADESYQTAVTGLRPNQTEHE

FYMAIEPSTGIPLDVRAQLQINEHLQPIKGFSFYEHVPDVMVPMIWFRQRATLTQELAEQAKLALALPSLGIYVAVF

FGSIGIIMTSVFLFCSIKKWSQSAEVVPYEELQN 

 

 

>SEQ. 7.1.4.17 SCRBQ3 (AGAP008179; ENSANGG00000019414) 
MGGCCSNWSPTGKRLCALGSTTALCVFALALGLVWPALIWQIAKREFVLEPGTEVYKNWIEPPIDTYLELYLWNW

TNADAYLTEKPHLEQLGPYTFREVHERVNLKWNDNDTLTFQQRRIWYHVPELSAGDYETDRVVTINPVLLTVGYA

LRNEPEFLFYVDGIIMLNGLATTPFYDVLVREMIFEGYDDTLLTNLLALLALLPEESRPPIDLPPYDRFGWFFGRNGS

ETYDGTFTIGTGKDSVYNTGVMRLWNGANATDYYRGECGRIRGTTGEVWPPWGRTLTGTPPSVSVFAPDVCSSVT
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LEYAEEMERYGIDGLRWIGTDRVFDNGLHYPETECQCTAEDVADCPLLDNGAMDVSRCKFGAPATVSYPHFYLAN

ESYLKGISGMQPNEKEHRFEMELEPYTGVPLGVRAQLQVNLDVKQYGMTLLKGIPEVMLPVLWFRQTASLTEELA

DDIKLILILPDIGVYVAYALGALGIIGLVLAVYFSVTRWKLQSPPQPVEAKTAL 

 

 

> SEQ. 7.1.4.18 SCRBQ4 (AGAP003373; ENSANGG00000016196) 
ELKLRPGSRSYDSWVSPPFPLAMDVYFFNWTNPEDITNHSTKPILEELGPYRFIEHPTKVDIEWHDANATVSYRKKS

LYYFDEEGSNGSLDDVISSINIVAVSAAKRSKYWGYLKQKGVSLGLNVYEQKINVVKTAGELLFDGYEDNMVLMG

KHMFDADEVPFDRVGWFYTRNNSADLIGHYNVHTGVEDIGMLGKMGEWNYKPRTDFFEGTCGMLNGSAGEFYP

PGLSKERPIELFTPDMCRSLPLDFEEEVTIHGLKAYKYSGDRRAIDNGTLYPETACFSAGEIVPSGVLNISSCRFGTPV

FVSFPHYYGADPFYLDQVEGLSPSKDKHQFYMSMEPTTSVPLDVAARLQLNIMIEPYENINLFSDVKRVFLPVLWFE

QHVLMPSELAGEIGQALTIPSIVRLCGIAMVVFGALMLLWIPLERTFFRRRRVA 

 

 

>SEQ. 7.1.4.19 SCRC1 (AGAP011974; ENSANGG00000012715) 
MLLSRSSKGATLLGGLLWIVFFANLVAGQLTLYGSRAPSMRRPLTRQLVGQCPAPYFPNGEAKIRNRGRMMRFDC

AYGFKLVGNRYSNCQNGRWDTSIPVCVKSGCSLLAPIESGHVLYEMNKASAFLSCFEGTELAGSRNAYCNGTHWD

RPLGICRRTGQATPTACDFETESLCGWSNDALHDFDWKRSDGTLNPRALRTGPKYDHTTMQPKAGHFMIVDSGEQ

LTNDTARFISPLFEPELSVGACFQFYYHMYGESVGTLKVFVKPMSADLYDLQPVFVQRGNQKNVWHEGHVEVGQ

QAERFQVVIEASLGMRYKSDIAIDDVSLLQGDSCRVAVEDGEEPPPAEVENVPVKIESCENRCGSSMAAVLNANDTI

VHCDCHEDCVTSETCCPDYRERCVFQVAVGGSNLPPTTTPAATTRKTTTPTTTATSTTVTTTIPTTTQSDLVAVEQS

VPSTTEEVIMPGLAMAPLQPVEKLHSTPSLMKFFVYAISTVVLFACILSAAYLYARRSRSSVLARLKEKSQKSGFEDI

RFLAGDEDLDFNITHGRDVEEGEEVLEKEGKGEAKAKQETKPSKKDAKADI 
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7.1.5. Effect of scavenger receptor gene silencing on P. berghei oocyst development in A. gambiae 
    Parasite density  P  

DsRNA 
# of 

exp 

# of 

midguts 

Prevalence 

(%) 

Arithmetic 

mean 

Geometric mean 

(±SD) 
Parasite range 

RELM  variance & 

Meta-analysis (random 

effects) 

Fold difference 

SCRB3  5 140 86.4 60.7 18.8 (±4.7) 0-525 0.14 1.43 

LacZ  140 86.4 42.1 13.8 (±4.3) 0-297   

SCRB6 2 33 81.8 32.2 13.4 (±3.8) 0-122 0.82 -1.59 

LacZ  33 78.8 51.5 14.8 (±5.5) 0-224   

SCRB7 4 113 81.4 33.5 13.7 (±3.9) 0-173 0.09 -1.52 

LacZ  113 87.6 51.1 20.2 (±4.1) 0-297   

SCRB8 5 193 81.9 43.3 13.1 (±4.6) 0-322 0.36 -1.03 

LacZ  193 86.0 44.8 15.6 (±4.3) 0-297   

SCRB9 4 98 86.7 25.7 10.4 (±3.4) 0-160 0.99 -1.27 

LacZ  98 83.7 32.7 10.4 (±4.0) 0-241   

SCRB10 4 109 84.4 24.9 9.30 (±3.6) 0-140 0.56 -1.30 

LacZ  109 84.4 32.6 10.7 (±3.9) 0-241   

SCRB16 5 126 87.3 56.1 20.3 (±4.3) 0-374 0.98 1.08 

LacZ  126 88.9 51.8 20.2 (±3.9) 0-297   

SCRC1 2 31 93.5 48.2 22.2 (±3.4) 0-154 0.48 -1.14 

LacZ  31 77.4 55.2 16.0 (±5.7) 0-224   

The table is divided into eight datasets, each including results from gene kd and control (LacZ dsRNA-treatment) experimental groups. Kd and 

their control mosquitoes were fed with blood from the same infected mouse. The total number of midguts is indicated in the third column. 

Prevalence shows the percentage of midguts with at least one oocyst. Midguts with zero oocysts were also considered for calculation of the 

arithmetic and geometric means of parasite densities (number per midgut). Fold differences between oocyst densities of kd and control 

mosquitoes were computed using the arithmetric means. 
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7.1.6. Effect of scavenger receptor gene silencing on P. berghei ookinete melanization in A. gambiae 
    Parasite density  P  

DsRNA 
# of 

exp 

# of 

midguts 

Prevalence 

(%) 

Arithmetic 

mean 

Geometric mean 

(±SD) 
Parasite range 

RELM  variance & 

Meta-analysis (random 

effects) 

Fold difference 

SCRB3  5 140 16.9 2.32 0.50 (±1.5) 0-114 <0.05 -2.59 

LacZ  140 19.2 6.02 0.63 (±2.3) 0-237   

SCRB6 2 33 6.1 1.97 0.20 (±1.3) 0-40 0.77 1.16 

LacZ  33 6.1 1.82 0.23 (±1.2) 0-42   

SCRB7 4 113 15.0 3.35 0.41 (±1.6) 0-120 0.37 -1.66 

LacZ  113 16.8 5.58 0.59 (±2.2) 0-179   

SCRB8 5 193 10.4 1.83 0.10 (±1.2) 0-83 <0.05 -2.67 

LacZ  193 14.7 4.95 0.18 (±2.0) 0-237   

SCRB9 4 98 14.3 3.79 0.14 (±1.5) 0-201 0.08 -1.69 

LacZ  98 21.4 6.42 0.25 (±2.4) 0-228   

SCRB10 4 109 7.3 2.14 0.20 (±1.2) 0-104 <0.01 -2.73 

LacZ  109 21.1 5.85 0.72 (±2.2) 0-228   

SCRB16 5 126 16.7 2.80 0.42 (±1.5) 0-114 <0.05 -4.01 

LacZ  126 19.8 11.2 0.97 (±3.3) 0-237   

SCRC1 2 31 9.7 0.65 0.20 (±0.8) 0-9 0.9 -3.01 

LacZ  31 6.5 1.94 0.24 (±1.2) 0-4   

The table is divided into eight datasets, each including results from gene kd and control (LacZ dsRNA-treatment) experimental groups. Kd and 

their control mosquitoes were fed with blood from the same infected mouse. The total number of midguts is indicated in the third column. 

Prevalence shows the percentage of midguts with at least one melanized ookinete. Midguts with zero melanized ookinetes were also considered 

for calculation of the arithmetic and geometric means of parasite densities (number per midgut). Fold differences between melanized ookinete 

densities of kd and control mosquitoes were computed using the arithmetric means. 
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7.2.1 Effect of epithelial response-related gene silencing on P. falciparum and P. berghei development in A. gambiae 
    Parasite density  P  

DsRNA 
# of 

exp 

# of 

midguts 

Prevalence 

(%) 

Arithmetic 

mean 

Geometric mean 

(±SE) 
Parasite range 

Mixed Effects Model 

RELM  variance 

components analysis 

Fold difference 

P. falciparum field isolates / A. gambiae (Yaoundé strain) 
Apo II/I  4 143 69.2 4.6 2.37 (±0.01) 0-23 <0.001*** -1.6 

LacZ  143 75.5 7.6 3.79 (±0.17) 0-58   

WASP 5 89 80.9‡ 21.9 7.63 (±0.47) 0-193 <0.001*** 3.7 

LacZ  89 44.9 10.5 2.04 (±0.47) 0-120   

CATHB 3 42 47.9 2.6 1.16 (±0.24) 0-24 0.357 -0.7 

LacZ  42 54.7 4.1 1.59 (±0.31) 0-32   

KIN1 4 117 53.8 3.7 1.57 (±0.04) 0-33 0.1 1.6 

LacZ  117 41.9 2.4 0.95 (±0.04) 0-32   

ApoIII 5 120 50.0 4.0 1.44 (±0.18) 0-53 0.185 1.4 

LacZ  120 40.0 2.8 1.03 (±0.16) 0-32   

P. berghei / A. gambiae (Yaoundé strain) 
ApoII/I 7 116 61.2‡ 16.6 4.09 (±0.38) 0-136 <0.001*** -4.7 

LacZ  116 85.3 65.7 19.79 (±0.41) 0-550   

WASP 5 73 89.0 44.2 16.27 (±0.46) 0-326 <0.001*** 2.5 

LacZ  73 73.0 20.7 6.41 (±0.46) 0-124   

CATHB 5 122 78.7 38.0 9.55 (±0.45) 0-295 0.82 1.1 

LacZ  122 77.1 47.4 9.14 (±0.50) 0-450   

KIN1 5 58 74.1 28.2 9.82 (±0.23) 0-163 0.301 1.3 

LacZ  58 79.3 18.8 7.30 (±0.20) 0-91   

ApoIII 6 94 84.0 24.3 8.19 (±0.38) 0-132 0.833 -1.0 

LacZ  94 81.9 33.4 8.42 (±0.41) 0-360   

The table is divided into two datasets, each including results from gene kd and control (LacZ dsRNA-treatment) experimental groups. Kd and their control 

mosquitoes were fed with blood from the same gametocyte carrier or fed on the same infected mouse. Prevalence shows the percentage of midguts with at 

least one oocyst (‡; statistically significant difference of infection prevalence between kd and control mosquitoes as analyzed by Chi-square test of 

association). Midguts with zero oocysts were also considered for calculation of the arithmetic and geometric means of parasite densities (number per midgut). 

Asterisks indicate statistically significant effects of gene kds (P<0.005; ***) as determined by the Residual Maximum Likelihood (REML) variance 

components analysis. Fold differences between oocyst densities of kd and control mosquitoes were computed using the geometric means. 
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7.3.1 Over-representation of GO terms within up-regulated genes upon P. falciparum 

ookinete invasion of the A. gambiae midgut epithelia. 

 

GO Class GO ID GO Description 
Freq. 

in total 
[4785] 

Occur. 
in total 
[4785] 

Freq. 
in set 
[129] 

Occur. 
in set 
[129] 

P-value 

        

Mol. Func. GO:08146 sulfotransferase activity 1.0E-03 5 0.02 2 6.8E-03 
Mol. Func GO:04871 signal transducer activity 1.0E-02 49 0.04 5 9.7E-03 
Mol. Func GO:01584 rhodopsin-like receptor activity 7.5E-03 36 0.03 4 0.02 
Bio. Proc GO:07186 GPCR-signaling pathway 8.4E-03 40 0.03 4 0.02 
Bio. Proc GO:07476 imaginal disc-derived wing morphogenesis 4.8E-03 23 0.02 3 0.02 
Mol. Func. GO:04930 G-protein coupled receptor activity 8.6E-03 41 0.03 4 0.02 
Mol. Func. GO:03899 DNA-directed RNA polymerase activity 2.3E-03 9 0.02 2 0.03 
Bio. Proc GO:48666 neuron development 2.3E-04 9 0.02 2 0.03 
Bio. Proc. GO:16055 Wnt receptor signaling pathway 2.5E-03 12 0.02 2 0.04 
Bio. Proc. GO:07165 signal transduction 1.5E-02 74 0.04 5 0.05 
        

Gene Onthology (GO) term overrepresentation was accessed within the dataset. 

Overrepresented GO terms with a minimum P-value of <0.05 as calculated by 

hypergeometric distribution are shown.  
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7.3.2 Over-representation of GO terms within down-regulated genes upon P. falciparum 

ookinete invasion of the A. gambiae midgut epithelia. 

GO Class GO ID GO Description 
Freq. 

in total 
[4785] 

Occur. 
in total 
[4785] 

Freq. 
in set 
[588] 

Occur. 
in set 
[588] 

P-value 

        

Mol. Func. GO:04175 endopeptidase activity 3.3E-03 16 0.02 10 2.9E-06 
Cel. Comp. GO:05838 proteasome regulatory particle 1.9E-02 9 0.01 7 1.2E-05 
Mol. Func. GO:05524 ATP binding 0.06 286 0.09 54 6.1E-04 
Mol. Func. GO:16491 oxidoreductase activity 0.03 144 0.05 29 4.3E-03 
Cel. Comp. GO:05783 endoplasmic reticulum 4.8E-03 23 0.01 8 4.5E-03 
Mol. Func. GO:05215 transporter activity 0.02 77 0.03 18 4.7E-03 
Mol. Func. GO:16853 isomerase activity 4.0E-03 19 0.01 7 5.4E-03 
Mol. Func. GO:08234 transcription factor binding 1.5E-03 7 6.8E-03 4 5.8E-03 
Mol. Func. GO:04179 membrane alanyl aminopeptidase activity 1.5E-03 7 6.8E-03 4 5.8E-03 
Bio. Proc. GO:08103 oocyte microtubule cytoskeleton pol. 8.4E-04 4 5.1E-03 3 6.7E-03 
Mol. Func. GO:05525 GTP binding 0.01 69 0.03 16 8.1E-03 
Bio. Proc. GO:30001 metal ion transport 1.7E-03 8 6.8E-03 4 0.01 
Bio. Proc. GO:06457 protein folding 0.01 32 0.02 9 0.01 
Bio. Proc. GO:06118 electron transport 0.02 110 0.04 22 0.01 
Bio. Proc. GO:09047 dosage compensation, hyperact. of X chr. 4.2E-04 2 3.4E-03 2 0.02 
Cel. Comp. GO:05859 muscle myosin complex 4.2E-04 2 3.4E-03 2 0.02 
Bio. Proc. GO:51225 spindle assembly 4.2E-04 3 3.4E-03 2 0.02 
Bio. Proc. GO:07088 regulation of mitosis 1.0E-03 5 5.1E-03 3 0.02 
Cel. Comp. GO:05839 proteasome core complex 1.9E-03 9 6.8E-03 4 0.02 
Mol. Func. GO:04298 threonine-type endopeptidase activity 1.9E-03 9 6.8E-03 4 0.02 
Mol. Func. GO:08026 ATP-dependent helicase activity 7.1E-03 34 0.02 9 0.02 
Mol. Func. GO:04386 helicase activity 9.6E-03 46 0.02 11 0.02 
Bio. Proc. GO:48447 oogenesis 5.2E-03 25 0.01 7 0.03 
Cel. Comp. GO:30529 ribonucleoprotein complex 8.8E-03 42 0.02 10 0.03 
Bio. Proc. GO:44267 cellular protein metabolic process 1.3E-03 6 5.1E-03 3 0.03 
Mol. Func. GO:16798 hydrolase activity,on glycosyl bonds 1.3E-03 6 5.1E-03 3 0.03 
Mol. Func. GO:46914 transition metal ion binding 1.3E-03 6 5.1E-03 3 0.03 
Bio. Proc. GO:06810 transport 0.04 207 0.06 35 0.03 
Bio. Proc. GO:00381 regulation of alt. nuclear mRNA splicing 4.2E-03 20 0.01 6 0.03 
Cel. Comp. GO:43234 protein complex 3.1E-03 15 8.5E-03 5 0.03 
Mol. Func. GO:08233 peptidase activity 0.01 55 0.02 12 0.03 
Mol. Func. GO:51536 iron-sulfur cluster binding 2.3E-03 11 6.8E-03 4 0.04 
Mol. Func. GO:03682 chromatin binding 2.3E-03 11 6.8E-03 4 0.04 
Mol. Func. GO:19787 small conjugating protein ligase activity 2.3E-03 11 6.8E-03 4 0.04 
Mol. Func. GO:43169 cation binding 3.3E-03 16 8.5E-03 5 0.04 
Cel. Comp. GO:16607 nuclear speck 6.3E-03 3 3.4E-03 2 0.04 
Bio. Proc. GO:51301 cell division 6.3E-04 3 3.4E-03 2 0.04 
Bio. Proc. GO:00077 DNA damage checkpoint 6.3E-04 3 3.4E-03 2 0.04 
Mol. Func. GO:04295 trypsin activity 6.3E-04 3 3.4E-03 2 0.04 
Mol. Func. GO:46873 metal ion transmembrane transp. activity 1.5E-03 7 5.1E-03 3 0.04 
Mol. Func. GO:04553 hydrolyzing O-glycosyl compounds 3.6E-03 17 8.5E-03 5 0.05 
Bio. Proc. GO:07264 small GTPase signal transduction 8.4E-03 40 0.02 9 0.05 
Mol. Func. GO:05506 iron ion binding 0.01 65 0.02 13 0.05 
Bio. Proc. GO:06260 DNA replication 2.5E-03 12 6.8E-03 4 0.05 
        

Gene Onthology (GO) term overrepresentation was accessed within the geneset. 

Overrepresented GO terms with a minimum P-value of <0.05 as calculated by 

hypergeometric distribution are shown.  
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7.3.3 Over-representation of GO terms within up-regulated genes upon P. berghei ookinete 

invasion of the A. gambiae midgut epithelia. 

GO Class GO ID GO Description 
Freq. 

in total 
[5069] 

Occur. 
in total 
[5069] 

Freq. 
in set 
[245] 

Occur. 
in set 
[245] 

P-value 

        

Bio. Proc. GO:44267 cellular protein metabolic process 1.4E-03 7 0.02 4 1.7E-04 
Mol. Func. GO:05524 ATP binding 0.06 304 0.12 29 2.8E-04 
Bio. Proc. GO:09253 peptidoglycan catabolic process 3.9E-04 2 8.2E-03 2 2.3E-03 
Mol. Func. GO:08745 N-acetylmuramoyl-L-alanine amidase act. 3.9E-04 2 8.2E-03 2 2.3E-03 
Mol. Func. GO:08026 ATP-dependent helicase activity 6.3E-03 32 0.02 6 3.8E-03 
Mol. Func. GO:04386 helicase activity 8.5E-03 43 0.03 7 4.1E-03 
Bio. Proc. GO:00398 nuclear mRNA splicing, via spliceosome 1.6E-03 8 0.01 3 5.2E-03 
Bio. Proc. GO:06457 protein folding 6.9E-03 35 0.02 6 6.0E-03 
Mol. Func. GO:00166 nucleotide binding 0.05 273 0.09 23 6.0E-03 
Bio. Proc. GO:07413 axonal fasciculation 5.9E-04 3 8.2E-03 2 6.8E-03 
Bio. Proc. GO:16246 RNA interference 5.9E-04 3 8.2E-03 2 6.8E-03 
Bio. Proc. GO:00381 reg. of alternative nuclear mRNA splicing 3.6E-03 18 0.02 4 9.5E-03 
Bio. Proc. GO:06396 RNA processing 3.6E-06 18 0.02 4 9.5E-03 
Mol. Func. GO:05198 structural molecule activity 2.0E-03 10 0.01 3 0.01 
Cel. Comp. GO:05730 nucleolus 7.9E-04 4 8.2E-03 2 0.01 
Cel. Comp. GO:05664 nuclear origin of replication recognition 7.9E-04 4 8.2E-03 2 0.01 
Bio. Proc. GO:08585 female gonad development 7.9E-04 4 8.2E-03 2 0.01 
Mol. Func. GO:04527 exonuclease activity 7.9E-04 4 8.2E-03 2 0.01 
Mol. Func. GO:03743 translation initiation factor activity 2.2E-03 11 0.01 3 0.01 
Bio. Proc. GO:06260 DNA replication 2.2E-03 11 0.01 3 0.01 
Bio. Proc. GO:09058 biosynthetic process 2.4E-03 12 0.01 3 0.02 
Bio. Proc. GO:16055 Wnt receptor signaling pathway 2.4E-03 12 0.01 3 0.02 
Mol. Func. GO:35091 phosphoinositide binding 2.4E-03 12 0.01 3 0.02 
Mol. Func. GO:04867 serine-type endopeptidase inhibitor act. 2.6E-03 13 0.01 3 0.02 
Bio. Proc. GO:01700 embryonic devel. via syncytial blastoderm 1.2E-03 6 8.2E-03 2 0.03 
Mol. Func. GO:03684 damaged DNA binding 1.2E-03 6 8.2E-03 2 0.03 
Mol. Func. GO:01700 RNA binding 0.01 65 0.03 7 0.04 
Bio. Proc. GO:03723 cell communication 3.2E-03 16 0.01 3 0.04 
Bio. Proc. GO:06096 glycolysis 1.4E-03 7 8.2E-03 2 0.04 
Mol. Func. GO:03676 nucleic acid binding 0.04 228 0.07 17 0.05 
        

Gene Onthology (GO) term overrepresentation was accessed within the geneset. 

Overrepresented GO terms with a minimum P-value of <0.05 as calculated by 

hypergeometric distribution are shown.  
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7.3.4 Over-representation of GO terms within down-regulated genes upon P. berghei 

ookinete invasion of the A. gambiae midgut epithelia. 

 

GO Class GO ID GO Description 
Freq. 

in total 
[5069] 

Occur. 
in total 
[5069] 

Freq. 
in set 
[92] 

Occur. 
in set 
[92] 

P-value 

        

Mol. Func. GO:04252 serine-type endopeptidase activity 0.02 92 0.11 10 5.0E-06 
Bio. Proc. GO:06508 proteolysis 0.03 177 0.13 12 7.2E-05 
Bio. Proc. GO:42246 tissue regeneration 7.9E-04 4 0.02 2 1.9E-03 
Mol. Func. GO:08233 peptidase activity 0.01 55 0.05 5 3.0E-03 
        

Gene Onthology (GO) term overrepresentation was accessed within the geneset. 

Overrepresented GO terms with a minimum P-value of <0.05 as calculated by 

hypergeometric distribution are shown.  
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7.3.5 Over-representation of InterPro domains within up-regulated genes upon P. 

falciparum ookinete invasion of the A. gambiae midgut epithelia. 

 

 

InterPro 
 ID 

InterPro 
 Description 

Freq. 
in total 
[4785] 

Occur. 
in total 
[4785] 

Freq. 
in set 
[129] 

Occur. 
in set 
[129] 

P-value 

       

IPR000863 Sulfotransferase 8.4E-04 4 0.02 2 4.2E-03 
IPR005819 Histone H5 1.7E-03 8 0.02 2 0.02 
IPR001304 C-type lectin 2.3E-03 11 0.02 2 0.03 
IPR002893 Zinc finger, MYND-type 2.7E-03 13 0.02 2 0.05 
IPR001509 NAD-dependent epimerase/dehydratase 2.9E-03 14 0.02 2 0.05 
IPR000276 GPCR, rhodopsin-like 7.5E-03 36 0.02 2 0.05 
       

InterPro domain overrepresentation was accessed within the dataset. 

Overrepresented InterPro domains with a minimum P-value of <0.05 as calculated 

by hypergeometric distribution are shown.  
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7.3.6 Over-representation of InterPro domains within down-regulated genes upon P. 

falciparum ookinete invasion of the A. gambiae midgut epithelia. 

InterPro 
ID 

InterPro 
Description 

Freq. 
in total 
[4785] 

Occur. 
in total 
[4785] 

Freq. 
in set 
[588] 

Occur. 
in set 
[588] 

P-value 

       

IPR014014 RNA helicase, DEAD-box type, Q motif 4.0E-03 19 0.02 10 2.4E-05 
IPR014782 Peptidase M1, membrane alanine aminopeptidase 1.5E-03 7 8.5E-03 5 4.7E-04 
IPR006076 FAD dependent oxidoreductase 2.1E-03 10 8.5E-03 5 4.1E-03 
IPR006689 ARF/SAR superfamily 3.1E-03 15 0.01 6 6.3E-03 
IPR005811 ATP-citrate lyase/succinyl-CoA ligase 8.4E-04 4 5.1E-03 3 6.7E-03 
IPR002524 Cation efflux protein 8.4E-04 4 5.1E-03 3 6.7E-03 
IPR000960 Flavin-containing monooxygenase FMO 8.4E-04 4 5.1E-03 3 6.7E-03 
IPR003689 Zinc/iron permease 8.4E-04 4 5.1E-03 3 6.7E-03 
IPR000717 Proteasome component region PCI 1.7E-03 8 6.8E-03 4 0.01 
IPR001476 Chaperonin Cpn10 4.2E-04 2 3.4E-03 2 0.02 
IPR004100 ATPase, F1/V1/A1 complex, alpha/beta subunit 4.2E-04 2 3.4E-03 2 0.02 
IPR008251 Chromo shadow 4.2E-04 2 3.4E-03 2 0.02 
IPR000793 ATPase, F1/V1/A1 complex, C-terminal 4.2E-04 2 3.4E-03 2 0.02 
IPR008429 Cleft lip and palate transmembrane 1 4.2E-04 2 3.4E-03 2 0.02 
IPR004240 Nonaspanin (TM9SF) 4.2E-04 2 3.4E-03 2 0.02 
IPR005135 Endonuclease/exonuclease/phosphatase 4.2E-04 2 3.4E-03 2 0.02 
IPR007698 Alanine dehydrogenase/PNT, C-terminal 4.2E-04 2 3.4E-03 2 0.02 
IPR006214 Protein of unknown function UPF0005 4.2E-04 2 3.4E-03 2 0.02 
IPR007886 Alanine dehydrogenase/PNT, N-terminal 4.2E-04 2 3.4E-03 2 0.02 
IPR002005 Rab GTPase activator 4.2E-04 2 3.4E-03 2 0.02 
IPR000194 ATPase, F1/V1/A1 complex, alpha/beta subunit 4.2E-04 2 3.4E-03 2 0.02 
IPR001375 Peptidase S9, prolyl oligopeptidase 4.2E-04 2 3.4E-03 2 0.02 
IPR008080 Parvalbumin 1.0E-03 5 5.1E-03 3 0.02 
IPR002410 Peptidase S33, prolyl aminopeptidase 1.0E-03 5 5.1E-03 3 0.02 
IPR001844 Chaperonin Cpn60 1.0E-03 5 5.1E-03 3 0.02 
IPR001952 Alkaline phosphatase 1.0E-03 5 5.1E-03 3 0.02 
IPR014021 Helicase, superfamily 1 and 2, ATP-binding 0.01 50 0.02 12 0.02 
IPR005834 Haloacid dehalogenase-like hydrolase 1.9E-03 9 6.8E-03 4 0.02 
IPR001353 20S proteasome, A and B subunits 1.9E-03 9 6.8E-03 4 0.02 
IPR002423 Chaperonin Cpn60/TCP-1 1.3E-03 6 5.1E-03 3 0.03 
IPR002395 HMW Kininogen 1.3E-03 6 5.1E-03 3 0.03 
IPR000795 Protein synthesis factor, GTP-binding 1.3E-03 6 5.1E-03 3 0.03 
IPR004161 Translation elongation factor EFTu/EF1A 1.3E-03 6 5.1E-03 3 0.03 
IPR013525 ABC-2 type transporter 1.3E-03 6 5.1E-03 3 0.03 
IPR004843 Metallophosphoesterase 2.3E-03 11 6.8E-03 4 0.04 
IPR014001 DEAD-like helicase, N-terminal 0.01 63 0.02 13 0.04 
IPR008139 Saposin B 6.3E-04 3 3.4E-03 2 0.04 
IPR001450 4Fe-4S ferredoxin, iron-sulphur binding 6.3E-04 3 3.4E-03 2 0.04 
IPR002344 Lupus La protein 6.3E-04 3 3.4E-03 2 0.04 
IPR000764 Uridine kinase 6.3E-04 3 3.4E-03 2 0.04 
IPR003323 Ovarian tumour, otubain 6.3E-04 3 3.4E-03 2 0.04 
IPR004160 Translation elongation factor EFTu/EF1A 6.3E-04 3 3.4E-03 2 0.04 
IPR000243 Peptidase T1A, proteasome beta-subunit 6.3E-04 3 3.4E-03 2 0.04 
IPR006069 ATPase, P-type cation exchange 6.3E-04 3 3.4E-03 2 0.04 
IPR011765 Peptidase M16, N-terminal 6.3E-04 3 3.4E-03 2 0.04 
IPR003010 Nitrilase/cyanide hydratase apolipoprotein 6.3E-04 3 3.4E-03 2 0.04 
IPR000558 Histone H2B 6.3E-04 3 3.4E-03 2 0.04 
IPR000504 RNA recognition motif, RNP-1 0.01 51 0.02 11 0.04 
IPR006687 GTP-binding protein SAR1 1.5E-03 7 5.1E-03 3 0.04 
IPR000426 Proteasome, alpha-subunit, conserved site 1.5E-03 7 5.1E-03 3 0.04 
IPR001199 Cytochrome b5 1.5E-03 7 5.1E-03 3 0.04 
IPR002402 Cytochrome P450, E-class, group II 4.6E-03 22 0.01 6 0.04 
IPR001071 Cellular retinaldehyde binding/alpha-tocopherol 3.6E-03 17 8.5E-03 5 0.05 
IPR000608 Ubiquitin-conjugating enzyme, E2 2.5E-03 12 6.8E-03 4 0.05 
IPR000629 RNA helicase, ATP-dependent, DEAD-box 2.5E-03 12 6.8E-03 4 0.05 
       

InterPro domain overrepresentation was accessed within the dataset. Overrepresented InterPro 

domains with a minimum P-value of <0.05 as calculated by hypergeometric distribution are shown.  
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7.3.7 Over-representation of InterPro domains within up-regulated genes upon P. berghei 

ookinete invasion of the A. gambiae midgut epithelia. 

InterPro 
 ID 

InterPro 
 Description 

Freq. 
in total 
[5069] 

Occur. 
in total 
[5069] 

Freq. 
in set 
[245] 

Occur. 
in set 
[245] 

P-value 

       

IPR002194 Chaperonin TCP-1, conserved site 9.9E-04 5 0.02 4 2.6E-05 
IPR001844 Chaperonin Cpn60 1.2E-03 6 0.02 4 7.4E-05 
IPR014014 helicase, DEAD-box type, Q motif 3.4E-03 17 0.02 6 9.5E-05 
IPR002344 Lupus La protein 5.9E-04 3 0.01 3 1.1E-04 
IPR002423 Chaperonin Cpn60/TCP-1 1.4E-03 6 0.02 4 1.7E-04 
IPR003591 Leucine-rich repeat, typical subtype 0.01 54 0.04 9 9.8E-04 
IPR006593 Cytochrome b561/ferric reductase transmembrane 9.9E-04 5 0.01 3 1.0E-03 
IPR011545 DNA/RNA helicase, DEAD/DEAH box type 5.5E-03 28 0.02 6 1.8E-03 
IPR002687 Pre-mRNA processing ribonucleoprotein 3.9E-04 2 8.2E-03 2 2.3E-03 
IPR012976 NOSIC 3.9E-04 2 8.2E-03 2 2.3E-03 
IPR006630 RNA-binding protein Lupus La 3.9E-04 2 8.2E-03 2 2.3E-03 
IPR014886 RNA binding motif 3.9E-04 2 8.2E-03 2 2.3E-03 
IPR002917 GTP-binding protein, HSR1-related 3.0E-03 15 0.02 4 4.8E-03 
IPR000504 RNA recognition motif, RNP-1 0.01 57 0.03 8 5.6E-03 
IPR014021 Helicase, superfamily 1 and 2 9.1E-03 46 0.03 7 6.0E-03 
IPR006619 Peptidoglycan recognition protein 5.9E-04 3 8.2E-03 2 6.8E-03 
IPR006629 LPS-induced tumor necrosis factor alpha factor 5.9E-04 3 8.2E-03 2 6.8E-03 
IPR002502 N-acetylmuramoyl-L-alanine amidase, family 2 5.9E-04 3 8.2E-03 2 6.8E-03 
IPR003915 Polycystic kidney disease type 2 protein 5.9E-04 3 8.2E-03 2 6.8E-03 
IPR014001 DEAD-like helicase, N-terminal 0.01 59 0.03 8 6.9E-03 
IPR003959 AAA ATPase, core 3.4E-03 17 0.02 4 7.7E-03 
IPR001611 Leucine-rich repeat 0.01 74 0.04 9 8.8E-03 
IPR000629 RNA helicase, ATP-dependent, DEAD-box 2.0E-03 10 0.01 3 0.01 
IPR001683 Phox-like 2.2E-03 11 0.01 3 0.01 
IPR000687 RIO kinase 9.9E-04 5 8.2E-03 2 0.02 
IPR001270 Chaperonin clpA/B 9.9E-04 5 8.2E-03 2 0.02 
IPR001650 DNA/RNA helicase, C-terminal 9.1E-03 46 0.02 6 0.02 
IPR000585 Hemopexin 1.2E-03 6 8.2E-03 2 0.03 
IPR004000 Actin/actin-like 1.2E-03 6 8.2E-03 2 0.03 
IPR001079 Galectin, carbohydrate recognition domain 1.2E-03 6 8.2E-03 2 0.03 
IPR001680 WD40 repeat 0.02 91 0.04 9 0.03 
IPR000215 Protease inhibitor I4, Serpin 3.2E-03 16 0.01 3 0.04 
IPR011583 Chitinase II 1.4E-03 7 8.2E-03 2 0.04 
IPR001984 Peptidase S16, Lon protease 1.4E-03 7 8.2E-03 2 0.04 
IPR001223 Glycoside hydrolase, family 18, catalytic domain 1.4E-03 7 8.2E-03 2 0.04 
       

InterPro domain overrepresentation was accessed within the dataset. 

Overrepresented InterPro domains with a minimum P-value of <0.05 as calculated 

by hypergeometric distribution are shown.  
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7.3.8 Over-representation of InterPro domains within down-regulated genes upon P. 

berghei ookinete invasion of the A. gambiae midgut epithelia. 

 

InterPro 
 ID 

InterPro 
 Description 

Freq. 
in total 
[5069] 

Occur. 
in total 
[5069] 

Freq. 
in set 
[92] 

Occur. 
in set 
[92] 

P-value 

       

IPR001314 Peptidase S1A, chymotrypsin 0.02 98 0.14 13 1.5E-08 
IPR001254 Peptidase S1 and S6, chymotrypsin/Hap 0.02 99 0.14 13 1.7E-08 
IPR000582 Acyl-CoA-binding protein, ACBP 5.9E-04 3 0.02 2 9.7E-04 
IPR007007 Ninjurin 5.9E-04 3 0.02 2 9.7E-04 
IPR003172 MD-2-related lipid-recognition 9.9E-04 5 0.02 2 3.1E-03 
IPR011547 Sulphate transporter 1.2E-03 6 0.02 2 4.7E-03 
IPR002645 Sulphate transporter/antisigma-factor antagonist 1.2E-03 6 0.02 2 4.7E-03 
IPR002018 Carboxylesterase, type B 4.3E-03 22 0.02 2 0.06 
IPR000169 Peptidase, cysteine peptidase active site 2.0E-03 10 0.02 2 0.01 
IPR005834 Haloacid dehalogenase-like hydrolase 2.0E-03 10 0.02 2 0.01 
IPR006670 Cyclin 2.4E-03 12 0.02 2 0.02 
IPR006671 Cyclin, N-terminal 2.0E-03 10 0.02 2 0.01 
       

InterPro domain overrepresentation was accessed within the dataset. 

Overrepresented InterPro domains with a minimum P-value of <0.05 as calculated 

by hypergeometric distribution are shown.  
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7.3.9 Expression of Rhodopsin-like GPCRs (IPR000276) during ookinete invasion of the 

A. gambiae midgut epithelia. 

 

   P. falciparum  P. berghei 

Gene ID Gene Name Gene Description I H L  I. H L 

AGAP003631 GPRGRP2 gastrin/bombesin recep. 2 1.2 1.2 0.7  0.9 1.5 1.4 

AGAP001532 GPRGNR3 gonadotrophin releasing hormone recep. 3 0.6 0.4 0.4  0.9 0.8 0.5 

AGAP003335 GPRNNA7 GPCR class a orphan recep. 7 0.5 0.3 0.4  0.9 0.8 0.4 

AGAP001022 GPRCCK1 gastrin/cholecystokinin recep. 1 0.3 0.1 0.2  0.2 0.5 0.1 

AGAP004613 GPRDOP1 dopamine recep. 1 0.3 0.1 0.1  0.1 0.4 0.1 

AGAP001498 GPROPDR opioid recep. 0.3 0.1 0.1  0.2 0.5 0.1 

AGAP002888 GPRNNA3 GPCR class a orphan recep. 3 0.3 0.1 0.1  0.2 0.5 0.1 

AGAP012378 GPRNPY3 neuropeptide Y recep. 3 0.2 0.1 0.1  0.1 0.4 0.0 

AGAP004453 GPRDOP3 dopamine recep. 3 0.5 0.3 0.3  0.3 0.6 0.3 

AGAP011452 GPRGRP1 gastrin/bombesin recep. 1 0.4 0.2 0.3  0.3 0.6 0.3 

AGAP004829 GPRNNA11 GPCR class a orphan recep. 11 0.4 0.2 0.3  0.3 0.6 0.3 

AGAP001558 GPRGNR2 gonadotrophin releasing hormone recep. 2 0.4 0.2 0.2  0.3 0.6 0.2 

AGAP002156 GPRGNR1 gonadotrophin releasing hormone recep. 1 0.3 0.2 0.2  0.2 0.5 0.2 

AGAP011941 GPRNNA14 GPCR class a orphan recep. 14 0.3 0.1 0.2  0.2 0.5 0.2 

AGAP002824 GPRTAK1 tachykinin recep. 1 0.1 0.0 0.0  0.0 0.3 -0.1 

AGAP002232 GPR5HT2A serotonin 5HT-2a recep. 0.2 0.0 0.0  0.0 0.3 -0.1 

AGAP010513 GPRMAC1 muscarinic acetylcholine recep. 1 0.2 0.0 0.0  0.0 0.3 -0.1 

AGAP011942 GPRNNA13 GPCR class a orphan recep. 13 0.2 0.0 0.1  0.1 0.4 0.0 

AGAP002519 GPRTYR tyramine recep. 0.2 0.0 0.1  0.1 0.4 0.0 

AGAP002462 GPROP8 rhodopsin recep. 8 0.2 0.0 0.1  0.1 0.3 0.0 

AGAP000667 GPRDOP2 dopamine recep. 2 0.2 0.0 0.0  0.1 0.3 0.0 

AGAP002444 GPROP12 member of the opsin recep. family 12 0.1 -0.1 0.0  0.0 0.2 -0.1 

AGAP012427 GPRNNA16 GPCR class a orphan recep. 16 0.1 -0.1 0.0  -0.1 0.2 -0.1 

AGAP002443 GPROP11 member of the opsin recep. family 11 0.1 -0.1 0.0  -0.1 0.2 -0.2 

AGAP005001 GPRNNA17 GPCR class a orphan recep. 17 0.1 -0.2 0.0  -0.1 0.2 -0.2 

AGAP002566 GPRHIS histamine recep. 0.1 -0.2 0.0  -0.1 0.1 -0.2 

AGAP001162 GPROP5 rhodopsin recep. 5 0.1 -0.2 0.0  -0.1 0.1 -0.2 

AGAP000369 GPRNNA1 GPCR class a orphan recep. 1 0.1 -0.2 0.0  -0.1 0.1 -0.2 

AGAP003244 GPRGHP2 growth hormone releasing hormone recep. 2 0.0 -0.2 0.0  -0.1 0.1 -0.3 

AGAP001807 GPRGPH glyco-protein hormone gph-like recep. 0.0 -0.2 -0.1  -0.1 0.0 -0.3 

AGAP001561 GPRNNA5 GPCR class a orphan recep. 5 0.0 -0.2 -0.1  -0.1 0.0 -0.3 

AGAP011991 GPROR61 candidate odorant recep. 0.0 -0.2 0.0  -0.1 0.0 -0.3 

AGAP006126 GPROP7 rhodopsin recep. 7 0.0 -0.3 -0.2  -0.2 -0.2 -0.4 

AGAP010851 GPRLKK leukokinin recep. 0.0 -0.2 -0.2  -0.1 -0.1 -0.4 

AGAP011179 GPRNNA15 GPCR class a orphan recep. 15 0.0 -0.2 -0.1  -0.1 -0.1 -0.4 

AGAP004035 GPRFSH glyco-protein hormone fsh-like recep. 0.0 -0.3 -0.2  -0.2 -0.3 -0.5 

AGAP001161 GPROP6 rhodopsin recep. 6 -0.2 -0.4 -0.5  -0.2 -0.3 -0.6 

AGAP001499 GPRMTN melatonin recep. -0.3 -0.4   -0.2 -0.3 -0.6 

AGAP011481 GPR5HT1B serotonin 5HT-1b recep. -0.2 -0.3 -0.3  -0.2 -0.3 -0.5 

Expression ratios of 40 putative Rhodopsin-like GPCRs selected for the presence of the 

InterPro domain IPR000276. Differential expression ratios are presented for genes during the 

ookinete invasion of the midgut in high (H) or low (L) intensity infections as well as 

independently of infection intensity (I) of either P. falciparum or P. berghei. Expression ratio 

values are presented in a log2 scale. 
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7.3.10 Effect of Rhodopsin-like GPCR gene silencing on P. falciparum and P.berghei development in A. gambiae independently of infection 

intensity  
    Parasite density  P  

DsRNA 
# of 

exp 

# of 

midguts 

Prevalence 

(%) 

Arithmetic 

mean 

Geometric mean 

(±SE) 
Parasite range 

RELM  variance & 

Meta-analysis (random 

effects) 

Fold difference 

P. falciparum / A. gambiae (Yaoundé strain) – independently of infection intensity 
GPGRP1 10 260 82.7 25.3 6.56 (±0.2) 0-321 <0.001*** 1.6 

LacZ  260 72.3 15.6 4.03 (±0.2) 0-213 <0.001***  

GPGRP2 11 332 76.5 9.6 3.70 (±0.1) 0-77 0.039 1.3 

LacZ  332 71.1 7.1 2.93 (±0.1) 0-82 0.095  

GPRNPY3 11 313 65.8 9.0 2.50 (±0.1) 0-203 <0.001*** -1.8 

LacZ  313 79.2 14.9 4.59 (±0.1) 0-213 <0.001***  

GPRCCK1 9 258 51.9 7.6 2.00 (±0.2) 0-150 <0.001*** -2.1 

LacZ  258 77.1 12.1 4.13 (±0.2) 0-147 <0.05*  

P. berghei / A. gambiae (Yaoundé strain) – independently of infection intensity 
GPGRP1 6 164 75.0 18.7 5.89 (±0.3) 0-167 <0.001*** 2.3 

LacZ  164 57.9 10.3 2.60 (±0.2) 0-141   

GPGRP2  8 224 79.0 21.3 6.85 (±0.2) 0-179 <0.01** 1.5 

LacZ  224 74.1 12.5 4.59 (±0.2) 0-106   

GPRNPY3 5 83 67.5 20.9 5.32 (±0.5) 0-151 0.529 -1.2 

LacZ  83 78.3 18.4 6.29 (±0.4) 0-141   

GPRCCK1 5 82 86.6 32.3 11.16 (±0.4) 0-187 <0.05* -2.0 

LacZ  82 74.4 16.0 5.47 (±0.4) 0-147   

The table is divided into two datasets, each including results from gene kd and control (LacZ dsRNA-treatment) experimental groups. Within 

each group, each gene kd has its own control. Kd and their control mosquitoes were fed with blood from the same gametocyte carrier or fed on 

the same infected mouse. The total number of midguts is indicated in the third column. Prevalence shows the percentage of midguts with at least 

one oocyst. Midguts with zero oocysts were also considered for calculation of the arithmetic and geometric means of parasite densities (number 

per midgut). Asterisks indicate statistically significant effects of gene kds (P<0.005; ***) as determined by the Residual Maximum Likelihood 

(REML) variance components analysis. Fold differences between oocyst densities of kd and control mosquitoes were computed using the 

geometric means. 
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7.3.11 Effect of Rhodopsin-like GPCR gene silencing on P. falciparum development in A. gambiae  
    Parasite density  P  

DsRNA 
# of 

exp 

# of 

midguts 

Prevalence 

(%) 

Arithmetic 

mean 

Geometric mean 

(±SE) 
Parasite range 

RELM  variance & 

Meta-analysis (random 

effects) 

Fold difference 

P. falciparum field isolates / A. gambiae (Yaoundé strain) – High parasite density infections 
GPGRP1 3 84 96.4 70.4 38.14 (±0.3) 0-321 <0.001*** 2.5 

LacZ  84 84.5 41.5 15.06 (±0.5) 0-213 <0.001***  

GPGRP2 3 94 89.4 25.9 14.27 (±0.3) 0-77 <0.001*** 2.1 

LacZ  94 78.7 16.0 6.84 (±0.3) 0-82 <0.001***  

GPRNPY3 3 90 67.8 25.1 6.69 (±0.5) 0-203 0.001*** -2.4 

LacZ  90 85.6 41.9 15.98 (±0.4) 0-213 <0.05*  

GPRCCK1 3 80 80.0 22.1 10.75 (±0.4) 0-150 0.744 -1.0 

LacZ  80 82.5 30.0 11.01 (±0.4) 0-147 0.985  

P. falciparum field isolates / A. gambiae (Yaoundé strain) – Low parasite density infections 
GPGRP1 7 176 76.1 3.8 2.45 (±0.1) 0-19 0.033 1.3 

LacZ  176 66.5 3.2 1.84 (±0.1) 0-23 0.096  

GPGRP2 8 238 71.4 3.2 1.95 (±0.1) 0-16 0.866 -1.0 

LacZ  238 68.1 3.6 1.99 (±0.1) 0-29 0.961  

GPRNPY3 8 223 65.0 2.6 1.55 (±0.1) 0-15 <0.001*** -1.7 

LacZ  223 76.7 4.1 2.57 (±0.1) 0-23 <0.01**  

GPRCCK1 6 178 39.3 1.2 0.62 (±0.1) 0-11 <0.001*** -4.0 

LacZ  178 74.7 4.1 2.50 (±0.1) 0-23 <0.001***  

The table is divided into two datasets, each including results from gene kd and control (LacZ dsRNA-treatment) experimental groups. Within 

each group, each gene kd has its own control. Kd and their control mosquitoes were fed with blood from the same gametocyte carrier. The total 

number of midguts is indicated in the third column. Prevalence shows the percentage of midguts with at least one oocyst. Midguts with zero 

oocysts were also considered for calculation of the arithmetic and geometric means of parasite densities (number per midgut). Asterisks indicate 

statistically significant effects of gene kds (P<0.005; ***) as determined by the Residual Maximum Likelihood (REML) variance components 

analysis. Fold differences between oocyst densities of kd and control mosquitoes were computed using the geometric means. 
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7.3.12 Expression of immune-related genes during ookinete invasion of Anopheles midgut 

  
P. falciparum  P. berghei 

Gene ID Gene Name 4 I H L  I H L 

Cluster 1 

AGAP010833 CLIPB14 0.2 -0.4 0.5  0.7 0.8 0.6 

AGAP002006 LRR 0.4 0.1 0.5  0.7 0.7 0.7 

AGAP012529 GALE8;GALE9 
 

-0.1 0.6  0.7 0.8 0.6 

AGAP002847 ML10;ML3 
 

0.1 0.6  0.9 1.1 0.6 

AGAP006954 CLIPA10 0.5 -0.2 0.8  0.8 0.6 1.0 

AGAP004941 LRR 
  

0.8  1.0 0.5 1.4 

AGAP009087 LRR 0.4 -0.1 0.8  
 

0.4 0.9 

AGAP005204 PGRPLA2 
 

0.9 0.3  0.9 0.7 1.0 

AGAP006904 Hemopexin 
 

1.1 -0.4  0.9 1.2 0.6 

AGAP000940 CTL7 0.7 0.5 0.9  
 

0.1 2.0 

AGAP004017 LRR 0.4 0.5 0.0  
 

-0.1 1.2 

Cluster 2 

AGAP005246 SRPN10A -0.2 0.0 -0.6  1.5 1.8 1.2 

AGAP011824 TPX4 
  

-0.6  2.1 1.4 2.6 

AGAP005075 LRR -0.1 0.6 -1.2  1.0 0.9 1.1 

AGAP011287 GALE5 0.0 0.4 -0.6  
 

1.2 0.4 

AGAP011054 TPX2 -0.4 0.0 -1.0  0.6 0.5 0.7 

AGAP007938 CACT -0.5 -0.1 -1.1  
 

0.4 1.4 

AGAP000692 CEC2 
 

-0.7 1.2  0.2 -0.1 0.5 

AGAP005335 CTL4 
 

-0.6 0.9  
 

0.1 0.9 

AGAP011294 DEF1 
 

-0.8 0.6  
 

-0.2 0.8 

AGAP008645 GAM1 
 

-0.8 0.5  0.3 -0.1 0.5 

AGAP005848 FREP44 -0.3 -0.8 0.0  0.2 -0.3 0.5 

AGAP004916 FREP11 -0.9 -1.1 -0.6  
 

0.0 1.3 

Cluster 3 

AGAP005889 HMW kininogen -0.7 -1.6 -0.2  
  

0.0 

AGAP004674 Conotoxin -0.5 -1.1 0.0  -0.3 -0.5 -0.1 

AGAP000694 CEC3 
 

-1.2 
 

 0.2 0.1 0.4 

AGAP010029 Nonaspanin (TM9SF) -0.5 -0.8 -0.2  0.3 0.0 0.5 

AGAP009919 Nonaspanin (TM9SF) -0.5 -0.1 -0.9  0.3 0.5 0.1 

AGAP004461 HMW kininogen -0.2 0.1 -0.7  0.2 0.2 0.2 

AGAP006647 LRR -0.3 0.1 -0.9  
 

0.4 
 

AGAP008034 HMW kininogen 0.0 0.4 -1.2  0.4 0.5 0.3 

AGAP012425 LRR -1.0 -0.6 -1.6  
 

-0.3 0.4 

AGAP005234 CuSOD2 -0.4 0.0 -0.8  -0.2 -0.2 -0.1 

AGAP008785 LRR -0.5 -0.1 -1.0  -0.1 -0.3 0.0 

AGAP007552 LRR -0.5 -0.1 -1.0  -0.1 0.0 -0.2 

AGAP004904 CAT -0.1 0.4 -1.0  0.0 0.1 -0.1 

AGAP005549 Immunoglobulin -0.3 
 

-0.9  -0.3 -0.2 -0.4 

AGAP010133 SCRBQ2 -0.3 0.3 -1.6  
 

0.1 
 

     
 

   

(continued) 
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P. falciparum  P. berghei 

Gene ID Gene Name  I H L  I H L 

Cluster 4 

AGAP002852 ML8 -0.3 -0.1 -0.5  -0.8 -0.8 -0.9 

AGAP007197 ML11 0.2 -0.2 0.4  -0.4 0.0 -0.7 

AGAP008998 CLIPD7 -0.1 -0.1 -0.1  -0.4 -0.1 -0.8 

AGAP003246 CLIPB2 0.1 0.2 0.0  -0.6 -0.3 -0.9 

AGAP003878 LRR 0.3 0.1 
 

 -0.4 -0.2 -0.8 

Cluster 5 

AGAP009033 HPX2 0.6 0.5 0.7  0.0 0.1 -0.1 

AGAP006267 CTL6 0.7 0.9 0.4  0.2 0.3 0.0 

AGAP003141 Immunoglobulin-like 0.4 0.7 -0.1  0.2 0.2 0.2 

AGAP006644 LRR 
 

2.1 0.0  0.1 0.3 -0.2 

AGAP005870 LRR 0.2 0.1 0.8  0.2 0.2 0.2 

AGAP010083 DOME 0.4 -0.2 0.8  0.2 0.3 0.1 

AGAP011370 LRR 
 

-0.2 1.4  0.2 0.3 0.0 

AGAP011197 FREP13 0.5 -0.3 1.0  -0.1 0.0 -0.1 

AGAP007632 LRR 
 

-0.2 1.6  -0.1 -0.2 0.0 

AGAP009247 Immunoglobulin-like  
 

1.1  -0.2 -0.2 -0.2 

AGAP002494 Immunoglobulin-like  -0.1 1.4  -0.2 -0.2 -0.1 

AGAP000346 SPZ1 2.1 0.3 2.9  0.0 0.1 0.0 

AGAP006993 LRR 
 

0.1 1.4  0.1 0.2 -0.1 

AGAP006473 CASPAR 
 

-0.1 1.7  0.1 0.3 0.0 

AGAP005620 DPT 
 

0.0 0.9  0.0 0.2 -0.2 

AGAP002575 LRR 
 

-0.7 0.8  0.1 0.1 0.1 

AGAP005888 HMW kininogen 
 

-0.7 1.2  -0.4 -0.4 -0.5 

Cluster 6 

AGAP011278 GALE4 0.1 0.2 0.0  0.6 0.8 0.3 

AGAP009212 SRPN6 0.0 0.0 0.0  2.3 3.0 0.8 

AGAP007237 HPX4 0.2 0.0 0.3  1.5 1.9 0.7 

AGAP012317 LRR 0.1 0.1 0.1  1.3 1.4 1.2 

AGAP010821 Immunoglobulin-like 0.0 0.0 0.0  1.3 1.4 1.2 

AGAP004016 LRR 0.1 -0.1 0.3  1.4 0.9 0.9 

AGAP006909 SRPN1 -0.2 -0.3 -0.2  0.6 0.4 0.7 

AGAP009670 SRPN4B;SRPN4C -0.2 -0.3 -0.2  1.0 
 

1.3 

AGAP001212 PGRPLB1;PGRPLB2 -0.2 -0.3 0.0  1.5 1.0 1.8 

AGAP001372 HMW kininogen -0.1 0.2 -0.3  1.0 
 

1.1 

AGAP005053 LRR 0.0 0.2 -0.3  
 

0.5 1.0 

AGAP003591 LRR -0.2 0.1 -0.4  1.6 0.9 2.1 

AGAP007030 LRR 0.4 0.2 0.5  1.2 1.0 1.4 

AGAP011472 LRR 0.3 0.4 0.1  1.3 1.0 1.6 

(continued) 
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P. falciparum  P. berghei 

Gene ID Gene Name I H L  I H L 

Cluster 6 

AGAP011186 TOLL11 0.4 0.4 0.4  
 

0.4 1.2 

AGAP010012 LRR 
  

0.1  1.7 0.6 2.3 

AGAP004485 LRR 0.2 0.3 0.1  
  

1.3 

AGAP002452 CD36 antigen 0.2 -0.1 0.3  1.6 0.8 2.0 

AGAP007048 LRR 0.3 0.1 0.4  
 

0.7 1.7 

AGAP008527 CD9/CD37/CD63 antigen 0.1 0.1 0.1  -0.1 0.1 0.8 

AGAP008927 LRR 0.3 0.2 0.4  
 

0.3 1.3 

AGAP007461 LRR 0.3 0.1 0.4  
 

0.5 1.5 

AGAP003211 Endoglin/CD105 antigen 0.2 -0.2 0.4  
 

0.3 0.7 

Expression ratios of 82 selected immune-related genes. Differential expression ratios are 

presented for genes during the ookinete invasion of the midgut in high (H) or low (L) 

intensity infections as well as independently of infection intensity (I) of either P. falciparum 

or P. berghei. Expression ratio values are presented in a log2 scale. 
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7.3.13 Effect of immune-related gene silencing on P. falciparum and P.berghei development in A. gambiae 

    Parasite density  P  

DsRNA # of exp 
# of 

midguts 

Prevalence 

(%) 

Arithmetic 

mean 

Geometric mean 

(±SE) 
Parasite range 

RELM  variance & Meta-

analysis (random effects) 
Fold difference 

P. falciparum field isolates / A. gambiae (Yaoundé strain) – Independently of infection intensity 

Spz1 10 308 64.3 7.5 2.47 (±0.1) 0-96 <0.001*** -1.8 

LacZ  308 79.9 13.3 4.49 (±0.2) 0-163 <0.05*  

P. falciparum field isolates / A. gambiae (Yaoundé strain) – High intensity infections 

Spz1 3 97 80.4 19.9 9.46 (±0.3) 0-96 0.092 -1.5 

LacZ  97 85.6 33.9 13.96 (±0.4) 0-163 0.368  

P. falciparum field isolates / A. gambiae (Yaoundé strain) – Low intensity infections 

AGAP007030 4 132 51.5 1.6 0.96 (±0.1) 0-10 <0.001*** -2.7 

LacZ  132 78.8 4.1 2.61 (±0.1) 0-20 <0.001***  

AGAP007632 5 155 60.6 2.1 1.27 (±0.1) 0-15 <0.001*** -2.1 

LacZ  155 76.1 4.3 2.71 (±0.1) 0-23 <0.001***  

AGAP005075 4 169 56.8 2.1 1.22 (±0.1) 0-14 <0.05* -1.4 

LacZ  169 64.5 3.0 1.72 (±0.1) 0-20 <0.05*  

Caspar 3 90 35.6 2.4 0.89 (±0.1) 0-19 <0.001*** -2.2 

LacZ  90 71.1 3.4 1.98 (±0.1) 0-29 0.238  

Spz1 7 253 47.4 1.6 0.85 (±0.1) 0-16 <0.001*** -2.1 

LacZ  253 64.4 3.2 1.82 (±0.1) 0-23 0.001***  

P. berghei / A. gambiae (Yaoundé strain) – independently of infection intensity 

AGAP007030 4 71 67.6 7.9 2.70 (±0.3) 0-127 <0.001*** -2.6 

LacZ  71 78.9 17.9 6.94 (±0.4) 0-147   

AGAP007632 5 72 61.1 11.2 3.23 (±0.4) 0-98 <0.01** -2.3 

LacZ  72 80.6 19.3 7.57 (±0.4) 0-147   

AGAP005075 3 62 80.6 22.7 7.92 (±0.4) 0-195 0.116 1.6 

LacZ  62 71.0 18.0 5.00 (±0.5) 0-111   

Caspar 5 143 62.9 9.4 3.04 (±0.2) 0-92 <0.01** -1.8 

LacZ  143 75.5 16.6 5.45 (±0.3) 0-111   

Spz1 4 72 47.2 5.1 1.68 (±0.3) 0-85 <0.05* -2.0 

LacZ  72 63.9 11.2 3.39 (±0.4) 0-103   

The table is divided into four datasets, each including results from gene kd and control (LacZ dsRNA-treatment) experimental groups. Within each group, each gene kd has its own control. Kd 

and their control mosquitoes were fed with blood from the same gametocyte carrier or fed on the same infected mouse. The total number of midguts is indicated in the third column. Prevalence 

shows the percentage of midguts with at least one oocyst. Midguts with zero oocysts were also considered for calculation of the arithmetic and geometric means of parasite densities (number per 

midgut). Asterisks indicate statistically significant effects of gene kds (P<0.005; ***) as determined by the Residual Maximum Likelihood (REML) variance components analysis. Fold 

differences between oocyst densities of kd and control mosquitoes were computed using the geometric means. 
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7.4 Primer sequences 

Gene ID Name Direction Primer Sequence 
    

 LacZ 
Forward 5’- TAATACGACTCACTATAGGGTCGCTGATTTGTGTAGTCGGTTT -3’ 
Reverse 5’- TAATACGACTCACTATAGGGCAGACGCGAATTATTTTTGATGG -3’ 

    

  

Scavenger Receptors 
    

    

AGAP0057251 SCRB3 
Forward 5’- TAATACGACTCACTATAGGGACGCTGACGGAGTACGCAA -3’ 
Reverse 5’- TAATACGACTCACTATAGGGACGTTCGGAGCTTTCTCGACT  -3’ 

    

AGAP004643 SCRB6 
Forward 5’- TAATACGACTCACTATAGGGTTTGTACCCGTGCGAAGACA -3’ 
Reverse 5’- TAATACGACTCACTATAGGGTCGGTTGTTGAACGCGATATT -3’ 

    

AGAP004847 SCRB7 
Forward 5’- TAATACGACTCACTATAGGGAACCATCATCGTGCCAAACA -3’ 
Reverse 5’- TAATACGACTCACTATAGGGGGCGTTGGAGAAGTTGCGT -3’ 

    

AGAP004845 SCRB8 
Forward 5’- TAATACGACTCACTATAGGGTCTCGGCTTAGAGCAGCGA-3’ 
Reverse 5’- TAATACGACTCACTATAGGGTTCTTGATGAACGCCGATG -3’ 

    

AGAP004846 SCRB9 
Forward 5’- TAATACGACTCACTATAGGGTTGCCGTTAGCCAGGTGGT -3’ 
Reverse 5’- TAATACGACTCACTATAGGGGCTGCTCATACCATTGTCCAT -3’ 

    

AGAP000016 SCRB10 
Forward 5’- TAATACGACTCACTATAGGGAGCATCAAGCTTCATCGGCT -3’ 
Reverse 5’- TAATACGACTCACTATAGGGAGTAGGCAAGCCGTTCATCCT -3’ 

    

AGAP005716 SCRB16 
Forward 5’- TAATACGACTCACTATAGGGTCCGCGTGCAGTCGATACT  -3’ 
Reverse 5’- TAATACGACTCACTATAGGGACGAAGACGAGCCGGTCAGT -3’ 

    

AGAP0011974 SCRC1 
Forward 5’- TAATACGACTCACTATAGGGTGAACAAAGCGTCCGCCT -3’ 
Reverse 5’- TAATACGACTCACTATAGGGTCTTGTAGCGCATGCCCA -3’ 

    

  

Epithelial Response-Related 
    

    

AGAP001826 ApoII/I 
Forward 5’- TAATACGACTCACTATAGGGCGAACACCAAGGACCAGTCG -3’ 
Reverse 5’- TAATACGACTCACTATAGGGTGGTGTTGGTTGGTGCGA -3’ 

    

AGAP001082 WASP 
Forward 5’- TAATACGACTCACTATAGGGGGTGGTGCAGCTGTACACGA -3’ 
Reverse 5’- TAATACGACTCACTATAGGGTGGGCCGTCTGTAGTGGAAA -3’ 

    

AGAP007684 CATHB 
Forward 5’- TAATACGACTCACTATAGGGAACGAAACGGACATCATGGC -3’ 
Reverse 5’- TAATACGACTCACTATAGGGTGGGATGAGGAACGTAACCC -3’ 

    

AGAP005888 KIN1 
Forward 5’- TAATACGACTCACTATAGGGGGTGAACACGGTGATCACGAC -3’ 
Reverse 5’- TAATACGACTCACTATAGGGATTTCCCCTAGTGTCCGTGCC -3’ 

    

AGAP013365 ApoIII 
Forward 5’- TAATACGACTCACTATAGGGTCCAGTCGATCATGAGCATCA -3’ 
Reverse 5’- TAATACGACTCACTATAGGGAGCTTCTTGAGCGCGTCCT -3’ 

    

  

Rhodopsin-like GPCR Receptors  
    

    

AGAP003631 GPGR1 
Forward 5’- TAATACGACTCACTATAGGGATGTCTGCCTTCCGGTATTAT -3’ 
Reverse 5’- TAATACGACTCACTATAGGGTGGAATGTTGCGCATCGC -3’ 

    

AGAP011452 GPGR2 
Forward 5’- TAATACGACTCACTATAGGGATGCCCTTGAGCGAGTTC -3’ 
Reverse 5’- TAATACGACTCACTATAGGGTGCCCGGTGCCTGAGG -3’ 

    

AGAP001022 GPRCCK1 
Forward 5’- TAATACGACTCACTATAGGGGTGTCGGTGGCGGTCTG -3’ 
Reverse 5’- TAATACGACTCACTATAGGGCGCGGCACCAGTGGGA -3’ 

    

AGAP012378 GPRNPY3 
Forward 5’- TAATACGACTCACTATAGGGCCGTCCTACACGTTCATGC -3’ 
Reverse 5’- TAATACGACTCACTATAGGGATCTCGATCCGCCTCTTCT -3’ 

    

  

Immune-Related genes  
    

    

AGAP007030 LRR 
Forward 5’- TAATACGACTCACTATAGGGAGCAAGCTGACGCGTCT -3’ 
Reverse 5’- TAATACGACTCACTATAGGGCTTCGTCAGCCGGTTGTG -3’ 

    

AGAP005075 LRR 
Forward 5’- TAATACGACTCACTATAGGGACAGAGCTCATTCTGGACAAC -3’ 
Reverse 5’- TAATACGACTCACTATAGGGGAGCGATGGAATCAGTTGAAA -3’ 

    

AGAP007632 LRR 
Forward 5’- TAATACGACTCACTATAGGGTTTACCGACCTCACGCAAC -3’ 
Reverse 5’- TAATACGACTCACTATAGGGGACTTCGCCTTGGCCCC -3’ 

    

AGAP006473 CASPAR 
Forward 5’- TAATACGACTCACTATAGGGTGCGATATTGTGACACCAACT -3’ 
Reverse 5’- TAATACGACTCACTATAGGGCTCTGCGCGAGCTACT -3’ 

    

AGAP00346 SPZ1 
Forward 5’- TAATACGACTCACTATAGGGCCCAACGTTCCGGTAATTTC -3’ 
Reverse 5’- TAATACGACTCACTATAGGGCCCAGCAGGAAGGTAAGCA -3’ 
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