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ABSTRACT

In Anopheles gambiae mosquito vector of malaria, mating is mediated by transfer of a
plug (mating plug protein) from males to females. In the females, the constituents of the plug
include male accessory glands (MAGS) proteins and female specific proteins that influence
ovulation, oviposition, lifetime refractoriness to mating and other post-mating behaviors in
the females. Manipulation of the plug can significantly affect the reproduction potential and
concomitant population density of the vector. Investigations were conducted to establish in
the mosquito 1) putative structural properties of MAGs proteins (transglutaminase and
plugin) mediating successful interaction for mating-plug formation in the male An. gambiae
2) putative interacting proteins potentially mediating the mating-plug formation and post-
mating phenotype, 3) mating responsive molecular factors in the proteins, 4) influence of the
interactions among the proteins on mating responses and 5) patterns and roles of swarms in
mating responses in females. Structural properties of An. gambiae MAGs (transglutaminase
and plugin) proteins were identified using Protein-Predict software and type of selection
pressure among related orthologs in different taxa was determined through phylogenetic
analysis. Orthologs of the An. gambiae plug proteins in Drosophila melanogaster were
obtained from STRING database and their interactions (protein-protein) predicted using
CYTOScape software. Phylogeny among key D. melanogaster interacting protein homolog
equivalents in An. gambiae (interologs) was determined by maximum likelihood
phylogenetic method. Pathway analyses of the interologs in Reactome database was used to
identify proteins involed in plug formation and post-mating phenotype. Expression of mRNA
for genes of the proteins in males (MAGs and testes) and females (atria, ovary and
spermatheca) reproductive tissues was determined by RT-qPCR, and identification of the
genes verified through sequencing of the amplicons and western blot analyses. Role of the
genes in mating responses in the mosquito was verified through RNAI technique. Patterns
and roles of swarms in mating responses in females were determined through cage releases
and observations in a semi—field setting. Plugin was predicted to be non-structural and under
positive selection among the MAGs proteins, and also identified as the main protein in
mating plug formation on the protein-protein interaction network. Plugin was also shown to
putatively interact with TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) in the female
atria after mating through a putative two response regulatory pathway. Plugin
(AGAP009368), TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) and CATHEPSIN
B (AGAP004533) appeared to interact and influence postmating effects in the females.
CATHEPSIN B (AGAP004533) was co-expressed and regulated by TRYPSIN-LIKE
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SERINE PROTEASE (AGAP005195) in the female. TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) specifically interacted with plugin on the mating plug and was transported to
the spermatheca after mating, implicating it in postmating events within the females.
Knockdown of CATHEPSIN B suggested that plugin was alternatively spliced in the male.
The knockdown implicates CATHEPSIN B and TRYPSIN-LIKE SERINE PROTEASE in a
common reproductive pathway in females, supported by mating propensity phenotype
observed in the females. A swarming window of about 30 minutes was identified for An.
gambiae mosquito where 41.3% of females were successfully inseminated. Interaction
between CATHEPSIN B and plugin in the male then CATHEPSIN B and TRYPSIN-LIKE
SERINE PROTEASE in the female produces successful interactions which are involved in
reproductive pathways within the male and the female mosquitoes hence potentially and
significantly affecting male and female reproductive processes. Detailed molecular analysis
through high throughput interventions can potentially elucidate actual binding sites between
CATHEPSIN B and its partner in the male (plugin) and female TRYPSIN-LIKE SERINE
PROTEASE mosquitoes which can be exploited for vector control interventions.
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CHAPTER 1
INTRODUCTION
1.1  Background information

Anopheles gambiae being the most important malaria vector mosquito in Africa
(Collins and Paskewitz, 1995) is highly anthropophilic; hence, its history of evolution may
have been structured mainly by the demography of human populations in Africa (Coluzzi et
al, 1979; Coluzzi et al, 1985). This therefore makes vector Control a primary concern in the
control of malaria transmission (Macdonald, 1957). Malaria transmission can easily be
curtailed if the vector population density is reduced below a critical level. This can be
attained using Sterile Insect Technique (SIT) (Knipling, 1955). Hypothetically it has been
shown that if sterile males are initially released at a sufficient rate capable to cause a decline
in wild populations of mosquitoes, then releasing a constant number of sterile males into wild
mosquito populations per generation while sustaining it, will progressively achieve a higher
degree of suppression of this wild population in each successive generation (Knipling, 1955).
A similar research has shown that mosquito vectors with high reproductive rates play very
important roles in their vectorial capacity (Tripet et al, 2003). Mosquitoes have been shown
to copulate only once in the course of their lives (Tripet et al, 2003), therefore interfering
with the mating process remains a promising area for research into vector control.

Studying mechanisms that regulate reproduction in the mosquito could possibly
identify new targets which can be used to develop tools to break the reproduction cycle.
However the knowledge behind the molecular or physiological events related to insemination
and mating, known as; sperm storage, oviposition, and inhibition of re-mating in thefemale
vector of malaria is still poorly understood (Rogers et al, 2009). For ovulation and
oviposition to take place in the female mosquito successful copulation is required (Klowden,
2001). At post-copulation, the female An. gambiae experiences a significant change in
behaviour including egg-laying induction in blood fed females accompanied by a serious
reduction in mating-receptivity to males for further insemination (Klowden, 2001). Prominent
transcriptional changes takes place in the female mosquito after mating, which unveils a
dedicated ‘‘mating machinery’” within the reproductive tract. It comprises of molecular and
structural parameters that are switched off or altered intensely after copulation (Rogers et al,
2008).

Seminal fluid proteins derived from male accessory glands (MAGs) are known so far
to be transferred to females during copulation and known to regulate storage of sperms and
viability, trigger oviposition and reduce the female’s receptivity to re-mating in D.
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melanogaster insect species (Ravi et al, 2007). Seminal fluid proteins and their importance to
mating biology in An. gambiae are quite limited, and their proteomic role in reproduction is
based mainly on similar functional class predictions between Anopheles and Drosophila Acps
(Dottorini et al, 2007). MAGs secretions, besides egg laying stimulation and also reducing
sexual reception have also been shown to initiate the expression of immune peptides and
likewise reducing the female’s lifespan (Wolfner, 1997; Kubli, 2003; Chapman et al, 2004).
Therefore MAGs products essentially modulate female behaviour and identifying vital targets
for use in biological and genetic control of insect pests (Chapman et al, 2004) will be of
significant importance. A gelatinous mating plug is produced by the MAG secretions during
mating in An. gambiae and it is deposited in the atrium of the female reproductive tract
(Gillies, 1956; Giglio et al, 1966). In invertebrates, reptiles, and mammals mating plugs are
very common and important for reproduction (Birkhead et al, 1998), however, among
mosquitoes; they have been shown to be exclusive to Anopheline species (Yuval, 2006). The
An. gambiae plug is formed entirely within the male and is digested by the female over a
period of 24 - 48h. However, the genotypes and distinct components and functions of most of
the An. gambiae MAGs are poorly understood.

The availability of An. gambiae genome (Holt et al, 2002) in the databank,
multiplicity of bioinformatics tools and development of novel technologies for gene silencing
and transfer in the vector (Catteruccia et al, 2000; Grossman et al, 2001) has facilitated the
manipulation of mosquitoes genetically (Kim et al, 2004; Abraham et al, 2005). This has
potentially helped in interrogating the novel properties of MAGs in reproductive modulation
in the mosquito.

1.2  Statement of the problem

Anopheles gambiae, the principle vector of malaria is responsible for more than 2.5
million cases of morbidity and mortality related to the disease. Most vector control
techniques applied this far have met serious draw-backs like insecticide resistance and failure
in transgenic techniques related to uncompetitive male mosquitoes in the wild. The failure in
most recently used transgenic techniques for reproductive control resulted from the paucity in
knowledge on the reproductive biology of the Anopheles mosquito species. Reproductive
efficiency within the gambiae complex is linked to spatio-temporal swarm formation with
successful insemination comprising of sperm transfer to the female and consequent formation
of the mating plug. Understanding mosquito swarming patterns in semi-field scenarios and
swarm related genes will be a good guide to dissect the competitive nature of these mosquito
species in the wild and also, elucidating the molecular properties of proteins responsible for
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the successful formation of the plug and post-mating interactions within the female, will
provide novel targets for use in mosquito transgenesis and its application in reproductive

control of this mosquito species.

1.3 Justification of the study

Population dynamics in An. gambiae has a significant influence on malaria
transmission in endemic areas. The use of biotic (larvivorous fish) and abiotic (insecticides)
vector control interventions has successfuly reduced transmission hence reducing the
populations of the mosquito. However, the vector has been able to develop mechanisms to
surmount these intervention approaches, necessitating a need to prospect for other alternative
methods to assuage the existing tools. Current transgenic techniques like the Sterile Insect
Technique (SIT) have potential application in reducing the population of the vector. Male
accessory glands (MAGS) proteins mediate reproduction success in the mosquito, and are a
viable target for disrupting mating in the mosquito. The MAGs proteins produce a mating
plug mainly consisting of Plugin and Transglutaminase enzymes that is deposited in the
female atria after mating. The plug is rapidly digested (within 24-48hrs) in atria,
simultaneously imparting in the mosquito a life-long refractory phenotype to subsequent
mating. It is postulated that the digestion also influences oviposition, ovulation and blood-
meal search post-mating behaviour in the mosquito. These changes in phenotypes of the
mosquito are accompanied by differential genetic responses within the atria and spermatheca
of the female. Specific trypsin proteases (Chymotrypsin-Like Serine Protease and Trypsin-
Like Serine Protease) have been identified in the plug and is down-regulated 24h post-
mating. Equivalent of MAGs proteins (Acp) in D. melanogaster with similar post mating
phenotype in the females with orthologs in An. gambiae have been identified. However, their
molecular characteristics and specific functional role in the mosquito have not been
elucidated, and yet hold key to genetic manipulation of the mosquito reproduction, with

potential application in control of population of the vector and malaria transmission in nature.

1.4 General hypothesis
Mating-associated-proteins do not possess molecular and functional characteristics
that can potentially be targeted to disrupt mating in An. gambiae to reduce populations of the

malaria vector in nature.
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1.5

Specific hypothesis

Putative protein structural properties of MAGs proteins (transglutaminase and plugin)
do not favour their successful interaction for mating plug formation in An. gambiae.
Putative Protein-protein interactions neither mediate mating-plug formation nor
influence post-mating phenotype in An. gambiae.

Molecular factors among the interacting proteins do not mediate mating responses in
An. gambiae.

Interactions among the interacting proteins do not influence mating responses in An.
gambiae

Swarming patterns in male An. gambiae mosquitoes do not influence mating

responses in respective females.

General objective

To determine molecular characteristics and functional roles of mating-associated-

proteins that can potentially be targeted to disrupt mating in An. gambiae to reduce

populations of the malaria vector in nature.
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1.

Specific objectives

To determine putative protein structural properties of MAGs proteins
(transglutaminase and plugin) mediating successful interactions for mating plug
formation in An. gambiae

To determine putative protein-protein interactions mediating mating-plug formation
and post-mating phenotype in An. gambiae.

To document molecular factors among the interacting proteins mediating mating
responses in An. gambiae.

To determine influence of the interactions among the interacting proteins on mating
responses in An. gambiae.

To describe swarming patterns in male An. gambiae mosquitoes and their role on

mating responses in respective females.



CHAPTER 2
LITERATURE REVIEW

2.1 Malaria in Sub Sahara Africa

Half of the world population is approximately at risk of malaria, and estimatively 243
million cases of infection resulted in about 863,000 deaths in 2008 (WHO, 2009). Ninety-one
percent of all malaria-related deaths take place in sub-Saharan Africa (SSA), where, an
estimated annual loss of 35.4 million Disability Adjusted Life Years with 85% of deaths
occurring in children below five years of age is said to result from malaria. Approximately
40% of all public health spending in SSA is malaria oriented (WHO, 2010).

Given the distressing records observed, lowering the number of malaria cases and
related deaths to about 50% over the last 10 years have been documented in several high
burden African countries (O’meara et al, 2010) including Eritrea, Rwanda, Zanzibar (WHO,
2009), Pemba (Jaenisch et al, 2010), Tanzania mainland (Mmbando et al, 2010), Kenya
(O’meara et al, 2008) and Zambia (Chizema-Kawesha et al, 2010). The reduction in infection
rates and disease burdens in general as well as declining asymptomatic carriers are seriously
considered a consequence of improved health systems quality, alongside improved case
management, such as improved diagnosis and use of highly effective drugs against malaria.
The burden of malaria has been reduced significantly through increased expenditures in
intervention programmes aimed at specifically achieving high coverage using; bed nets,
indoor residual spraying (IRS) campaigns and intermittent presumptive treatment (IPT)
implementation in vulnerable groups (WHO, 2009).

Malaria control interventions have been scaled up in high-endemic countries and this
has without doubt contributed a great deal to the observed reduction in malaria cases and
deaths. Other factors however not known to be involved in intervention on mosquito vectors
could have a potential impact on them, hence reducing transmission, which will subsequently
reduce the number of infected cases. Some of these factors include; urbanization, land use
and variations in agricultural practices, and economic development which results in for
example better housing construction (O'Meara et al, 2008). Global climatic Changes resulting
in rainfall, humidity and temperature known as global effects could also affect malaria
vectors (Rogers et al, 2006; Stresman, 2010; Parham et al, 2010). Given the importance of
these multiple determining factors and their important roles in reducing the malaria burden,
majority of studies carried out in the field report on changing the focus of malaria
epidemiology mainly to the change in emerging human infections and diseases. In this light,



limited efforts in research have also been invested in systematic collection of data and also
mapping trends in vector densities with long-term effects and other related parameters to
vector transmission areas where reduction in malaria infections and the disease burden have

been reported (Meyrowitsch et al, 2011).

2.2  Classification of Anopheles gambiae mosquitoes

The principal malaria vectors in the An. gambiae complex are An. gambiae sensu
stricto (s.s.) and An. arabiensis. For the other members of the complex, An. quadriannulatus
species A, is widespread in southern Africa, and An. quadriannulatus species B is found in
Ethiopia and they are both considered to be non-malaria vectors and zoophilic (Coetzee et al,
2000; Coetzee, 2004). Anopheles melas and An. merus both breed in salt water and are
therefore considered important vectors only in coastal regions (Moreno et al, 2004; Tsy et al,
2003). The last member of the complex named An. bwambae is found mainly in a region
close to the Buranga hot springs in Uganda (White, 1985). The proper identification of the
An. gambiae complex and each of its sibling species has far-reaching consequences
practically, and this is mainly due to their underlying behavioral and bionomic differences
(Van Bortel et al, 2001). Classical mosquito taxonomy cannot be applied to these species
because they cannot be distinguished morphologically (Krzywinski et al, 2003). Therefore
the implementation of a multidisciplinary approach including morphological, molecular,
distribution, and bionomic data is required to resolve these specific taxonomic differences
regarding this species (Nguyen, 2000).

The subfamily Anophelinae is commonly subdivided into An. Bironella, and
Chagasia genera. Anopheles is again subdivided into An. Cellia, Kerteszia, Lophopodomyia,
Nyssorhynchus, and Stethomyia subgenera, and infra-subgeneric informal groupings. Despite
the fact that Ross hypothetically first explained the evolutionary relationships 50 years ago
within the Culicidae family, a hand full of phylogenetic studies including the genus
Anopheles was considered until relatively recently (Ross, 1952). The use of rDNA,
mitochondrial DNA (mtDNA), and single-copy nuclear genes were the modern
morphological and molecular approaches used to strongly support very close relationships,
including monophyly of the subfamily Anophelinae (Krzywinski et al, 2003) which includes
the genus Anopheles.

Anopheles genus, subdivided into seven subgenera was based on the positions of
specialized setae and number on the male genitalia gonocoxites. They were An.Myzomyia,
Nyssorhynchus, Stethomyia, Baimaiaand Lophopodomyia subgenera (Foley, 1998;



Krzywinski, 2003). Mosquitoe’s classification into species is based on morphological
characteristics: - wing spots, anatomy of the head, larval and anatomy of the pupa, structure
of the chromosome, and more recently using DNA sequences. The current number of species
identified within the subgenera includes 206 Anopheles species.

In Kenya, An. gambiae complex consist of An. gambiae sensu stricto, An. arabiensis
and An. Merus (Coluzzi et al, 1985; Collins et al, 1988; Petrarca and Beier, 1992). Anopheles
gambiae s.s and An. arabiensis within the complex are closer to humans and are considered
the major vectors of malaria in the country (Muirhead-Thomson, 1951; Highton et al, 1979).
These two species in Kenya have a distribution which overlaps and they occur in sympatry in
large areas of tropical Africa. Predominantly An. gambiae s.s and An. arabiensis mosquitoes
are present along the coastal, western and parts of central Kenya (Githeko et al, 1993; Mbogo
et al, 1995). Their spatio temporal distribution in the wild in not currently known and
therefore understanding their swarming patterns in real time and mating competitive

behaviour will help in understanding species conservation through several generations.

2.3  Life cycle and control of Anopheles gambiae mosquito

The summarized mosquito life cycle as described by Service, (1980) and Lindsay et al,
(2000), can be as follows: After mating and obtaining a blood meal, the female Anopheles
lays approximately 50-200 small (Imm long) brown or blackish boat-shaped eggs on the
surface of water. Usually, the eggs are white when laid freshly, and later turn to brown, then
finally black upon maturing. Viable eggs hatch into larvae in about 2-3 days in the tropics,
but in temperate regions which are cooler, the eggs may hatch only after 4-7 days or longer.
On the water surface, the larvae, lies parallel to it so as to allow intake of air and surface
feeding. When the mean temperatures of water is 25-28°C, larvae molts four times within 6-9
days reaching the pupal stage, and this stage lasts for 2-3 days depending on the temperature
conditions. Hence, the immature developmental stage per generation may last for 10-11 days.
The males are known to emerge first as adultsfor every progeny of any one egg batch. Within
24 hrs post-emergence the males become active for mating so that when the females emerge;
the males are competent to start mating. Swarming as a process takes place prior to mating
and during this process the males are known to associate over a marker, flying in a particular
manner. Most male mosquitoes are usually seen dead after mating. The successful mating age
for males still remains an area of concers and understanding it gives a guide on what age to
use for SIT. For the development of ovaries and maturation of eggs, the female Anopheles
needs a blood meal, which is followed by oviposition of batches of eggs (Gillies, 1955).



Blood meal search occurs usually after mating and therefore understanding swarm drives in
females and post-mating events that occur will open new methods of targeting the female
before a blood meal. The final percentage of the eggs leading to adult formation is unknown,
but mortality is usually heavy, especially among larvae and this is due to; predators, disease,
drought, and flushing (Gillies, 1955). Predators effect in mosquito control is poorly
understood and bridging this gap by identifying suitable predators able to control mosquito
populations in swarms can be a promising area of vector control intervention. The loss of
Larvae due to predation is one of the main factors reducing the numbers of larvae which
actually develop into adults. Predation of larvae in established pools has been recognized to
be an important factor in limiting larval numbers (Lindsay et al, 2000). In C. tigripes for
example, alongside other predators which colonize the same pools as An. gambiae, have been
shown to predate on An. gambiae larvae (Haddow, 1942; Christie, 1958). There is great
possibility that similar pressures should exist in other types of permanent waters, hence
limiting the productivity for An. gambiae larvae. Water movements generated by An.
gambiae larvae; also favorably increases their vulnerability to predator attack (Service,
1980). Larval predation also provides a good area in preventing mosquitoes from attaining
adult stages and going to the swarms to mate and also mating responsive genes and their
expression in the larvae through adulthood is poorly understood. This study will help in
providing solutions to such areas which can be exploited for better understanding the
reproductive biology of the larvae and the adult

Vector control of An. gambiae mosquitoes is essential for the reduction of malaria
transmission (Molyneux, 1999). It is now shown that Insecticide Treated Nets (ITNs) possess
efficiencies operating in a similar manner to indoor spraying programs, and so are more
preferred (Curtis, 1998; Armstrong et al, 1999). There is an undergoing renaissance to target
the genome of pest insects to reduce their deleterious effects and the focus is especially in
mosquitoes, with much attention on using transgenesis to modulate vector competence
(Aksoy, 2008). The use of transgenic techniques may contribute to the developing of male-
specific strains (Papathanos et al, 2009) hence providing alternative methods to sterilize
mosquitoes (Catteruccia et al, 2009). Genes involved in reproduction have been identified but
their roles in reproduction are not yet known. Transgenic techniques could be more potent
over Sterilizing techniques which have failed due to the uncompetitive nature of such
mosquitoes. Transgenesis requires the identification of specific ineracting molecules between

the males and females during mating and understanding how swarm competition affects the



regulation of these genes before and after mating. This study attemps to elucidate such

molecular targets and their roles in mating

2.4 Vector_ial capacity, feeding and resting behavior in Anopheles gambiae
mosquitoes

Female Anopheles mosquitoes obtain gametocytes with the blood meal after an
infective bite of the mosquito (Kettle, 1992). Microgametes and macrogametes of the
Plasmodium parasite fuse to form zygotes, which remain motionless for about 18-24 hours
after which they elongate to form motile ookinetes invading and infecting the mosquito
vector (Aikawa and Seed, 1980; Kettle, 1992). Several studies related vector populations
dynamics to the P. falciparum infection incidences and disease in human population (Mbogo
et al, 1993; Beier et al, 1994; Mbogo et al, 1995; Kabiru et al, 1997). Such studies indicate
that for malaria to be transmitted, an individual Anopheles must at least feed twice,
successively on humans within a week. During the first feeding it acquires the infection and
in the second it transmits the parasite to another human individual.

Eighty percent of Anopheles feed on any large mammals (Gillies, 1972), and of the
known species of An. gambiae complex, An. arabiensis, An. merus, An. melas and An.
bwambae are partly zoophilic and endophilic (White, 1974; Mosha and Petrarca, 1983;
Mutero et al, 1984). Blood meal studies undertaken in western Kenya on An. arabiensis
showed that it has a lower proportion of human meals, which is a reflection of exophily at a
higher degree (Joshi et al, 1975; Highton et al, 1979; Petrarca et al, 1991; Githeko et al,
1994). Cattle feeding have been shown to be generally more preferred by An. arabiensis
compared to An. gambiae s.s. (Githeko et al, 1994) known to be primarily endophilic and
endophagic, whereas An. arabiensis and An. merus show some partial degrees of exophily
and zoophagy (White, 1974; Coluzzi et al, 1979; Gillies and Coetzee, 1987).

Presently in Western Kenya, An. arabiensis is the dorminant Anopheles species in most
localities and malaria is equally still endemic across the region, therefore the feeding of this
mosquito species on humans outdoors still remains a great challenge. Understanding their
swarming patterns within the area will be of great importance as this can help in the

implementation of malaria control programs within the region.

2.5  Sex differentiation and sexual maturity in Anopheles gambiae
Naturally, the achievement of sexual differentiation occurs through several
mechanisms, resulting in the determination of morphological, physiological and behavioural

traits in a good number of living organisms. Despite these clear differences in the sex



determining machinery and in the individual genes involved, common patterns could be
recognized among well distinct taxonomic groups: a primary signal, a main gene and a gene
regulating controlwhich leads to a double-switch gene, selecting between sexual programmes
alternatively (Scali et al, 2005). In D. melanogaster, as one of the most genetically and
molecularly characterized organisms, the primary signal of sex determination in somatic cells
is given as the ratio of X chromosomes to autosomes (X:A ratio). When the X: A ratio= 1.0
(2X: 2A) it defines female development while when the X: A ratio = 0.5 (1X: 2A) dictates
male development (Cline, 1993). The key gene sex-lethal (sxlI) is the only target of the
primary signal and it becomes active in females but inactive in males. SxI gene later regulates
the splicing of transformer (tra) pre-mRNA (Boggs et al, 1987). Despite the transcription of
tra in both sexes, a complete open reading frame (ORF) of its spliced transcript occurs solely
in females. The ultimate double-switch gene in the cascade somatic sex determination is the
doublesex (dsx) gene. Two sex-specific transcription factors (DSX" in females and DSXM in
males) coded for by dsx activates or represses the last genes of the sexually dimorphic traits
necessary differentiation. In An. gambiae, the dsx gene covers an 85 kb region on
chromosome 2R composed of several exons, alternatively spliced to produce transcripts
specific to females and males (Scali et al, 2005). The gap here relates clearly to the fact that
the relationship and molecular interaction between dsx, male and female reproductive genes
is not yet elucidated. Such interactions can be understood through Protein networks in silico
and RNAI studies which can open up novel targets for transgenesis both at the larval and the
adult stages.

Male mosquitoes are not immediately sexually competent post-emergence in many
Diptera species, though maturation is known mainly to be a permanent 180° rotation of their
genitalia (Marshall, 1938). The male mosquito genitalia comprise 8 t010 segments located
abdominally. The claws located at the tip of their claspers found on the 10" segment enables
the male grasp the female during copulation (Rees et al, 1951). After emergence these male
claws are rotated dorsally, preventing them from copulating until the rotation has taken place.
Two sets of opposed and crossed muscles drive this rotation (Chevone et al, 1976) and can
equally happen frequently either counter-clockwise or clockwise (Chevone et al, 1976; Roth,
1948). The time required to complete this event is species-specific. For anopheline
mosquitoes, the rate of genitalia rotation is not yet known which can be done by observing
their behaviours in swarms correlated to their mating age. Based on observations of the
insemination status, it was shown that 24 h post-emergence are required at least for mating in
An. arabiensis, An. gambiae s.s (Verhoek et al, 1994) and An. stephensi (Mahmood et al,
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1982). Despite the requirements for maturation in males, the females of a majority of
mosquito species are unreceptive within the first 30-60 h after emergence; even though they
can allow copulation, they may not become inseminated (Clements, 1999). According to
Mahmood and Reisen (1982) females of An. stephensi became sexually mature by the 2™
night of life, though the proportion of females inseminated by older males less than 12 h after
their emergence was very low. The mechanism underlying the unreceptive nature of female
mosquitoes is still poorly understood and this can be related to mating expressed genes at a
given age of the mosquito. Also looking at the regulation of such genes before and after
swarm formation where these females are mated could provide information on swarm

patterns in the field and when mating drives actually occur in the female.

2.6 Reproduction in Anopheles gambiae mosquitoes

Swarming by An. gambiae males is known to entice females into insemination
psychology and improves the success of mating/copulation in males (Thornhill 1976; Steele
1986; Eggert and Sakaluk, 1994). The likely selective context leading to evolution in
courtship feeding must have been sexual conflict over paternity for the offspring (Sakaluk
and Eggert 1996). A gelatinous mating plug formed by the MAG secretions in An. gambiae is
deposited into the female reproductive tract (atrium) of the female during mating (Gillies,
1956; Giglioli, 1966). Though mating plugs are common features in the reproductive process
of many organisms (Birkhead, 1998), only Anophelines among mosquitoes are known to
produce the plug (Yuval, 2006). The An. gambiae plug is formed entirely within the male and
is digested by the female within 24 hrs. Transglutaminase - Plugin protein interactions are
responsible for mating plug formation (Rogers et al, 2009). Given the fact that the role of the
plug has unequally not been functionally elucidated, hypothetically it is postulated that the
mating plug of An. gambiae blocks access to the spermatheca by serving as a physical barrier
to re-insemination (Parker, 1970; Yuval, 2006). Rarely observations of females with two
plugs and sperm trapped between them has previously been made (Gillies, 1956), though an
alternative hypothesis suggests that another function of the mating plug might be to prevent
loss of sperm from the female spermatheca, favoring reproductive success by the males
(Gerber, 1970). The particularity of the plug to Anopheles species, Vectors of malria remains
an area of interest given that this plug is produced in the male and transferred to the females
during mating. Therefore understanding interactions favouring plug formation in the male
could identify potential targets which if molecularly compromised could disrupt plug

formation in the male and hence interfering with proper female insemination during mating.
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2.7 Organogenesis in the male and female Anopheles gambiae mosquito
2.7.1  The testes and spermatogenesis
Spermatogenesis in An. gambiae is initiated at the early larval stage with acceleration

in development. With fluorescent containing sperm in transgenic mosquitoes, testes can be
observed at the early larval L2 stage (Papathanos et al, 2009). The testes are fully developed
in the pupae, while mature sperm are observed as early as 24 hours after pupation. A ‘hub’
known to be present in the testes is present at the anterior end where the primordial germ
cells are formed. Each cyst containing a sperm cell goes through meiotic and mitotic
divisions, creating more cells of the same nature. Each of the testicles of a young male
contains three to five cysts which decrease in number with age. These cysts migrate to the
opposite end of the testes where the development of spermatozoa takes place. After
maturation, the cysts lyse then release the sperm cell into the reservoir of the testes located at
the posterior pole. At this point, the sperm is capable of traveling via the vas deferens to the
ejaculatory duct to be released by ejaculation (Huho et al, 2006). Sperm activation at the
adult stages is still not elucidated but is believed to be activated once in the female
spermatheca, therefore understanding the molecular mechanisms leading to sperm activation
in adult males is of great importance for this study.

2.7.2 The male accessory glands (MAGS) and their secretions

The MAGs are comparable to the prostate in humans. The formation of the MAGs at
the last abdominal segment occurs during larval development as an imaginal disk which
significantly grows at the pupal stage. The MAGs are already formed when males emerge,
but they require 2-3 days to fully contain secretions. Maturity of the MAGs and their
successful mating age is not yet clearly understood given that it is vital for mating success in
swarms. These secretions are made up of peptides and proteins received by the female during
copulation. A recent bioinformatics study has identified 46 MAGs-specific genes in An.
gambiae (Dottorini et al, 2007) and more genes have been identified by mass spectrometry
analysis (Rogers et al, 2009). How these genes interact in the males prior to mating and plug
formation is still not clearly known and this study will attempt to elucidate these pathways
using in silico analysis. During copulation in An. gambiae, a coagulated mass called a mating
plug formed by the MAGs secretions are transferred to the female atrium (Figure 2). 27
proteins were identified on the mating plug, 15 of which were originated mainly from the
MAGs and six solely from the atrium. The rest of 6 proteins belonged to both the male and
female reproductive tissues. Analysis of plug proteins for functions revealed the mechanism
of plug formation, which is based on the cross-linking activity of a transglutaminase enzyme
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(MAG-specific) on seminal fluid proteins, with the most abundant named Plugin
(AGAP009368), identified as the major substrate (Rogers et al, 2009). Plugin is specifically
expressed in the MAGs and through immunofluorescence techniques it was located to the
anterior part of the secretory epithelium, within channels composed of an actin-rich muscle
network lined on the outward part of the glands (Rogers et al, 2009). No characteristic
protein domains have been identified on plugin but composition wise it is rich in glutamine
residues (134/557 amino acids) often proceded by a lysine at the +2 position, which is the
amino acid conformation known for Transglutaminase-mediated cross-linking. On another
interesting note, the authors found a Transglutaminase enzyme (TRANSGLUTAMINASE
(AGAP009099)) in the mating plug samples which were analyzed by mass spectrometry.
Transglutaminase was shown to be localized at the posterior end of the MAGs and also
involved in the cross-linking of the plugin substrate for plug formation (Rogers et al, 2009).
This far, transglutaminase remains the only male protein whose functional role has been
evaluated using RNAI studies. Protein-protein interactions using in silico networks will
elucidate several tagets involved in plug formation which can be evaluated by RNAI studies
and further evaluated for transgenesis

2.7.3 The ovaries and oogenesis

A transgenic line expressing a gonad-specific eGFP in the female An. gambiae
showed that gonads detection could be possible from the L2 larval stage and onwards
(Papathanos et al, 2009). The ovarian elongated shape at the pupal stage could be seen in the
6" abdominal segment. The ovaries in Anopheles, contains 90-120 ovarian follicles,
containing each an oocyte and 7 nurse cells derived from the germ cells. These follicles are
formed in the germarium, where the oogonium (female stem line) is located. A cytoblast
generated by the oogonium undergoes 3 mitotic divisions forming a cluster of eight cells
surrounded by somatically cells. Nurse cells are formed by 7 of these cells while the eight
cell becomes an oocyte whch begins meiosis. Repeated rounds of DNA replication are
undergone by the nurse cells without cell division and which makes them transcriptionally
very active. The follicles separate from the germanium though they remain connected
through the follicular stalk. This process takes place before emergence in Anopheles, and then
the establishment of complete separation occurs 1-2 days after eclosion. While the primary
follicles undergo maturation, Secondary follicles are seen in the germarium. The
development of the ovary at this point enters a previtellogenic arrest until the female finds a
host. The transcription of the yolk protein precursors (YPPS) is induced by follicular growth
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triggered by a blood meal from its host. Transcription gets to its peak at approximately 36
hours after a blood meal, and then YPPs are absorbed into the rapidly growing oocytes. The
chorion is formed by the deposition of structural proteins on the follicle surface. At this point
the oocyte is ready for release by the ovariole directly into the oviduct under the action of
muscular contractions (ovulation), controlled by myotropin hormones. It is expected that
females will not lay eggs until mating occurs and if they do, then the eggs will not be viable.
This could mean that ovulation does not depend solely on a blood meal but equally on
mating. This could also mean that, factors driving females to swarms could also be related to
egg development; therefore elucidating such molecular interactions will be a point of focus in

this study.

2.7.4  The female lower reproductive tract: atrium and spermatheca

The ovaries are linked to the atrium through the common oviduct together with the
vagina (Figure 2). The dorsal and ventral side of the atrium form from pockets within the
eighth and ninth segments (Clements, 1999). The atrium is ventrally attached to the lining
within the ventral cuticle. The atrium connects the spermathecae and the female accessory
glands (parovarium) through individual ducts (Figure 2). Based on transmission electron
microscopy it has been revealed morphologically that the virgin atrium undergoes dramatic
changes from 8 hours post-mating (Rogers et al, 2008). What drives these changes have not
been established but are believed to be related to MAGs secretions deposited within the
female. Highly polarised cells in virgins could be seen with the luminal surface lined with a
cuticle presenting without channels and pores (Figure 1). Within the cytoplasm, smooth
endoplasmic reticulum (SER) and many mitochondria could be seen present in the apical
side. Basally this end contained extended complex of rough endoplasmic reticulum (RER),
which could suggest high translational activity. Comparatively, the mated atria lost the SER
or it was fused to cuticle while the RER was abundantly reduced (Figure 1). The cytoplasm
showed a distribution of mitochondrial organelles while cells of the epithelium became
cuboidal. Additionally, the luminal side saw the appearance of large electron dense vacuoles
which presented with movements towards the basal end of the cell, and could suggest,
transport of molecules (probably derived from processing of the mating plug) from the lumen
of the atria to the hemolymph externally. The accumulation of endosomes and lysosomes of
high density could suggest intensive serious exchange between the atrial epithelium and the
plug, while expansion observed at the basal labyrinth and lamina suggested an active uptake
of mating plug materials by cells of the atria. Molecular interactions between the plug and the

14



atria have not been elucidated and could form the basis behind the drastic changes observed
in the tissue. This study will attempt to elucidate these interactions and evaluate their roles
through RNAI technigue. These features taken together are indicative of the fact that the
epithelium of the atria observes a drastic transition from a highly protein synthesis dedicated
tissue into a tissue dedicated to move material into the hemolymph. The reception of sperm
during mating is stored and maintained in the spermathecal capsule (Figure 2). The number
of spermathecae shows a variation between culicidae: Aedes and Culex mosquitoes present
three while Anopheles has only one. The only spermatheca in An. gambiae females derives
from imaginal disks in the 8™ abdominal segments (Clements, 1999) enclosed in a cuticular
shell, the capsule, is known to be formed by secretions of the epithelial cell layer of the
spermatheca (Figure 1). The plaque surrounding the capsule is composed of large glandular
cells connected through perforations to the spermathecal lumen present in the shell which
helps in facilitating fluid transport. It will be wise to think that the glandular cells could
release components meant to ‘protect’ the viability of sperms and also ensuring sperm related

functions, like those factors involved in modulating oxidative stress
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Figure 1. Transmission electron micrographs of atrium cells. In virgin mosquitoes; (A), and
in mated mosquitoes (8h) (B). (Ai) virgin atrial cell, showing SER and storage vacuoles filling the apical
cytoplasm (ii, detail), mitochondria together with SER (iii, detail), and many RER located at the basal pole (iv,
detail). (Bi): Atrial cell observed at post-mating, presenting electron-dense vacuoles located apically with
collapsed SER membranes (ii and iii). Vacuoles of varying composition are contained in other cells that cluster
at the base (iv, detail). Cell shown in contact directly with the mating plug in another mated female (v).
Endosomes and lysosomes densely occur apicallly (vi, detail), expansion of the basal labyrinth is observed and
the basal lamina is quite distinct (vii, detail). Some vacuoles can be clearly seen (v). Thumbnail images seen
above the diagrams present low-magnification sections of the entire atrium showing the micrograph locations.
Apical surface of images are orientated uppermost. (Scale bar, 500 nm unless otherwise stated.)
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2.8 Mating Process in the mosquito Anopheles gambiae mosquitoes

Anopheles gambiae males usually become sexually active 48 h after emergence with
mating activity peaking at 3-7 days after emergence (Mahmood et al, 1982). Despite the
observation that males of An. gambiae and An. arabiensis were sexually active 48 hrs after
emergence, low rates of insemination was observed in males younger than 3 days old
(Charlwood et al, 1979) and this rate peaked at 7 days post emergence (Verhoek et al, 1994;
Chambers et al, 2001). A period of 72-100 h is required for the accumulation of male
accessory glands (MAG) proteins (Figure 2A) (Mahmood, 1997; Chambers et al, 2001) and it
was shown to coincide with intense mating activity in male anophelines (Mahmood et al,
1982; Mahmood et al, 1994; Chambers et al, 2001). Additionally, the male antennal fibrillae
shows a full functional activity level of essential for mating and occurring only around 12 h
post emergence. When erect, fibrillae should respond to female flight tones which are also
required for localizing females (Nijhout et al, 1979; Clements, 1999). The perception of
female wing beat tones, should therefore, correspond apparently with sexual maturation in
males.The relation between antennal perception and mating is not yet known and how this
interaction will affect mating drive related events has not been established, therefore this
study will struggle to find out the role played by these two physiological events during
mating for both males and females. Swarms have been shown to be the only location for
mating in most anopheline mosquitoes (Downess, 1968; Yuval, 2006) event though other
reports propose indoor mating in African anophelines (Dao et al, 2008). The decrease in light
intensity doesn’t only define the onset of mating but is also coupled to the built-in circadian
rhythm in anophelines. Charlwood et al (1979) showed that an alteration in male circadian
rythms resulted in a reduction in inseminations. The formations of swarms at varying heights
have been reported as well, which could possibly result from species-appropriate swarm
markers. Markers are usually visual objects or contrasting areas occurring either on the
ground or horizon which is used for swarming orientation by mosquitoes (Downess, 1968).
Swarming in An. gambiae has been observed between 2-3 mabove no specific marker
(Diabate et al, 2003) and 1to 4 m (Charlwood et al, 2002) over ground markers. No
discernable markers were observed for An. gambiae s.l. swarms at heights between 0.5-2 m
(Marchand, 1984). Anopheles funestus males converged in swarms of 2-4 m high using
horizon markers (Charlwood et al, 2003). Populations of An. philippenensis and An.hyrcanus
swarmed in Sympatry at a height of 0.3 to 0.6 m over small flowers and shrubs (ground
markers) and 1.5 to 2.5 m in big open spaces (horizon markers) (Wharton, 1953). Swarm

markers may play a serious role in defining Swarming height orientation in mosquitoes.
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Males of An. gambiae S-form, swarm close to female feeding sites using a clear sky view
(Marchand, 1984) while An. gambiae M-form place themselves in doorways and close to
eaves during mating, irrespective of any markings on the ground (Dao et al, 2008). The
variation in Swarming heights, may therefore act as another inter-species barrier to prevent
mating. Mosquitoes locate themselves in space and time ensuring their availability to mate.
At the approach of dusk, males start flying over the swarming location (Reisen et al, 1976;
Charlwood et al, 1980) then more males gradually join them forming large and loose
aggregations. Then the males evolve from a distended-extended, non-specific circular motion
to a more rigid and condensed group (Reisen et al, 1976; Charlwood et al, 1980). Males
mainly make up the swarms with the number of individuals varying from about 5 to 5000.
Males become active before the females supporting the fact that females only get to already
formed swarms by males. Until 5-20 min post swarm initiation, then can couples be
observed. Females approaching the swarm may be detected from the frequencies of their
wing beat, which is normally lower than that of males. What drives the females to identify
these swarms still remains unknown because a swarm formed a distance away from where the
female emerges will pose serious challenges to mating success therefore implying males
could also release a possible chemical which facilitates females in identifying swarms.

The actual period of observed mating couples during swarming is quite brief lasting
10-30mins once mating has been initiated, copulating pairs are not usually seen anymore as
darkness approaches (Diabate et al, 2003; Charlwood et al, 2003; Diabate et al, 2006). This
period of mating may be shortened relative to the length of time spent by the mosquitoes in
copula. Copulation in An. gambiae usually lasts 15-20 s (Charlwood et al, 1979) and lasts for
about 27 s in An. culicifacies (Reisen et al, 1976). Intensive studies based on copulation in
Anopheles have shown that as a male gets closer to the female, he grasps her using his tarsal
claw on his first pair of legs and then moves his abdomen up to grasp her genitalia. Once the
hook is formed, the male releases his tarsal grip on the female and they adopt the venter-to-
venter position resuming flight (Downess, 1968; Charlwood et al, 1979; Omar et al, 1987).
Copulating pairs then leave the swarm, flying off to complete the mating process after which
the male is believed to join the swarm again but it is not clear if males will mate again on that
same night. In any case, observations have been documented of anopheline males going back
to the swarm after mating (Yuval et al, 1993). Males are believed to have limited
opportunities to mate due to availability of few females, reported high risk of predation in the
course of swarming, and the high energy budget needed for smooth swarming process
(Yuval, 2006). This implies, males would benefit if they invest in high quality inseminations
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hence forcing monogamy on females through the transfer of large volumes of sperm and a
mating plug. At the completion of mating, the female is considered refractory to further
mating due to the transfer of several compounds from the male. Males usually insert a mating
plug after ejaculation, (Figure 2B) composed of MAG substances (Dottorini et al, 2007).
MAGs substances in other culicids are known for causing a behavioural switch in the female
from unmated to mated. Given that the functions of MAG proteins in anophelines have not
been identified, a good number of specific male accessory gland proteins that have been
shown to trigger post mating changes in behaviour in Drosophila (Dottorini et al, 2007) have
been identified recently in An. gambiae. In a Similar manner, the transfer of the mating plug,
and its related substances, has been identified to turn off the mating machinery in the females
of An. gambiae resulting possibly in a remating physiological barrier (Rogers et al, 2008).
Although contradictory in a superficial way to earlier work (Bryan, 1972; Dottorini et al,
2007), the digestion of MAG substances within the female's atrium could be necessary for
stimulating post-mating events, which possibly could have been missed somehow in the
original experiments (Klowden, 2001). Microarray analysis done by Rogers et al (2008)
showed a well organised regulation of female genes (Figure 2C) in virgins and post-mated

females (6h and 24h) during which the plug is known to have been digested.
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Figure 2: Mating events in Anopheles gambiae; A) Male Accessory glands (MAGS) wherein proteins
involved in the formation of the mating plug are formed. B) Female atria containing the mating plug after
mating. The atrium is attached to the ovaries showing egg development. C) Gene expression variations in the
lower reproductive tract (LRT (atrium and spermatheca)) before mating then 6hrs and 24hrs after mating. The
scale shows up and down regulation of genes at different time points in the female mosquito.
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2.9  Oviposition in the female mosquito Anopheles gambiae

Initiation of oviposition (egg laying) in the female Anopheles depends on signals
originating from the central nervous system (CNS) indicating that mating has occurred and
the mature eggs are ready to be released. The triggering of these stimuli is not clear and their
nature is unknown, but MAGs proteins and/or sperm have been postulated to play important
roles in inducing egg laying (Dottorini et al, 2007). Mechanical stimulation of sensory
receptors in the oviduct results from the distension created by the descending eggs. Motor
neurons are known to activate the muscular walls of the spermathecal duct allowing the flow
of sperm from the spermatheca into the egg via a small channel known as micropyle. The
deposition of glycogen deposits could assist spermatozoa as an important energy source to
penetrate the eggs. The initial meiotic division in the oocyte enters a state of arrest during the
metaphase pending the penetration of a sperm cell into the egg. Only then can meiosis resume
hence producing a haploid oocyte nucleus with three polar nuclei which develops in the
periphery of the egg. The nucleus, known to be protected by a cytoplasmic layer around it,
moves into the egg fusing together with the sperm (fertilisation). Oviposition known to be
directly linked to ovulation in Anopheles occurs successively without a break. At post-
fertilisation, the oocyte is forced down through peristaltic waves from muscular contractions
and later released externally through the genital opening. The eggs can only move in one
direction (towards the ovipositor) depending on a ratchet-like mechanism possibly favored by
scales directed backward within the oviduct. The fact that oviposition depends on several
environmental factors makes it a complex process. Most likely gravid females should
experience an induced stimulus to find an oviposition site, though in the absence of mature
eggs; they become more prone to select host stimuli for feeding. Such stimuli are known in in
D. melanogaster to result from MAGs secretions and establishing such relations in An.
gambiae will be a focus of this study. The mating status of Anopheles may not influence
blood-feeding behavior either; given that most An. gambiae females obtain their first blood
meal in the field one day post-eclosion and then mate one day later, and are more likely to
take a full blood meal like females mated prior to a blood meal (Gillies, 1954; Detinova and
Gillies, 1964; Brengues and Coz, 1973). Post blood-feeding, a batch of eggs undergoes
maturation within the females as they rest indoors. They usually exit the house later and
search for sites to oviposit (Huang et al, 2005). Anopheles females are known to lay eggs
only on wet surfaces and in that light they need to search for favorable oviposition sites.
Given that larval development and their survival depends alot on this selection, it is therefore

important that gravid females should choose their oviposition sites very carefully. They are

21



well equipped with sensory receptors located on the antennae, on the tarsi and at the
abdominal tip providing necessary information about the various surfaces, substrates and a
favourable site for oviposition. Suggestions have been made that females are attracted to
certain water bodies containig bacteria over others (Lindh et al, 2008) and to dark surfaced
areas. Chemical cues may also provide insights as repellents or attractants. All sensory data
collected are sent to the brain through the CNS where the information is analyzed before the
female selects a suitable site for oviposition. Understanding where the female An.gambiae
mosquito releases her eggs and the factors triggering oviposition are crucial for the
understanding of the basic biology of this malaria vector and this will assist the progress
towards effectively managing the vector (Otienoburu, 2007). Observing directly the
oviposition of a mosquito in nature is not very possible because of being unable to trace its
movement, its nocturnal activity, and very small size of mosquitoes (Chen et al, 2006). An.
gambiae females will however in a general sense use non-permanent aquatic sites for
oviposition, and the density of their larvae in a habitat is generally lower (less than 50 larvae)
(Wagbatsoma et al, 1995). An. gambiae sensu lato gravid females will prefer water dishes
with black-bottoms compared to white-bottomed ones relative to oviposition, and most of
their eggs are laid in pools containing mud and lack of vegetation at the edges (McCrae,
1983; McCrae, 1984). Factors such as size of habitat, semiochemicals, substrate, predators,
microbial fauna, vegetation, and types of land cover also affected the female’s choice of
aquatic breeding sites (Service, 1973; Munga et al, 2005).

2.10 Transgenesis and Bioinformatic applications in Anopheles gambiae mosquito
Developing of an elaborate technology for gene transfer in An. stephensi and An.
gambiae mosquitoes (Catteruccia et al, 2000; Grossman et al, 2001), in combination with An.
gambiae genome sequence project recently completed (Holt et al, 2002), has opened a new
arena on reproductive genetic studies of these important disease vectors. However, progress
towards the identification of reproductory molecules in males involved in the interaction with
those in the female An. gambiae mosquito has been hampered by the lack of efficient
technologies, such as mutagenesis screens and gene knock-out by homologous
recombination, routinely used in other organisms to perform functional genomic studies.
Silencing genes through RNA interference (RNAI), is a conserved evolutionary phenomenon
driven by double-stranded RNA molecules (dsRNAs), and this has recently been looked upon
as a powerful tool for studying the functions of genes in different model organisms (Fire et
al, 1998). Levashina et al, (2001) used dsRNA knockout in hemocyte-like An. gambiae
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cultured cells to demonstrate the conserved role of a complement-like protein in
phagocytosis. Blandin et al, (2002) utilized direct injection of dsSRNA in order to knock-down
the defensin gene in An. gambiae and demonstrate its function. Rogers et al, (2009) also used
dsRNA to knock-down transglutaminase (TRANSGLUTAMINASE (AGAP009099)) to
ascertain its function in the crosslinking action of Plugin (AGAP009368) which is its main
substrate for the formation of the mating plug. For the effective implementation of vector
control by targeting reproduction in the mosquito An. gambiae, functional analysis using
dsRNA technology on the known expressed genes in the males and females before and after
mating will be very useful. Work done by Rogers et al, (2008) identified using microarray
technology, a wide plethora of genes with transcript variations before and after mating.
Understanding the molecular mechanisms for sex differentiation in the male and female
reproductive systems that drive mating function, will be a powerful guide to implementation
of the RNAI technology and vector control through development of transgenic mosquitoes

The use of genetic technology in the manipulation of mosquito species that transmit
malaria to humans (Catteruccia et al, 2000; Grossman et al, 2001; Perera et al, 2002) has
observed considerable progress hence expanding the range of possible methods needed to
achieve eradication of vector populations locally or replacing them with mosquito
populations refractory to malaria. Ethical concerns, environmental and safety issues have
been raised relative to the risks of permanently varying the genetic makeup of the target
vector population, with emphasis on horizontal gene transfer to untargetted species of insects
(Alphey, 2002). The Sterile Insect Technique (SIT) could be employed on these mosquitoes
(Knipling, 1959; Knipling et al, 1968) or its derivation, Release of Insects carrying Dominant
Lethals (RIDL) (Alphey, 2002), to suppress and eradicate targeted insect pests populations.
Actually transgenic techniques being applied include changing several aspects of the
mosquito’s biology that could help reduce vectorial capacity, such as the production of
transgenic mosquitoes which are non-biting, reducing vector survival rate and/or human-
biting rate, or variation of the rate of parasite development (Toure” et al, 2004).

Sexual sterility induced in males comprising the SIT technology is based on the use of
irradiation or chemical sterilants, and flooding natural populations with such sexually
compromised males (Knipling, 1955; Knipling 1959) with the aim of reducing or eliminating
vector populations. The SIT technique was successfully used to control the screwworm fly,
the Medfly and tsetse (Knipling, 1955; Knipling 1959). Using dominant, repressible, female-
specific lethal genetic systems forms the basis of the RIDL technology (Thomas et al, 2000;
Alphey, 2002), and it has been proposed as a possible method for improving SIT. Transgenic
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female insects reared on a tetracycline supplied medium grow while expressing the lacZ
reporter gene. Breaking the tetracycline supply to the insects ready to be released will result
in death of the female. Released RIDL males and mated with wild females will equally result
in death of female offsprings and hence leading to reduction in the vector population.

In order to develop new, arthropod-borne strategies for disease control, several
molecular biology and genomics tools are being used to investigate the interactions between
vectors and parasites. Identifying new promoter sequences in the mosquito which are
specifically regulated in reproductive tissues and at the right time are areas of great interest
for the development of transgenic mosquitoes which when used in the field, they can be
reproductively competitive. Furthermore, identification of An. gambiae male molecules
involved in reproduction which can drive postmating responses in the female after mating
will also provide novel insights to the development of male and female molecular transgenes
for reproductive intervention. Information on this technology can be obtained by using
genomics and microarray chip technologies and later analyzed by complex bioinformatic
tools. Of recent, completion of An.gambiae genome, the most important vector of human
malaria, was sequenced by an international consortium (Holt et al, 2002). Dottorini et al
(2007) identified 46 MAG genes from An. gambiae, 25 of which are male reproductive tract-
specific. This was achieved through a combination of bioinformatics searches and manual
annotation confirmed by transcriptional profiling. To identify factors and mechanisms
relevant to the fertility of An. gambiae, Rogers et al (2008) performed a comprehensive
analysis of the molecular and cellular machinery associated with copulation in females. Initial
whole-body microarray experiments comparing virgins with mated females after 2hrs, 6hrs,
and 24hrs detected large transcriptional changes. Their results identified genes and
mechanisms regulating the reproductive biology of An. gambiae females. Understanding the
actual pathways in which these genes could be involved in at the protein level could be better
appreciated by mapping these reproductive proteins in a protein-protein interaction network
in silco. Protein-protein interactions have been shown to be largely mediated by structural
domains interactions (Schuster-Bockler et al, 2007). For this to be achieved achieved, they
usually search for (1) closest atomic distances between interacting domains, (2) defined
bonding patterns between domains, and (3) conserved interacting sites. Upon determining
and defining a 3D structural interface conserved between two domains, the databases for
structural domain-domain interactions (sddi) uses it to predict all known protein interacting
pairs where such structural domain pair has been analyzed. In this manner, the sddi datasets

permit the inference of all possible and known protein interacting pairs that involve such
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structural domains that have been identified to interact with at least one protein characterized
in the Protein Data Bank (PDB). Uniprot accession numbers could be obtained and the used
in; 1) CYTOSCAPE (Hernandez-toro et al, 2007) an open source bioinformatics software
platform for visualizing protein networks and molecular interactions and complementing
them with gene expression profiles and other necessary data for analysis and 2) Reactome
database for viewing documented protein interactions hosted by European Bioinformatic
Institute (EBI, www.ebi.ac.uk). These interactions with domain identifications can identify
putative molecular targets which can be used in gene knockout and protein modification

applications in the control of the mosquito An. gambiae as a malaria vector.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Determination of putative protein structural properties of MAGs proteins
(transglutaminase and plugin) mediating successful interactions for mating plug
formation in Anopheles gambiae

3.1.1 Identification and structure prediction of transglutaminase and plugin male accessory
gland (MAG) protein orthologues in mammals and insects

Protein sequences of transglutaminase (AGAP009099) and plugin (AGAP009368)
genes in An. gambiae were obtained from National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov) database through bioinformatic searches (Altschul et al,
1990). Frequency of distribution of amino acid residues in the An. gambiae transglutaminase
and plugin proteins were mapped using hidden markov model (HMM) routine in Genomics
Workbench version 5.5 (CLC Bio, Aarhus, Denmark) and secondary structures predicted
using PredictProtein server version 10.20.04 (Rost et al, 2004). Neural Network-Based-
Residue-Residue Contact Map (NNcon) prediction server (Cheng et al, 2005) was used to
map putative contacts among residues within An. gambiae transglutaminase or plugin
proteins to better understand their predicted global structures. Conformations (3D) of the An.
gambiae transglutaminase or plugin proteins and putative binding sites favouring the
interaction of the proteins were predicted using iterative threading assembly refinement (I-
TASSER) server (Ambrish et al, 2010). The transglutaminase or plugin conformations were
superimposed on each other using MArkovian TRAnsition of protein structure (Matras)
server (Kawabata et al, 2000) to validate established interacting surfaces among the proteins
in mating plug (Rogers et al, 2009). Functional homologues of An. gambiae transglutaminase
and plugin genes in Homo sapiens (human), Mus musculus (mouse), Drosophilidae (fruit
fly), Aedes aegypti, Culex quinquefasciatus, Caenorhabditis elegans, Pongo abelii
(Orangutan), Apis mellifera, Plasmodium falciparum were identified by BLASTp on non
redundant protein database (Altschul et al, 1997).

3.1.2 Maximum likelihood and evolutionary relationships in transglutaminase and plugin
gene sequences

Evolutionary phylogenies among the functional homologues of transglutaminase and
plugin protein (retrieved 3.1.1) were determined through Genomics Workbench version 5.5
(CLC Bio, Aarhus, Denmark) based on gap open cost of 10.0 and a free end gap cost and
Jukes and Cantor (JC69) and Kimura (K80) maximum likelihood models. Substitution rate

matrices were estimated using parametrization method of Yang (1994a). Discrete gamma
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model of Yang (1994b) was used to determine rate variation among sites and tree topology
was also estimated based on the tree starting parameters (Yang, 1994b). In the absence of rate
variation, estimation of substitution parameters and branch lengths were carried out according
to expectation maximization algorithm of Dempster et al (1977). The topology space search
was performed according to the PHYML method (Guindon et al, 2003) to efficiently search
and estimate large phylogenies in our datasets.

3.1.3 Evaluation of population genetics parameters in transglutaminase and plugin gene

sequences

Population genetics parameters in An. gambiae and the functional homologues in
transglutaminase and plugin gene sequences were evaluated using routines in DnaSP version
5.10.01 (Librado and Rozas, 2009) software. Polymorphism analyses were conducted using
locally aligned regions in all sequences. For Mc Donald and Kreitman test of neutrality, the
groups were separated into mammals, insect (including An. gambiae) + others. For
transglutaminase analysis, 16 and 9 sequences were used for mammals (nT1) and insects +
others (nT2) respectively. Similarly, 18 and 17 sequences were used for mammals (nP1) and
insects + others (nP2) respectively for plugin analyses. Protein coding regions were assigned
to proteins in each group, with codon positions set at the first amino acid site. Synonymous
and non-synonymous substitutions data was used to calculate o, ratio of variation of non-

synonymous to synonymous substitutions.

3.2 Determination of putative protein-protein interactions mediating mating-plug
formation and post-mating phenotype in Anopheles gambiae mosquito

3.2.1 Identification of Anopheles gambiae mating plug proteins and their orthologs in
Drosophila melanogaster

Information on An. gambiae mating plug proteins, with and without accession
numbers, was obtained from Rogers et al, (2009). Sequences of the protein were retrived
from VectorBase database (Lawson et al, 2009) and were subsequently applied in Search
Tool for Retrieval of Interacting Genes (STRING) (Szklarczyk et al, 2010) database to
predict orthologs of the proteins in D. melanogaster. The An. gambiae orthologs in D.
melanogaster were applied in Artemis Comparison Tool (ACT) Version 9.0 (Carver et al,

2005) to confirm related proteins.

3.2.2 Insilico determination of protein-protein interaction network among Anopheles gambiae
orthologs in Drosophila melanogaster

Identity of An. gambiae protein orthologs in D. melanogaster were obtained from

Uniprot Protein KnowledgeBase (UniProtKB) (Magrane et al, 2011) and subsequently
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applied in Agile Protein Interaction DataAnalyzer (APID2NET) routine within Cytoscape
version 2.8.0 (Hernandez-toro et al, 2007) to predict protein interaction among the orthologs,
and complexes within the network identified using ClusterViz (Pavlopoulos et al, 2011)
routine within the software. Main hubs (key nodes) within the network were detected using
Cyto-Hubba (Lin et al, 2008) and Edge Percolation Component (EPC) algorithm (Chin et al,
2003) routines in the software. Pathways involving the complexes were identified using
pathway identifier routine in Reactome database (Croft et al, 2011). Information from the
hubs and pathways guided the extraction of a sub-network based on interactions on putative
association with the An. gambiae plugin (Acession # AGAP009368), serine protease
(Accession # TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)) and D. melanogaster
(male Accesory gland (Accession # ACP29AB)) proteins. Putative expressions of these
proteins in reproductive tissues in D. melanogaster within the sub-network were determined
from FIyATLAS (Chintapalli et al, 2007) and FlyBase (McQuilton et al, 2012). Comparative
analysis between orthologs was done using PROSITE (Sigrist et al, 2012) a protein domain

database for functional characterization and annotation and ProteinPredict softwares.

3.2.3 Maximum Likelihood phylogenetic analyses of network identified putative Anopheles
gambiae mating plug proteins and related orthologs in Drosophila melanogaser

The orthologs of An. gambiae plug proteins in D. melanogaster via Genious version
5.5 created by Biomatters (Drummond et al, 2010) were subjected to a Multiple Sequence
Alignment using Multiple Alignment Program for amino acid or nucleotide sequences
(MAFFT) routine version 6.814b (Katoh and Toh, 2010). The alignments were subjected to a
maximum likelihood phylogeny (PhyML) based on nearest neighbour interchanges (NNI) to
explore space of tree topologies starting from a fast distance-based tree (Guindon and
Gascuel 2003). Reversible mitochondrial substitution model (mtREV) (Adachi and
Hasegawa, 1996) and Whelan and Goldman (WAG) (Whelan and Goldman, 2001) amino
acid substitution models on D. melanogaster orthologs were evaluated. The best identified
model for the tree based on a ML ratio test was used to build the tree with An. gambiae

interologs.

3.3  Documentation of molecular factors among interacting proteins mediating
mating responses in Anopheles gambiae

3.3.1 Experimental samples of Anopheles gambiae obtained

Anopheles gambiae mosquitoes, obtained as pupae from Terni ltaly (G3 strain),

Nairobi and Mbita-Point, Kenya (Mbita strain), were sexed as males and females into
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seperate 200 ml glass bowls. The bowls were placed into separate 30cm long x 30cm wide X

30cm high cages and the mosquitoes left overnight to emerge as virgin males and females.

3.3.2 Mating experiments with Anopheles gambiae mosquitoes

Isolation of mating couples technique (IMC) Thailayil, (2011) was used to maximise
(>95%) female insemination. Matured virgin females (same age as males) were collected
with an electric or plastic glass aspirator and transferred to male cage. During swarming,
mating pairs (couples) dropped to the bottom of respective cages, and were collected using
Falcon tubes (Falcon Plastics, LA, USA). Males and females were subsequently separated,
with successful insemination determined by 1) dissection and analysis of female spermatheca
for the presence of sperm, and atria for mating plug and 2) gRT-PCR (section 3.2.7) of the
atria for expression of insemination specfic serine proteases (TRYPSIN-LIKE SERINE
PROTEASE (Accesion #AGAP005195)) (Rogers et al, 2008)

3.3.3 Dissection of Anopheles gambiae mosquitoes

Mosquitoes were placed on ice or CO, using INJECT+MATIC sleeper (Drummond
Scientific, PA, USA) prior to dissection. Each mosquito was placed on a microscope slide
with a drop of fresh 0.01M PBS (137mM NacCl, 2.7mM KCI, 10mM Na,HPO, and 2mM
KH,PO,). Whole mosquitoes and tissues of interest (MAGS, testes, ovaries, atria and
spermatheca) were dissected and placed into a 1.5ml eppendorf tube containing SOuL of
RNA later (for RNA extraction section 3.2.5) or 200uL grinding buffer (Sigma-Aldrich, NJ,
USA) (DNA extraction, Appendix I). Both tubes were stored at -80°C for RNA or DNA

extraction respectively.

3.3.4 DNA extraction from Anopheles gambiae tissues
The extraction was done using Phenol Chloroform (PCL) method (Appendix I).

Tissues stored at -80°C were crushed using sterile pestles and 200uL extraction buffer added
to the homogenate. One microlitre of proteinase K stock solution (10mg/ml) was added to
each homogenate, inverted gently and incubated at 68°C for 15minutes after which 400uL of
PCL was added to each tube, vortexed and centrifuged at 12,000 rotations per minute (rpm)
using a micro-centrifuge (Eppendorf, Hamburg, Germany) for 5Sminutes. The resulting
supernatant was transferred into a new 1.5ml eppendorf tube to which 400uL of 100%
ethanol was added, vortexed and stored at -20°C for 30minutes to precipitate DNA. The tubes
containing the precipitated DNA were then centrifuged at 12,000rpm for 30minutes at 4°C
using a refrigerated centrifuge (Eppendorf, Hamburg, Germany). The Supernatant was then
discarded and 400uL of 70% ethanol was added to each tube to wash the pellet. The tubes
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were then inverted gently and then centrifuged at 12,000rpm for 5Sminutes at 4°C. The
supernatant was discarded and the pellet formed was air dried at room temperature (RT). A
volume of 100uL TE buffer was added to each tube and stored at -20°C for further analysis.
DNA concentration was checked using a fluorometer (Eppendorf Biophotometer plus,

Hamburg, Germany).

3.3.5 RNA extraction and DNase treatment of Anopheles gambiae tissues

Tissues stored at -80°C were crushed under a hood using sterile pestles. A volume of
150uL of TRI reagent (Sigma-Aldrich, NJ, USA) was added to each tube and incubated at
RT for 3-5minutes. Fifty microlitres of chloroform (Molecular biology grade) was added to
each tube, inverted to mix and incubated at RT for 3-5minutes. The samples were centrifuged
at 12,000rpm for 15minutes at 4°C. The resulting supernatant was then transferred to a new
1.5ml eppendorf tube to which 60uL of Isopropanol (Molecular Biology grade) was added to
each tube and incubated on ice for 30minutes then centrifuged at 12,000rpm for 15minutes at
4°C. The resulting supernatant was discarded and 200uL of 70% ethanol (Molecular biology
grade) was added to each tube, inverted to mix and centrifuged at 7,500rpm for Sminutes at
4°C after which the supernatant was discarded carefully retaining the pellet. Tubes containing
the pellet were blotted on tissue paper for 2-3 minutes and then air dried at RT for 5-
10minutes. RNA was quantified according to section 3.4 above then resuspended in 10uL of
DEPC water and normalized to 1ug/uL after which 1uL of DNAse (Invitrogen, UK) was
added to each RNA sample. The RNA samples were then incubated at RT for 15minutes and
IuL EDTA (Invitrogen, UK) was added to each sample which was further incubated for
10minutes at 65°C in a heat block and afterwards stored at -80°C for cDNA synthesis.

3.3.6  cDNA synthesis of extracted RNA from Anopheles gambiae

Each extracted RNA sample was made up to a pre-mix of 100uL final volume with
reagents as described by the manufacturer (Invitrogen, UK). The pre-mix contained 20uL of
5x first strand buffer (FBS), SuL of 0.1M Dithiothreitol (DTT), SuL of 10mM dNTPs, S5uL of
50uM random hexamers, 1pL of RNase inhibitor (out), 0.625uL of Moloney Murine
Leukemia Virus Reverse Transcriptase (M-MLVRT), 11uL of RNA template and 52.375uL
DEPC water. The synthesis was completed by incubating the pre-mix at RT for 25°C for
10minutes, then at 37°C for 50minutes and finally 70°C for 15minutes. The synthesized
cDNA was then stored at -20°C for further analysis.
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3.3.7 gRT-PCR and expression profiling of Anopheles gambiae transcripts

Tissue specific expression was quantified using SYBR green detection dye. SYBR
green binds to double-stranded DNA and hence the fluorescence increases with the amount of
amplified product. Quantification of these samples were carried out in triplicate in a 10ul
reactions using 1x Fast SYBR Green Master Mix (Applied Biosystems, CA, USA), HPLC-
purified gRT-PCR primers and 5ul of 5x diluted ¢cDNA and performed on Applied
Biosystems StepOne plus RealTime PCR System. The following programme was used for
amplification: 95°C for 15minutes, then 40 cycles (95°C for 15 seconds, 60°C for 60 seconds)
followed by a dissociation curve. Tissue specific expression was measured using the ACt
method and standard curve for absolute quantification. The ribosomal gene RpL19
(AGAP004422) is a highly expressed ‘housekeeping’ gene. Its expression is very stable and
does not change by mating. Therefore, RpL19 was used as a standard to normalise expression
levels from other genes. All primers that were used for the gRT-PCR’s are provided in
Appendix II.

3.3.8 RT-PCR amplification of Anopheles gambiae transcripts
The cDNA was used for amplifying the genes of interest (Appendix Il) prior to double

stranded RNA preparations and cloning procedures. The PCR mix was prepared according to
the manufacturers’ instructions (QIAGEN, Hilden, Germany). A 25uL final volume reaction
was made using 2.5uL of 10x reaction buffer, 1uL of 25mM MgCl,, 1.25ulL of 10mM
dNTPs, 0.125uL of Taq (Hot start), 1uL (10pM) each for both forward and reverse primers
and 16.125uL of nuclease/RNase free water. The PCR product, which was later ran on a gel

for band size observations, was either cloned for sequencing or used for direct sequencing.

3.3.9 Cloning and Colony PCR of various amplicons obtained from RT-PCR

This procedure was undertaken with the TOPO TA cloning kit (Invitrogen, UK). The
PCR product which contains a single deoxyadenosine (A) overhang at its 3’ end produced
with Taq polymerase was highly specific to the PCR 2.1-TOPO vector designed with single
3’-Thymidine overhangs. A 6uL of mix containing 4uL of the PCR product, 1uL of salt
solution (200mM NaCl; 10mM MgCl,) and 1uL of the vector, was composed and left at RT
for 5-30minutes and then placed on ice prior to transformation. For transformation, 2uL of
the TOPO cloning reaction was added to 1 vial of DH5a-T1 competent cells with ampicillin
resistance. The cloning mixture was then placed on ice for 5-30 minutes then heat shocked

for 30seconds at 42°C. The tubes containing cloning mixture were immediately placed on ice

to which 250uL of super optimal broth (SOC) (Invitrogen, UK) medium preheated to 37°C
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was added. These tubes were then thoroughly capped and shaken horizontally (Stuart, orbital
incubator) at 200rpm for lhour. Plates containing Lysogeny Broth (LB) Agar (for total
Volume of 1L add; 10 g Tryptone, 5 g Yeast Extract, 5 g NaCl, 800 mL of distilled water)
and 50pg/ulL Ampicillin (Invitrogen, UK) were incubated at 37°C prior to plating the
transformants. A solution of 40mg/ml X-gal in dimethylformamide (DMF) for blue and white
screening was spread on the LB Agar plates before adding the transformants. A volume of
20uL of SOC medium was added to each LB Agar plate. Two different volumes of the
transformants were plated for even spacing of colonies and incubated at 37°C for 12hours.
Successful transformants produced white colonies which were tested by colony PCR. The
plates with successful transformants were then sealed with parafilm and kept at 4°C for
further analysis. White colonies were tested for the right band size and other variants through
colony PCR using M13 primers as provided by the TOPO TA cloning kit. The PCR was set

up according to section 3.2.8.

3.3.10 Gel electrophoresis analysis of amplicons

PCR product were analysed on a 1% agarose (Invitrogen, UK) gel run in TAE ( Tris-
acetate-ethylenedianinetetraacetic acid; 9.68g Tris, 4ml 0.5M EDTA (pH 8), 2.28ml Glacial
acetic acid). 10uL of PCR product, homogenized in a loading buffer (Invitrogen, UK) was
loaded per well. 2.5uL 1kb ladder (Invitrogen, UK) was separately loaded alongside, and run
was at 70 volts (Thermoscientific, UK) for one hour visualised with a UV transilluminator
(FujiFilm, UK).

3.3.11 Gel Purification of identified amplicons

The described bands on the gel were inscised using a new blade for each band and
placed into a 1.5ml eppendorf tube. Purification was done using gel purification kit
(QIAGEN, Hilden, Germany) according to the manufaturer’s instructions. Three volumes of
QG buffer was added to 1 volume of the excised gel. Samples were incubated for 10minutes
at 50°C in a water bath while being vortexed at 2-3 minutes interval until completely
dissolved. One gel volume of isopropanol was added to the mixture and inverted several
times. The reaction mix was loaded onto a QIAquick column and centrifuged for 1minute at
13,000 rpm to collect the flow into a collection tube. A volume of 750uL PE buffer was
added to the column and left to stand at RT for 2-5 minutes after which it was centrifuged for
Iminute at 13,000 rpm to wash. The column was centrifuged for a further 1minute at
13,000rpm and was transferred to a 1.5ml eppendorf tube to which 30uL of elution buffer
was added to the center of the membrane and left to stand for Iminute for DNA elution. The
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tube was centrifuged for 1minute at 13,000rpm. Five microlitres of eluted DNA was viewed

on agarose gel as per section 3.2.10. Samples were stored at -20°C for further analysis

3.3.12 Miniprep purification of identified positive clones through colony PCR

Clones previously confirmed by colony PCR (section 3.2.9) were placed in a falcon
tube containing 5ml of LB medium (section 3.2.9) and 50uL (50ug/mL) of ampicillin
(Invitrogen, UK), incubated at 37°C overnight and left shaking at 200 rpm for bacteria to
grow. Overnight cultures were pelleted and completely resuspended in 250ul. RNAse A
containing Resuspension buffer (R3) ensuring no clumps formed. A volume of 250uL of lysis
buffer (L7) was added to the cells, inverted several times, incubated at RT for 5Sminutes and
350uL of precipitation buffer (N4) added to the mix then inverted immediately several times
to ensure the solution was homogenous. The mix was centrifuged at RT for 10minutes at
12,000rpm and supernatant loaded into a spin column for purification. The column was
centrifuged at 12,000 rpm for 1minute and the flow through discarded. A volume of 500uL of
wash buffer (W10) was added to the column and incubated for 1minute at RT then
centrifuged at 12,000rpm for 1minute after which 700uL of wash solution (W9) was added to
the column and centrifuged for 1minute at 12,000rpm. The flow through was discarded and
the column placed in a sterile 1.5ml eppendorf tube to which 50uL of preheated TE buffer
was added to the center of the column, incubated for 1minute at RT then centrifuged at
12,000rpm for 2minutes for elution. The purified plasmid was aliquoted for sequencing as per

the manufacturer’s instructions and the remaining aliquot was stored at -80°C.

3.3.13 Western blot analysis of mating plug proteins in Anopheles gambiae

Western blot analysis was done to observe actual protein size of the transcript of
interest after translation. Three to four days old virgin mosquitoes sexed as pupae were
dissected for tissues of interest (MAGs, testes, spermatheca and atria) into 1.5ml eppendorf
tubes containing 15ul of extraction buffer (Appendix III) placed on ice. The tissues were
homogenized with sterile pestles and placed on ice for 10 minutes to allow for lysis and
denaturing of molecular bonds to obtain a homogenate which was centrifuged at maximum
speed for 15 minutes at 4°C. The resulting supernatant was separated from the pellet and
Bradford test was done (Appendix V) to quantify protein concentrations per sample.
Samples were diluted to the same concentrations to which 6uL of sample buffer 4x
(Invitrogen, UK) and 2uL of DTT 10x (Invitrogen, UK) was added to each sample. The
samples were incubated at 70°C for 10 minutes in a heating block and 20uL of each sample

was loaded on a NUPAGE SDS PAGE gel (Invitrogen, UK) in a tank containing running
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buffer according to the manufacturer’s instructions. Ten microlitres of the Novex Sharp
Protein Standard (Invitrogen, UK) was loaded alongside the samples. The samples were run
for 1 hour and 30 minutes at 70volts to separate the protein bands. Transfer of protein bands
from the gel to a nitrocellulose membrane was carried out according to the manufacturer’s
instructions (Invitrogen, UK). The protein transfer setup was placed in a tank containing
transfer buffer which was left to run for 1hour at 30volts until transfer was complete. The
nitrocellulose membrane was placed in blocking buffer (Appendix V) overnight. The
nitrocellulose membrane was incubated for 1 hour in primary antibody (1:1000uL of
blocking buffer, Abcam, Cambridge, MA) while shaking, then washed with PBS Tween
(Appendix I11) by shaking 3times at 10minutes intervals. The nitrocellulose membrane was
then incubated in secondary antibody (1:10000uL of blocking buffer, Santa Cruz
Biotechnologies: sc-2030 and sc-2314) for 1 hour while shaking to ensure effective fixing of
the secondary antibody. The nitrocellulose membrane was then washed with PBS Tween by
shaking 3times at 10 minutes intervals. Bands were visualized using ECL Western blotting

detection reagents (GE Healthcare, UK) on an LAS-3000 imaging system (FujiFilm, UK).

3.3.14 Immunostaining of mating plug proteins in Anopheles gambiae

Immunostaining was used for localization of proteins expressed in various tissues of
the mosquito An. gambiae with emphasis on reproductive tissues. Mosquitoes of different
ages were dissected for tissues of interest (MAGs, testes, spermatheca and atria) into
individual baskets to hold them and were later placed into each well of a 24well plate
containing 4% paraformaldehyde solution and left to stand for 40 minutes. The tissues were
washed 3 times at 15 minutes intervals in fresh PBS then incubated in 2% hydrogen peroxide
(H202) for 5minutes to remove auto-fluorescence from these tissues. The tissues were then
washed 3 times at 5 minutes intervals in fresh PBS. The washed tissues were kept in 1%
Permeabilization and blocking buffer (PBB) (Appendix V) for 1 hour then incubated with the
primary antibody (1:300uL 1% PBB) and kept overnight at 4°C. Tissues were then washed 3
times at 20 minutes intervals in 1% PBB and incubated in a dark box with the secondary
antibody [fluorophore (1:1000uL PBB)] at RT for 1 hour while shaking. The tissues were
washed 3 times at 20 minutes interval with 1%PBB and mounted on DAPI-containing
Vectashield medium (Vector Laboratories, Inc.) then visualized using Apotome (Carl Zeiss

technology). Stacks were generated using 19 consecutive 0.5 mm optical sections.
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3.4  Determination of influence of interactions among proteins on mating responses
in Anopheles gambiae

3.4.1 Functional genomics analysis of CATHEPSIN B (AGAP004533) in Anopheles gambiae
The CATHEPSIN B (AGAP004533) (4533) gene in the mosquito and the LacZ

controls were validated using RNA interference technique of Catterruccia et al. (2009).
Transcript sequences were obtained from VectorBase (Lawson et al, 2009) and used in
Primer 3 software (Rozen and Skaletsky 2000) to design primers specific to a 502bp stretch
of CATHEPSIN B (AGAP004533). The sequence was amplified from cDNA obtained from
the MAGs and atria and gel purified as perviously described (sections 3.2.11 and 3.2.12).
ds4533 and dsLacZ were synthesised using pLL10 and pLL100 plasmids (Rogers et al, 2009)
respectively. For control, B-galactosidase (-gal) dsSRNA was produced from a 500-bp
amplicon of the B-gal gene from the commercial plasmid pcDNA3.1/His/LacZ (Invitrogen,
UK). The plasmids were purified, with the insert sequenced and verified as previously
described (section 3.2.8). Xhol and Xbal restriction digestion was conducted on the plasmid
to recover the insert. In vitro transcription of the insert was conducted using The MEGAscript
kit (Invitrogen, UK) according to the manufacturer’s instructions. Briefly, 20uL mix of 8uL
of PCR product, 2uL. of 10x reaction buffer, 2uL each of 7SmM ATP, CTP, GTP and UTP
and 2uL of T7 enzyme mix was composed and incubated at 37°C for 12—16hours. 1ul of
TURBO DNase (2U/uL) added and incubated for 15minutes at 37°C. Nuclease free water
(115ul) was added, followed by incubation at 60°C for 10minutes. Ammonium acetate (15ul)
was added to the mix to terminate the DNAse action. The product was purified by adding
150uL of Phenol/Chloroform (50/50 mix), vortexed and centrifuged for 5 minutes at RT. The
supernatant was transferred into a new 1,5ml eppendorf tube wherein 150uL of Chlorform
was added, mixed by vortexing, and centrifuged at 13,000 RPM (rotations per minute) for
S5minutes at RT. The supernatant was collected into a new 1.5 ml eppendorf tube. A volume
of 110uL isopropanol (laboratory grade) was added to the supernatant and incubated at for
15minutes at RT to precipitate. The solution was centrifuged at 13,000rpm for 30minutes at
4°C. Supernatant was discarded, the pellet air-dried, dissolved in 20uL RNAse free water and
subsequently heated at 60 - 65°C in a water bath to dissolve pellet. The RNA concentration
was determined using a UV spectrophotometer (eppendorf Biophotometer Plus) in a 1:59

dilution.

3.4.2 Injection of male and female Anopheles gambiae with dsRNA
Sense and antisense strands of AGAP004533 and LacZ were diluted to a final
required concentration of 5ug/puL (1.9M) and 6ug/pL (2.3M) for injection into female and
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male mosquitoes respectively. Equal concentrations of sense and antisense strands were
mixed and boiled for Sminutes in a beaker of water then left to cool down to RT. All RNAs
were analyzed on agarose 2% gel to confirm annealing was successful. 1uL of the single
RNA strands were diluted in Sul. RNAse free water and loaded on the gel alongside 1puL of
the double stranded RNA using RNA loading buffer. Double stranded RNA was stored at -
80°C for mosquito injection process. Injections were done using Nanojectll (Drummond
Scientific, PA, USA) according to the manufacturer’s instructions. The mosquitoes were
injected at the thorax as previousely described (Garver et al, 2007) where in 5ug/ulL and
6ug/uL of ds4533 and ds LacZ were injected into female and or male mosquitoes

respectively.

3.4.3 Evaluation of gene knockdown in Anopheles gambiae

Male and female reproductive tissues were dissected 2-4 days post injection and RNA
extracted as perviously described (sections 3.2.3 and 3.2.5). Gene specific cDNA was
synthesized for AGAP004533 and gene silencing was evaluated using qRTPCR as previously
described (section 3.2.7).
3.5  Determination of swarming patterns and roles in male Anopheles gambiae

mosquitoes mating responses to females
3.5.1 Detection of swarming patterns and mating couples in semi-field screen houses

Eggs and larvae of An.gambiae s.s (Mbita strain) were held in a screen house of 7.1m
long x 5.7m wide x 4.4m high. The screen house was made of all round netting. Eggs and
larvae were placed in plastic bowls (10L) containing fresh filtered water from Lake Victoria.
Eggs and larvae were exposed to natural weather conditions of rainfall, sunlight, night and
day. Eggs hatched 2—-3 days into larvae, which pupated at 9-10 days later. Adults were held
in 30 x 30 x 30cm cubical cage placed in a 3 x 3 x 3m block walls room with window
opening closed with a cloth, but with natural changes of night and day. The room was also
exposed to natural weather conditions of sunlight and rainfall. Caged mosquitoes were arm-
fed and an ethical concern for this work was obtained from the Kenyan government
(Appendix VIII). Two semi field cages (screen houses) (Figure 3) were used for release of
mosquitoes to analyse swarming patterns and mating, Malaria sphere 2 (7.1 x 5.7 x 4.4m),
had internal netting with the same length and width but 2m high. The sphere contained a hut
(3.2 x 2.8 x 1.7m) made of mud walls and thatched (dry grass) roof simulating human
residence. The screen house contained varied vegetation within and mosquito predators
(spiders, geckos, praying mantis and ants) to mimic a natural ecosystem. The screen house
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was exposed to natural conditions of sunlight and rainfall. Daily temperature was ~30°C in
March then came the rainy season in April which extended into May 2012.

Malaria sphere 1 (11.4 x 7.1 x 3.4m) had no internal netting But with similar
vegetation, predators and natural weather conditions to malaria sphere 2. These two screen
houses were used to study natural swarm patterns and mating of mosquitoes in natural field
conditions. Behavioral mating of the An. gambiae s.s (Mbita strain) was studied by collecting
500 pupae daily from the icipe Mbita insectary. The pupae were sexed into males and
females, placed into separate 30 x 30 x 30cm high cubical cages and mated as 3 days old
virgins using isolation of mating couples technique of Thailayil et al, (2011).

One thousand mosquitoes were released every 4 days into malaria sphere 1 for a
month during which; swarming initiatiation time, duration and swarm sites observed were
documented. Experiments were terminated when swarming ceased. One thousand mosquitoes
were also released daily in malaria sphere 2 for 3 months and mating pairs caught using
sweep nets. The pairs were maintained on sucrose, with females dissected three days post

capture to confirm successful insemination by microscopy.
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Figure 3: Structure of Mbita semi-field (Screen house) cage used to study swarm patterns in Anopheles gambiae Mbita strain; Color dots
represent different swarm sites by mosquitoes. Tube lights were used to observe swarms after darkness.
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3.5.2 Determination of propensity for mating in the female Anopheles gambiae

The propensity was tested in 30 x 30x 30cm cubical cages wherein females were
sexed as pupae and kept to emerge as adults. Cages were labeled as male or female then two
hours before dusk; the cages were linked by 10 cm aperture and kept overnight. The cages
were separated at 6am in the morning of following day, and males and females within each
cage documented. The females were dissected three days later and microscopy performed to
determine presence/absence of sperm in the spermatheca for validation of mating. The same
procedure as above was done for An. gambiae females injected with dsRNA against
CATHEPSIN B (AGAP004533) as experimental and dsLacZ for controls.

3.6  Data analysis

For objectives 1 and 2; DNA sequences were translated in silico into their respective
amino acid sequences. The sequences were subjected to multiple alignments using CLC
workbench 6.6.1(CLC Bio, Aarhus, Denmark) and Genious version 5.5 created by Biomatters
(Drummond et al, 2010). A phylogenetic tree was constructed by Neighbor Joining method
by using p-distance estimates, and tested by using interior-branch test. Reliability of each
node was assessed with 1,000 bootstrap replications. Amino acid pairwise identities and
similarity scores were used for evaluation of amino acid sequences during protein alignments
at both sites. Phylogenetic analysis was performed using CLC workbench and Geneious
software, and visualized using TreeView software Version 1.6.6 (Roderic, 1996).
Evolutionary relationships for the various haplotypes were calculated with the maximum
likely hood ratio test (LRT) using PHYML to evaluate substitution models which were
validated for significance using the Chi square test between various substitution models.
Phylogenetic signals per sequence were validated using the K value on tree branches which
represented transversion (change of purine to purine or pyrimidine to pyrimidine)/transition
(change of purine to pyrimidine and vice versa). Orthologs were identified using STRING
database with alignment score confirming identity. Artemis Comparison Tool was used with
a >50% filter to confirm orthology from the STRING database. Gene ontology (GO) values
were used to confirm functions of genes mapped on the interactome. Hyper geometric tests
were performed in the Reactome database to map network proteins within pathways.
Approximate likelihood ratio test (aLRT) was used to identify protein clusters of An. gambiae
Plug proteins on a Whelan and Goldman (2001) maximum likelihood (ML) tree. For
objectives 3, 4 and 5; the qRT-PCR data was analyzed using the comparative C, conducted

for three independent experiments. Analysis of Variance (ANOVA) was done using
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GraphPad Prism version 4.0 for Windows, (GraphPad Software, La Jolla California USA,
www.graphpad.com) to; evaluate relative differences between expressions levels of various
transcripts used, evaluate transcript level differences between experimental and LacZ controls
groups after injections for knock down and also for analyzing differences between
inseminated and non inseminated females. Statistical significance was considered as per the

P-value provided by the software.
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CHAPTER 4
RESULTS

4.1  Putative structural properties and selection pressures implicating
transglutaminase and plugin as main proteins in mating plug formation in
Anopheles gambiae

4.1.1 Identification and secondary structure analysis of male Anopheles gambiae plugin and

transglutaminase proteins

Transglutaminase and Plugin sequences were obtained from VectorBase with both
sequences constituting of 748 amino acids and 557 amino acids respectively. Protein analyses
showed secondary structure predictions for transglutaminase having; 8.02% helices, 36.23%
beta strands and 55.755% loops (Figure 4A) while that for plugin showed; 55.12% helices,
44.88% loops and no strands (Figure 4B). Frequency distribution of amino acids (Figure 4C)
showed that plugin was dominantly Glutamine residues (24%) while transglutaminase was
dominantly Valine residues (9%) compared to all other amino acids residues within their
respective amino acid sequences. Plugin had more exposed residues of 89.59% and 10.41%
buried while transglutaminase had 50.53% exposure and a 49.47% buried. Neither
disulphide bonds nor protein-DNA interactions were predicted on both proteins. Possible
sites for protein-protein interactions were predicted on both proteins with a higher proportion
on transglutaminase than Plugin. Predicted PROSITE sequence motifs on both proteins with
Asparagine glycolysation site (ASN-Glyco), Protein kinase C site (PKC-phospho) and Casein
kinase II (CK2-phospho) was common. Three other sites specific to transglutaminase
included; Tyrosine protein kinase (TYR-phospho site), N-myristoylation site (Myristyl) and
Amidation site. The predicted Pfam domains showed Plugin as having GGDEF (PF00990)
and HisKA (PF00512) whereas those for transglutaminase were Fer4d (PF00037),
Metallophos (PF00149) and Pyr redox (PF00070). These domains have their homologs in
mammals.

The PSIBLAST alignments identified closely related proteins from UNIPROT
database used for predicting secondary structure properties on An. gambiae transglutaminase
and plugin. Plugin identified with; 1) B3RIJ8-1, a putative uncharacterised protein for
Trichoplax adherens showed a sequence identity of 15% with molecular functions as chitin
binding (GO: 0008061) and receptor activities (GO: 0004872) binding to an extracellular and
intracellular messenger to initiate changes within the cell, 2) Q5EGS54-1, a vitellogenin in
Dermacentor variabilis showed sequence identity of 23% with known molecular functions:

calcium ion binding (GO: 0005509), calcium-dependent phospholipid binding (GO:
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0005544) and lipid transport activity (GO: 0005319). Transglutaminase amino acid
predictions identified to protein-glutamine gamma-glutamyltransferase 2 with 30% of
sequence identity. The glutamine gamma-glutamyltransferase 2 has similar molecular
functions to acyltransferase activity (GO: 0008415) and transferase (GO: 0016740) involved
in transfer of a chemical group from one compound (donor) to another (acceptor). The
Hidden Markov model (HMM) predicted two conserved regions in the transglutaminase
group of proteins found within the beta barrels IWNYHVWS, YGQCWVY). Predictions for
the plugin group of proteins showed several four sequence amino acids characteristic of
helices within a sequence and were marked by the presence of several Gln residues. Low

complexity regions (aa 1-260) were predicted for the plugin protein in An. gambiae.
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Figure 4: Amino acids distribution in tranglutaminase and plugin proteins of Anopheles
gambiae; A) Secondary structure for transglutaminase with a high distribution of beta sheets and a few helices.
B) Secondary structure for plugin with a higher preference for helices than beta sheets. C) Frequency
distribution of amino acids within proteins and that of plugin characterized by the high presence of Gln (Q).
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4.1.2 Contact map of male Anopheles gambiae plugin and transglutaminase proteins

Amino acid residue contact analysis performed on transglutaminase and plugin to
understand their global structures with the 2D-Recursive Neural Network models predicted
contacts at an 8A and 12A standard distance thresholds respectively for both
transglutaminase and plugin proteins. The probability contact map (Figure 5) shows selected
residue-residue contacts at an 8A threshold with sequence separation 6 and predicted
probability 0.1. The average contact order and contact number for plugin was 1.523 and
6.926 while that for transglutaminase was 5.484 and 16.687 respectively. These values
predicted that transglutaminase was globular with more of its residues buried (49.47%)
compared to plugin showing 10.41% buried otherwise 89.59% of it was exposed as seen in

section 4.1.1 above.
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Figure 5: Contact map of transglutaminase and plugin in male Anopheles gambiae; Contact
maps predicted by NNcon server. It was done with selected residue-residue contacts at an 8A threshold with
sequence separation > 6 and predicted probability > 0.1 A) Map for Tgase with average contact order and
contact number of 5.484 and 16.687, respectively. B) Map for Plugin with average contact order and contact
number of 1.523 and 6.926, respectively.

45



4.1.3 Superimposition (3D) of transglutaminase and plugin male Anopheles gambiae proteins
Identification of putative protein-protein interaction sites between transglutaminase
and plugin was done using protein databank (pdb) codes for transglutaminase (A1kv3A) and
plugin (3b8cA) which showed sequence similarity of 28.6%, a secondary structure similarity
of 44.3% and an environmental score of 38.0 which characterises an exposition of 41.4%.
The exposition value shows exposed regions which putatively interact (Figure 6). This
interaction generated models consisting of triosephosphate isomerase (TIM) barrel consisting

of eight alpha helices and eight beta strands alternating along the peptide backbone.
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Figure 6: Superimposition (3D) of transglutaminase and plugin male Anopheles gambiae
proteins; Super imposed 3D structures of related predictions were done in Matras using analog strands from
PDB. It had for Plugin strand 3b8cA from ATPASE 2 (Light grey) and Tgase used strand 1kv3A from
“PROTEIN-GLUTAMINE GAMMA-GLUTAMYLTRANSFERASE” (dark grey). Interacting residues
(colored strands).
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4.1.4  Ortholog identification of plugin and transglutaminase in closely related taxa
Transglutaminase (AGAP009099) and plugin (AGAP009368) from VectorBase and
through BLAST Searches at NCBI identified; transglutaminase (accession # ACZ65013) and
plugin (accession # ACZ65012) amino acid sequences in An. gambiae. The same BLAST
searches at NCBI with transglutaminase (accession # ACZ65013) and plugin (accession #
ACZ65012) identified homologous sequences for different taxa (section 3.1.1) as summarised
in Table 1 A&B. In Table 1A, transglutaminase homolog sequences in other taxa were
considered based on >95% identity for mammals and >90% identity in insects + others. In
Table 1B, due to lack of high identity scores of plugin in related taxa, structural homologs
with close similarity was considered for mammals and insects + others. The distances
between the sequences could be identified on the phylogenetic trees (Figure A&B).
Transglutaminase sequence in An. gambiae was closer in homology to mammalian sequences
given that most variants were obtained in Mus musculus and Homo sapiens compared to a
few in insects + others. Based on structural similarity of plugin protein sequence as shown in
the previous section, it was observed that mammals equally possessed more proteins with
similar features to that of the insect + other group. Their amino acid lengths and weights were
quite similar. Homology was more conserved in the transglutaminase than plugin groups,

indicated by varied protein lengths and sizes.
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TABLE 1A: TRANSGLUTAMINASE RELATED GENES IN DIFFERENT TAXA

Organisnm Code Protein Length Weight
Mus musculus 0i|148674308 transglutaminase 2, C 693aa  77.644 kDa
polypeptide, isoform CRA _a
Mus musculus 0i|148708973 coagulation factor XIII, Al 763aa  86.9 kDa
subunit, isoform CRA ¢
Mus musculus 0i|120537330 Transglutaminase 3, E 693aa  77.277kDa
polypeptide
Mus musculus gi|124001551 protein-glutamine 77.309 kDa
gammaglutamyltransferaseE
Homo sapiens 0i|339527 transglutaminase 817aa  89.754 kDa
Homo sapiens i|4507475 protein-glutamine 817aa  89.786 kDa
gammaglutamyltransferase
K
Homo sapiens gi|339604 transglutaminase K enzyme 8l4aa  89.338 kDa
Homo sapiens 0i|119395709 coagulation factor XIII A chain 732aa  83.267 kDa
precursor
Homo sapiens gi|1353350 prostate-specific transglutaminase 684aa  77.143 kDa
Homo sapiens gi|13937806  Transglutaminase 4(prostate) 684aa  77.134 kDa
Homo sapiens 0i[56202736  transglutaminase 6 625aa  70.515 kDa
Homo sapiens gi|2895530|gb  transglutaminase X 720aa  80.767 kDa
Homo sapiens 0i|33331030  transglutaminase y 706aa  79.279 kDa
Homo sapiens 0i[114107591 Transglutaminase 5 720aa  80.804 kDa
Homo sapiens 0i|119613003 transglutaminase 7 683aa  76.792 kDa
Homo sapiens 0i|80478896  Transglutaminase 3 (E polypeptide, 693aa  76.757 kDa
protein-glutaminegamma-
glutamyltransferase)
Culex 0i[170034605 annulin 734aa  83.04 kDa
quinguefasciatus
Culex 0i|170034603 glutamine gammaglutamyltransferase 917aa  104.221
quinguefasciatus kDa
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Caenorhabditis
elegans

Aedes aegypti

Drosophila
melanogaster

Drosophila
pseudoobscura
pseudoobscura

Drosophila
persimilis
Drosophila
ananassae

Anopheles
gambiae

gi[17508733

gi[157114825

gi[33589452

gi[125986229

0i|194107225

0i|190615868

gi[270266161

SPindle Defective family member
(spd-5)

protein-glutamine
gammaglutamyltransferase

RE08173p

GA20290

GL19611

GF14572

transglutaminase

1198aa

804aa

776aa

774aa

T74aa

775aa

748aa

135.147
kDa

90.489 kDa

87.226 kDa

87.275 kDa

87.275 kDa

87.581 kDa

83.43 a
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Table 1B: Plugin related genes in different taxa

Organisnm Code Protein Length Weight
Mus musculus 0i|244792359 traf2 and NCK-interacting protein ~ 1360aa 154.943
kinase isoform 1 kDa
Mus musculus 0i|124487407  protein bassoon 3942aa 418.838
kDa
Mus musculus 0i|61657921 kinesin-1 heavy chain 963aa 109.55
kDa
Mus musculus 0i|1245105 glutamine repeat protein-1 171aa 21.572
kDa
Mus musculus 0i|1079734 citron 1597aa 183.447
kDa
Mus musculus 0i|58803289 involucrin 610aa 71.182
domesticus kDa
Mus musculus gi|13398531  SRY transcription factor 231laa 28.533
domesticus kDa
Mus musculus gi|3228675 sex determining region of 23laa 28.533
domesticus ) kDa
Y protein
Mus musculus 0i|2623365 sex determining protein 232aa 28.661
domesticus kDa
Mus musculus 0i|2623367 sex determining protein 420aa 52.744
musculus kDa
Mus musculus 0i|191889 apolipoprotein A-1V 435aa 49.253
castaneus kDa
Homo sapiens gi|299890875  dynactin subunit 1 isoform 6 1271aa 140.885
kDa
Homo sapiens 0i|119579218 SWI/SNF related, matrix 1590aa 181.277
) ) kDa
associated, actin dependent
regulator of chromatin, subfamily
a, member 2, isoform CRA_a
Homo sapiens 0i|239735584 TRAF2 and NCK-interacting 1323aa 150.363
o ) kDa
protein kinase isoform 4
Homo sapiens 0i|196115147 cipl-interacting zinc finger protein  898aa 100.044
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Homo sapiens

Pongo abelii
Pongo abelii

Drosophila
melanogaster

Drosophila
melanogaster
Drosophila

melanogaster

Drosophila
melanogaster

Drosophila
melanogaster

Caenorhabditis
elegans
Caenorhabditis

elegans

Aedes aegypti

Aedes aegypti

Aedes aegypti

Plasmodium
falciparum

Plasmodium
falciparum

Apis mellifera

0i[93141033

gi[197100412
gi[197098314

gi[54144924

gi|7537266

gi[4755096

gi[1336720

gi|1203923

gi|291201266

0i[44893809

gi|108883429

gi|108871039

gi[108871862

0i[33413782

gi[22086284

gi[110777193

isoform 1

PAX-interacting protein 1

serine/threonine-protein kinase
TAO3

mediator of RNA polymerase Il
transcription subunit 15

DAXX

defective chorion-1 eggshell
protein

accessory gland protein Acp36DE

EN protein binding gene/engrailed
nuclear homeoprotein-regulated
gene

PsqB

C. elegans protein D2045.1d,
confirmed by transcript evidence

C. elegans protein C07A9.3b,
confirmed by transcript evidence

Sec24B protein, putative

circadian locomoter output cycles
kaput protein (dclock) (dpasl)

hypothetical protein
Aael_AAEL011800

normocyte binding protein 2a

chimeric erythrocyte-binding
protein MAEBL
PREDICTED: similar to

Transcription factor Sp3 (SPR-2)

1069aa

898aa

566aa

1620aa

180aa

789aa

608aa

646aa

1026 aa

965 aa

1188aa

900aa

1154aa

3096aa

2055aa

780aa

kDa

121.34
kDa

105.36
kDa
62.003
kDa
179.546

kDa
22.261
kDa
88.106
kDa

69.369
kDa

70.426
kDa

113.461
kDa
109.273
kDa

131.915
kDa

101.826
kDa

129.14
kDa
366.014
kDa
243.21
kDa

86.043
kDa
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Apis mellifera 0i|110763985 PREDICTED: similar to Sex
combs reduced CG1030-PA,
isoform A

Anopheles gambiae  gi|270266159  plugin

Anopheles gambiae  gi|58388669 AGAP006418-PA
strain PEST

Chagas 0i|33112398 Full=Male accessory gland

secretory protein 57Dc;
cAMPdependent

phosphoprotein,

713aa

557aa

266aa

103aa

81.971
kDa

65.534
kDa

29.279
kDa

11.608
kDa

Legend: The organism names, protein IDs, protein names, protein lengths and protein weights are shown on

the table.
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4.1.5 Maximum likelihood phylogeny and evolutionary relationships in transglutaminase and

plugin in Anopheles gambiae and their orthologs in other taxa

The K value used to determine the phylogenetic signal in these data showed a value of
2 for transglutaminase and plugin trees (Table 2). The value of 2 for the transglutaminase
group could be due to the value of C. elegans (gi|17508733) which presents a K value of
3.304 (Figure 7A). The branch length K values for most proteins on the transglutaminase tree
were less than one (<1). An. gambiae (gi|270266161) also presents a value of 0.678 which
ranks second but shows transition rates higher than transversion rates hence lower
substitution rates. The gamma value of 0.62 closer to 0.5 implies strong variation rate. In the
plugin tree (Figure 7B), most genes had a substitution rate characterized by higher
transversions but with constantant variation over sites given by a gamma value of 2.18. The
ML ratio test of 1150.03 and 1061.17 for transglutaminase and Plugin group of proteins
respectively were all statistically significant (p value < 0.001) and under selection as shown

by the the K80 tree.
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Table 2: Maximum likelihood analysis of transglutaminase and plugin sequence groups

JC model values K80 model values xX? (Li-Lo) df=1
Lo K o L, K o
TGase -57189.15 none 0.6 -56039.12 2.0 0.62 1150.03, p<0.001
Plugin -133136.27 none 195  -132075.1 2.0 2.18 1061.17, p<0.001

Legend: L. likelihood value for null test (t=0), L. likelihood value for alternative test (t=1). K:
transversion/transition, o: gamma value. JC: Jukes and Cantor 1969 substitution model, K80: Kimura 1980
substitution model. Df: degree of freedom
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Figure 7: Maximum likelihood (ML) and evolutionary trees for plugin and transglutaminase.

This shows the ML evolutionary trees done with Neighbour joining (NJ) tree as a starting tree. The values on the branches represent K valuesA) Shows the tree for the
transglutaminase group of proteins and the star represents An. gambiae transglutaminase sequence. B) Shows the tree for Plugin group of proteins and the star represents An.
gambiae plugin sequence.
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4.1.6 Population genetic analysis of transglutaminase and plugin sequence groups

For the transglutaminase group of proteins, 3596 number of sites were considered
with number of polymorphisms = 1279 for nT1 (mammals) and 1333 for nT2 (Insects +
others). The number of mutations (Mu) were nT1 = 2831 and nT2 = 2429. Nucleotide
diversity (Pi) was nT1 = 0.48 and nT2 = 0.46. Mutations polymorphic in nT1 but
monomorphic in nT2 were 950 meanwhile those polymorphic in nT2 but monomorphic in
nT1 were 548. The average number of nucleotide substitutions per site (Dxy) between
populations was 0.55. ® = Non-synonymous substitutions/synonymous substitutions were:
nT1 =20/35=0.57, nT2 = 33/33 = 1. None was found between populations. For the plugin
group of proteins, total number of sites considered was 11826 with number of polymorphisms
=36 for nP1 (mammals) and nP2 (Insects + others). The Mu was 87 for nP1 and 103 for nP2.
Pi was 0.62 for nP1 and 0.64 for nP2. Mutation polymorphic in nP1 but monomorphic in nP2
were 3 while those polymorphic in nP2, but monomorphic in nP1 were 19. This group had a
Dxy of 0.64. No o could be computed for this group of proteins because it considered only

36 sites without alignment gaps out of the total sites.

58



4.2  Putative protein-protein interactions mediating mating-plug formation and post-
mating phenotype in Anopheles gambiae
4.2.1  Ortholog identification of mating plug proteins

Proteins identified in An. gambiae mating plug were 27 of which 16 were strings
from STRING database (Table 3). About 34.88%, 30.23%, 20.93%, 11.63% and 2.33% of
the 27 known plug proteins and 16 strings originated from Chromosomal arms 2L, 3R, 2R,
3L and X respectively. Among the unknown proteins on the mating plug; AGAP013150 and
NOVEL ZCP7 amino acid sequences identified with AGAP004671 and AGAP008071
respectively, while NOVELACP1 had no similarity to proteins in the database. The
prediction scores for the orthologs in the STRING database ranged from 40 to 1311. Of the
27 proteins identified 22.22% were from the female, 55.56% were from the male and the rest
from both. Majority of these proteins were from MAGs, composed of Acps, enzymes and
proteases. The majority of proteins identified by Rogers et al, (2009) originated from
Chromosome 3R, but with added strings, majority originated from chromosome 3R and 2L
(Table 3). Artemis Comparison Tool (ACT) confirmed orthology among the proteins.
Comparisons done on Chromosomal arms with predictions from the STRING database showed
24.39% matches (M), 12.20% mismatches (MM) and 63.41% no matches (NM) (Table 3). Regions
that matched for orthologs ranged from 79% to 97% identity. The STRING database also identified
putative proteins (STRING column Table 3) which could function together in a protein-protein

interaction manner with those already identified on the mating plug.
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Table 3: Identified orthologs of An. gambiae in D. melanogaster using STRING database

60

An. gambiae ID STRING Chromosome Sex Orthologs in D.  Uniprot Xsome STRING Xsome
(plug proteins) melanogaster ID Score synteny
TRANSGLUTA 3R male CG7356 Q9vVLU2 2L 108 MM
MINASE
(AGAP009099)
Q8IPHO 2L 108 MM
AGAP009368 3R male CG15005 Q9VvVZG4 3L 40 NM
AGAP009370 3R male
AGAP012830 Unknown male unknown
AGAP008276 2R male CG12350 Q7JPN9 3R 139 NM
AGAP008277 2R male CG12350 Q7JPN9 137 MM
AGAP013150 male CG4738 Q9VKJ3 362 NM
(AGAP004671)
AGAP005791 2L male CG32834 QIWIWG 2R 74.7 NM
D3DMG3
AGAP007041 2L male CG6676 Q95SM8 2R 172 NM
AGAP006418 2L male CG32679 Q8IRL3 X 166 NM
D9PTUG
AGAP009673 3R male CG5976 Q7KTY3 3L 317 MM
Q0GT94
AGAP003083 2R male CG6113 QI9VKT9 2L 180 NM
AGAP001649 2R male CG31414 Q8IMY3 3R 537 M
CG3647 Q4V4A3
Q4v4ail
AGAP0012412 3L CG6437 Qow297 2R 583 NM
AGAP002055 2R CG3132 Q9VGE7 3R 642 NM
AGAP009584 3R both CG31884 Q9Vv429 2L 134 NM
AGAP000565 X CG2151 P91938 X 687 M
CG11401 QI9VNT5 3L 687
AGAP011107 3L CG6852 B72076 3L 144 NM
Q9VVT6 3L 144
AGAP010517 3L SOD1 B8YNX4 3L 302 NM
AGAP007201 2L TRX-2 Q6HI1 2L 169 NM
AGAP007827 3R CG17654 P15007 2L 736 M
AGAP009623 3R CG8893 P07487 X 544 M
AGAP007120 2L CG2210 P08879 3R 292 NM
AGAP006818 2L CG8975 P48592 2R 588 NM
CG17797 046197 2L
AGAP010198 3R CG5371 P48591 2L 1311 M
AGAP001325 2R CG32920 Q960M4 3R 238 NM
CG7217 Q6XHE3 3R
AGAP012407 3L both CG6988 P54399 3L 642 M
AGAP007393 2L CG8983 Q3YMUO 2R 696 NM
AGAP002816 2R CG1333 Q9V3A6 3L 582 M
AGAP011630 3L female CG33998 Q61G52 2R 66 NM
B3DN29 2R 66
CATHEPSIN B 2R both CG10992 QoVvY87 X 464 M
(AGAP004533)
AGAP005194 2L female CGb5255 Q9VEM5 3R 154 NM
TRYPSIN-LIKE 2L female CG4053 Q9VEM7 3R 136 NM
SERINE
PROTEASE
(AGAP005195)
AGAP006904 2L female CG4859 Q9W122 2R 762 M
CG4859 Q8MLN6 2R
AGAP003319 2R CG6281 Q9VH14 3R 148 MM
AGAP007347 2L female CG7798 Al1ZABS8 2R 131 NM
AGAP003139 2R both CG18525 Q9VFC2 3R 293 NM
CG18525 QoU1l4 3R
AGAP006964 2L female CG32147 Q8SzZB7 3L 155 NM
AGAP009172 3R CGb5355 QIVKWS5 2L 980 M
AGAP006420 2L both CG32679 Q8IRL3 X 137 NM



AGAP009212 3R both CG7219 A4VITH 2L 206 NM
NOVEL ACP1 3R:b/w 9370 male
(from female) & 9371
NOVEL ZCP7 3R:b/w male CG8564 Q9VS63 3L 164 NM
(AGAP008071) 5051000&506
7900

Legend: The nucleotide sequences for chromosomal locations of proteins; NOVEL ACP1 and NOVELZCP

were used to identify similar proteins and their orthologs. Xsome (chromosome).
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4.2.2 Putative protein-protein interaction among Anopheles gambiae mating plug orthologs in
Drosophila melanogaster

Alignments and scores of the orthologs predicted by STRING database predicted a
network in Cytoscape of 555 nodes with 2344 edges is summarised in Figure 8. Degree
(number of interactions per node) of distribution ranged from 1(150 nodes) to 52(25 nodes).
The nodes clustered with coefficients 0.0(150 nodes) to 1.0(225 nodes). ClusterViz predicted
14 complexes with 238/400, 78/227, 53/1287, 38/160, 31/57, 30/72, 16/16, 15/21, 14/11,
10/41, 10/10, 10/14, 9/17 and 7/12 nodes/edges in descending order. These complexes
originated from D. melanogaster, Campylobacter jejuni, Arabdopsis thaliana and Homo
sapiens. D. melanogaster made up complexes 1, 8, 11 and 13. CytoHubba predicted the top
50 hubs (nodes) using EPC algorithm. The degree of interactions per node ranged from 3 to
30 (Figure 8). The largest complex was exhibited by D. melanogaster. Among the
Cytohubber predicted top 50 hubs in the network, key orthologs to CATHEPSIN B
(AGAP004533) were identified in mating plug, together with AGAP007120, AGAP009623,
AGAPO006818 and AGAPO001325 (atrial protein) as strings to AGAP009584 on the plug
(Table 3). The node protein ranked first (CG9083) in the hubbal interactions (Figure 9) had
no close ortholog in An. gambiae but shared similar structural protein properties with plugin
(AGAP009368) on the mating plug (Table 3). Accessory gland protein, Acp29AB (234
amino acid) in D. melanogster transferred by males during mating was attached to hubbal
protein Ribonucleoside-diphosphate reductase (CG8975). The Acp29AB alongside its
interactive partners (Acp33A, Acp26A, Acp62F, Acp53Ea, Acp26Ab, Acp36DE, Acp32CD,
Acp63F, Acp98AB and Acp95EF) could not be identified interacting on the network despite
their predicted interaction in the STRING database. There were no Acp29AB orthologs in
An. gambiae. Several hubbal proteins had predicted interologs in An. gambiae but were not
identified on mating plug. Only one female An.gambiae interolog (trypsin-like serine
protease (AGAP005195) found on the mating plug was terminally identified on the network

with one interaction.
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Figure 8: Network map for mating plug proteins in Anopheles gambiae; This network design is
composed of 555 nodes and 2344 edges. It was done using Agile Protein Interaction DataAnalyzer
(APID2NET) hosted in Cytoscape (V.2.8.0). Cluster A is composed mainly of D. melanogaster proteins.
Clusters B, C and D are made up of Campylobacter jejuni, Arabidopsis thaliana and Homo sapiens respectively.

63



Hubbal proteins

QowITs
| 4~ QSVRIL

[~ RIR2
~.

ECO QBIGAD
QoWSA9 7. T
T —

RIOAB

P

- @san

G3P2

\ QSWYET

N

/
A17Z8H7 [/
.-’x"‘*-

/
asvmss [

7 aswsLa

/
/
e~
/ aqavass
./..
Q8MsLe /" IFaa
L
¢ ,
EF1A1 . aowes
v
Qewa7zs 7 ot
QovKs4 N " O7vsGs
" a1zsa1
e | | I QBENSO
QovsD2 S QBINYE .
BSG2 QevTX7 =t=links
Q960HE
== orthologs

Figure 9: Hubbal nodes within protein-protein network in Drosophila melanogaster.

The proteins with their UniProt IDs were ranked in a clockwise direction with Q8SX9 as the top most protein as
seen on the figure. The links in the blue graph showe various interactions per node. The red graph show number
of orthologs these proteins are close to in An. gambiae.
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4.2.3 Protein secondary structure prediction of Drosophila melanogaster orthologs (Q8SX59
and Q9VEMY7) and their molecular and structural homology comparison in Anopheles
gambiae mating plug proteins (plugin and trypsin-like serine protease (AGAP005195)

From the hubbal proteins; Q8SX59 (CG9083) in D. melanogaster was compared to
plugin (AGAP009368) in An. gambiae using protein secondary structure properties given that
the sequence identity between them was poor. The results are summarized in Table (4). The
D. melanogaster protein had 317 residues, with 19.24% of the residues, vs 10.41% in plugin
buried, 80.76% vs 89.59% for plugin exposed, with more than 16% of its surface. The protein
contains 3.5% helices, 2.5% strands and 94.0% loops. A high proportion of the protein
presents with low complexity regions (LCRs) ranging from aa 13-317 similar to plugin which
ranges from aa 1-260. This protein is not globular and lacks DNA binding properties (Table
3). It is Protein-protein binding and its predicted localization in animals is nuclear. PROSITE
predicted sequence motifs on this protein were Casein kinase Il (CK2-phospho), and N-
myristoylation site (Myristyl). The Gene ontology terms (Table 4) showed for molecular
function; GO: 0016829 which catalyses the cleavage of C-C, C-O, C-N bonds and GO:
0005509 which interacts selectively and non covalently with Calcium ions. For biological
process, it predicted GO: 0009987 responsible for cell growth and/or maintenance and GO:
0008152 which is involved in metabolic processes leading to cell growth. The protein shows
no recognised domains across all databases. The protein property predictions for CG9083
were important because they looked very similar to those of plugin in An. gambiae (Table 4).
In Q8SX59 protein large clusters of Glycine residues within the protein were identified,
accounting for the LCRs. Both proteins share similar predicted molecular properties (Table
4), and also lack close orthologs in both species which can be seen by the spurious score for
Plugin (Table 3) predicted by the STRING database. The protein Q9VEM7 in D.
melanogaster having 243 amino acids was compared to the the only female An. gambiae
interolog identified on the network, TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
having 243 amino acids (Figure 10) showed a 37.3% identity and also shared trypsine like

and Gamma-aminobutyric acid (GABA) presented as PTHR similar domains.
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Table 4: Protein and molecular properties of plugin in An. gambiae and Q8SX59 in D.
melanogaster

. Aa Secondary structure - P- . . Biological
Protein 2 Solubility S-S LC region Prosite process. GO
length composition (%) DNA
term (score)
e
Ho B L ogp) P
ASN 0005509
PLUGIN glycosylation- (5 08s)
(AGAPO 557 55.12 0 4488  89.59 10.41 0 0 Aa 1-260 PKé
09368) . 0008152
Phosphosite (0.207)
CK2 Phospho- '
site,
0005509
_ (0.520)
Q8SXS9 317 34 252 9401 8076 1924 0 0  Aalz-3iy CKePhospho
(CG9083) site,
MYRISTYL 0008152
(0.327)

Legend: Aa (amino acid), S-S (disulphide bond), P-DNA (protein-DNA binding), LC (low complexity
region), GO (gene ontology), H (helix), E (strands), L (loops), e (exposed residues), b (buried residues), ASN
(Asparagine), PKC (phosphokinase), CK2 (Casein kinase).
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Figure 10: Genetic structural comparison between trypsin-like serine protease (AGAP005195) in An. gambiae females and Q9VEMY7 in D.
melanogaster; Dom: domain, CHY: chymotrpsin, Pept Ser_Cyst: Peptidase_Serine_Cysteine, Tryp_SPc: Trysin_spliced variant, QOVEM7 (D. melanogaster protein),
AGAP5195 (AGAP005195, An. gambiae protein)



4.2.4 Pathway, Biological process and gene expression identification of Anopheles gambiae

mating plug orthologs in Drosophila melanogaster

Complex 1 contained 113 processes out of 2021 known for D. melanogaster and 28
proteins in the network were involved in these processes (Appendix VI). These processes
were grouped into 7 main pathways; membrane trafficking (1.1e-05), metabolism of proteins
(3.0e-04), metabolism of amino acids and derivatives (4.5¢-01), signalling by insulin receptor
(2.1e-01), axon guidance (7.1e-01), regulatory RNA pathways (3.8e-02). Complex 8
identified 6 processes out of 2021 known processes with 8 genes involved. These 6 processes
were grouped into hemostasis (2.5e-05) as the main process within which, two D.
melanogaster orthologs (Q9U1I4 and Q9VFC2) of (AGAP003139) as an interolog of the
mating plug proteins in An. gambiae. The orthologs were identified as serine protease
inhibitors involved in platelet plug formation and degradation (Appendix VI). This protein is
expressed in both males and females but more significantly in the latter. Complex 11 and 13
showed no identified processes for further analysis. The 50 hubbal proteins were also
analysed in the Reactome database to see the main processes controlling this network and 49
processes out of the 2021 known processes were identified. Twelve proteins were involved in
these processes which were: metabolism of proteins (8.8e-13), gene expression 2.0e-06, 3’-
UTR-mediated translational regulation (7.7e-08), regulation of beta cell development (1.3e-
06), diabetes pathways (6.8e-06), signal recognition (Preprolactin) (5.0e-07), and membrane
trafficking (1.3e-03) (Appendix VI). The 50 hubs proteins put together included all the
processes identified in the first complex with a wider coverage of pathways on the network.
Protein metabolism and translational regulation which are the identified processes are aspects
of the transglutaminase (AGAP009099) and Plugin (AGAP009369) main proteins involved
in mating plug formation in An. gambiae. Signal recognition and membrane trafficking are
processes required for secreted proteins from male and female reproductive tissues. Gene
expression shows up-regulation and down-regulation of genes in the reproductive process.
Hemostasis identified on the network is related to plug formation and degradation within the
female. Q8SX59 (Table 4) identified as the top most protein in the network showed no
expression in larval and adult stages but expressed in the embryo at 16-18hrs in FlyBASE.

The D. melanogaster proteins identified on a sub-network within the main network
were putatively expressed in four analyzed reproductive tissues (ovary, mated spermatheca,
male accessory glands and testes). A sub-network resulting from deriving interactions
between Q8SX59 (plugin), Q9VEM7 (AGAP005195) and ACP29AB is summarised in
Figure 11 below. Putative plugin protein (Q8SX59) was identified on the sub-network as a
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major protein which interacts with Ribonucleoside-diphosphate reductase subunit M2 (RIR2),
an interologous string to AGAP009584 found on the mating plug (Table 4). RIR2 showed
interactions to two (Q9VCC9 and Q9U9A9) proteins identified in complex 1(Appendix VI)
which are both involved in the target of rapamycin pathway (GO: 0032007) and involved in
lipid transport of molecules for egg development. The possible interaction of Q8SX59 and
RIR2 would be a phosphorylation reaction involved in An. gambiae because using CLC main
work bench (V5.7.1) (Section 4.2.4), predictions for plugin showed a GGDEF domain
(PF00990) which is a sensory receptor domain and a Histidine Kinase domain (PF00512)
involved in a two component transduction system known in bacteria. Both domains need a
response regulator in order to function properly. This domain (PF00072) was found on
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) which was the only female protein
identified on the plug network. This domain receives the signal from the sensor partner in a
bacterial two-component system. The ortholog (Q9VEM7) of TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) clusters on the right arm of Figure 11. This protein is linked to
QOVIT3 expressed both in the ovary and in the testes. This protein has protein binding (GO:
0005515) as the only known molecular function. The possible location of this interaction
should be in the female atria because all the terminal proteins (Q7JY68, Q9VOM7, QOVEM?7,
Q9W3LA4, IF5A, and R10AB) carried by Q9VIT3 are expressed in the testes, male accessory
gland and the mated spermatheca. This could be showing the liaison between male and
female reproductive cells. Q7JY68 is involved in dephosphorylation (GO: 0016311) which is
a close function to response regulator domains as observed on AGAPO005195 interolog
(Q9VEMY7). IF5A is a translation elongation factor (GO: 0003746) and a translation initiation
factor (GO: 0003743). It is the only eukaryotic protein to have a hypusine residue which is a
post translational modification of a lysine by the addition of butyl amino (Park, 2006) group
from spermidine found in semen. Q9VOM7 is a ribonucleoprotein (GO: 0030529) and
involved in translation.

At the left arm of Figure 11, Acp29AB which is a MAG protein in D. melanogaster,
was identified. This protein is involved in post mating behaviour in the female (GO:
0007617). Acp29AB is seen to interact in STRING datadase with Acp26Aa and Acp76A
genes. The former (Acp26Aa) codes for a male accessory gland peptide that stimulates egg
laying in mated D. melanogaster females during the first postmating day meanwhile the latter
(Acp76A) which contains a serpin signature plays a role in the observed regulation of Acp
proteolysis and/or in the coagulation of seminal fluid to form a mating plug. Interologs

AGAP003139 and AGAP009212 on the An. gambiae mating plug showed similar serpin
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signatures. Acp29AB interacts with Q8WS79 (ERR) expressed in the ovary and in the
spermatheca. This is one of the hubbal proteins on the plug network and identified in the
generic transcription pathway (Appendix VI). It is a steroid hormone receptor (GO: 0003707)
and involved in transcription regulation (GO: 0045449). It combines with a steroid hormone
to initiate a change in cell activity. We observe at the terminal (right arm of Figure 11), two
proteins (QIVTX7 and Q7YSGS8) expressed in the MAGs, and involved in imaginal disc
development (GO: 00007444) and multicellular organismal process (GO: 0032501).
Acp29AB probably interacts with Protein similar (SIMA) expressed in the MAGs and in the
ovary via Q8WS79 in the spermatheca. It has as function: signal transducer activity (GO:
0004871) and transcription regulation (GO: 0045449). The signal transducer role could aid
Q8WS79 in changes in cell function. SIMA and Q8WS79 interact with the Q9VAV6 which
is expressed in the testes. At this point Acp29AB could play the function of sperm
competition. Q9VAV6 has as function histone acetyl transferase activity GO: 0004402. It is
linked to two other proteins Q8IP72 and Q9VIJY9 (identified in the Reactome database with
complex 1(Appendix VI) involved in pre-microRNA processing (GO: 0031054) and female
germline-sterm cell division (GO: 0048132). This protein interacts with IF4A which is a

eukaryotic initiation factor involved in protein biosynthesis.
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Figure 11: Sub-network predicting reproductive process in Anopheles gambiae through
Drosophila melanogaster proteins; Q8SX59 (blue star) which is putative plugin protein (AGAP009368)
is the main protein on the network which interacts with Ribonucleoside-diphosphate reductase subunit 2 (RIR2).
Q9VEMY is found on the right arm of the network alongside other proteins expressed in mated spermatheca.
The left arm of the network involves Acp29AB (yellow star) produced mainly in the male accessory glands of
D. melanogaster interacts with Q8WS79 an Estrogen Related Receptor. The expression values indicated gives a
guide on the possible sites where the processes take place. 1 (Q8SX59), 2 (RIR2), 3 (Q9VIT3), 4 (Q7JY68), 5
(Q9VIMT), 6 (QIVEMT), 7 (QIW3L4), 8 (IF5A), 9 (R10AB), 10 (A29AB), 11 (Q8WS79), 12 (Q7YSG8), 13
(Q9VTXT7), 14 (SIMA), 15 (QOVAVS), 16 (IF4A).
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4.25 Comparative analysis of maximum likelihood phylogenies of network identified
Anopheles gambiae mating plug proteins and their orthologs in Drosophila melanogaster
Evolutionary relationships among orthologs of An. gambiae proteins in D.
melanogaster were revealed on mating plug (Figure 12A). The mtREV showed a log-
likelihood of -17103.06623, aLRT of 0.00, parsimony value of 3564, tree size of 57.26818, a
gamma shape value of 4.280 and using 2423 seconds of computing time while WAG showed
a log-likelihood of -16269.60100, aLRT of 0.00, parsimony value of 3560, tree size of
32.67632, a gamma shape parameter of 5.160 and using 850seconds of computing time. From
these values, the WAG tree was the best tree due to a ML ratio test value for the two methods
showed X* = 833.47 (P<0.001), its small tree size (Figure 12A) and evident least
evolutionary change between the trees. Similar phenomana was revealed in its parsimony
value and the gamma value. MAFFT alignment on the fourteen An. gambiae protein
interologs was established, and when subjected to WAG maximum likelithood model
revealed a likelihood of -16537.39231, aLRT of 0.001 (< 0.05), parsimony value of 3767,
tree size of 33.86143, a gamma shape parameter of 5.140 and using 706seconds of computing
time. These values were closely related to each other with similarity in both species (D.
melanogaster and An. gambiae) and the proteins involved will have similar substitution rates
and equally evolve the same hence directing similar processes in both organisms. The
difference observed was the tree topology which rooted branches differently. This difference
resulted from difference in percentage identity in multiple sequence alignments (0.8% for
gambiae and 0.0% for drosophila) and percentage pairwise identities from alignments (5.6%
for gambiae and 7.6% for drosophila). Orthologous proteins were identified with a similar
colour scheme in both trees (Figure 12 A&B). Comparing the tree topologies in both species,
most proteins were maintained in their branch groups though rooted differently. The most
interesting difference was related to that of our putative plugin protein (Q8SX59) in the
network which is grouped with transglutaminase (Q9VLU2 and QS8IPHO, though poorly
supported) in the drosophila tree but both are apart in the gambiae tree. In the gambiae tree
transglutaminase is closer to AGAP001649 (Q8IMY3 and A4V4A3) and AGAP009673
(Q7KTY3). The former is a glucosylceramidase (GO: 0008152) involved in glucosidase
activity which trims mannosidases involved in N-linked glycoprotein biosynthesis probably
activating the transglutaminase enzyme meanwhile the latter is an acyltransferase (GO:
0008415) which is responsible for acylating proteins. Both protein functions are linked to
prosite motifs present in transglutaminase (section 4.2.1). The two closely related proteins

above are MAGs specific. Plugin is seen closer to the female protein TRYPSIN-LIKE
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SERINE PROTEASE (AGAP005195) (Q9VEM?7). As seen above, both proteins are expected
to be involved in a 2 response regulatory system of phosphorylation reactions. The proteins
AGAP008276 and AGAPO008277 were grouped together TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) in the gambiae tree and they share the same GO terms (GO:
0004252) as seen in section 4.2.4. TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
possesses both Trypsin-Histidine and Trypsin-Serine bindind sites confirming it as a Serine
Protease and account for the specificity of TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) on the plug. The placement of plugin protein and CATHEPSIN B
(AGAP004533) (Q9VY87) [a thiol protease (GO: 0008234)] on the tree shows their
independence to the related proteins given their vast interactions on the network [plugin
(Q8SX59) as top node (15 interactions) and CATHEPSIN B (AGAP004533) as 8" (30
interactions)]. CATHEPSIN B (AGAP004533) is a cysteine type endopeptidase (GO:
0004197) site common to both transglutaminase and plugin proteins. The weak aLRT branch
support (1.24x10-4) separating plugin (blue star), CATHEPSIN B (AGAP004533) ,
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) (red star) (Figure 11B),
AGAP008276 and AGAP008277 on the tree topology should imply a split of the tree in two
parts, possibly those proteins involved in pre-mating grouped with Transglutaminase
meanwhile Post mating proteins are grouped with Plugin. The identified maing plug proteins

in An. gambiae identified on the network showed no direct interaction between them.
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Figure 12 A: Molecular Phylogeny tree in Drosophila melanogaster; This figure presents a
maximum likelihood tree using the Whelan and Goldman (WAG) amino acid substitution method. The tree was
done using the geneious (v5.4) software. These proteins which are orthologs of An. gambiae proteins identified
on the mating plug were 17 in number. A Multiple alignment program for amino acid or nucleotide sequences
(MAFFT) was used with Blosum 62 matrix The colour codes represent the various identified orthologs on the

network relative to the An. gambiae proteins on the plug. The low alignment identical sites are responsible for
the very low aLRT branch lengths seen on the tree hence accounting for its topology.
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Figure 12 B: Molecular phylogeny tree and putative functional reproductive phenotypes
in Anopheles gambiae; This figure presents a maximum likelihood tree using the Whelan and Goldman
(WAG) amino acid substitution method. The tree was done using the geneious (v5.4) software. These proteins
which are the An. gambiae proteins identified on the mating plug were 14 in number on the network. A Multiple
alignment program for amino acid or nucleotide sequences (MAFFT) was used with Blosum 62 matrix. The
colour codes represent the various identified proteins on the plug relative to its orthologs in D. melanogaster.
The two proteins clusters on the tree predict possible reproductive events in males and females of An. gambiae.
The low aLRT branch value (1.2 x 10, black dot) separating the two clusters groups plugin (blue star) and
CATHEPSIN B (AGAP004533) proteins with the female protein (TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) (red star)) on the tree leading most probably to possible post mating processes in the female.
The Serpins which cluster together with transglutaminase should favour plug formation in the male.
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4.3  Molecular factors among the interacting proteins mediating mating responses in
Anopheles gambiae

4.3.1  Analysis based on TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) in the female
Anopheles gambiae

4.3.1.1 Expression analysis on TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) in the
female Anopheles gambiae

TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) is the only female protease
identified to cluster with other male proteins on the network derived from mating plug
proteins in An. gambiae. Its presence as the only female protein on the network resulted from
the presence of the Trypsin domain which was absent in AGAP005194 a similar Trysin
serine protease not identified on the network. TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) transcript is known to be highly expressed in virgins and then down-
regulated more than 2 folds at 24hrs after mating, and only returns to virgin levels 5days post
mating. qRTPCR experiments on pre-adult stages using female L4 larvae and pupae of An.
gambiae (G3 strain) detected no expression of the gene in these stages and expression was
limited to adult stages from 1 day old virgin females, where it was confined to the lower
reproductive tract (LRT) (Figure 13A). TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) was confirmed to be down regulated 24hrs postmating, and transcript levels
remained low up to 10 days post mating (Figure 13B). The same transcript regulation pattern
was observed in the atria of the Mbita strain, which however showed higher expression
(P<0.001, P=0.0005) than the G3 strain in virgins (Figure 13C) and is down-regulated in both
strains 6 hours after mating. The difference between the two time points (virgins and 6hrs
post-mating) was statistically significant in the Mbita strain (P<0.001, t=12.43) compared to
the G3 strain whose difference was not significant (P>0.05, t= 2.539). The transcript

expression in the spermatheca was lost completely 2 hours after mating.
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Figure 13: Expression analysis of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) in
the atria of the female Anopheles gambiae; This figure shows the transcript variation of TRYPSIN-
LIKE SERINE PROTEASE (AGAP005195) (5195) through gRTPCR analysis. A) This shows that TRYPSIN-
LIKE SERINE PROTEASE (AGAP005195) starts being expressed in the lower reproductive tract (LRT (atria
and spermatheca)) of the female mosquito at adult day 1 then maintained throughout the virgin female. B) This
shows the expression of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) in the 3 day old virgin female
atria. After mating the transcript is down-regulated at 6hrs post mating (pm) to no expression at 10day post
mating. This could imply transcript never returns to virgin levels. C) This shows the comparative expression of
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) in the virgin females of the Mbita strain (blue) and G3
strain (red). The Mbita strain is 3 folds more expressed in the Mbita strain and it is more down-regulated at 6hrs
pm than the G3 strain.

77



The primer pair (Appendix Il) designed in Primer 3 (www.ncbi.nlm.nih.gov) was
used to amplify an 801bp genomic region (spanning two introns) of TRYPSIN-LIKE
SERINE PROTEASE (AGAP005195) (www.vectorbase.org) later used for RT-PCR analysis
of cDNAs prepared from the spermatheca and atria of virgin and mated females. Different
transcript band sizes were obtained. No bands were detected in 6hrs, 2days and 7days
postmated spermathecae in females (Figure 14A), while bands were present in atria and
virgin spermathecae. The bands showed stacks for the atria (Figure 14 B&C) with bands
lesser than 801bp both in the G3 and the mbita strains which may represent different splice

variants of the same gene.
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Figure 14: Gel analysis of AGAP005195 transcript in the atria of female Anopheles
gambiae; This figure shows RT-PCR amplified transcripts for TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) in the female mosquito An. gambiae. A) The females were mated and later the atria and
spermatheca were dissected at various time points to observe the transcript presence. It can be seen that the
transcript is absent after 24hours. TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) is seen expressed in
the female spermatheca up till 11days which could imply the transcript is expressed throughout adult life until
mating takes place. B) The TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) transcript was amplified for
days 3 to 5 in the female mosquito. The bands show stacks which could possibly be different variants. C) This
shows the various bands as variants in TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) transcript of the
mbita strain, 3 of them (613bp, 688bp and 801bp) in the artria and an 834bp in the genomic DNA. This shows
that the 613bp and 688bp variant are the active bands since they are lost after mating as seen in figure A. MS -
mated spermatheca, M-AT, mated atria, VS-virgin spermatheca, -VE, negative, CTRL, control
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4.3.1.2 Cloning, sequencing and analysis of TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) in the atria of Anopheles gambiae female

Cloning of the TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) PCR
fragments amplified in the atrium and spermatheca revealed several white clones which after
performing colony PCR identified; 4 (5195AT-2, 5195AT-3, 5195AT-4 and 5195AT-5) and
3 (56195VS-1, 5195VS-3 and 5195VS-4) possible alternative spliced variants for the virgin
atria and spermatheca respectively (Figure 15). After purification the clones were sent for
sequencing. Sequences were imported in Geneious software for analyses. The nucleotide and
translated protein sequences all identified with TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) (ADP20253) after blast searches at the NCBI database using blosum 62
matrix. 5195VS-4 was not used for the alignment because it was translated on two protein
frames with one frame different from other spermathecal clones so it did not align with the
other sequences. The 3 sequences from the atria and 2 from the spermatheca (5195AT-2 and
5195AT-5) as described above were translated on two protein frames due to an insertion of
an additional Arginine at amino acid (aa) 71 (Figure 18). This additional Arginine residue
results from an insertion of AGG codon within the first intron causing a translational site
before the second exon hence the break (Figure 17). The two other atrial sequences (5195AT-
3 and 5195AT-4) precisely matched the sequence from Vectorbase but 5195AT-3 was higher
because it contained sequences within the 2" intron which were not excised for mRNA
formation and is likely to represent an immature form of the mRNA as only one protein band
is observed on a western blot gel. The nucleotide alignments show a termination of our
variants at 750bp (5195AT-2, 5195VS-2, 5195VS-3), 688bp (5195AT-3) and 613bp
(5195AT-4) as opposed to 801bp expected because they were amplified from cDNA and all
had a common termination codon (TAA) at this point (Figure 17). The presence of introns

then makes the others smaller in size.
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Figure 15: Colony PCR and amplicon identification of TRYPSIN-LIKE SERINE
PROTEASE (AGAPO005195) variants in the atria of female Anopheles gambiae; These gels
show amplified bands for TRYPSIN-LIKE SERINE PROTEASE (AGAP005195). A,B) colony PCR with M13
primers on various clones. Three variants were identified in the artria and 2 in the spermatheca. Clones 2 to 5 for
the artria and clones 1, 3 and 4 as seen above were sent for sequencing. C) Clones were grown in LB overnight
and purified. They were digested with EcoR1.
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TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) as seen in VectorBase was
classified as a serine protease because of the nucleophilic Serine residue expected to be at the
active site. This suggests that to consider TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) as a functional Serine protease, three residues (Asp-His-Ser) forming the
active site domains are needed to form the active site in its 3D conformation. 5195AT-4 was
aligned with AGAP005194, TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
(VectorBase) and ADP20253 (NCBI). Despite the fact that (CHYMOTRYSIN-LIKE
SERINE PROTEASE (AGAP005194) was not detected in the network, it was used in the
analysis because like TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) , it is
specifically expressed in the female atria and also predicted as a serine protease and could be
used to identify those molecular properties that differentiates it fromTRYPSIN-LIKE
SERINE PROTEASE (AGAP005195).

The Interpro scan for protein domains identified an Isoleucine cleavage site at amino
acid position 28 (UniProt P35035), Histidine 67 site (LTAAHC and UniProt ID PS00134) of
the Trypsin-Histidine active site, the Aspartic acid site (D-112) and the Serine site (S-200) of
the Trypsin-Serine active sites. They all form the Trypsin and Chymotrypsin domains (Figure
16). The serine site sequence (GACSGDSGGPLM) with UniProt ID (PS00135) was
identified only in AGAP005194 and TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
(Vectorbase) meanwhile the other sequences had a nonsynonymous mutation which changed
the Serine to a Glycine at aa position 200 alongside V201G, S202G and K203P. These
mutations account for loss of the Serine active site. AGAP005194 had a nonsynonymous
mutation which substituted a Glutamic acid for an Alanine at aa 73 at the Trypsin-Histidine
motif hence losing the motif but all the proteins identified with the Chymotrypsin or
structural and functional role (Figure 16). Our sequences were also compared to ADP20253
deposied at NCBI and several mutations were identified like; Valine for an Isoleucine at aa
position 69, Leucine for Valine at aa 92, possibly Threonine for Isoleucine at aal98.
However it cannot be ruled out that all these mutations could be due to sequencing artifacts,
and more experiments will be needed to verify the accuracy of these data.
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Figure 16: Gene structural variations of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) compared to its functional relatives in the
female Anopheles gambiae; this shows an alignment of 5195AT-4, ADP20253 (NCBI), TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) and AGAP005194 from
Vectorbase. The domains were obtained with InterPro scan. We can observe signal peptide | dentified in all the proteins. The chymotrypsin domain is seen discontinous for
5195AT-4 and ADP20253 with identification of only the Trypsin-Histidine sequence motif (LTAAHC). The loss of the Serine at position 200 deprives them from the
Trypsin-Serine sequence motif (GACSGDSGGPLM). A complete domain is seen for AGAP005194 and TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) . There is
the loss of the Trypsin-Histidine motif on AGAP005194 (LTAGHC). The first two sequences could possibly not function as Serine proteases though posessing the domain.
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4.3.1.3 Detection and analysis of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
alternative spliced variants in the female Anopheles gambiae

Alternative splicing which occurs through the attachment of the spliceosome complex
at the 5'GT and 3'AG ends of the introns was seen as a prominent feature occurring within
this sequence hence the reason for the observed variants. Variants 5195AT-5, 5195VS-1,
5195VS-3 and 5195VS-4 have all their introns retained and they show a mutation at the 5’
end (GT to TA) of the first intron and an insertion of an additional Guanine at the 3’ end
(AGG) of this intron. The second intron has the 5’GT and 3’AG at both ends (Figure 17). The
mutation observed at the intron affect the binding of the spliceosome complex at the 5° end
hence a frame shift in the translated protein. The 4 mutant forms resulting from a frame shift
mentioned above for the atria and the spermatheca separates the SERINE_Histidine site on
one side of the protein and the Aspartic acid on the other side of the protein with mis-folding
structural implications. This was the only molecular form observed in the spermatheca. The
activation site identified on this protein is involved in activation of blood factors. Variant
5195AT-3 retains only the second intron having the 5°’GT and 3’AG intact. This variant
translates to a functional protein on one frame. Variant 5195AT-4 has all the introns excised
and translates to a protein on one frame. Variants 5195AT-3 and 5195AT-4 differ by the
presence of a non-synonymous mutation at position 75 on the protein sequence where
Asparagine (N) replaces a Lysine (K) on 5195AT-4. This is the change of a positive aa to a
polar uncharged aa (Figure 18)
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Figure 17: Nucleotide analysis of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) variants in the female Anopheles gambiae; This shows
nucleotide alignment of the sequences with TTG as the start site. There is an insertion (AGG) at the beginning of the second codon for all the sequences except 5195AT-3
and 5195AT-4. 5195VS-4 like 5195AT-3 was a similar variant seen at the level of the spermatheca. This variant also has the AGG insertion which caused a frame shift in the
sequence hence making it non functional. It is not included in the alignment because it was inserted in the reverse direction within the vector. 5195AT-3 and 5195AT-4
translated into functional proteins but with an SNP at nucleotide 226 changing the codon from Lysine into Asparagine
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Figure 18: Protein analysis of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) variants in the female Anopheles gambiae; This shows the
protein alignments for our sequences alongside ADP20253 from the NCBI database. Two of our variants 5195AT-3 and 5194AT-4 were translated into the complete protein
on one frame but all the others had a frame shift in their sequences hence the introduction of an Arginine at position 71 on the protein sequence. 3 mutations relative
ADP20253 were observed; V69I, L92V, T198I. N75K (red arrow) was observed only for 5195AT-4. 5195AT-3 and 5195AT-4 were similar for the 1% 203aa on the protein
sequence deposited in the database with an SNP mutation seen at G200S. The loss of S200 should have a serious functional effect on the protein sequence since it is the
serine active site.
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4.3.1.4 Identity of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) protein in the atria of
Anopheles gambiae females

The full length protein for TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) is
250 amino acids (aa). The protein contains a signal sequence of 19 aa (Figure 16). Cleavage
of this sequence gives the protein a weight of 25.330 KDa. The Western blot performed on
virgin females showed different bands corresponding to 40KDa, 160KDa and 260KDa in the
atria (Figure 19), which are immunoreactive bands. Three N_Glycosylation sites involved in
post translational protein modification were predicted on TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) protein at aa; 85, 141 and 146 using PredictProtein server and
could account for the number of bands observed. No band was observed in the spermatheca,
despite the detection of transcripts in this tissue and less expressed than in the atria. Actin
used as a loading control was seen in high amount in the atria but quite faint in the
spermatheca (Figure 19).
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Figure 19: Western blot analysis on TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
in the atria and spermatheca of Anopheles gambiae; This shows a western blot with specific
antibodies detecting the protein TRYPSIN-LIKE SERINE PROTEASE (AGAP005195). A 40KDa band was
identified for the protein with much higher bands at 160KDa and 260KDa which are possible immunoreactive
reactive bands due to glycosylation sites on the protein. The protein size is 25KDa and two functional variants
exist which could account for the protein size observed on the gel. No protein was observed in the spermatheca
which could be due to the non functional variant forms of the protein. Actin was used as control and could be
seen present at all the lanes though faint at the spermatheca. N (native), D (denatured), AT (atria), SP
(spermatheca), SUP (supernatant), Ppt (precipitate).
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4.3.1.5 Immunohistochemistry of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) and
AGAP005194 as serine proteases on the mating plug, atria and spermatheca of female
Anopheles gambiae

The location and specificity of TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) protein compared to CHYMOTRYSIN-LIKE SERINE PROTEASE
AGAP005194 (both serine proteases expressed in virgin females and located on the plug) in
virgin and mated female mosquitoes using immunofluorescence staining in mated females 6
hours & 2 days post-mating (Figure 20) and in virgins 1 & 2 days post emergence (Figure 20)
identified, TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) in red on the mating plug
while CHYMOTRYSIN-LIKE SERINE PROTEASE (AGAP005194) in green was located
both on the plug and atrial walls (Figure 20; A, B, C). TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) could also be detected in the secretory cells of the spermatheca while
CHYMOTRYSIN-LIKE SERINE PROTEASE (AGAP005194) stained the epithelial cells of
the spermatheca. For day one and two virgin females, TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) was identified separately in the atria and spermatheca but not in the duct
linking both organs (Figure 20; G, H, I, J, K, L, M) while for the 6 hours mated females,
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) could be seen from the red
fluorescence along the spermathecal duct while the green fluorescence staining AGAP005194
could not be located along the duct but localized on the epithelial cells of the spermathecal
cuticle (Figure 20; D, E, F). CHYMOTRYSIN-LIKE SERINE PROTEASE (AGAP005194)
and TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) show differential localizations in

the reproductive tissues.
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Figure 20: Fluorescent detection of AGAP005194 and TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) proteins in the atria and spermatheca of the female Anopheles
gambiae; this shows the presence of the plug within the artrium. The dissections and staining were done 6hrs
after mating. TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) stained with Alexa 546 (red) shows the
protein specific to the plug meanwhile AGAP005194 stained with Alexa 488 (green) is also identified on the
atrial walls. The blue is DAPI which is seen to stain the nuclei of atrial cells (AT-w). A) DAPI and TRYPSIN-
LIKE SERINE PROTEASE (AGAP005195), B) Dapi and AGAP005194, C) TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) and AGAP005194. This shows atrial stainings 6hours post mating. D) The
spermathecal duct (SPD) can be seen exiting from the artria (AT). E) The SPD can be seen containing
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) possibly moving to the artria. F) AGAP005194 could
be seen localized on the atrial wall structures but not the duct hence probably low involvement in reproduction.
G) Bright field with ampulla identified for one day old virgin females. H) AGAP005194 super-imposed other
stains with possible presence on cuticular structures. It is absent at the ampulla. TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) secretion appears to be very low. I) Presence of TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) in the spermatheca and in the secretory cells though superimposed by
AGAP005194. This suggests that the duct has few cells before the spermatheca. J) bright field showing
spermatheca duct linking artria and spermatheca for two days old virgin females. K) DAPI stained structures. L)
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) stained structures with possible presence in the cells
low expression but not in the duct. M) TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) overshadowed
by AGAP005194 in all the structures. Ap-anterior pole, Pp-posterior pole, OD-ovarian ducts.
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4.3.1.6 Secondary structure protein modelling of TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) of the female Anopheles gambiae

Here, the two possible variants (5195AT-3 and 5195AT-4) which translated to the
protein on one frame were compared to 5195VB. From the geneious software the full
5195VB protein shows 9 alpha helices, 20 beta strands, 17 coils and 20 turns but for the first
203 aa of 5195VB, it showed 8 alpha helices, 15 beta strands, 12 coils and 14 turns. 5195AT-
3 showed for the first 203 aa; 8 helices, 15 beta strands, 12 coils and 13turns due to loss of a
coil at the carboxylic acid end of the protein resulting from the mutations (Figure 21).
5195AT-4 showed for the first 203 aa; 8 alpha helices, 14 beta strands, 13 coils and 14 turns.
This resulted from the N75K (Figure 18) mutation which introduced a turn and a coil at that
position instead of a helix as seen in the former two protein structures. This secondary
structure conformational change at this position is a point mutational effect with implications
in its 3D structure formation. From the PredictProtein server, (Table 5) 5195AT-4 showed
two predicted disulphide bonds between C52-C68 and C175-C189 forming two prominent
halves of the protein in its 3D structure. 5195AT-3 showed predicted disulphide bonds at
C68-C199 and C175-C189 but the former’s prediction had a weak support compared to the
latter. This makes a more loose 3D structure. 5195VB shows no disulphide bonds hence
making the structure similar to 5195AT-3. 5195AT-3 and 5195AT-4 showed 12 protein
binding sites which are all similar but differed for 5195VB at two points (aa 176-177 and
181-182) (Table 5). They all shared the same predicted PROSITES; ASN_Glycosylation
(PS00001), PKC_Phospho_Site (PS00005), CK2_Phospho_Site (PS00006),
TYR_Phospho_Site (PS00007), MYRISTYL (PS00008), TRYPSIN_HIS (PS00134) but
5195VB had one more site TRYPSIN_SER (PS00135). The last two sites for 5195VB
confirm it as a Serine protease as identified in the Geneious software but not in our identified
variants. The best protein hits for our variants showed for 5195AT-4 the pdb string 1AMH,
an uncomplexed rat Trypsin mutant with ASP189 replaced with Serine (D189S). The pdb
string for 5195AT-3 was 1BIT, the crystal structure of anioinic salmon trypsin in a second
crystal form. They show that its structure differs from the standard trypsin with a more
catalytic effect and with a deviation from substrate specifity by the wild type. The best pdb
string predicted for 5195VB was tr/07Q9K2/07Q9K2_ANOGA in UniProt database as
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195), a serine endopeptidase. The three
different predicted pdb strings showed structural and functional variations.

The Response Regulator receiver domain (RGYISKDNKTTKITQMIK) (PF00072)

also known as signal transduction response regulator receiver domain (IPR001789) was
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identified on TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) at aa 149 to 166
(Aspartate at position 155) using CLC workbench. Arginine/Glycine (R/G) on the Response
regulator sequence above is a site digested by Serine proteases and two of them
(AGAP008276 and AGAP008277) from An. gambiae MAGs were identified on the mating
plug. The protein binding site prediction was seen on aa 154-157 (KDNK) and a Protein
Kinase C phosphorylation (PKC_Phospho) site was predicted at aa 158-160 (TTK). This
PKC_Phosphosite is expected to interact with Plugin (AGAP009368) protein (also found on
the mating plug) in a 2 Phosphorelay system. A Histidine Kinase A site was shown on the

Plugin protein (section 4.1.1).
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Figure 21: Secondary structure analysis of TRYPSIN-LIKE SERINE PROTEASE (AGAPO005195) variants in the atria of female Anopheles
gambiae; This figure shows the three variants for TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) (5195AT-3, 5195AT-4 and TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) VB (VectorBase)) from top to bottom. TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) VB showed 9 alpha helices, 20 beta strands, 17
coils and 20 turns but for the first 203 aa it showed 8 alpha helices, 15 beta strands, 12 coils and 14 turns. 5195AT-3 showed for the first 203 aa; 8 helices, 15 beta strands, 12
coils and 13turns due to loss of a coil at the carboxylic acid end of the protein resulting from the mutations (Figure 10). 5195AT-4 showed for the first 203 aa; 8 alpha helices,
14 beta strands, 13 coils and 14 turns. This resulted from the N75K mutation (blue star) which introduced a turn and a coil at that position instead of a helix as seen in the
former two protein structures.
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4.3.2 Analysis based on CATHEPSIN B (AGAP004533) in Anopheles gambiae various life
stages and reproductive tissues

4.3.2.1 Expression analysis on CATHEPSIN B (AGAP004533) in Anopheles gambiae various
life stages and reproductive tissues

The CATHEPSIN B (AGAP004533) protein is a peptidase of 337 amino acids (aa)
found on the mating plug of An. gambiae. According to VectorBase (www.vectorbase.org) it
is expressed in both the male and the female. The protein was identified on the network with
Q9VY87 as its ortholog in D. melanogaster (Figure 8). qRTPCR analysis of the transcript in
the G3 strain showed that it was expressed in all developmental stages of the mosquito
(Figure 22) (egg, larva, pupa and adult), with highest expression levels observed in pupae and
young adults. The transcript was also found in all tissues of both male and female
mosquitoes, with highest expression levels relative to the control gene RPL19, observed in
female atria of the G3 strain (Figure 23 A). In the males of the G3 strain, CATHEPSIN B
(AGAP004533) expression was higher in virgin testes than the MAGs (Figure 23B). The
expression increased 6 hours to 10 days post mating in both tissues. In the female of the
mbita strain (Figure 23C) the expression was highest in the atria than in the spermatheca and
the ovary. There was a down-regulation of the gene in all the tissues 6 hours and 10 days post
mating. Analysis done for CATHEPSIN B (AGAP004533) on the male An. gambiae mbita
strain confirmed a higher expression of the gene in virgin male testes than MAGs (Figure
23D). This expression though not statistically significant (P<0.05) remains fairly stable even
after mating meanwhile in the females the gene is highly expressed in the atrium than in the
spermatheca and is down-regulated 6 hrs to 7 days postmating.

CATHEPSIN B (AGAP004533) is found in the same cluster of the network as
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) and Plugin (AGAP009368). PFam
domain analysis done on the protein using CLC workbench identified two domains (Table 5);
D-Amino Acid Oxidase (DAAO, PF01266) and RNA Recognition Motif (RRM, RRD, RNP
domain, PF00076). When compared to transcripts levels of TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195), the expression levels of CATHEPSIN B (AGAP004533) in the
atria from 6 hours to 7 days postmating were down-regulated both in the G3 and mbita strains
(Figure 23E). The expression levels in the spermatheca are also lower while in the ovary the
expression levels are relatively very equal and TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) is known to have an insignificant expression in the ovary (Figure 23C).

CHYMOTRYPSIN-LIKE SERINE PROTEASE AGAP005194 and TRYPSIN-LIKE
SERINE PROTEASE (AGAP005195) from previous work are known to be down-regulated
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more than two folds after mating and lost after 24 hours and two lipid related proteins
AGAP004203 (vitellogenin) and AGAP002620were expressed after mating, 6 hours and 24
hours respectively therefore qRT-PCR analysis done on AGAP00533, AGAP005194 and
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) transcripts in the mbita strain
showed that these transcripts were down-regulated 24hours to 48hours postmating. The
expression values of vitellogenin and AGAP2620 were seen to be upregulated 6hrs and 24hrs
respectively and then lost up to 7 days post-mating (Figure 23F).

The expression of CATHEPSIN B (AGAP004533) in the males of the mbita strain
was compared to the relative expression of TRANSGLUTAMINASE (AGAP009099),
AGAP009370 and AGAP009368 (Plugin) which are transcripts expressed in virgin males
and encode proteins present on the mating plug. In the MAGs, Plugin and AGAP009370
were seen to be up-regulated 6 to 24 hours after mating while the expression levels of
Transglutaminase from 6 hours to 7 days was more stable. In the testes only Plugin and
AGAP009370 were seen to be highly expressed at 48hours post mating more than 100folds
(Figure 23G & H).

96



Relative expression

Relative expression

0.22 —
0.21 -

0.19
o.18
0.17 o
0.16 -
0.15
0.14
0.13 < I -
0.12

0.11
0.10

0.09 - E
o0.08
0.07 4 - E

0.06
0.05 + E

0.04 = L ] - - - E
0.03 - - m - - o

o.02 E

0.01

Q.00

T T T T T T T T T T T T T L - L T T T . T
2Zh 4h 6h 8h 10h 12h 14h 16h 18h 20h 22h 24h 26h 28h 30h 32Zh 34h 38h 40h 42h 44h
egg stages

0.200 5

0.1754

0.150 - - = } I

0.125 & ¥ -
0.100 4
0.075

0.050 -

0.025 - - -

0.000 - v v - v v g v v v v v v
L1 L2 L3 L4 P1 P2 P3 Ad1 Ad2 Ad3 Ad4a AdS AdB
mosquito juvenile stages

Figure 22: Life stage expressions of CATHEPSIN B (AGAP004533) in Anopheles gambiae;
This shows the relative expressions of CATHEPSIN B (AGAP004533) at all life stages of the mosquito. Adults
and pupae used were of the male. The transcript is expressed at all life stages with the highest seen in P3 (pupa
before emergence). The expression of the gene from the eggs to the adult and with various expression levels
could imply that it plays varying functions throughout the mosquito’s life.
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Figure 23: Expression of CATHEPSIN B (AGAP004533) transcript in various
reproductive tissues of Anopheles gambiae; This figure shows relative expressions of CATHEPSIN B
(AGAP004533) (4533) in reproductive tissues. A) In the G3 strain, the transcript is more expressed in the atria
(blue) than in the spermatheca (red) and both are down-regulated after mating. B) The transcript is more
expressed in the testes (red) than the MAGs (blue). The transcript increases 6hrs after mating and remains up-
regulated till 10days. C) In the mbita strain, the transcript is more expressed in the atria (blue) than the
spermatheca (red) and the ovary (green). There is a down-regulation of the transcript in the atria and
spermatheca after mating but it remains constant in the ovary. D) The transcript is more expressed in the testes
(red) than in the MAGs (blue). There is a down-regulation 6hrs after mating and both genes remain almost
invariable after then. E) In the G3 strain, the transcript regulation varies like that for TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) (5195, green) with a down-regulation of both after mating. F) In the mbita atrain,
the transcript is less expressed in the virgins relative to AGAP005194 (5194, blue) and TRYPSIN-LIKE
SERINE PROTEASE (AGAP005195) (5195, green) but AGAP004203 (4203, vitellogenin, purple) and
AGAP002620 (2620, black) showed no expression at this stage. 4533, 5194 and 5195 were all down-regulated
after mating except 4203 and 2620 which were expressed 6hrs and 24hrs respectively after mating then down-
regulated later. G) In the mbita males, testicular expressions of 4533 relative to Plugin (AGAP009368, blue),
Transglutaminase (TGASE, TRANSGLUTAMINASE (AGAP009099), green) and AGAP009370 (9370)
showed no expression in virgin and mated except at 48hrs post-mating where 50 fold and 300 fold expressions
are observed for Plugin and 9370. H) The MAGs expression of the same genes seen in the testes of mbita males
shows a high expression of Plugin, TGASE and 9370 compared to 4533. Plugin, TGASE and 9370 show
increased expressions after mating then decrease from 48hrs after mating.
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4.3.2.2 Cloning, sequencing and secondary structure analysis of CATHEPSIN B (AGAP004533)
transcript in Anopheles gambiae

As described above, CATHEPSIN B (AGAP004533) was seen to be a member of the
peptidase C1 family. The analysis performed on this gene with InterPro scan in the Geneious
software showed a signal peptide from aa 1-17, a peptidase C1 (aa 85-332) domain
(PF08127) with a propeptide_C1 sequence length from aa 27-67. This peptidase is made up
of 3  active sites; THIOL PROTEASE CYSTEINE  (aa  107-118),
THIOL_PROTEASE _HISTIDINE (aa 281-291) and THIOL PROTEASE_ASPARAGINE
(aa 298-317) (Figure, 24A). The RT-PCR analysis done on this transcript amplified a 1145bp
in all the reproductive tissues. This protein is expressed in all life stages of the mosquito and
in all tissues of the adult. CATHEPSIN B (AGAP004533) was cloned and sequenced from
larvae and pupae stages and from all reproductive tissues [spermatheca, atria and ovary,
(female); testes and MAGS, (male)] of the G3 strain mosquito. Analysis with Geneious 5.5.5
and CLC workbench 6.6.1 softwares (Figure 24B) identified two singleton mutations at
C584T in juvenile stages and at nucleotide A14T in the Ovary. The amino acid substitution in
the ovary was nonsynonymous and translated to a protein sequence with loss of the signal
peptide due to loss of 5 amino acids at the N-terminal region of the protein sequence while in
the juvenile stages the amino acid substitution from Alanine to Valine (A195V) was
synonymous and so no variation was observed in the sequence structure (Figure 24B). Our
sequenced transcripts showed secondary structural variations at possible amino acid
substitutional sites identified (Figure 24B) which included a nonsynonymous change of a
Proline to a Leucine (P337L) in the atria and spermatheca hence extension of the termination
codon. A common amino acid substitution (L6V) was identified in our sequences compared
to that of NCBI (gi|347972085).
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Figure 24: Genetic and secondary structural analysis of CATHEPSIN B (AGAP004533) transcript; these analyses done in Geneious software shows
the gene structure of CATHEPSIN B (AGAP004533). A) The domain organization shows a signal peptide (light dark) for amino acid (aa) 1-17, Cysteine Proteinase for aa
25-335 (purple), Cathepsin B for aa 1-337 (blue), Propeptide_C1 for aa 27-67 (light brown) and Peptidase_C1 for aa 85-332 (light brown). The active site motifs were
composed of; THIOL_PROTEASE_CYSTEINE (red) for aa 107-118, THIOL_PROTEASE_HISTIDINE (red) for aa 281-291 and THIOL_PROTEASE_ARGININE (red)
for aa 298-317. The papain active sites (light brown) composed of aa 107-122, 283-293, 298-304. B) The secondary structures in the G3 strain were compared for testes (TE),
atria (AT), spermatheca (SP), Pupae (Pup), MAGs (MA), Ovary (OV) from top to bottom. The testes and the ovary lacked the signal peptide due to mutations upstream of the
sequence. The mutation at aa 337 (P337L) causes a loss of a stop codon in the atria and the spermatheca extending the sequence with 14aa. These variations could account for
the differential expressions in CATHEPSIN B (AGAP004533) observed. 1 (consensus sequence), 2 (testes sequence), 3 (atria sequence), 4 (spermatheca sequence), 5 (larva
and pupa sequence), 6 (MAGs sequence), 7 (ovary sequence)
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4.3.3 Analysis based on plugin (AGAP009368) in the MAGS and testes of male Anopheles gambiae
mosquitoes

4.3.3.1 Expression Analysis of Plugin in the MAGs and testes of the male Anopheles gambiae

Work done on Plugin was derived from the fact that it clustered together with the female
protease TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) with possible molecular
implications. Aligning both plugin sequences in Vectorbase and NCBI showed both transcripts were
different relative to base pair identity therefore understanding their intervention in reproduction was
of interest. qRT-PCR analysis done on the juvenile stages of the G3 strain showed that the transcript
begins to be expressed in the pupae and increases in the adult (Figure 25).

RT-PCR analysis on the plug was carried out based on 4 primer pairs; Primer pair 1(FWD:
GTCACCAGCAGCATACCCCGC, REV: AGCACAGGCACGAAAACCTGGG) and Size; 1492bp.
Primer pair 2 (FWD: GTCACCAGCAGCATACCCCGC, REV:
TGCGGGATTTGCTGATCGTGGG) and Size; 274bp, 343bp. Primer pair 3 (FWD:
GCTCTGCCTGGTGGCATTTGG, REV: TGCGGGATTTGCTGATCGTGGG) and Size; 847bp,
781bp, 712bp.  Primer pair 4 (FWD: GCTCTGCCTGGTGGCATTTGG, REV:
AGCACAGGCACGAAAACCTGGG) and Size; none expected.

The idea behind the choice for the 4 pairs of primers was because two sequences for plugin
were deposited at NCBI, one as XM559853 and the other as GU188739. Both gene bank accession
numbers refer to AGAP009368. Primer pair (PP) 1 belonged to GU188739 and Primer pair 3
belonged to XM559853. The forward of each primer pair was used with the reverse of the other pair.
The expected band size sfter PCR amplification with each pair of primers is stated above and it was
observed that the reverse sequence of primer 2 was present in both plugin sequences. It was repeated
two times in sequence 1 (GU188739) and three times in sequence 2 (XM559853). The forward in
each primer were not identified in the other sequence indicating both sequences were different at
different points along the sequence. RT-PCR done on cDNA from the MAGs and testes (Figure 26)
showed that for PP 1, two different band sizes from the expected were observed in the MAGs (250bp
and 1492bp) and testes (600bp and 1500bp), for PP 2 the bands identified were three each (200bp,
274bp and 343bp) for MAGs and testes as opposed to two expected bands, For PP 3, two bands were
observed for MAGs (300bp and 343bp) and testes (343bp and 400bp) against 3 expected bands and
the sizes were also smaller than expected, For PP 4, no band was observed in the MAGs meanwhile a
2Kb band was observed in the testes against no expected bands. Plugin protein and TRYPSIN-LIKE
SERINE PROTEASE (AGAPO005195) which are both sex-specific showed several bands on a gel
with splicing related implications.
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Figure 25: Stage expression analysis of Plugin (AGAP009368) in Anopheles gambiae; This shows
Plugin expression in the various life stages. It starts being expressed only in the Pupae and continuous in the MAGs for

the rest of the male’s life time. This could imply it is essential only in the adult and specifically for mating. MD-midday,
P-pm, EM-emerged, 2d-2 day.

Figure 26: RT-PCR analysis on Plugin (AGAP009368) in Anopheles gambiae males; This gel shows
Plugin amplification using different primer pairs (PP). Lane 2&3 shows bands amplified using PP 1 and with different
sizes in the MAGs and testes. Lane 4&5 shows similar bands of the same size expressed in both MAGs and testes. Lane
7&8 shows bands of different sizes in the MAGs and testes. Lane 9&10 shows no band in the MAGs and a 2Kb band in
the testes respectively. Lane 6&11 are the negative controls. Lane 1&12 are the 1Kb DNA ladder used. The variation in
sizes from the expected sizes shows could imply different spliced sites within the gene in the various tissues hence
resulting in different bands with the same primer.
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4.3.3.2 ldentity and 3D structural design of Plugin in the MAGs and testes of male Anopheles gambiae

Western blot analysis done on the testes and MAGs of three days old virgin males of the G3
strain and using virgin atria of the female mosquito Anopheles gambiae as a negative control showed
that plugin protein was expressed solely in the MAGs (Figure 27) with a 40KDa molecular weight.
The size observed here was different from the standard 80 KDa but it maintained the molecular
dimer properties of Plugin though with a smaller band size. It was absent in the other tissues. The
bands in the MAGs after incubation at 25°C and 37°C showed molecular dimers and trimers of the
band at 80KDa and 160KDa.
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Figure 27; ldentity of Plugin in the MAGs of Anopheles gambiae; The plugin size of 40KDa seen here showed
no band in the testes with the atria and spermatheca as negative controls. The 37°C sample which was incubated for 30
minutes shows the molecular dimmer bands of Plugin at 80KDa and at 160KDa resulting from immunoreactions.

106



The Plugin protein sequence was used in the ITASSER software to predict its 3D structure.
Homology modelling performed on plugin protein using known structures in the NCBI database
(Table 2) based on sequence alignments done in CLC work bench showed no homologs in other
taxa, hence no 3D structure was obtained. Based on this results, the I-Tasser server was used to
conduct protein threading (fold modelling) analysis which considers the template in an alignment as
a structure. The best 3D structure for Plugin (Figure 28A) had a C-score of -2.58; a TM-Score of
0.4240.14 and a RMSD = 13.9+3.9A. Plugin showed that the protein had no fixed 3D structure
characterised by the presence of so many helices. Sites predicted on the protein was confirmed with a
BS-score calculated by comparing the local structure and sequence similarity in the binding site
region based on its TM-score, identity (IDEN) and coverage (Cov) of the structural alignment (Yang,
2008). The predicted binding site residues for Plugin (Figure 28B) with BS-score of 0.79, TM =
0.2952, IDEN = 0.04 and Cov = 0.47 on the strand 3b8cA (ATPASE 2 Plasma membrane type) were
ASP 117, HIS 118, GLN 205, GLU 222, GLU 223, HIS 224, PRO 225, ASP 226, SER
227, GLN 228, PHE 229, PRO 230, LEU 231, PRO 232, ASP 233, ASN 234, MET 235,

THR 236, GLU 237, ILE 252, GLN 266, LEU 267, ASN 268, GLN 274, ASN 275, HIS
276, GLN 277, MET 300. The molecular functions for each protein predicted by I-TASSER uses
a GO-Score which is the average weight of the GO term based on the template on which the GO
term was derived. Plugin showed the best GO-Score of 0.207 (GO: 0005488) which are ligands that
bind to signal transducing receptors and alongside the PredictProtein server, it also predicted GO:

0005509 which is involved in Calcium ion binding in vitellogenin at a GO-Score = 0.085.
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Figure 28; 3D structural predictions of Plugin protein in the male Anopheles gambiae; A) Plugin structure
with the best C-score of -2.58 and a TM-Score of 0.42 + 0.14 and a RMSD = 13.9 + 3.9A. It is constituted of more
helices and loops. B) Plugin shows the ligand-protein complex with the best BS-score, 0.79 for Plugin. The ligand is
depicted in magenta ball and stick. The predicted binding sites interacting with the ligand are shown as transparent green
spheres while the N & C terminus in the model are marked by blue and red spheres respectively. The ligand(s) in the
analog structures were then transferred onto the model and the fitness of the ligand-model complex (BS-score) was
calculated by comparing the local structure and sequence similarity in the binding site region.
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4.3.4 Predicted molecular properties of some male and female Anopheles gambiae mating responsive
proteins based on protein predict software.

The Protein Predict software was used to analyze 7 proteins present on the plug
[TRANSGLUTAMINASE (AGAP009099), AGAP009368, AGAP008276, AGAP008277,
CATHEPSIN B (AGAP004533), CHYMOTRYPSIN-LIKE SERINE PROTEASE (AGAP005194)
and TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)] after mating and 2 other proteins,
AGAP004203 (Vitellogenin) and AGAP002620, that are up-regulated 6hours and 24hours
postmating, respectively (Figure 23F). The various parameters analyzed by the software showed
some variation relative to proteins present in the male only, those present in the female only and
those present in both male and female reproductive tissues. All of these proteins were predicted to be
secreted as expected except AGAP004203 (vitellogenin) which was seen with a Zinc finger domain
which binds to DNA in the regulation of transcription within cells. The Metallo B Lactamase domain
(PF00753) seen on TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) involves it in odorant
degrading enzyme (ODE) enzymatic properties which is known in D. melanogaster to terminate
olfactory receptor neuron (ORN) responses. This domain in TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) could be linked to neural and odorant binding functions as seen in Table 5 below.
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Table 5: Molecular properties of some Anopheles gambiae mating responsive proteins identified in the male and female reproductive tissues.

Props 009099 009368 008276 008277 004533 005194 005195 005195A  005195B 004203 002620
(Tgase) (Plugin)
Sec-str Helix 8.02% 55.12% 13.97% 6.95% 20.47% 11.76% 12.32% 12.32% 11.33% 23.35% 11.18%
Strands 36.23% 0 28.68% 41.70% 18.10% 33.82% 31.03% 31.03% 32.51% 21.89% 19.08%
Loops 55.75% 44.88% 57.35% 51.35% 61.42% 54.41% 56.65% 56.65% 56.16% 54.75% 69.74%
Sur-acc Exposed 50.53% 89.59% 52.57% 50.97% 54.60% 52.21% 56.65% 56.65% 56.16% 49.88% 73.03%
Buried 49.47% 10.41% 47.43% 49.03% 45.40% 47.79% 43.35% 43.35% 43.84% 50.12% 26.97%
TMH Absent Absent Present absent present present present present present absent absent
LC-region Absent present absent absent present absent absent absent absent present present
Localisatn Animals Secretory Secretory Secretory Secretory Secretory Secretory ~ Secretory  Secretory  Secretory Nuclear Secretory
extracell extracell extracell extracell extracell extracell extracell extracell extracell extracell
S-S bond Absent absent 64 & 235 absent absent 59 & 245 absent 68 & 199 52 & 68, absent absent
175& 189 175 &189
TM-BB Absent absent absent absent absent absent absent absent absent absent absent
P-P int Present absent present present present present present present present present present
P-DNA int Absent absent absent absent absent absent absent absent absent absent absent
PROSITE ASN_Gly Present Present absent present present Present Present Present present present absent
PS00001
PKC_phos Present Present absent present present present present Present present present present
PS00005
CK2_phos Present present present present present present Present Present Present present absent
PS00006
TYR_phos Present Absent present absent absent Absent Present Present Present present absent
PS00007
MYRISTYL Present Absent present present present present present present Present Present present
PS00008
Other AMIDATION AMIDATION THIOL_CYS TRY_HIS TRY_HIS TRY_HIS CAMP_Phos
PROSITEs PS00009 PS00009 PS00139 PS00134 PS00134  PS00134 PS00004
TRY_SER TRY_SER THIOL_HIS TRY_SER TRY_SER RGD
PS00135 PS00135 PS00639 PS00135 PS00135 PS00016
THIOL_ASN
PS00640
Pfam Fer4 PFO0037 GGDEF Trypsin NADH RRM, RBD, Trypsin MetalloB  MetalloB  Metallo B COX 2
domains PF00990 PF00089 dehydro RNP PF00089 lactamase  lactamase  lactamase PF00116
PF00146 PF00076 PF00753 PFO0753  PF00753
Metallophos ~ His_Kinase Trypsin Trypsin FAD Trypsin Response  Response  Response  GTP_EFTU
PF00149 APF00512  PF00089 PF00089 Oxidoreduc PF00089 regulator regulator regulator _D3
PF01266 PF00072 PFO0072  PF00072 PF03143
Pyr_redox His_Kinase Trypsin Trypsin Trypsin Trypsin Trypsin Zf-C2H2
PF00070 A PF00512 PF00089 PF00089 PF00089 PFO0089  PF00089 PF00096
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Trypsin Trypsin Trypsin TRP_2
PF00089 PFO0089  PF00089 PF07719

Legend: AGAP numbers; for example 009368 = AGAP009368, Tgase (transglutaminase), Sec-str (secondary structure), Sur-acc (surface accessibility), TMH
(transmembrane helix), LC (low complexity), S-S (disulphide bond), TM-BB (transmembrane beta barrel), P-P int (protein-protein interaction), P-DNA int (protein-DNA
interaction), Props (properties), extracell (extracellular), ASN_GLY (N-glycosylation site), PKC_Phospho (protein kinase ¢ phosphorylation site), CK2_Phospho (Casein
kinase Il phosphorylation site), TYR_Phospho (tyrosine kinase phosphorylation site), TYR_SER (Trypsin-Serine active site), TRY_HIS (Trypsin-Histidine active site),
THIOL_CYS (Thiol-Cysteine active site), THIOL_HIS (Thiol-Histidine active site), THIOL_ASN (Thiol-Asparaginne active site), CAMP_Phos (cCAMP dependent protein
kinase phosphorylation site),Fer4 (4Fe-4S), Pyr_redox (Pyridine nucleotide-disulphide oxidoreductase), HIS_Kinase (Histidine Kinase A), dehydro (dehydrogenase), RRM
(RNA recognition motif), RBD (RNA binding domain), RNP (ribonucleoproteins), Oxidoreduc (oxidoreduction), COX2 (cytochrome c oxidase subunit Il), GTP_EFTU_D3
(GTP-binding elongation factor), zf-C2H2 (zinc finger), TRP_2 (tetratricopeptide repeat).
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4.4  Influence of the interactions among the interacting proteins on mating responses
in Anopheles gambiae

4.4.1 Functional analysis through knockdown of CATHEPSIN B (AGAP004533) in Anopheles
gambiae male mosquitioes

4.4.1.1 Expression analysis of CATHEPSIN B (AGAP004533) after knockdown in the male
Anopheles gambiae

The RNA binding domain function of CATHEPSIN B (AGAP004533) was evaluated
through knockdown of the transcript in the MAGs and testes in three days old adults injected
with 6pg/uL of dsRNA as experimentals. The same concentration of dsLacZ was injected
against the control gene LacZ. A total volume of 69nL was injected into each virgin male of
the mbita strain and then the testes and MAGs were dissected from day one to day 4 post-
injection. gRTPCR analysis showed a down regulation of CATHEPSIN B (AGAP004533) in
all tested days in both tissues with statistical significance using two way ANOVA in the
testes [P-value Testes day 1 (Pd1) < 0.01, Pd2 < 0.05, Pd3 < 0.001, Pd4 < 0.05] and only
significant on day two (P-value MAGs < 0.01) for the MAGs (Figure 29 A&B). The
knockdown effect was used to evaluate the relative expression of other genes (Plugin,
Transglutaminase (AGAP009099) and AGAP009370) expressed in the virgin MAGs and
identified on the plug. The knockdown showed a slight increase in plugin expression in the
testes compared to the LacZ controls (Figure 29 C&D), however these values were not
statistically significant. TRANSGLUTAMINASE (AGAP009099) (Transglutaminase)
relative expression showed higher expression values in the testes for the experimental
samples compared to the LacZ controls (P-value Transglutaminase day 4 < 0.05) (Figure 29
E&F) while in the MAGs the LacZ controls were slightly more expressed than in the
experimental. AGAP009370 relative expression showed higher expression values in the
experimental samples of the testes than in the LacZ controls with day 2 being statistically
significant (P < 0.01) meanwhile in the MAGs the LacZ controls the transcript was more
expressed than in the experimental group though not statistically significant (Figure 29
G&H).
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Figure 29: Differential expression of CATHEPSIN B (AGAP004533) in Anopheles gambiae
G3 males through RNAI; This shows relative expression of CATHEPSIN B (AGAP004533) to plugin
(CATHEPSIN B (AGAP004533)), Transglutaminase (TGASE, TRANSGLUTAMINASE (AGAP009099)) and
AGAP009370 in the testes and MAGs. 6pg/uL of double stranded RNA for CATHEPSIN B (AGAP004533)
(experimental) and double stranded Lac Z for the control was injected in each 69ul per mosquito. A)
Knockdown (KD) was obtained in the experimental relative to the control for all 4 days analyzed post injection
(Pi). B) Knockdown was obtained in the experimental relative to the control for all 4 days analyzed Pi C) Plugin
was more expressed in the testes for the experimental relative to the control and this was seen to increase with
the days D) Plugin was more expressed in the experimental relative to the control E) TGASE was more
expressed in the testes experimental for day 1-3 Pi and less on day 4 compared to the control F) TGASE was
less expressed in the MAGs experimental relative to the control G) 9370 was highly expressed on day 2 Pi of
the experimental compared to the control with statistical significance of P<0.01. H) 9370 was less expressed in
the MAGs of the experimental relative to the control. 4533 (AGAP004533)
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4.4.1.2 Cloning, sequencing and analysis of MAGs and testes transcripts in the male Anopheles
gambiae after CATHEPSIN B (AGAP004533) knockdown.

The amplicons of Plugin using the various sets of primers (section 4.2.5) was cloned
and sequenced. Several variants of plugin transcript were identified in the knockdown
experimental sample as seen by various bands on the gel (Figure 30 A&B) meanwhile only
one band was identified for the LacZ samples (Figure 30C). These variants were identified as
spliced with different lengths and splicing junctions of 5'GT and 3'AG could be seen not
excised in other variants giving those different lengths (Figure 30D). Indicating the down-
regulation of CATHEPSIN B (AGAP004533) affects the spliceosome complex causing
misplicing of the transcript leading to several variants. Seven and 10 variants were identified
in the testes and the MAGs respectively (Figure 30 A&B) after sequencing 8 and 5 variants
were obtained for the MAGs and testes, respectively (Figure 30D). The sequenced variants
were used to do BLAST searches against the nucleotide database to confirm that the
sequences matched the known Plugin sequence (GU188739). Based on similarity in variant
length and splice junctions, they could be grouped as follows; 4, 5&7, 6, 9&10, 11, 12, 13, 14
and 15 for both the testes and MAGs (Figure 30D). Predicted transcription factors binding
sites (TFs) were present in some variants meanwhile the TFs on the LacZ control sequences
were the same for the bands amplified, indicating similarity between them (Table 6). The
experimental variants had T00626 present at the start of the sequences with alternative
splicing as coding sequence diversity. Meanwhile, LacZ controls had T0O0691present at the
start of the sequences with alternative splicing as coding sequence diversity. The testes and
MAGs variants of experimental sequences amidst misplicing also showed the insertion of a
signal peptide and transmembrane regions (TMHMM) in the sequences while these sites were
all absent in theLacZ controls (Table 6). The translation of the spliced variants on different
frames produced sequences with signal peptides and transmembrane regions which were not

identified in the LacZ controls with further implications in wrong splicing.
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Table 6: Transcription binding factor (TF) predictions on Plugin spliced variants

TF binding site TF name Function Coding sequence Kd Kd
diversity MAGs  Testes

GGGAGGG T00490 Helicase none 7 4

GAGGAGGG  T00105 Epimerase none 4 5

GCTGCCATG TO00626  Transferase Alternative splicing 6 5

TF binding site TFname Function Coding sequence LacZ LacZ
diversity MAGs  Testes

TGTCCCGC T00691  Transgenesis related Alternative splicing 1 1

protein

TTCAAG TO0999  Signal transduction Methyl-accepting 1 1
chemotaxis protein

GATGCAT T01542 lon channel none 1 1

Legend: This shows transcription factor usage for the amplification of plugin gene after knockdown of
CATHEPSIN B (AGAP004533). This amplification was based on primer pair 2 and from the table it can be
observed that the transcription binding sites varied from one sequence to another for the experimental but the
sites were uniform in the lacZ control. The functions of these TFs could be seen on the table
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Figure 30: Splicing effects identified on Plugin after gene knockdown, RT-PCR and sequencing of CATHEPSIN B (AGAP004533) in the
male Anopheles gambiae; Different variants of plugin amplified using the different primers. A,B) Colony PCR on day 3 Pi samples using primer pair 2 showed several
bands (100-200bp) for Plugin in the MAGs (A) and testes (B) experimental. C) Colony PCR on day 3 Pi samples using primer pair 2 showed one variant for LacZ controls.
D) Sequence analysis of Plugin variants amplified with primer pair 3, the first two sequences (2; experimental and 3; lacZ) showed the experimental longer than the lacZ
sequence. The last 2 sequences (16&17; lacZ) amplified with primer pair 2 showed a sequence of the same length. The sequences in between testes (7, 9, 10, 14, 15) and
MAGs (4, 5, 6, 8, 11, 12, 13) experimental samples amplified with primer pair 3 showed varying sequence lengths due to 5'GT and 3'AG junctions spliced in some variants
and not in others. The presence of transcription factor (T00626) on these sequences responsible for alternative splicing (Table 5) may be responsible for the start codons and
signal peptides (dark grey bands) created on these sequences and the epimerase (T00105) could be responsible for the transmembrane regions (light grey bands) seen on the
sequences. These properties are not seen on the TTL sequences which possess a TO0691 as an alternative splicing site which could account for proper splicing of the
transcript in the testes of the controls. 1 (consensus sequence).
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4.4.1.3 Ildentity of Plugin in MAGs of male An. gambiae mosquito

MAGs from both experimental samples and LacZ control in 1-3days post-injected
mosquitoes extracted and analysed by Western blotting (Figure 31) showed that both groups
had the 80KDa band size relative to the 1891bp nucleotide sequence deposited at NCBI. The
protein was not observed in the testes as seen in section 4.3.5.2 was and was therefore not
included in this analysis. The immunoreactive dimmer (160KDa) of the protein was higher in
3 days post injected experimental males than the LacZ controls. The actin control band was
not identified on the gel after staining but the same number of MAGs tissues were crushed

and the same volume loaded on the gel for consistency.
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Figure 31: Identity of Plugin in the MAGs after CATHEPSIN B (AGAP004533)
knockdown in the male Anopheles gambiae; This shows that the plugin size of 80kDa is maintained on
the gel for both the experimental and the lacZ controls. The 160KDa band shows the molecular dimer of the
protein in the cell due immunureaction of the protein. Despite misplicing, the band size in the experimental
could only mean gene compensation by the cell to maintain the protein levels. Me (MAGs experimental), Kd
(Knockdown), LZ (LacZ), d1, d2, d3 (days 1-3)
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4.4.2  Functional analysis through knockdown of CATHEPSIN B (AGAP004533) in the female
Anopheles gambiae mosquitoes

4.4.2.1 Expression analysis and mating propensity (mating drive) phenotype analysis after
knockdown of CATHEPSIN B (AGAP004533) in the female Anopheles gambiae
mosquitoes

The transcript levels of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
which was observed to be highly expressed in the atria where the plug is formed was seen to
be down regulated up to 7 days post-mating as shown in section 4.2.1.1 above. This was the
only female transcript identified on the network and it was the only transcript down regulated
together with CATHEPSIN B (AGAP004533) which was our gene of interest for functional
analyses. The transcript expression levels of CATHEPSIN B (AGAP004533) and TRYPSIN-
LIKE SERINE PROTEASE (AGAP005195) were tested to find out if it was involved in an
interaction that modulates the female mating propensity (mating drive) towards the male. In
three independent trials (Figure 32A, A), virgin non injected females showed that 73.06%
against 26.94% males were present in the male cage indicating that males will remain in the
same cage for swarming which is equally an advantage and a strategy for them to mate with
females.In the male cage; 84.3% against 15.7% females were present and were mated with
successful insemination due to presence of sperm in the spermatheca indicating an attraction
from males to the swarm. These values were statistically significant using 2 way ANOVA
with the males having P-value<0.05 and females having P-value <0.05. Knockdown of
CATHEPSIN B (AGAP004533) and its effect on TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) was investigated for its co-effect on mating.

One day old virgin female An. gambiae of the Mbita strain were injectected with
5ug/uL of double stranded RNA against CATHEPSIN B (AGAP004533) transcript for the
experimental and dsLacZ for the lacZ gene as controls. Three to five females were dissected
two to three days post injection to obtain atria and spermatheca. Other females were mated 3
days post injection with same age males and couples were dissected for the atria and
spermatheca 6hours and 24hours post mating. qRT-PCR analysis was done on cDNA from
the atria and spermatheca to determine gene expression levels and evaluate knock down
(Figure 32A, C&D). The spermathecal samples showed no significant regulation in the
transcripts and were therefore not considered for these analyses. In the atrial samples, there
was knockdown of CATHEPSIN B (AGAP004533) in the experimental group as observed on
days two and three post injection and 6hrs post mating. The knockdown was statistically
significant (6hrs post mating P<0.05) compared to the lacZ controls. TRYPSIN-LIKE
SERINE PROTEASE (AGAP005195) was down-regulated in the experimental samples

121



relative to the LacZ controls at two and three days post injection samples and at 6hrs post
mating (Figure 32B, A & B). CHYMOTRYPSIN-LIKE SERINE PROTEASE
(AGAP005194) also showed the same regulation pattern as TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) at the same time points. AGAP004203 (Vitellogenin) was more
expressed in the experimental virgin samples than the LacZ controls though not statistically
significant. A similar up-regulation pattern at 6hrs and 24hours for AGAP004203 and
AGAP002620, respectively was observed both for the experimental samples and in the LacZ
controls after mating. AGAP002620 was more expressed in the experimental than the LacZ
controls 24hours post mating though not statistically significant. Signal transduction effects
implicating TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) (Table 5) could be
further confirmed by the loss of the two active variants in the virgins of both tested groups
using RT-PCR (Figure 32B, A). The molecular RNA binding role of CATHEPSIN B
(AGAP004533) identified in males through splicing in the plugin transcript was not observed
inin TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) transcript (Figure 32B, A).

The experimental females and the LacZ controls were used in the mating drive
experiments (Figure 32A, B). It is worth noting that some females died before dissections for
gRT-PCR analysis and some died before dissections to check for insemination. Comparing
the mean values for the mating events in both groups, 60.43% of males interacting with
experimental females were in the male cage meanwhile 61.43% males interacting with LacZ
females were in the male cage. The differences for each interacting group was not statistically
significant but indicated that males remained in the male cage for swarming as seen earlier.
For the experimental females; 69.05% in the male cage were non-inseminated compared to
30.95% inseminated while 55.17% of LacZ females in the male cage were non-inseminated
compared to 44.83% inseminated, though the difference within each female group was not
statistically significant but indicated that the mating drive was present and higher in the
experimental females though insemination was higher for the LacZ controls. In the female
cage, the experimental females showed that, 63.63% were non-inseminated compared to
36.36% inseminated while for the LacZ females, 68.42% were non-inseminated compared to
31.58% inseminated and though the difference within each group was not statistically
significant, more LacZ control females stayed in the female cage and less were inseminated
compared to the experimentals. Overall, insemination levels for both groups were low. The
knockdown of CATHEPSIN B (AGAP004533) and its effect on TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) shows that more experimental females are attracted to the

swarm than LacZ females and few are successfully inseminated.
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Figure 32A: Mating drive and gene expression analysis after CATHEPSIN B
(AGAPO004533) knockdown in the female Anopheles gambiae; This shows possible effects on
mating response by the female An. gambiae relative to 4533 knockdown. A) It shows female response to mating
as 73% of males remain in their cage to swarm and 84% of the females move into male cages and are mated
with successful insemination. These were statistically significant with P<0.05. B) This shows mating response
by females after knockdown (C). The response between experimental and control are very close. The difference
was not statistically significant between compared parameters but it still confirms the fact that males will swarm
together and the females are still attracted to the swarm but very few do mate with successful insemination. C)
This shows knockdown in the experimental against the controls as seen on days 2&3 Pi and 6hrs Pm. The result
was statistically significant at 6hrs pm (P<0.05). D) This shows other transcript responses relative to knockdown
of 4533 (AGAP004533). 5194 (AGAP005194) and 5195 (AGAPO005195) is more down regulated in the
experimental group for days 2&3 Pi than the control but lost in both groups after mating. 4203 (AGAP004203)
is still not expressed in the non mated group, meaning it is only activated by mating. It is more up-regulated in
the experimental than control group at 6hrs and 24hrs pm. 2620 (AGAP002620) is only activated by mating and
more up-regulated in the experimental than the controls 24hrs pm.
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Figure 32B: PCR gel analysis on AGAPO005195 after CATHEPSIN B (AGAP004533)
knockdown in the female Anopheles gambiae; This shows possible signal transduction effects related
to AGAP005195 A) This gel shows effects on the TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
active transcripts, showing that they are lost in the atria of both groups when injected and completely lost in the
spermatheca. It is lost faster in the control group. B) This gel shows effects on TRYPSIN-LIKE SERINE

PROTEASE (AGAP005195) active transcripts which are lost after mating. Only the 801bp band remains after
mating and this band translates into a mutant protein after mating. Hence it should play no role in TRYPSIN-

LIKE SERINE PROTEASE (AGAP005195) function. KD (knockdown), Ins (inseminated).
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45  Swarming patterns in male Anopheles gambiae mosquitoes and their role on
mating responses in respective females
To date all the information obtained on the mating and post-mating biology in An.

gambiae mosquitoes derives from studies performed in the laboratory. Although informative,
these studies may not provide a fair representation of the processes happening in natural
mosquito populations, and therefore need to be validated. As a first step towards validation of
laboratory-based experiments, we tested the feasibility of setting up mating experiments in
semi-field conditions provided by the malaria sphere at icipe, Thomas Odhiambo campus
Mbita point, Western Kenya. Male mosquitoes sexed as pupae, 1000 in number, were
released in malaria sphere 1 at 2 days post emergence. Swarm formation patterns and time
were observed (Appendix VII). Swarming was categorized into 7 intervals of 5 minute each,
from 18:45hrs when it was initiated till 19:20hrs when it was terminated (by which time no
couples were seen) (Figure 33A). Swarming initiation was mainly observed from 18:45-
18:54hrs in June, 18:55-19:04hrs in July and 18:50-18:59 in August. July and August saw a
shift in swarm time. Swarms characterized as full due to the size and presence of many
couples, were mainly observed from 19:00-19:04hrs in June, then 19:00-19:09hrs in July and
19:00-19:09hrs in August. Swarm termination was observed between 19:10-19:14hrs in June,
and 19:10-19:19hrs in July and August. These swarming time periods observed for 3 months
gave an insight on mating time frames possibly existing in actual field conditions. The males
initiated the swarms and 2 - 3 swarms could be seen 3.5-4m above the hut, close to the roof
top in malaria sphere 1 and at the corners in malaria sphere 2 (Appendix VII). Females later
then found their way into the swarms and couples could be seen 5mins after swarm initiation,
with a peak of mating occurring at 19:00hrs. Occurrence of copulation was followed up for 4
days, and then new mosquitoes were released on day 4. This was carried out for 1 month.
Day 1 of release had the highest number of couples then the number of matings decreased
gradually till day 3 (Figure 33B). At day 4, no couples of the released batch were actually
observed. On day 1 of release the males swarmed mainly at the top of the hut but by day 2
and 3 swarms were seen at the corners of the screen house though couples were observed in
them towards darkness which we think could result from the fact that most mated males were
not so competitive hence the non mated males remained at the top of the hut though in small
numbers. Swarming was affected by bad weather (wind and rainfall) and predators (spiders,
geckos, ants, and praymantis). The mating window lasted for 30 minutes after which the

females were gone. The males could still be observed swarming but no couples were seen.
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During the day, the males could be seen resting under leaves while the females rested mainly
in the hut simulating their host seeking behaviour.

One thousand mosquitoes in number were released at 2 days post emergence to
observe how stable swarms are maintained in the field and this was carried out in the malaria
sphere 2. Experiments with two days old mosquitoes were prefered as this is the age that
females are postulated to mate in the field. Males swarmed on daily basis and couples were
caught using sweepnets then transferred to cages for dissection at 3 days post-mating with
aim to observe successful insemination of the females by the males. The age at which the
female mosquitoes mated was not identified. A total of; 41.30% (n=74) of females were
inseminated while the remaining 58.70% (n=107) were not inseminated as determined by the
presence of sperm in the spermatheca, determined by microscopy (Figure 33C). The
differences in both graphs were not statistically significant though in Figure 31B it showed
that averagely 55 females mated on the day of release and averagely 30 mated on day two
post release and averagely one (P<0.01) on day three post release indicating all females never
mated on the same day after emerging as adults, meanwhile in Figure 37C it showed that

fewer females were inseminated though caught as couples in the swarm.
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Figure 33: Swarming time detection, mating post release analysis and insemination post
mating analysis in the mosquito Anopheles gambiae; This shows mating time variations and
insemination success by males. A) Swarming variation with peak hours for swarm initiation from 18:45-
18:54hrs in June with a shift observed in July and August from 18:50-18:59. Full swarms were seen more from
19:00-19:04hrs in June then from 19:00 -19:09 in July and August. Swarm termination was seen more from
19:10-19:14hrs in June then from 19:10-19:19hrs in June and July. There were time shifts observed in the
months of July and August. B) The release of mosquitoes saw a decrease in swarming and mating from day 1 of
release till day 4 when no couples and swarms where observed, then a new batch was released. C) Couples
caught during swarming and dissected to check for successful insemination (sperm in spermatheca) after 3 days
saw less females inseminated.
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CHAPTER 5
DISCUSSION

These results showed that plugin protein constituted mainly helices which were
confirmed by the presence of Gln residues within its structure and the various molecular
states predicted by the HMM model. These residues are sites used by the transglutaminase
enzyme in crosslinking action of the protein to form the mating plug (Rogers et al, 2009).
The plugin protein contained low complexity regions known as regions with No Ordered
Regular secondary structure (NORS) and are said to be dynamic helices (Sandhu et al, 2007).
Such proteins do not respect the “protein-structure” paradigm but rather follow the “protein-
trinity” paradigm which states that “the native proteins can exist in any of the three dynamic
states Ordered, molten globule and random coils (Uversky, 2002). Most of these proteins are
unfolded as seen for plugin. It is known that about 30% of the human proteome is predicted
to be unfolded in the native state (Ward et al, 2004) and such proteins are involved in various
functions such as; cell signalling, gene regulation, protein phosphorylation, storage of small
molecules, oligomerization or self-assembly of large multiprotein complexes (Dyson et al,
2005). The predicted binding sites for plugin were concentrated at its unstructured region,
which agrees to the fact that most of its functionally important sites are located on the loop
regions that show large structural variability, although the scaffold of the protein structure is
conserved as previously shown for unstructured proteins (Tress et al, 2005; Keedy et al,
2009). The presence of the active sites within this region behaves as a molecular switch in
regulating certain biological processes. The plugin biological function (GO: 0005509)
predicted by I-TASSER suggests a function similar to Vitellogenin linking it to post-mating
responses within the female. Given that the An. gambiae plugin and transglutaminase are the
two main proteins on the plug and expected to interact (Rogers et al, 2009), the absence of a
fixed 3D structure for plugin may suggest an evolutionary modification in transglutaminase
observed in the lost of its disulphide bonds in comparatively similar locations with human
transglutaminases. This functional ability in plugin should permit it bind and move the
transglutaminase protein around at the same time binding to other plug proteins. The protein
interaction sites for Transglutaminase 2 have been shown to bind with ATP and GDP (Han et
al, 2010) and some of these sites (LYS 544, GLN 548 and HIS 649) were predicted on the
transglutaminase structure of An. gambiae hence suggesting that it could use the same sites to
bind with plugin protein. The Phosphorylation PFam domains predicted on plugin could
favour a possible interaction within the female involving plugin and other female proteases

identified on the mating plug. The ML analysis carried out on the transglutaminase and
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plugin group of proteins showed a closer relationship within the transglutaminase group of
proteins as could be seen on the scale bar. The observed K values depicted on the branches
show that there are more tranversions than transitions within this group which is an important
aspect in conserving the protein structure within each taxa (Wolfner et a/, 1997). This can be
observed as K values get closer to zero. The ML ratio test confirms the K80 tree for
transglutaminase and plugin group of proteins to be under selection meanwhile the K80 ML
tree for plugin and its homologs suggests that these proteins are distantly related hence no
perfect homolog for plugin (gi|270266159) was found in other taxa. This suggests that, the
protein is unique to An. gambiae with a specific reproductive role which still needs to be
identified. The ® value (indicative of selection) obtained in population genetic analysis
(Felsenstein, 2004) revealed that the mammalian transglutaminase group of proteins was
under purifying selection while that for the group of insect + others was under neutral
selection. No ® value was predicted for the plugin group of proteins because of the low
number of sites considered for the alignment but the K value could imply a phylogenetic
signal favoring positive selection. Plugin was identified by Rogers et al (2009) as an Acp in
An. gambiae and such proteins have been shown in D. melanogaster to be under positive
selection (Wong et al, 2008). This selection could favor the specificity of plugin in
reproduction. More work on the interacting surfaces on plugin protein will elucidate its
possible roles in reproduction.

Plugin was projected on the network as the main hub protein given its structural
similarity to Q8SX59 in D. melanogaster. Hubs are about three times more likely to be
essential to S. cerevisiae compared to their non-hub counterparts (Jeong et al, 2001).
Therefore plugin should be the main protein for male An. gambiae protein interaction
network involved in plug formation within the male as previously shown by Rogers et al
(2009). The domains predicted on plugin suggest that, it could interact in the female with
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) which is an ortholog to Q9VEMY7 in
D. melanogaster. Genomic comparisons between TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) and its ortholog Q9VEM7 confirmed their similarities in all the observed
domains implying TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) could play a
possible digestion and terminal cell signalling role in the mating process. The presence of
Acp29AB known to be involved in sperm competition (Wong et al, 2008) and secreted by the
MAGs in D. melanogaster goes to identify the network as a possible reproductory process
given that Acps are only secreted by the males during mating and only take part in
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reproduction (Kalb et al, 1993). The interaction of this Acp with sex peptide in D.
melanogaster (Carvalho et al, 2006; Mueller et al, 2008), a hormone known to drive
postmating behavioural patterns in the female suggests strong hormonal activity occurring
within the reproductive process in both species. This hormonal function was further
confirmed on the sub-network as Acp29AB was seen interacting with Q8WS79, an estrogen
related receptor and a hormone involved in reproduction in D. melanogaser. The grouping of
An. gambiae proteins on the ML tree identified two main clusters, considered as postmating
and premating clusters. The premating cluster grouped most MAGs proteins with;
transglutaminase known to be involved in the crosslinking action on plugin for mating plug
formation (Rogers et al, 2009) and two Serine Protease inhibitors (AGAP003139 and
AGAP009212) favoring successful plug formation. The postmating cluster grouped plugin,
AGAP008276, AGAP008277, CATHEPSIN B (AGAP004533) and TRYPSIN-LIKE
SERINE PROTEASE (AGAP005195) (only female protease on the mating plug). This
interaction indicates a possible post mating molecular function in the female given that plugin
had been predicted to interact with TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
given the identified PFam domains. TRYPSIN-LIKE SERINE PROTEASE (AGAP005195)
and CHYMOTRYPSIN-LIKE SERINE PROTEASE AGAP005194 were identified by
Rogers et al (2008) as two female proteases to be downregulated by mating which was
equally confirmed in our results. They were characterized as Serine proteases due to the
presence of Trypsin_Histidine, Trypsine_Aspartate and Trysine_Serine active sites. These 3
sites are needed for the protein’s proper function in its 3D conformation (Blow, 1997).
Interestingly AGAP005194 was not identified on the network which could have resulted from
a mutation at the Trypsin_Histidine active site with possible loss of its function as a Serine
protease hence making TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) more specific
to the plug as observed from the immunostainings. CATHEPSIN B (AGAP004533) is
involved in the activation of Trypsin proteases in man through cleavage of their propeptide
(Niels et al, 2002). They are also known in D. melanogaster to be involved in a controled
cleavage of ovulin and sex peptide in post mated females hence favouring long term sex
peptide effect in female postmating responses (Walker et al, 2006) therefore suggesting that,
CATHEPSIN B (AGAP004533) could be involved in digesting the mating plug through the
cleavage of the male Trypsins (AGAP008276 and AGAP008277) and other Acps.
AGAPO008277 a male specific protease (Rogers et al, 2009) presented an amidation site
(PS00009) with hormonal related functions hence it could be involved in hormonal activation
in the atria of the An. gambiae female mosquito after mating. In D. melanogaster it was
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shown that Acp genes which code for small proteins originate from non coding DNA (Begun
et al, 2006) making them species specific. These genes are known to be under positive
selection (Aguadé, 1999) with specific sperm related functions and Acp29AB predicted on
the network was shown to be involved in sperm competition and sperm storage through its
lectin role (Wong et al, 2008). This suggests that plugin known as an Acp in An. gambiae
could also have sperm related functions and be under positive selection as was observed on
the ML K80 tree. Sperm cells considered as nonself due to antigenic surfaces acquired during
spermatogenesis (Sharpe, 1994) could also be recognized by the female as nonself and result
in the production of antibodies against them. It has been shown in man that sperm protection
in the female is achieved by seminal plasma derived immunomodulatory factors that are
carried with or coated on inseminated spermatozoa (Kelly, 1995). Semen also contains
substances from male accessory glands which are geared towards proper sperm function.
Most MAGs proteins in An. gambiae have been shown to be male specific (Rogers et al,
2009) suggesting that MAGs proteins and especially AGAP008276 and AGAP008277 which
are male specific (Rogers et al, 2009) proteases could be more involved in digestion of the
plug and drive post-mating behavioural phenotypes in the female since it is transferred
alongside the plug to the female. The post-mating protein cluster on the An. gambiae
phylogenetic tree was of great importance as it helped in the understanding of possible
proteins in the male mosquito which could be involved in postmating events in the female
mosquito. Further molecular analysis done on this cluster of proteins will help to shed more
light on their possible roles in mating. Given that the identified An. gambiae interologs
identified on the network showed no direct interactions with each other, this could suggest
many MAGs proteins still need to be identified which will help in better understanding of the
reproductive pathways in the male mosquito and possible targets for reproductive control.
These results showed that RT-PCR amplifications on TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) identified 3 spliced variants; 5195AT-2, 5195AT-3 and
5195AT-4. All three variants confirmed alternative splicing as seen by the 5°GT and 3’AG
splicing junctions for the introns. The identification of these variants was of great interest and
could also imply different functions performed by the same gene when translated into the
protein (Zahler, 2005) within the cell. 5195VS-1 and 5195VS-3 in the spermatheca and
5195AT-2 in the atria retained all the introns but translated into a truncated protein resulting
from a frame shift caused by shifts in the 5’GT and 3’AG junctions within the first intron
causing misplicing in these variants. This was also shown by Fay et al (1992) that the
insertion in Plasminogen-activator inhibitors (PAI) of a TA at the 3’ end of exon 4 possibly
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due to DNA polymerase slippage causes a shift in the reading frame with the insertion of an
abnormal stop cordon within the sequence hence breaking the protein structure. This could
suggest that the mispliced proteins may have lost their functions and so no active protein will
be expected in the spermatheca. This was further supported by Western blot analysis given
that the TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) band could not be seen in the
spermatheca but was observed in the atria. The absence of the band in the spermatheca could
suggest the inability of the antibody to bind to the protein because of lack of a fixed 3D
structure otherwise the transcript was targeted for destruction by the cell machinery. Ozvegy-
LacZka et al (2005) showed that specific monoclonal antibody 5D3 could be used to
differentiate between functional and non-functional ABCG2 proteins which had functional
ATP- and drug-substrate-binding sites but differed in the formation of a catalytic
intermediate. This technique could be used to differentiate our obtained variants given that
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) was seen to posess multi PFam
domains suggesting multiple functions within the protein. The number of TRYPSIN-LIKE
SERINE PROTEASE (AGAP005195) bands (40KDa, 80KDa and 160KDa) seen on the gel
could possibly be related to the number of glycosylated sites on the protein (Beuckmann et al,
1996). Three N_Glycosylation sites were predicted on the protein at amino acid; 85, 141 and
146 suggesting glycosylation could be a possible post translational modification process
taking place on TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) protein sequence. N-
glycosylation may also take part in proper folding of the protein. The two possible
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) functional variants (5195AT-3 and
5195AT-4) differed by one point mutation N75K resulting from T288A substitution on the
latter variant. The functional effect of this point mutation was not tested but Ranson et al
(2000) showed that a Leucine-Serine substitution (L1014S) within the voltage-gated sodium
channel gene conferred knockdown resistance (kdr) to DDT and pyrethroid insecticides, in a
colony derived from specimens from Kenya. This mutation could play a very vital role in
differentiating these two functional variants and needs further analysis. All three variants
showed an amino acid mutation at G200S located at the active serine site. The loss of this
serine deprives it from the Trypsin_Serine active site suggesting that TRYPSIN-LIKE
SERINE PROTEASE (AGAP005195) may not perform the Trypsin protease function as
originally proposed by Rogers et al (2008) given that the functional interaction of the three
catalytic sites (Trypsin_Histidine, Trypsin_Aspartate and Trypsin_Serine) is vital for the
protein’s function. TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) still retained its
Trypsin_Histidine (PS00134) active site which has been shown to be involved in electron
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relay functions in the 3D structure of the protein and equally the response regulatory site
identified by CLC workbench was still present in the variants. Therefore the two response
regulatory function with possible signal transduction related function may be the possible
functional role effected by this protein within the female atria of An. gambiae.
Immunostainings done on TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) suggests
its specificity on the plug and in mating and this difference in localization compared to
AGAP005194, a female specific Serine protease identified on the plug, could result from loss
of the Trypsin_Histidine active site which goes further to confirm the absence of the
AGAP005194 on the network and also suggesting a nonspecific role in mating. The presence
of TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) within the spermatheca duct from
atria to spermatheca in 6hrs postmated females could imply a possible role of the protein in
sperm related function which was inferred by the GABAA domain predicted on this protein.
GABAA, receptors have been found in the spermatozoon plasma membrane and GABA
stimulates hyperactivation and promotes the acrosome reaction (Calogero et al, 1996). The
immunostainings on day one and day two virgin females showed a low expression of this
protein in the atria and spermatheca suggesting possible non secretion because the ducts were
all void of this protein implying it could be maintained in the cells and not secreted until
mating occurs. The secretion of this protein could possibly be triggered by the presence of the
plug in the atria as seen with the secretion of Trypsin in the stomach only after the presence
of food (Khorasani et al, 1990). The secondary structural analysis of the variants 5195AT-3
and 5195AT-4 showed the insertion of a turn at the N75K mutation on the latter hence
facilitating the formation of cysteinic disulphide bonds in the latter variant which could give
it a different 3D conformation from the former hence different functional proteins. The
response regulator site with the phosphor_Tyrosine kinase (GO: 0004721) receptor site
confirms its possible involvement in signal transduction related functions. Indepth molecular

analysis on this domain will help to clarify its role in signal transduction.

CATHEPSIN B (AGAP004533) was shown by Rogers et al (2009) to be expressed in
the virgin female atria and it was also identified on the plug. qRT-PCR analysis performed
showed that CATHEPSIN B (AGAP004533) was expressed in all life stages of the mosquito
contrary to TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) which was expressed
only in adult day one females and plugin which was expressed from late male pupae. It has
been shown in An. gambiae that the detoxification P450 enzyme varies in the larvae, pupae

and adults due to different environmental exposures (Strode et al, 2006). This could mean
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that the protein has specific functions at different life stages of the mosquito and this fact is
also backed by multiple domains identified on this protein.The transcript expression of
CATHEPSIN B was also identified in all tissues of the male and female mosquitoes and
expression variations were also observed. Expression variations of the same gene in various
tissues known as differential expression resulting from different molecular properties of the
gene in these tissues could be a possible mechanism involving CATHEPSIN B
(AGAP004533). Regions of DNA that affect gene expression are highly variable, containing
0.6% polymorphic sites (Stephens et al, 2001). These naturally occurring polymorphic
nucleotides can alter in vivo transcription rates (Segal et al, 1999; Crawford et al, 1999). This
suggests that this gene could play different roles in the various reproductive tissues for
reproductive success in An. gambiae. Sequencing transcripts from different reproductive
tissues identified SNPs suggesting that, they could play important roles in the expression
variation levels observed for the transcript. The secondary structure predictions of
CATHEPSIN B (AGAP004533) variants in the various reproductive tissues both in males
and females of An. gambiae showed structural variations which could affect the 3D
conformation and function of the protein. From the network analysis, the ortholog of
CATHEPSIN B (AGAP004533) in D. melanogaster (Q9VY87) was not directly interacting
with any of the MAGs proteins implying it could be expressed earlier in the plug formation
pathway in the male given that the plug is an end product of the reproductive process in the
male (Rogers et al, 2009). This interactive property of CATHEPSIN B (AGAP004533) could
help to explain its absence from observed virgin MAGs transcripts (Rogers et al., 2009)
though seen to present the most favoured interactions for plug formation as predicted on the
network. The gqRT-PCR analysis performed in the various reproductive tissues showed a
higher expression of the gene in the female atria and spermatheca compared to the male
MAGs and testes implying the gene could play a terminal role in the female reproductive
process. In mated females the transcript regulation of CATHEPSIN B (AGAP004533) was
relative to TRYPSIN-LIKE SERINE PROTEASE (AGAPO005195) as both were down
regulated after mating suggesting these two genes could be co-expressed in the female with
one affecting the expression of the other. Grigoriev (2001) analyzed physical interactions in
yeast and observed that proteins encoded by co-expressed genes interact with each other
more frequently than with random pairs. In the virgin atria of the G3 strain, there was no
statistical difference observed in the expreesion levels of CATHEPSIN B (AGAP004533)
and TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) but this difference was
significant (P<0.0001) in the atria of the Mbita strain with the expression of TRYPSIN-LIKE
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SERINE PROTEASE (AGAP005195) very high. The mbita strain is more of a field strain
and so the difference could be strain specific based on their sexual competitive role and the
way both mosquitoes are reared. For example femlale mosquitoes in the wild will have to
identify swarms before being mated unlike full lab colonized strains where both couples are
reared together and mating is easier and faster. The expression levels of both genes in the
mbita strain could imply different roles played by these two proteases during mating. Relative
expressions of the proteins CATHEPSIN B (AGAP004533), AGAP005194, TRYPSIN-LIKE
SERINE PROTEASE (AGAP005195), AGAP004203 (vitellogenin) and AGAP002620 to
RPL19 (house keeping gene) showed varied expression levels in virgins and postmated
females. The first 3 proteins were expressed in the virgins and down-regulated after mating
meanwhile the last two were only expressed at 6hrs and 24hrs postmating respectively. All
proteins were down-regulated after 24hrs. The same transcript expression pattern of these
proteins in the G3 strain of the An. gambiae mosquito had been shown by Rogers et al
(2008). The similar response by these female specific proteins, 24hrs after mating could
imply that they are co-regulated and possibly involved in a common interacting reproductive
pathway. In the males of the Mbita strain, transcript levels of CATHEPSIN B
(AGAP004533), Plugin, transglutaminase and AGAP009370 were compared and transcripts
of plugin, transglutaminase and AGAP009370 were seen to be more expressed in the testes
and MAGs of virgins and mated suggesting further the eclipsed role of CATHEPSIN B
(AGAP004533) within the reproductive pathway in the males as predicted on the network. At
this point it was not too clear if any of the tested male genes could have any effect on the
other and so further analysis through knockdown of CATHEPSIN B (AGAP004533) in both
males and females was used to evaluate relative male and female reproductive transcript
expressions.

These results showed multiple bands for plugin on the gel with unexpected number of
bands and different band sizes. The absence of the forward primers of primer pair 1 and
primer pair 3 sequences in both the genebank and VectorBase mRNA sequences shows
possibility of two different plugin sequences which was further confirmed by the absence of
the reverse primer of primer pair 1 sequence in XM559853 (VectorBase). This could suggest;
gene duplication with loss of several sequence fragments in both variants, or site specific
expression of the same gene and these sequence variations could be further supported by the
fact that, plugin at VectorBase was identified in the salivary glands (Arca et al, 2005)
meanwhile that at NCBI was deposited by Rogers et al (2009) identified in the MAGs. The
repeat regions seen in the plugin protein could play significant roles in the generation of

135



several variants in this gene as seen by the various bands on the gel for a given primer pair.
Plugin was identified as an Acp in the male An. gambiae and Acps in D. melanogaster are
known to be small in protein size (Begun et al, 2006) and from the smaller then expected
band size variants obtained with Primer Pair 3, could account for such events taking place
within this gene locus. This could suggest that, this protein could be involved in the
generation of Acps which are transferred to the female with the plug during mating with aim
of performing several functions after plug digestion. The small sizes could also suggests the
presence of different splice sites flanking introns on the transcript leading to different variants
derived from this gene during translation. This splicing events in plugin transcript as
observed in the male MAGs and testes injected with double stranded RNA for CATHEPSIN
B (AGAP004533) (section 4.4.1.2) showed novel start sites within the variants and different
5°GT and 3’AG splice sites within the variants as well meanwhile only one variant was seen
in the LacZ injected controls. Further analysis on the possible translational events on plugin
transcript will probably help in identifying the various variants produced by this gene and
their functional analysis will help to explain the identification of only a few Acps known so
far in the MAGs of An. gambiae. The lack of a fixed 3D structure in Plugin due to low
complexity regions in the protein could be an advantage of the protein in holding the plug in
place as seen by its putative properties of a top-most hubbal protein in the network. The
gradual breakdown of this protein in the female atria should release proteins of different sizes
and various functional roles with objective to drive postmating responses within the female.
So far nothing is known about the domain structure of this protein and it has no close
homologs in other taxa therefore more work on the molecular analysis of Plugin is still
required to circumvent its role in mating.

These results showed that, two main domains were predicted on CATHEPSIN B
(AGAP004533) which were; RNA binding domain and the D-Amino Acid Oxidase (DAAO).
The former domain was of particular interest because of the spliced variants identified in
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) and also because they have similar
expression levels. The RNA binding domain is known to interact with the spliceosome
responsible for proper splicing of mRNA at the 5’GT and 3’AG junctions hence excising the
introns for the right splice variants (Zahler, 2005). The molecular function of this domain was
evaluated through knockdown of CATHEPSIN B (AGAP004533) in the G3 males. From
these results plugin expression in the experimental sample showed an increase in expression
levels in the MAGs and testes relative to the LacZ controls though the difference was not
statistically significany (P<0.05). The same expression pattern was observed in the testes for
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transglutaminase and AGAP009370. This expression profiles showed possible co-expression
of CATHEPSIN B (AGAP004533) and plugin given that the knockdown of CATHEPSIN B
(AGAP004533) affects plugin expression levels relative to the control hence CATHEPSIN B
(AGAPQ004533) and plugin could be involved in the same functional pathway. Rogers et al
(2009) showed that 15% of females who mated to males knockdown for the transglutaminase
enzyme lacked a mating plug and transglutaminase is involved in the cross-linking action on
plugin to form the plug therefore, CATHEPSIN B (AGAPO004533), plugin and
transglutaminase could be involved in the pathway leading to the formation of the mating
plug. The same expression profiles for TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) and AGAP004533 were seen in the female probably confirming their
presence on the protein-protein network as seen above. This goes further to confirm the
clustering of plugin, CATHEPSIN B (AGAP004533) and TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) on the ML Phylogenetic tree hence CATHEPSIN B
(AGAP004533) could be involved in the male reproductive machinery at a given point in
time hence with an important role in the mating plug formation pathway (Rogers et al, 2009).
Multiple spliced variants of plugin transcript were observed in the testes and in the MAGs
while only one variant was seen in theMAGs and testes of the control. These variants
resulting from the knockdown of CATHEPSIN B (AGAP004533) confirmed the role of the
RNA binding domain identified in this protein. The spliced variants showed a varied use of
predicted transcription binding factors (TFs) on the experimental sequences meanwhile those
of the controls showed similar TFs along the sequences confirming the fact that they were the
same and could therefore be the actual fragment expressed in the testes and MAGs of An.
gambiae males. Transcription factors known as proteins that bind to specific DNA sequences
thereby controlling the genetic flow of information from DNA to RNA (Latchman, 1997)
could be wrongly inserted within the transcripts of the experimantals probably by polymerase
slippage hence inserting wrongly spliced sites, for example T00626 (Diebold et al, 2002)
which will be wrongly used by the RNA binding domain of CATHEPSIN B (AGAP004533)
and the spliceosome complex hence misplicing the experimental transcripts while T00691
(Devoto et al, 2003) splice site predicted on the LacZ controls favors proper splicing of the
transcript as observed hence possible justification for a common variant observed in the
control transcripts. The difference in spliced variants as observed in the alignments, justified
the presence of 5'GT and 3'AG spliced junctions which are alternatively used by the
spliceosome complex to produce several transcript lengths. This gene could form a complex
locus wherein the DNA binding sequences by the TFs are located further away from the start
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sites and also from the known protein region to facilitate successful splicing functions. This is
a similar case seen in the haemoglobin complex locus wherein the complex program of
transcriptional regulation leading to the differentiation and developmental stage specific
expression in the globin locus is mediated by DNA-regulatory sequences located both
proximal and distal to the gene-coding regions. The most prominent distal regulatory element
in the human b-globin locus is the locus control region (LCR), located from about 6 to 22 kb
upstream of the e-globin gene (Tuan et al, 1985; Forrester et al, 1987). Identifying these TF
binding sites can help in gene modification at these sites hence haulting expression of the
gene and possible post mating effects in the female.

These results showed that, knockdown of CATHEPSIN B (AGAP004533) in the
female mosquitoes of the mbita strain observed a down-regulation of the transcript in the
experimental group compared to the control group. The difference was statiscally significant
at 6days postmating. TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) was down-
regulated in the experimental group at days two, three post-injection and 6hrs postmating
which was not observed in the control group. This goes further to confirm its possible co-
expression with CATHEPSIN B (AGAP004533). AGAP004203 (vitellogenin) and
AGAP002620 showed no expression before mating in both groups but were only expressed
after mating. This further confirms that both transcripts are only induced by mating as showm
by Rogers et al (2008). AGAP004203 was significantly expressed (P<0.001) in both the
experimental group and the lacZ control group compared to the other transcrips though the
transcript expression difference compared in both the experimental and control groups was
not statistically significant suggesting that, this could result from the loss of TRYPSIN-LIKE
SERINE PROTEASE (AGAP005195) which was absent in non mated and mated females
after RT-PCR analysis. Experiments to evaluate the mating drive phenotype in An. gambiae
females showed a high number of females in the male cage during swarming for both non-
injected and injected females, indicating that mating drive in the female mosquito could be
accounted for by two factors, a possible pheromone released by the males to attract females
and the maturity of the female reproductive system ready for mating. Based on the results,
more experimental females went to the swarm though few were inseminated compared to less
lacZ control females who went to the swarm though more were inseminated. This suggests
that the interaction between CATHEPSIN B (AGAP004533) and TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) could be involved in female maturity and influencing her
decision to go to the swarm to be mated. The functional effects of these proteins could be in

correlation with swarm response genes located on the antennae therefore down-regulation of
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both transcripts in the experimental favors a swarm drive decision but compromising its
maturity and willingness to mate while the opposite effect is seen in the controls. This could
be further ascertained by the resistance in experimental females towards mating as shown by
a higher proportion of inseminated females in the female cage thereby suggesting a struggle
by the males to mate the females, hence ending up in female cages. The hormonal component
of this interaction could be another possible factor since the presence of transcripts like;
AGAP0013533 (Juvenile hormone binding protein) known to be linked to circadian clock
and feeding behavior in D. melanogaster and also modulate aggregation behavior in Locusta
migratoria (Sarov-Blat et al, 2000), and AGAP000278 an odorant binding protein both
identified to be present in virgin female atria (Rogers et al., 2009). The ability of virgin
females to identify swarms (section 4.4.2.1) and their active nature only at dusk shows a
spatio-temporal specificity in their reproductive behavior. Juvenile hormone could be
involved in circardian clock patterns in the female An. gambiae and it has also been shown to
stimulate the transcription of vitellogenin in D. melanogaster (Sarov-Blat et al, 2000), so the
maintained expression of vitellogenin could suggest that AGAP004203 (vitellogin),
CATHEPSIN B (AGAP004533), TRYPSIN-LIKE SERINE PROTEASE (AGAP005195),
AGAP000278 (Obp) and juvenile hormone should interact in a common pathway.
CATHEPSIN B (AGAP004533) could be involved in activation of TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) because CATHEPSIN B (AGAP004533) is known to activate
pancreatic trypsinogen which acts on trypsin (Niels et al, 2002). TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) posesses the trypsin PFam domain hence absence of
CATHEPSIN B (AGAP004533) could affect its expression. Both active transcripts of
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) were lost as seen by RTP-CR,
implying CATHEPSIN B (AGAP004533) could play a role different in the male than in the
female mosquito of An. gambiae. It was also observed from inmmunostainings done on
TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) that the protease was only released
into the spermatheca duct after mating confirming the fact that TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) needs to be activated somehow before functioning. The PFam
Metallo beta lactamase domain identified on TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) is known to belong to the esterase family. This family is known in
D.melanogaster (Est 6) to degrade cis-Vaccenyl acetate (CVA), a pheromone (Chertemps et
al, 2012) transferred by males to females during mating and through its odorant binding
receptor (LUSH, GO: 0019236) induces post mating behaviors in the female. This implies
that TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) could be degrading Acps with
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odorant binding related properties released by the male on the plug during mating therefore
loss of the transcript in injected virgin experimental and LacZ control females could account
for the increased expression in vitellogenin after mating compared to non injected females. In
the LacZ controls we think that the cell machinery manages to balance the female
reproductory system after mating since CATHEPSIN B (AGAP004533) is still actively
expressed, which will not be the case in the experimental because TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) is also down-regulated due to knockdown of CATHEPSIN B
(AGAPQ004533). RNA binding PFam domain in CATHEPSIN B (AGAP004533) was not
seen to play the same role at the molecular level as in the males after knockdown. This was
confirmed through RT-PCR analysis on plugin transcript, which showed alternative spliced
variants in the male but we only observed a loss of the TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) transcript after knockdown in the female. The amino acid
substitutions on CATHEPSIN B (AGAP004533) and its possible secondary structural
modifications suggests that, CATHEPSIN B (AGAP004533) could play different roles in
different reproductive tissues at the molecular level thereby affecting the mosquito’s
reproductive process at a phenotypic level. Identifying interacting sites between
CATHEPSIN B (AGAP004533) and Plugin in the male and TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) in the female will help in understanding their interactions for
vector control interventions.

Understanding mosquito behavioural patterns in the field has been of great interest in
vector biology especially for vector reproductive control interventions. Understanding swarm
patterns for better clarity of mosquito reproductive process in the wild, it was observed that;
the swarming and mating time was consistent with an interval of 20-25 minutes. The swarm
peaks (full swarm) saw a lot of mating couples. Their swarming in open space could be due
to predator avoidance, which was a serious issue observed for swarms at the corners of thes
ame screen house. Those couples, which rested on cages, could have been eaten up by the
predators available. Males were seen going back to the swarms after mating without the
females as shown by (Charlwood et al, 1979). Since mated females never went back to the
swarm, couples seen and caught decreased towards swarm termination hours. Males could
still be seen swarming at the corners without couples and then finally rested on the cages or
leaves. It was also interesting to note that females went to the swarm after male initiation
(Diabate et al, 2003) and despite the human odour present there were no bites experienced
until when couples couldn’t be observed anymore. This aspect of the female showed an odour

preference distinguished by the female at various physiological aspects in their life and also
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possibly implying the release of a pheromone by the males during swarming. The mating
depletion experiments suggested that for every batch of mosquitoes emerging from the field,
there is a time frame for the females to mate after which males of that batch probably stop
swarming and another group takes over. There could be possible overlap between batches but
with possible out competition of the previous batch by the most recent batch. The aspect of
catching mating couples on different days could imply a decision by females to go to the
swarm and be mated and this could be based on their sexual maturity. The mating window
was also quite small and given that the process involved a lot of energy (Yuval et al, 1993),
all females could possibly not be mated on the same day. Day one of release saw little or no
bites, which increased with day two and three. This could possibly be due to the fact that the
mated females then seek a host for blood meal after mating. It was also important to note that
some mosquitoes got preyed upon which could also account for the loss in numbers. The
reduction in couples post release could confirm the idea that females mate just once in their
lives (Holt et al, 2002). These results also ties with that of Rogers et al (2008) showing that
mating drives postmating responses in female An. gambiae mosquitoes given the fact that the
females don’t go back to the swarm but rather respond more to human odours after mating
than as virgins. The decision taken by the female to go to the swarm and be mated is very
important. It has previously been shown that; genetically it is more advantageous for the
female to mate first before looking for the blood meal since she will need to host seek for the
rest of her life though virgin females are also known to seek blood meals (Lyimo and Takken,
1993) but their specificity in terms of odour selection is very narrow. Therefore there could
be a relationship between the odour profiles and mating expressed genes between mated and
non-mated females. The fact that most of the females are not inseminated could mean the
females need some age for proper insemination given that mosquitoes were released at two
days old and according to Charlwood et al (2003); two days old mosquitoes are not properly
inseminated. This suggests that, the majority of non-inseminated females were the two days
old. This could also imply that in a real field situation very few female mosquitoes are
properly inseminated after mating and so very few will lay eggs per batch of mosquitoes post
emergence. This also shows that the genetic program for swarm drives could be linked to the
mating machinery but the female cannot distinguish when she is actually ready for mating.
Therefore targeting what takes a female to the swarm will be of greater importance for
reproductive control than controlling the mating process itself. Mating events in the mosquito
are still poorly understood and needs a lot of work to be used for vector control interventions.
From this work, it shows that the events leading to mating in the female are quite different
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from the reproductive events that occur after mating in the female. This could be seen by the
fact that CATHEPSIN B (AGAP004533) expressed in both males and females could perform
different regulatory roles in both sexes of the mosquito relative to mating. To better clarify
and understand mating behaviour in these species, a lot of field work application is needed
over long periods of time and across different geographical zones. Mating behavioural
patterns linked with genes expressed in the reproductive organs of both males and females
will identify targets for reproductive control, and identifying genes linked to sex drive in the
female An. gambiae will help in targeting virgin females to prevent them from going to be

mated by the males during swarming.
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6.1

CHAPTER 6
CONCLUSION AND RECOMMENDATIONS

Conclusion
This study attempted to analyze the roles of MAGs and female reproductive

proteins and the possible roles they play in reproduction. The study showed that the
protein properties and interacting residues identified on plugin and transglutaminase
could contribute to the successful formation of the mating plug. The positive selection
process on plugin makes it special in the reproductive process in An. gambiae.

Plugin could be the main protein in mating plug formation in the male An.
gambiae due to its unstructural advantage from low complexity regions. Its putative
interaction with the female TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) as
seen on the network could drive the primary reactions that occur within the female
after mating. Plugin, CATHEPSIN B (AGAP004533) and TRYPSIN-LIKE SERINE
PROTEASE (AGAP005195) could co-function together after mating as identified on
the post-mating cluster on the phylogenetic tree.

TRYPSIN-LIKE SERINE PROTEASE (AGAP005195) could be mating
specific as seen by its presence on the mating plug within the female atria and in in
the spermathecal duct after mating. CATHEPSIN B (AGAP004533) is differentially
expressed in the various mosquito life stages and the various male and female
reproductive tissues therefore showing functional variability in the male and female
An. gambiae mosquito. Plugin transcript in the male could be alternatively spliced to
produce different functional variants in the testes and the MAGs of the male
mosquito.

CATHEPSIN B (AGAP004533) is possibly involved in splicing events on
plugin through its RNA binding domain hence affecting the method in which it is
delivered to the female during mating. CATHEPSIN B (AGAP004533) is involved in
a common pathway with TRYPSIN-LIKE SERINE PROTEASE (AGAP005195),
which defines a possible mating drive phenotype in the female An. gambiae.

Swarming is the main method for An. gambiae males to identify females
during mating. Females are attracted to the swarm but not all are properly inseminated

hence this could affect their reproductive efficiency in the wild.
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6.2

Recommendations

. X-ray analysis based on the protein-protein interacting surface residues identified on

plugin and transglutaminase is required to better understand their 3D conformation for

vector control interventions through amino acid residue modifications on the protein.

. The identification of more reproductive proteins involved in the mating process in the

male and female An. gambiae is neccessary for a better interactive network, which
will identify more putative targets for vector control interventions.

Intense molecular analysis through yeast-2-hybridization and liquid chromatography
mass spectrometry will elucidate the interacting sites and active fragments of Plugin,
CATHEPSIN B (AGAP004533) and TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195). These sites can be chemically rendered inactive in the mosquito
hence preventing reproduction in An. gambiae.

. The knockdown of more proteins alongside CATHEPSIN B (AGAP004533) in the

male and the female An. gambiae is neccessary to understand the reproductive
pathways implicating plugin in the male and TRYPSIN-LIKE SERINE PROTEASE
(AGAP005195) in the female. This will help in identifying other proteins used by the
male and female mosquito for reproductive success.

Understanding mosquito reproductive biology through swarming patterns and
temporal distribution in the wild is necessary to elucidate swarm effects on female
behaviour after being mated by the males. This will help in understanding post-mating
effects (oviposition, ovulation and lifetime refractoriness to mating) in the female.
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CHAPTER 8
APPENDICES

I) Proteinase K method for DNA extraction protocol
In 2 ml Eppendorf Safe-Lock tube with mechanically disrupted animal or plant tissues

(seeds, leaves or herbarium) add fresh 1 ml of grinding buffer (see below) with 200
ug of proteinase K, vortex very well and incubate the samples at 50°-60°C for several
hours or better overnight at 37°-55°C (the longer the better, until dissolve tissue) with
occasional vortexing.
. Add 600 pl of chloroform, vortex very well for 2 minute creating an emulsion (in the
MM300 Mixer Mill at 30 Hz) and incubate the samples at 65°C for one hour.
. Spin at maximum speed in a microcentrifuge for 5 minutes.
. Transfer the supernatant into a new 2 ml tube containing 800 pl of 2-propanol and
100 ul 3M Na-acetate, vortex very well, and centrifuge the tubes at maximum speed
in a microcentrifuge for 4 minutes.
Discard the supernatant and add 1.8 ml of 70% ethanol into tube and vortex well,
centrifuge the tube for 5 minutes at 14000 rpm and again discard the supernatant.
Do not dry DNA pellet and dissolved immediately in 300 pl of 1XTE, pH 8.0 (with
RNAse A) at 55°C for 10-20 minutes.

DNA extraction (Collins et al, 1987)

Grinding buffer

0.08M NaCl

0.16M Sucrose

0.06M EDTA

0.5% SDS

0.1M Tris-HCI

TE Buffer (Tris EDTA) (Sambrook et al, 1989)
100ml 1M tris (pH 8)

20ml 0.5M EDTA

Make up volumeto 1 L
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1) Reverse Transcriptase and Quantitative Real Time PCR primers used

Primer Name
AGAP005194F_qRT
AGAP005194R_qgR
AGAP005195F_qRT
AGAP005195R_qRT
AGAP002620F_qRT
AGAP002620R_qRT
AGAP004203_FqRT
AGAP004203_RqRT
9370_F-gRT
9370_R-qRT
Plugin_F_qgRT
Plugin_R_qRT
TGASE_F_qRT
TGASE_R_qRT
AGAP004533_F_gRT
AGAP004533_R_qgRT
T7LacZF

T7LacZR

S7 Forward

S7 Reverse
AGAP004533 Forward
AGAP004533 Reverse
AGAP005195 Forward
AGAP005195 Reverse
ds4533 Forward
ds4533 Reverse

Sequence (5'->3') Name/Function
GCATGTATGGGAGATTCTGGTG Female protease
GTGTACTGCTTTGAATATACCGACC Female protease
CGCATCGATCGTGCTATAGC Female protease
AAGTAGTCCAACATCGTCACGAAA Female protease
CGGTCCGGTAGAGAGAGATG

CCACCGTTACCACCGAAA

GGAAACTACCATCCATCTTGCG Vitellogenin
CCAAGCTCATAGTCGTAGGTCTTT Vitellogenin
GAAAAGGTTTCCAACCCACA Fusillo
TTATGATCGTCCATTCCCATC Fusillo
TGATTCAACCGTAGACATGAAGG Acp
CCACCATACAACGGAACGAC Acp
CAACCATGTCTACCACCTCTACC Male protease
ATCCTTTATCGCACTGTTCGTC Male protease
CCTGGAGCTATTGGGTCCGG Male/female protease
CCAAGTTGGAACCGAACGGG

TAATACGACTCACTATAGGGCTCGAGGTCGACGGTATCG
TAATACGACTCACTATAGGGCGGCCGCTCTAGAACTAG
GGCGATCATCATCTACGTGC

GTAGCTGCTGCAAACTTCGG
AACAGCAATAGAAAATTACAAGGCA
CCTAATACGCTGTTTTGCGCT
TGTTTCTCAGCGGCATTGTGCCT
CAAGCAGAGAAGCGCATGCTGG
TAATACGACTCACTATAGGGACAACATGGCGTGCTGGTCA
TAATACGACTCACTATAGGGCACCTTCGCCCTCACACGAA
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I11)  Solutions and reagents for western blot used
Extraction Bufer

Tris HCI PH 7.4 (1M) - 25uL
NaCl (5M) - 30uL
SDS 20% - 5uL
NP40 lysis buffer (10%) - 100uL
Triton X-100 (10%) - 100uL
EDTA PH 8.0 (0.5M) - 20uL
Protease inhibitors 7x - 143uL
Double distilled water - 577uL
10X PBS
Dissolve the following in 800ml distilled H,O.
o 80g of NaCl
o 2.0g of KCI

o 14.4g of Na;HPO4
o 2.4g of KH,PO4
Adjust pH to 7.4.
Adjust volume to 1L with additional distilled H,O.
Sterilize by autoclaving.
(Dilute to 1X to use)

Tween PBS
TPBS (0.05% Tween 20), pH 7.4
Add 250 pl Tween 20 to 500 ml TBS.
Blocking Solution (either solution may be used)
Starting Block T20 Blocking Buffer*, Pierce #37543
(*A proprietary protein formulation in Tris buffered saline at pH 7.5 with
0.05% Tween)

5% Milk in TTBS, made from dried skimmed powdered milk
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IV)  Quantification of protein using the Bradford assay
This method is according to the manufacturer’s instructions for the Bio-Rad Protein
microassay.

Reagent Company Catalogue number

Bio-Rad Protein Assay Dye

Reagent Concentrate Bio-Rad 500-0006

BSA

(Stock concentration = 1 pg/pL) Sigma A7030
Procedure

1. Samples and standards are assayed in duplicate.
2. Add 800 pL MilliQ water to microfuge tube.

3. Remove 1 pL of water using a P2 Gilson pipette. NOTE: this is done as you can’t pipette
799 uL using a P1000 Gilson pipette.

4. Remove x pL of water for the other BSA standards. The amount is dependent on the
amount of standard that will be added at a ratio of 1:1, e.g. If you require a 7ug standard,
remove 7uL water and then add 7 pL 1 pg/uL BSA standard.

5. Add 1 pL of sample to a microfuge tube.

6. Vortex and pulse spin.

7. Add 200 pL Bio-Rad Protein Assay Dye Reagent Concentrate.
8. Vortex briefly.

9. Incubate at room temperature for at least 5 min. During this time, turn on the
spectrophotometer and set wavelength to 595 nm.

10. Place sample into disposable cuvette.
11. Measure and record the absorbance at 595 nm.

12. Enter values from standard curve and samples into Excel.
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V) Permealization and Blocking Buffer

Bovine Serum Albumin (1%) - 0.5¢
Triton x-100 (0.1%) - 50uL
PBS (1%) - 450uL
Procedure

Weigh 0.5g of Bovine serum albumin
Dissolve it in 450uL of PBS

Filter the solution to remove any impurities
Add 50uL of Triton x-100

Place on a shaker for 30minutes

Store at 4°C
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V1) ldentified complexes in the protein-protein Network

BIOLOGICAL PROCESS IDENTIFICATION OF PROTEINS IN COMPLEX 1 (Drosophila
melanogaster)

Each Event is coloured according to the un-adjusted, i.e. not corrected for multiple testing, probability (from
hypergeometric test) of seeing given number or more genes in this Event by chance. Please note that only those
"child" events are shown which have a p-value lower than the "parent” event. The top-level (root) Events are
ordered according to the lowest p-value of their components.

Colour key for probabilities:

1e+00)3e-01] Be¥02 {16507 86=03 1e-03 3e-04 1e-04 3e-05 1e-05 3e-06 1e-06 3e-07 1e-07 3e-08 1e-08 Be!

*#: Membrane Traffickingl.1e-05, 7/67

"2 Metabolism of proteins3.0e-04, 9/230

£ Metabolism of amino acids and EIGVENESA . 5e-01, 2/187
Signaling by Insulin receptorpAE o) Ikion

5 I T Ees 7. Le-01, 2/303

4Gene SN 0]13.2e-01, 5/471

3.8e-02, 2/39
Total number of events assessed: 2021
Number of matching events (i.e. individual hypergeometric tests performed): 113
Number of genes matching submitted identifiers: 28

Results in a tab-delimited text file.

Un-adjusted Number of Total
False probability of genesin  number of
discovery seeing N or more your query genes
rate genes in this which map involved in
Event by chance to this Event this Event

Identifier of Name of this Event Submitted identifiers
this Event mapping to this Event

Al1Z7J6,
Q9V5D2,
Al1Z7813,
- 2.6e-09 6 18 1463150 Vesicle Budding Q9v4Zz0,
Q8MKS2,
Q5U0uU9,
Q86NS0

Al1Z7J6,
Q9V5D2,
Al1Z813,
- 2.6e-09 6 18 1463170 Vesicle Uncoating Q9v4Zz0,
Q8MKS2,
Q5U0uU9,
Q86NS0

Al1Z7J6,
Q9V5D2,
Cargo, Sec31p:Secl3p, A1Z813,
- 2.6e-09 6 18 1463171 and v-SNARE Q9v4z0,
recruitment Q8MKS2,
Q5U0U9,
Q86NS0

COPII (Coat Protein 2) Al1Z7J6,
- 5.3e-09 6 20 1471331 Mediated Vesicle Q9Vv5D2,
Transport Al1Z7813,
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12 1463160

230 1470931
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Membrane Trafficking

Loss of Sarlb GTPase

Coat Assembly

Metabolism of proteins
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Q86NS0

A1Z736,
Q9V5D2,
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Q9VIM?7,
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Q86NSO,
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pathways

BIOLOGICAL PROCESS IDENTIFICATION OF PROTEINS IN COMPLEX 8 (Drosophila
melanogaster)

Each Event is coloured according to the un-adjusted, i.e. not corrected for multiple testing, probability (from
hypergeometric test) of seeing given number or more genes in this Event by chance. Please note that only those
"child" events are shown which have a p-value lower than the "parent” event. The top-level (root) Events are
ordered according to the lowest p-value of their components.

Colour key for probabilities:

1e+00]3e-01] %02 1802 36703 1e-03 3e-04 1e-04 3e-05 1e-05 3e-06 1e-06 3e-07 1e-07 3e-08 1e-08 Be*

&7 Hemostasis2.5e-05, 5/195

Total number of events assessed: 2021

Number of matching events (i.e. individual hypergeometric tests performed): 6
Number of genes matching submitted identifiers: 8

Results in a tab-delimited text file.

Number of
genes in your
query which

map to this

Event

Total number
of genes Identifier of Name of this Event Submitted identifiers
involved in this Event mapping to this Event

this Event

Un-adjusted
probability of seeing
N or more genes in
this Event by chance

False
discovery
rate

Q9U1l4,
Exocytosis of Q8TOMS,
- 1.5e-07 5 70 1470548 platelet alpha Q7K8Y5,
granule contents Q9VFC2,

QII7G6

QoUL1l4,
Q8TOMS,
Q7K8YS5,
QIVFC2,
Q917G6

Q9U1l4,
Response to Q8TOMS,
- 6.9e-07 5 95 1471135 elevated platelet Q7K8Y5,
cytosolic Ca2+  Q9VFC2,

Q917G6

QoUL1I4,
Q8TOMS,
- 1.1e-05 5 164 1471136 Platelet Activation Q7K8Y5,
QIVFC2,
Q917G6

Q9uU1l4,
Formation of QBTOMS,
- 1.4e-05 5 173 1471137 Platelet plug Q7K8YS5,
Q9VFC2,

Q917G6

QoUL1l4,
Q8TOMS,
Q7K8YS5,
QIVFC2,

Platelet

- 6.2e-07 5 93 1471380 .
degranulation

- 2.5e-05 5 195 1471138 Hemostasis
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Q9I7G6

BIOLOGICAL PROCESS IDENTIFICATION OF THE HUBBAL PROTEINS (Drosophila
melanogaster)

Each Event is coloured according to the un-adjusted, i.e. not corrected for multiple testing, probability (from
hypergeometric test) of seeing given number or more genes in this Event by chance. Please note that only
those "child" events are shown which have a p-value lower than the "parent" event. The top-level (root)
Events are ordered according to the lowest p-value of their components.

Colour key for probabilities:

[IE%07 58¥03 18702 36703 1e-03 3e-04 1e-04 3e-05 1e-05 3e-06 1e-06 3e-07 1e-07 3e-08 1e-08 3et
09 1e-09 3e-10 >

& ESERTPES

'iGene Expression2.0e-06, 9/471

'!i:3‘ -UTR-mediated translational regulation7.7e-08, 7/136
e Regulation of beta-cell development1.3e-06, 6/123

*% Diabetes pathways6.8e-06, 6/163

:H'Signal Recognition (Preprolactin)5.0e-07, 6/105

o Membrane Trafficking1.3e-03, 3/67

Total number of events assessed: 2021
Number of matching events (i.e. individual hypergeometric tests performed): 49
Number of genes matching submitted identifiers: 12

Results in a tab-delimited text file.

Un-adjusted Number of

probability of  genes in Total
False . number of . . . -
) seeing Nor  your query Identifier of ) Submitted identifiers
discovery ) . genes A Name of this Event X .
more genes in  which map . this Event mapping to this Event
rate . ) involved in
this Event by to this )
this Event
chance Event
QIVXXS,
Q9VMU4,
Q9vVom?7,
Q9V5D2,
. . P08570,
- 8.8e-13 11 230 1470931 Metabolism of proteins
A17813,
QIVTP4,
Q86NS0,
P08736,

P55830, Q02748
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8.2e-09

8.8e-09

8.8e-09

8.8e-09

146

99

99

100

100

100

1470930 Translation

Aminoacyl-tRNA binds to the
1457288 . .
ribosome at the A-site

1457304 Hydrolysis of eEF1A:GTP

Translocation of ribosome by 3
1457302 ) o
bases in the 3' direction

1471160 Peptide chain elongation

1471161 Eukaryotic Translation Elongation
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QIVXXS,
P55830,
P08736,
QsvMU4,
Q9vom7,
Q02748,
P08570,
QoVTP4

QIVXXS,
P55830,
P08736,
Q9VMU4,
Q9VIM7,
P08570,
Q9VTP4

Q9VXXS,
P55830,
P08736,
QsvMU4,
Q9vVoMm7,
P08570,
QoVTP4

QIVXXS,
P55830,
P08736,
QsvMU4,
Q9vom7,
P08570,
Q9VvVTP4

Q9VXXS,
P55830,
P08736,
QovVMU4,
Q9voMm7,
P08570,
Q9VTP4

QIVXXS,
P55830,
P08736,
Q9VMU4,
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140

140

97
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1471158

1471159

1470928

1470929

1457294

1463500

L13a-mediated translational
silencing of Ceruloplasmin
expression

3' -UTR-mediated translational
regulation

Cap-dependent Translation
Initiation

Eukaryotic Translation Initiation

Peptide transfer from P-site tRNA
to the A-site tRNA

MAFA-, NKX2-2-, PAX6-, and
PDX1-dependent synthesis of

168

Q9voMm7,
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Q9VvVTP4

QIVXXS,
P55830,
Q9VMU4,
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Q02748,
P08570,
QoVTP4
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P55830,
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Q02748,
P08570,
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Q02748,
P08570,
Q9VTP4

QIVXXS,
P55830,
Q9VMU4,
Q9VIM7,
Q02748,
P08570,
QOVTP4

QIVXXS,
P55830,
QsvMU4,
Q9vom7,
P08570,
Q9VvVTP4

QIVXXS,
P55830,
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Dear Sir,

RE: NON-SSC PROTOCOL No. 349 — REVISION 2 (RE-SUBMISSION 2): GENETICS
OF MOSQUITO INTERATION WITH MALARIA, FUNGUS AND INSECTICIDES

Reference is made to your letter dated September 27, 2012. The ERC Secretariat acknowledges
receipt of the revised proposal.

This is to inform you that the Committee determines that the issues raised at the 205" ERC
meeting of 21% July 2012 are adequately addressed. Consequently, the study is granted approval
for implementation effective this 28" day of September 2012 for a period of one year.

Please note that authorization to conduct this study will automatically expire on September 27,
2013. If you plan to continue data collection or analysis beyond this date, please submit an
application for continuation approval to the ERC Secretariat by August 16, 2013. The
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sometime after the ERC approval.
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and the changes should not be initiated until written approval from the ERC is received.

Please note that any unanticipated problems resulting from the implementation of this study
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Work on this project may begin.
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ACTING SECRETARY,
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Background

Protein-protein interactions (PPIs) are the most fundamental biological processes at the
molecular level. The experimental methods for testing PPIs are time-consuming and are
limited by analogs for many reactions. As a result, a computational model is necessary to
predict PPIs and to explore the consequences of signal alterations in biological pathways.
Reproductive control of the vector Anopheles gambiae using transgenic techniques poses a
serious challenge. To meet this challenge, it would help to define the biological network
involving the male accessory gland (MAG) proteins responsible for successful formation of
the mating plug [1]. This plug forms in the male and is transferred to the female during
mating, hence initiating the PPIs in both sexes. As is the case in Drosophila melanogaster, a
close relative of A. gambiae, some MAG proteins responsible for the formation of the mating

plug have been shown to alter the post-mating behavior of females.
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Methods and results

The STRING database for known PPIs was used to identify orthologs of A. gambiae proteins
in Drosophila (Table 1). Twenty-seven proteins are known to form the mating plug in A.
gambiae, and 16 others were obtained as strings in the STRING database. Chromosome
synteny comparisons for proteins with more than 50% identity between species were carried
out using the Artemis Comparison Tool (ACT version 9.0), and this showed 24.39% matches
(M), 12.20% mismatches (MM) and 63.41% unmatched (NM). The network built in
Cytoscape (version 2.8.0) with the UniProt IDs for these Drosophila orthologs showed 14
complexes, with 4 of them being for Drosophila. The network showed 555 nodes and 2,344
edges. The top 50 identified hubs in the network showed a range of 3 to 30 interactions. The
expression values for these proteins in FlyAtlas showed that they are upregulated in the
reproductive tissues of both sexes. To understand the processes involved in plug formation,
the Reactome database was used, and the hub proteins were identified in 49 of the 2,021
known processes in Drosophila. Twelve proteins were involved in the following processes:
metabolism of proteins (8.8e—13), gene expression (2.0e-06), 3’-UTR-mediated translational
regulation (7.7e-08), regulation of B-cell development (1.3e—06), diabetes pathways (6.8e—
06), signal recognition (preprolactin) (5.0e-07) and membrane trafficking (1.3e-03). Of the
top 50 proteins, 92% had orthologs in A. gambiae, with one identified in the mating plug and
four others identified as strings to AGAP009584, which is found in the mating plug.
Acp29AB was identified in the network and is known to induce post-mating responses in
Drosophila, confirming that the network is reproductive and giving an insight into the
possible pathways involved. The CG9083 (Q8SX59) protein was ranked first among the hub
proteins but has no ortholog in A. gambiae. Interestingly, it has the same protein properties as
the Plugin protein (AGAP009368) in A. gambiae, suggesting that Plugin may be the main
protein in the PPI reproductive network in A. gambiae. The Whelan and Goldman (WAG)
maximum likelihood tree evaluations of the plug proteins in A. gambiae and their orthologs
in Drosophila showed that these proteins are involved in similar biological processes in both
species, but the A. gambiae protein evaluation provided a better explanation for the expected

process as it clustered in both pre-mated and post-mated PPIs.

Table 1. Orthologs of Anopheles gambiae proteins in Drosophila identified using the
STRING database
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This table shows the 27 proteins known to be in the mating plug of A. gambiae[1], derived
predominantly from the male. The 16 strings predicted as orthologs in Drosophila, using the
STRING database, have varying scores. Scores above 60 can be trusted following their
alignments. Plugin, which has the lowest score, has no good ortholog in Drosophila. Most of
the proteins are encoded on chromosome arms 2L and 3R in both species. The chromosome
synteny comparisons using ACT showed 24.39% matches (M), 12.20% mismatches (MM)
and 63.41% unmatched (NM). The presence of gaps between the alignments resulted in the
observed MM and NM. The nucleotide sequences at the chromosomal locations where the
proteins NOVEL ACP1 and NOVEL ZCP7 are encoded were used to identify similar

proteins and their orthologs.

Conclusions

The identification of A. gambiae proteins in this network creates more targets for functional

analysis and reproductive control of the malaria vector.
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Life stage and tissue speciation of cathepsin B
(AGAP004533) derives different functional
properties in the G3 strain of the mosquito

Anopheles gambiae

Daniel Achinko'", Dan Masiga', Paul Mireji'?, Flaminia Catteruccia®

From Beyond the Genome 2012
Boston, MA, USA. 27-29 September 2012

Cathepsin B is a lysosomal papain-like cysteine peptidase
that is expressed in all tissues and functions primarily as
an exopeptidase through its carboxydipeptidyl activity.
Together with other cathepsins, it is involved in the degra-
dation of proteins, proenzyme activation, antigen proces-
sing, metabolism and apoptosis. AGAP004533 is a
cathepsin B peptidase of 337 amino acids known to be
found on the mating plug. This plug is known to be pro-
duced in the male Anopheles gambiae mosquito and trans-
ferred to the female during mating [1]. The femnale digests
this plug in 24 h. The protein is expressed in all life stages
of the mosquito and in all tissues of the adult. We cloned
and sequenced the protein in the larvae and pupae stages
and all reproductive tissues (spermatheca, atria and ovary
of the female; testes and male accessory glands (MAGs) of
the male) of the G3 mosquito strain. These sequences
were analysed with Geneious 5.5.5 and cLc workbench
6.6.1 software. Within the coding sequence, two single
mutations at C584T (juvenile stages) and nucleotide A14T
(ovary) were identified. The latter translates into a gluta-
mine for leucine (Q6L), which causes the loss of the signal
peptide due to loss of five amino acids at the N-terminal
region of the protein sequence, meanwhile the former
translates into an alanine for valine (A195V). Both muta-
tions cause structural modifications within the secondary
structure of the protein that eventually affect its 3D con-
formation. The sequences in the artria and spermatheca
showed insertion of a cytosine at nucleotide 1010, which
translates to a proline for a leucine (P337L) substitution,
and hence loss of the stop codon at amino acid 338. This
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loss causes an extension of 14 amino acids at the car-
boxylic end of the protein, resulting in secondary structure
modification. The sequence for the testes appeared trans-
posed, and hence was not considered in the analysis. All
the sequences translated on the same frame except for that
of the ovary, which translated on a different frame. Protein
BLAST of these sequences at NCBI using the blosum62
matrix, identified with AGAP004533 of Anopheles gambiae
alongside other mosquito species, although that of the
artria and spermatheca also identified with species of dis-
tant taxa such as Manduca sexta (FM957999.1) and Gallus
gallus (NM205371.1). This relation was due to the amino
acid extensions at the carboxylic end relating to parasite
killing in the former, and embryonic apoptosis in the latter.
Transcription factor predictions on all sequences identified
equal binding sites (T00821, T00752), and that of the male
accessory glands identified an extra binding site (T00360)
known in humans as a bifunctional protein nuclear cyto-
plasmic O-N-acetylglucosaminidase and acetyltransferase.
This site also has alternative splicing functions, which
could be important for the variations observed in this
gene. Sequence variations of this protein in the different
stages and tissues of the mosquitoes may also be highly
related to their functions and relative positions in the same
or different biological processes within the various tissues.
In-depth analysis of the reproductive role of AGAP004533
will help in reproductive control of the vector.
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